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Introduction

Bridge Diagnostics, Inc. was contracted by the Park Sierra Railroad Group to provide
load testing and rating services on a thru-truss railroad bridge in Centralia, California.
The load test was performed on June 26" and 28th, 2001, with the locomotive, flagging,
and other field support provided by the Puget Sound and Pacific Railroad.

Description of Structure

Structure Identification

MP 1.7 Centralia

Location

Centralia over Skookumchuck River

Structure Type

Open deck thru-truss with pinned connections.

Span Length(s)

155 feet

Skew

Right

Member Types

Bottom Chord: Eyebars and built-up sections (riveted).
Top Chord: Built-up sections (riveted)

End Posts: Built-up sections (riveted)

Diagonals: Eyebars

Floor Beams: Built-up sections (riveted)

Stringers: Built-up sections (riveted)

Structural Steel

Fy, = 36 ksi, E=29,000 ksi (from material test results)

Comments

Truss and floor system members appear to be in good
to fair condition with minimal section loss. Uneven
tension in multiple eyebar members apparent due to
slack in various eyebars.

Instrumentation and Load Test Details

Date

June 26" and June 28", 2001

Structural Reference Point

X=0 at the west truss bearing.

Test vehicle direction

East bound for all tests (Positive X direction)

Start of data recording

All tests start with first axle at X = -25.125’
-20’ - Y2 wheel rev.

Train position

Autoclicker used on train wheels.
5 revolutions = 51.25’ (10.25’ / revolution)

Measurements (96) Strain gages recorded at 33 Hz — (2) setups.
Gage Placement See Figure 1 and Figure 2.
Gage types BDI Intelliducers

Number of test cycles

Data was recorded for six controlled train crossings. Four
tests were performed with the locomotive traveling at crawl
speed, one test at 10 mph, one test at 25 mph. The
position of the train was monitored for the crawl speed
tests only.
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Figure 1 Skookumchuck Bridge Instrumentation Plan




Figure 2 Skookumchuck Bridge Instrumentation Details
3



Load Test Procedures

The load tests were performed by driving a single locomotive across the bridge that had
a gross weight of 267,000 pounds and truck weights and axle configurations shown in
Figure 3. Data was recorded continuously at 33 Hz during each pass and the train
position along the bridge was monitored in order to record strain as a function of vehicle
position. Train crossings were repeated to ensure data reproducibility.

9’ 22’ 9’

T

L 1 L 1 I | I I

L 1 L ] I

66,750 # AXLE WEIGHTS
Figure 3 Load Configuration of Locomotive

Preliminary Investigation of Test Results

A visual examination of the field data was first performed to assess the quality of the
data and to make a qualitative assessment of the bridge’s live-load response.
Conclusions made directly from the field data were:

All responses were primarily elastic. Readings from all gages returned to nearly
zero after each load cycle.

Many of the measured strains were not linear with respect to overall member axial
load. This was due to a variety of causes including some of the eyebars within multi-
bar members being slack when subjected to dead-load only, rotation in some of the
truss connections, and straightening of some of the members as the tension load
was increased.

Reproducibility of the load responses was excellent at all locations. Figure 4 shows
responses from both gages on Diagonal B-c of the North Truss due to four separate
train crossings. Note that the histories hardly vary at all between each test.

Each end-post member had four gages attached so that the stress distribution in the
cross-section could be determined. In each of the four posts, these measurements
indicated a large degree of bi-axial bending was occurring. At three of the four
locations, the combined bending stress was greater than axial compression stress,
such that one gage was measuring tension. The variation in stress values is
illustrated in Figure 5 through Figure 8.

Stress histories from the multi-bar members showed large variations in stress from
one eyebar to the next. All four eyebars were instrumented at three of the four
middle-bay bottom chord locations. In every case, at least one eyebar was
experiencing zero load, while the remaining eyebars had large variations as shown
in Figure 9 through Figure 11. Another observation from these stress histories was
that the maximum stresses in the four eyebars did not occur at the same time. This
is an indication that there is a significant amount of deformation occurring at the
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connection. This could be due to out-of-plane rotation of the entire connection, or
deformation in the pins.

Measured live-load stresses from Diagonal d-C on the North Truss were relatively
high compared to other member stresses. The maximum stress on one eyebar was
11.6 ksi (live-load only) while it's companion received approximately 6 ksi (see
Figure 12). A contrary occurrence, but equally alarming, is the relatively low
combined stresses from Diagonal B-c from the South Truss, where one member
had normal stress levels and the companion bar was fluctuating between tension
and compression (see Figure 13).

Maximum stress values and ranges for each gage are provided in Table 1 through
Table 3.

The main conclusions that can be made directly from the field data are that stresses in
multi-bar members are very uneven. The result of this type of behavior is that the truss
members and connections are experiencing a significant amount of twisting, and is
likely the cause of the large bending stresses observed in all four end-post members.

The fact that some tension members experience no load at all is alarming and the
reason should be investigated. The three likely scenarios are that the hole in the
eyebars are elongated or corroded such that there is more than a 16" of an inch of
play, the eyelet at one end of the eyebar member has fractured, or the connection pin
has corroded or fractured. The last two possibilities are extremely serious and warrant
further investigation. While the elongated eyelet condition is the most likely scenario,
one piece of evidence that does not conform well to the theory is the set of bottom
chord stress histories shown in Figure 9. One of the members began to carry load
initially, but leveled off when approximately 25% of the maximum load had been applied
and failed to contribute to the remaining load. Since stresses returned to zero with the
other gages it is not likely that the gage came loose or malfunctioned. Furthermore, this
response was reproduced in all train passes.

All of the preceding information was extracted directly from the field data just by looking
at the shapes and magnitudes of the strain histories. This illustrates how a "qualitative"
look at the data can provide significant insight into a structure® live load behavior. The
following section illustrates how the field data was used to generate and “calibrate” an
analytical model of the structure.



Figure 4 Reproducibility of test procedure and data acquisition

Figure 5 West End-post of North Truss (biaxial bending).

6



Figure 6 East End-post of North Truss (biaxial bending).

Figure 7 West End-post of South Truss (biaxial bending).
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Figure 8 East End-post of South Truss (biaxial bending).

Figure 9 Bottom Chord Eyebars c-d of North Truss (load variations).
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Figure 10 Bottom Chord Eyebars d-c of North Truss (load variations).

Figure 11 Bottom Chord Eyebars c-d of South Truss (load variations).
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Figure 12 Diagonal d-C of North Truss (11.6 ksi live-load stress).

Figure 13 Diagonal d-C of North Truss (11.6 ksi live-load stress).
10



Table 1 Extreme measured stress values — North Truss.

Location on Structure Section Gage Measured Stress (ksi)

ID ID Minimum | Maximum | Range
Top Chord B-C (inside) 1 2372-B -4.0 0.1 4.0
Top Chord B-C (outside) 1 4057-B -3.8 0.0 3.8
Top Chord C-D (inside) 2 4373-B -3.6 0.0 3.6
Top Chord C-D (outside) 2 4427-B -2.7 0.0 2.7
Top Chord D-C (inside) 3 4424-B -2.9 0.0 2.9
Top Chord D-C (outside) 3 4191-B -3.9 0.0 3.9
Top Chord C-B (inside) 4 4315-B -4.0 0.1 4.0
Top Chord C-B (outside) 4 3934-B -3.4 0.0 3.4
West End Post (btm-i.s.) 5 4372-A -3.0 0.1 3.1
West End Post (btm-0.s.) 5 4116-A -1.8 0.0 1.8
West End Post (top-i.s.) 5 4119-A -4.8 0.4 5.2
West End Post (top-0.S.) 5 4111-A -3.0 0.4 3.4
West Diag Strut Z-b (inside) 6 4117-A 0.0 0.3 0.4
West Diag Strut Z-b (outside) 6 4112-A 0.0 0.1 0.1
Vertical B-b (inside) 7 4191-A -1.0 3.7 4.8
Vertical B-b (outside) 7 4424-A 0.0 2.9 2.9
Diagonal B-c (inside) 8 3879-A -1.0 4.3 5.3
Diagonal B-c (outside) 8 4118-A -0.4 6.3 6.7
Vertical C-c (inside) 9 4955-A -2.5 0.8 3.3
Vertical C-c (outside) 9 4846-A -2.8 1.7 4.4
Diagonal d-C (inside) 10 4115-A -4.8 115 16.4
Diagonal d-C (outside) 10 4312-A -7.6 4.8 125
Counter D-c (inside) 11 3873-A -2.0 3.0 5.0
Counter D-c (outside) 11 3915-A -4.9 8.1 13.0
Diagonal ¢c-B (inside) 12 4422-A -0.7 6.1 6.8
Diagonal c-B (outside) 12 4374-A -0.5 4.0 4.5
East Diag Strut Z-b (inside) 13 4795-A 0.0 0.3 0.3
East Diag Strut Z-b (outside) 13 4954-A 0.0 0.2 0.3
East End Post (btm-i.s.) 14 4315-A 0.0 0.4 0.5
East End Post (btm-0.s.) 14 3934-A -4.9 0.1 4.9
East End Post (top-i.s.) 14 4792-A -2.6 0.3 2.9
East End Post (top-0.s.) 14 4113-A -4.3 0.1 4.4
Bottom Chord a-b (inside) 15 3872-A -0.1 15 1.6
Bottom Chord a-b (outside) 15 3880-A -0.1 2.1 2.2
Bottom Chord b-c (inside) 16 4055-A -0.1 1.8 1.9
Bottom Chord b-c (outside) 16 4122-A -0.1 2.1 2.2
Btm Chord c-d (1 1/16 inside) 17 4371-A -0.1 5.9 6.0
Btm Chord c-d (1 1/16 outside) 17 3932-A 0.0 5.2 5.2
Btm Chord c-d (1 3/8 inside) 17 4375-A -0.1 1.4 15
Btm Chord c-d (1 3/8 outside) 17 3940-A -0.2 0.1 0.3
Btm Chord c-d (1 1/16 inside) 18 3878-A -0.1 2.7 2.8
Btm Chord c-d (1 1/16 outside) 18 3935-A -0.1 0.1 0.2
Btm Chord c-d (1 3/8 inside) 18 2371-A 0.0 4.1 4.1
Btm Chord c-d (1 3/8 outside) 18 3876-A -0.1 4.9 4.9
Btm Chord c-b (inside) 19 4058-A 0.0 2.3 2.3
Btm Chord c-b (outside) 19 2184-A -0.2 1.8 2.0
Bottom Chord b-a (inside) 20 4849-A 0.0 2.3 2.3
Bottom Chord b-a (outside) 20 3871-A 0.0 1.8 1.8
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Table 2 Extreme measured stress values — South Truss.

Location on Structure Section Gage Measured Stress (ksi)

ID ID Minimum | Maximum | Range
Top Chord B-C (inside) 21 4055-B -3.2 0.0 3.2
Top Chord B-C (outside) 21 4122-B -2.7 0.0 2.7
Top Chord C-D (inside) 22 4849-B -3.7 0.1 3.7
Top Chord D-D (outside) 22 3871-B -4.1 0.0 4.1
West End Post (btm-i.s.) 23 4119-B -5.4 0.1 5.4
West End Post (btm-0.s.) 23 3935-B -0.1 0.6 0.6
West End Post (top-i.s.) 23 3873-B -5.3 0.1 5.4
West End Post (top-0.S.) 23 3915-B -2.1 0.1 2.2
West Diag Strut Z-b (inside) 24 3879-B 0.0 0.9 0.9
West Diag Strut Z-b (outside) 24 4118-B -0.4 0.0 0.4
Diagonal B-c (inside) 25 4954-B -1.2 0.5 1.7
Diagonal B-c (outside) 25 4795-B -1.0 6.2 7.1
Diagonal ¢c-B (inside) 26 2372-A -1.2 7.0 8.3
Diagonal c-B (outside) 26 4057-A -0.3 2.0 2.2
East Diag Strut Z-b (inside) 27 3933-A -0.1 0.2 0.3
East Diag Strut Z-b (outside) 27 4426-A 0.0 0.4 0.4
West End Post (btm-i.s.) 28 4192-A -0.1 0.8 0.9
West End Post (btm-0.s.) 28 4114-A -5.4 0.2 5.6
West End Post (top-i.s.) 28 3874-A -2.3 0.3 2.6
West End Post (top-0.S.) 28 3939-A -5.2 0.1 5.3
Bottom Chord a-b (inside) 29 3932-B -0.1 3.2 3.2
Bottom Chord a-b (outside) 29 3940-B 0.0 15 15
Bottom Chord b-c (inside) 30 4192-B -0.1 2.7 2.8
Bottom Chord b-c (outside) 30 4114-B 0.0 1.2 1.2
Btm Chord c-d (1 1/16 inside) 31 2371-B -0.2 4.1 4.3
Btm Chord c-d (1 1/16 outside) 31 3874-B -0.4 6.1 6.5
Btm Chord c-d (1 3/8 inside) 31 3878-B -0.2 4.0 4.1
Btm Chord c-d (1 3/8 outside) 31 3939-B -0.2 0.3 0.4
Btm Chord c-b (inside) 32 4373-A -0.1 2.8 2.8
Btm Chord c-b (outside) 32 4427-A -0.3 2.4 2.7
Bottom Chord b-a (inside) 33 4799-A 0.0 2.5 2.5
Bottom Chord b-a (outside) 33 4120-A -0.1 3.5 3.6
Table 3 Extreme measured stress values — Floor System.

Location on Structure Section Gage Measured Stress (ksi)

ID ID Minimum | Maximum | Range
N-Stringer @ west end (btm) 34 3933-B -3.2 0.5 3.6
N-Stringer @ west end (top) 34 4111-B 0.0 3.8 3.9
N-Stringer @ midspan (btm) 35 4115-B -0.6 5.1 5.7
N-Stringer @ midspan (top) 35 3876-B -3.9 0.7 4.6
N-Stringer @ east end (btm) 36 4312-B -2.0 2.2 4.2
N-Stringer @ east end (top) 36 4799-B -3.3 2.0 5.3
S-Stringer @ west end (btm) 37 2184-B -1.8 3.1 4.9
S-Stringer @ west end (top) 37 4426-B -4.2 0.2 4.3
S-Stringer @ midspan (btm) 38 3880-B -5.0 0.8 5.8
S-Stringer @ midspan (top) 38 4058-B -0.6 4.3 4.9
S-Stringer @ east end (btm) 39 4422-B -2.3 1.6 3.9
S-Stringer @ east end (top) 39 4120-B -1.5 2.0 3.5
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Modeling, Analysis, and Data Correlation

From the above discussion, it is apparent that field data alone can provide a considerable
amount of useful information. However, it is important to realize that strain values can be
influenced by a large number of factors, some of which are not obvious or may not be
reliable at higher load levels. In addition, the maximum strains did not necessarily occur
at the gage locations and the critical responses may not have been measured.
Therefore, it is important to verify measured responses through analysis and then
determine the critical responses throughout the entire structure. The most rational load
rating approach is to use sound engineering principles along with a realistic analysis.
With this reasoning, the best use of strain measurements is to aid in the generation of an
accurate model of the structure.

A 3-D finite element model of the superstructure was defined and the entire field-testing
operation was essentially reproduced in the modeling and analysis procedures. In order
to facilitate comparison of the computed and measured responses, strain gage locations
were defined on the model that corresponded to the same locations defined in the field.
The same gage identifications were used so that comparisons could be made accurately
and efficiently. The test locomotive was the only vehicle considered for the model
calibration process.

The entire computer model including geometry, boundary conditions, member cross-
sections, and gage locations was generated graphically as shown in Figure 14. Even
though the geometry of the structure was defined, the actual stiffness properties of each
member and the support conditions were not well known.

Figure 14 Computer generated display of bridge model
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Loading of the model was accomplished by defining a two-dimensional model (foot print)
of the locomotive consisting of a group of point loads, then placing this train model on the
structure model. Bridge crossings were simulated by moving the train model at discrete
positions along the bridge. During the comparison process, 39 longitudinal train positions
were defined along the bridge. Therefore, for each analysis run, strains were computed
at 89 gage locations for 39 train positions. Accuracy of the analysis was determined by
comparing 3471 (89x39) computed strain values with their corresponding measured
strains.

Initial comparisons between the computed and measured strains indicated that the
original model did not accurately represent the actual bridge conditions. Conclusions
obtained from the initial comparison include:

This structure had a relatively high degree of non-linear responses due to the initial
slackness of several members. The bilinear stiffness condition generated by the
slack/tight response of these members could not be represented by the linear
analysis.

Related to the slack member condition is the degree of bending stresses that were
induced throughout each load cycle. Slack members would tend to straighten as load
was increased. The flexural strains induced by the straightening could also not be
represented by the analysis.

Rotations about in-plane axes were also non-linear with respect to load magnitude
due to the non-linear axial stress conditions. Therefore, the high level of bending
observed in the truss end-posts could not be reproduced.

In most cases the average member stresses, which are representative of each
members axial load only, were simulated with reasonable accuracy. Two of the
diagonal members, one from each truss, were not in good agreement. Since trusses
are relatively statically determinate, top chord and diagonal forces are usually well
represented. The reason for the high and low stress measurements are unknown; it is
possible that averaging process of measured stresses did not eliminate the bending
stresses.

Bottom chord member forces were found to be significantly less than calculated for
pure truss conditions. Some of the horizontal force is transferred into the truss
supports, and some is transferred into the floor system. This is typical of truss
structures and is represented by the analysis.

In general, the measured responses were too complicated to represent by a linear-elastic
analysis. Average member stresses (axial force) did correspond reasonably well with the
analysis, therefore the model could be used to load rate the structure.

Load Rating Procedures and Results

The main reason for producing a field-calibrated model was to have the ability to compute
realistic load ratings. Generally, load test results are limited to the specific load
application, and cannot be applied to other load patterns. However, given a realistic
model and using the standard assumption of linearity, analyses and load ratings can be
performed for any load configuration. In this section, a discussion of the load rating
procedures is given and load limits are provided for a load configuration consisting of a
370,000 Ib. locomotive followed by a series of 286,000 Ib cars.
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The bridge model has been calibrated to match the responses of the bridge, as best as
possible. However, because of the observed non-linear responses not all of the
responses could be accurately reproduced by the analysis. With a few exceptions, the
average axial force of the members was well represented. The variation in stress among
the multi-bar members could not be simulated, nor could the large degree of biaxial
bending in the end-post members. To account for this condition, amplification factors
were computed for each member based on the ratio of the maximum measured stress
and the average axial stress computed from the analysis. These amplification factors
were intended to account for the various secondary stress conditions and were applied to
the computed stresses during the load rating process.

The load rating procedure produces a rating factor for the live-load carrying capacity of
the bridge. This rating factor is the ratio of available capacity in the steel to the applied
live load. Therefore, a rating factor of 1.0 or above means that the capacity is greater
than the applied load and the bridge can safely carry the specified load. Expressed as an
equation, the rating factor is defined to be:

re=_C"D
L(1+1)
where:
RF  =rating factor
C = capacity of member
D = dead load effect on member
L = live load effect on member (from analysis)
I

= impact factor to be used with the live load effect

The impact factor, I, is further defined by one of the following equations depending on
the span length:

2
I=RE+16-ﬂ or |=RE+40- 3L
L-30 1600

(AREA Manual for Railway Engineering, 1996, section 1.3.5)
where:

RE  =rocking effect
L = length, in feet, center to center of supports

The values of the second two terms of the impact equation (but not the RE term) may
be multiplied by the following factor to account for reduced speed of the train.

1- 2(;'_30 (60-S)* 2 0.2 where S = speed in mph (AREA Manual, section 7.3.3.3)
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The bridge was rated for the two types of ratings in the AREA Manual: Normal and
Maximum ratings, as defined in Section 7.3.1. The Normal rating is defined as “...the
load level which can be carried by the existing structure for its expected service life.”
(section 7.3.1.1) The Maximum rating is defined as “...the load level which the structure
can support at infrequent intervals...” (section 7.3.1.2.a.).
to state “The Engineer may authorize load levels up to maximum rating at more frequent
intervals, recognizing that the remaining useful life of the bridge may be significantly
shortened.” (section 7.3.1.2.b.)

However, the manual goes on

Capacities for the steel beams were computed for the Normal and Maximum ratings using
allowable stress procedures. Allowable stresses were based upon a steel with yield
strength of 36,000-psi based on material test results, and were calculated using the
appropriate allowable stress limits listed in Tables 1-11 and 7-1 of the AREA Manual.

Table 4 Normal and Maximum Member Capacities

Truss Component Normgl Capacities (kips) Maximu_m Capacities (kip_s)
Tension Compression Tension Compression

EndPost_AB 339.55 278.09 493.90 404.66
Top_BC 599.22 529.38 871.60 770.25
Top_CD 657.93 579.85 956.99 843.69
Bot AB 232.02 206.49 337.49 300.44
Bot_CB 252.80 224.98 367.71 327.35
Bot DC 291.99 95.63 424.71 139.43
DiagonalBC 271.16 0.00 394.42 0.00
DiagonalCD 92.61 0.00 134.70 0.00
CounterDC 58.81 0.00 85.54 0.00
VerticalBB 256.98 198.54 373.79 288.93
VerticalCC 266.81 203.10 388.08 295.57
VerticalDD 266.81 203.10 388.08 295.57
Floor System Moment (k-in) |Shear (kips) |Moment (k-in) [Shear (kips)
Stringers 8911.65 181.91 12962.40 311.85
Midfloorbeam 8698.99 267.82 12653.07 459.11
EndFloorbeam 8009.29 267.82 11649.87 459.11

The rating equation specified above was used to generate Normal and Maximum load
limits. Impact factors of 26.8 and 46.25 percent were applied to the truss and floor
system components respectively assuming full-speed load conditions. Additionally impact
factors of 10.16% and 13.25% were computed for low speed conditions (10 mph) to
provide higher load ratings.

In the rating equation, live- and dead-load responses were computed from the rating
model. An additional dead load of 50 psf was applied uniformly over the model to account
for the additional load from lateral bracing and track guardrails not included in the model.
Critical live-load responses were determined by computing axial force, moment and shear
envelopes. The load factors for the specified load configuration are found in Table 5.

Fatigue ratings were performed for members that experience tension. The fatigue stress
limits were based on Category D details for eyebars and the riveted members. The
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number of stress cycles was assumed greater than 2,000,000 due to the age of the
structure resulting in allowable stress of 7 ksi for live-load plus impact. Because all of the
tension members are built-up or multi-bar members, they were considered not fracture
critical. Meaning that fracture of one component of the member would not result in an
immediate failure of the member. However, since failure of these members would result in
the collapse of the structure, frequent inspection would be required to validate the non-
fracture critical status. Fatigue rating factors are provided in Table 6 for both normal
speed and reduced speed load conditions.

Table 5 Normal and Maximum Load Rating Factors.

Full Speed Reduced Impact (10 mph)

Bridge Component Normal Rating Maximum Normal Maximum
Factor Rating Factor | Rating Factor | Rating Factor
End Post 0.52 0.90 0.60 1.04
Top Chord B-C 1.28 2.04 1.49 2.35
Top Chord C-D 1.24 2.14 1.57 2.46
Btm Chord a-b 1.05 1.68 1.21 1.93
Btm Chord b-c 1.36 2.12 1.57 2.44
Btm Chord c-d 0.77 1.29 0.89 1.49
Diagonal B-c 1.02 1.62 1.17 1.87
Diagonal C-d 0.69 1.10 0.79 1.26
Counter D-c 1.26 1.83 1.45 2.10
Vertical B-b 1.73 2.59 1.99 2.98
Vertical C-c 6.84 10.13 7.88 11.66
Vertical D-d 3.53 5.20 4.07 5.98
Stringers 1.63 2.41 2.11 3.11
Floor Beam - mid 1.05 1.56 1.35 2.02
Floor Beam - end 1.75 2.57 2.26 3.32

Table 6 Fatigue Load Rating Factors .

Bridge Component Full Speed Reduced Impact
(10 mph)
Btm Chord a-b 0.53 0.61
Btm Chord b-c 0.65 0.74
Btm Chord c-d 0.44 0.51
Diagonal B-c 0.51 0.59
Diagonal C-d 0.35 0.40
Counter D-c 0.48 0.56
Vertical B-b 0.73 0.84
Vertical C-c 15.80 18.19
Vertical D-d 1.41 1.63
Stringers 0.76 0.87
Floor Beam - mid 0.51 0.58
Floor Beam - end 0.80 0.92

(Stress limits based on Category D with greater than 2,000,000 load cycles).
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Conclusions and Recommendations

In its current condition, this bridge rates relatively poorly for the specified load condition.
The Normal level load ratings are well below 1.0 for several members meaning that the
design stresses will be exceeded during the train crossing. The worst-case Maximum
load rating factor was just barely greater than 1.0 with a 10 mph speed restriction.
Therefore, the specified train configuration can cross the bridge at slow speed on an
infrequent basis. A maximum speed of 10mph is recommended to minimize the impact
and dynamic stress amplifications.

It should be noted that the lowest load rating factors were obtained for members having
high stress amplification factors due to excessive bending or stress variations that could
not be represented by the analysis. This means that if the secondary stresses were
reduced by equalizing the stresses among multi-bar members and reducing the
observed bending stresses in the truss end-posts, the load rating could be significantly
improved.

It is highly recommended that the condition of the connection pins and the eyelets be
examined thoroughly to determine the source of the zero loading on several Eyebars. If
it is found that the pins and eyelets are in good condition, it may be worthwhile to
perform bar shortening procedures to equalize the load distribution. It is likely that
improved load distribution among the multi-bar members would result in less twisting of
the connections and greatly reduce the bending stresses observed in the top chord and
end-post members.

Because of the structure’s age and construction details, fatigue must be considered.
Currently the bridge rates very poorly from a fatigue standpoint. This is partially due to
the large stress amplification factors on some members. However, it is also due to the
assumed number of stress cycles and the low allowable fatigue stress due to the
member types. All tension members were assumed Category D with respect to fatigue.
Repairing the structure such that the secondary stresses are reduced will improve the
fatigue load rating but it will not rate well (above 1.0). Regardless of any retrofit
decisions, it is recommended that the bridge be inspected frequently for the presence of
fatigue deterioration.

Rating values and information presented in this report are based on the condition of the
superstructure at the time of the actual field-testing. No effort has been made to
evaluate the condition of the substructure components and no implication has been
made concerning substructure load capacity.

Measured and Computed Strain Comparisons

While statistical terms provide a means of evaluating the relative accuracy of various
modeling procedures or help determine the improvement of a model during a calibration
process, the best conceptual measure of a model® accuracy is by visual examination of
the response histories. The following graphs contain measured and computed stress
histories. In each graph, the continuous lines represent the measured stress as a
function of train position as it traveled across the bridge. Computed stresses are shown
as markers at discrete truck intervals.
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Figure 15 Comparison of axial force stress @ Sections 1 & 16.

Figure 16 Comparison of axial force stress @ Sections 2 & 17.
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Figure 17 Comparison of axial force stress @ Sections 3 & 18.

Figure 18 Comparison of axial force stress @ Sections 4 & 19.
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Figure 19 Comparison of axial force stress @ Sections 5 & 15.

Figure 20 Comparison of axial force stress @ diagonal Section 8.
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Figure 21 Comparison of axial force stress @ verticals - Sections 7 & 9.

Figure 22 Comparison of stresses @ stringer midspan.
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Appendix A - Field Testing Procedures

The motivation for developing a relatively easy-to-implement field-testing system
was to allow short and medium span bridges to be tested on a routine basis. Original
development of the hardware was started in 1988 at the University of Colorado under a
contract with the Pennsylvania Department of Transportation (PennDOT). Subsequent
to that project, the Integrated technique was refined on another study funded by the
Federal Highway Administration (FHWA) in which 35 bridges located on the Interstate
system throughout the country were tested and evaluated. Further refinement has
been implemented over the last several years through testing and evaluating several
more bridges, lock gates, and other structures.

The real key to being able to complete the field-testing quickly is the use of strain
transducers (rather than standard foil strain gages) that can be attached to the
structural members in just a few minutes. These sensors were originally developed for
monitoring dynamic strains on foundation piles during the driving process. They have
been adapted for use in structural testing through special modifications, have 3 to 4
percent accuracy, and are periodically re-calibrated to NIST standards.

In addition to the strain sensors, the data acquisition hardware has been
designed specifically for field use through the use of rugged cables and military-style
connectors. This allows quick assembly of the system and keeps bookkeeping to a
minimum. The analog-to-digital converter (A/D) is an off-the-shelf-unit, but all signal
conditioning, amplification, and balancing hardware has been specially designed for
structural testing. The test software has been written to allow easy configuration (test
length, etc.) and operation. The end result is a system that can be used by people
other than computer experts or electrical engineers. Other enhancements include the
use of an automatic remote-control position indicator. The Autoclicker, a device that
electronically counts wheel revolutions, is mounted on the test vehicle over one of the
wheels. As the test vehicle crosses the structure along the preset path, a
communication radio sends a signal to the strain measurement system, which receives
it and puts a mark in the data. This allows the field strains to be compared to analytical
strains as a function of vehicle position, not only as a function of time.

The use of a moving load as opposed to placing the truck at discrete locations
has two major benefits. First, the testing can be completed much quicker, meaning
there is less impact on traffic. Second, and more importantly, much more information
can be obtained (both quantitative and qualitative). Discontinuities or unusual
responses in the strain histories, which are often signs of distress, can be easily
detected. Since the load position is monitored as well, it is easy to determine what
loading conditions cause the observed effects. If readings are recorded only at discreet
truck locations, the risk of losing information between the points is great. The
advantages of continuous readings have been proven repeatedly.

The following list of procedures has been reproduced from the BDI Structural
Testing System (STS) Operation Manual. This outline is intended to describe the general
procedures used for completing a successful field test on a highway bridge using the BDI-
STS. Other types of structures can be tested as well with only slight deviations from the
directions given here.
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Once a tentative instrumentation plan has been developed for the structure in
guestion, the strain transducers must be attached and the STS prepared for running the
test.

Attaching Strain Transducers

There are two methods for attaching the strain transducers to the structural
members: C-clamping or with tabs and adhesive. For steel structures, quite often the
transducers can be clamped directly to the steel flanges of rolled sections or plate girders.

If significant lateral bending is assumed to be present, then one transducer may be
clamped to each edge of the flange. If the transducer is to be clamped, insure that the
clamp is centered over the mounting holes. In general, the transducers can be clamped
directly to painted surfaces. However, if the surface being clamped to is rough or has
very thick paint, it should be cleaned first with a grinder. The alternative to clamping is the
tab attachment method outlined below.

1. Place two tabs in mounting jig. Place transducer over mounts and tighten the 1/4-20
nuts until they are snug (approximately 50 in-Ib.). This procedure allows the tabs to be
mounted without putting stress on the transducer itself. When attaching transducers
to R/C members, transducer extensions are used to obtain a longer gage length. In
this case, the extension is bolted to one end of the transducer and the tabs are bolted
to the free ends of the transducer and the extension.

2. Mark the centerline of the transducer location on the structure. Place marks 1-1/2
inches on either side of the centerline and using a hand grinder, remove paint or scale
from these areas. If attaching to concrete, lightly grind the surface to remove any
scale. If the paint is quite thick, use a chisel to remove most of it before grinding.

3. Very lightly, grind the bottom of the transducer tabs to remove any oxidation or other
contaminants.

4. Apply a thin line of adhesive to the bottom of each transducer tab.

5. Spray each tab and the contact area on the structural member with the adhesive
accelerator.

6. Mount transducer in its proper location and apply a light force to the tabs (not the
center of the transducer) for approximately 10 seconds.

If the above steps are followed, it should be possible to mount each transducer in
approximately five minutes. When the test is complete, carefully loosen the 1/4-20 nuts
from the tabs and remove transducer. If one is not careful, the tab will pop loose from the
structure and the transducer may be damaged. Use vice grips to remove the tabs from
the structure.

Assembly of System

Once the transducers have been mounted, they should be connected into an STS
unit. The STS units should be placed near the transducer locations in such a manner to
allow four transducers to be plugged in. Each STS unit can be easily clamped to the
bridge girders. If the structure is concrete and no flanges are available to set the STS
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units on, transducer tabs glued to the structure and plastic zip-ties or small wire can be
used to hold them up. Since the transducers will identify themselves to the system, there
is no special order that they must follow. The only information that must be recorded is
the transducer serial number and its location on the structure. Large cables are provided
which can be connected between the STS units. The maximum length between STS
units is 50ft (15m). If several gages are in close proximity to each other, then the STS
units can be plugged directly to each other without the use of a cable. All connectors will
"click” when the connection has been completed properly.

Once all of the STS units have been connected in series, one cable must be run
and connected to the power supply located near the PC. Connect the 9-pin serial cable
between the computer and the power supply. The position indicator is then assembled
and the system connected to a power source (either 12VDC or 120-240AC). The system
is now ready to acquire data.

Performing Load Test
The general testing sequence is as follows:

1. Transducers are mounted and the system is connected together and turned on.

2. The deck is marked out for each truck pass. Locate the point on the deck directly
above the first bearing for one of the fascia beams. If the bridge is skewed, the first
point encountered from the direction of travel is used and an imaginary line extended
across and normal to the roadway. All tests are started from this line. In order to track
the position of the loading vehicle on the bridge during the test, an X-Y coordinate
system, with the origin at the selected reference point is laid out.

In addition to monitoring the longitudinal position, the vehicle® transverse position
must be known. The transverse truck position is kept uniform by first aligning the truck
in the center of the lane where it would normally travel at highway speed. Next, a
chalk mark is made on the deck locating the transverse location of the driver® side
front wheel. By making a measurement from this mark to the reference point, the
transverse ("Y") position of the truck is always known. The truck is aligned on this
mark for all subsequent tests in this lane. For two lane bridges with shoulders, tests
are run on the shoulder (driver® side front wheel along the white line) and in the
center of each lane. If the bridge has only two lanes and very little shoulder, tests are
run in the center of each lane only. If the purpose of the test is to calibrate a computer
model, it is sometimes more convenient to simply use the lane lines as guides since it
is easier for the driver to maintain a constant lateral position. Responses due to
critical truck positions are then obtained by the analysis.

The driver is instructed that the test vehicle must be kept in the proper location on
the bridge. For example, the left front wheel needs to be kept on the white line for the
shoulder tests. Another important item is that the vehicle maintains a constant rate of
speed during the entire test.

Two more pieces of information are then needed: the axle weights and dimensions
of the test vehicle. The axle weights are generally provided by the driver, who stops at
a local scale. However, a weight enforcement team can use portable scales and
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weigh the truck at the bridge site. Wheelbase and axle width dimensions are made
with a tape measure and recorded.

. The program is started and the number of channels indicated is verified. If the
number of channels indicated does not match the number of channels actually there,
a malfunction has occurred and must be corrected before testing commences.

. The transducers are initialized (zeroed out) with the Balance option. If a transducer
cannot be initialized, it should be inspected to ensure that it has not been damaged.

. The desired test length, sample rate, and output file name are selected. In general, a
longer test time than the actual event is selected. For most bridge tests, a one or two-
minute test length will suffice since the test can be stopped as soon as the truck
crosses completely over the structure.

. To facilitate presenting data as a function of load position, rather than time, two items
describing the PI information must be defined. The starting position and Pl interval
distance allow the data to be plotted using position coordinates that are consistent
with a numeric analysis. The starting position refers to the longitudinal position of the
load vehicle in the model coordinate system when the data recording is started. The
interval distance is the circumference of the tire that is being used by the Autoclicker.
It is important that this information be clearly defined in the field notes.

If desired, the Monitor option can be used to verify transducer output during a trial test.
In addition, it is useful to run a Position Indicator (PI) test while in Monitor to ensure
that the clicks are being received properly.

. When all parties are ready to commence the test, the Run Test option is selected
which places the system in an activated state. The Autoclicker is positioned so that
the first click occurs at the starting line. This first click starts the test. The Autoclicker
also puts one mark in the data for every wheel revolution. An effort should be made to
get the truck across with no other traffic on the bridge. There should be no talking
over the radios during the test, as a “position” will be recorded each time the
microphones are activated.

. When the test has been completed and the system is still recording data, hit "S" to
stop collecting data and finish writing the recorded data to disk. If the data files are
large, they can be compressed and copied to floppy disk.

10.1t is important to record the field notes very carefully. Having data without knowing

where it was recorded can be worse than having no data at all. Transducer location
and serial numbers must be recorded accurately. All future data handling in BDI-GRF
is then accomplished by keying on the transducer number. This system has been
designed to eliminate the need to track channel numbers by keeping this process in
the background. However, the STS unit and the transducer® connector number are
recorded in the data file if needed for future hardware evaluations.
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Appendix B - Modeling and Analysis: The Integrated Approach

Introduction

In order for load testing to be a practical means of evaluating short- to medium-
span bridges, it is apparent that testing procedures must be economic to implement in
the field and the test results translatable into a load rating. A well-defined set of
procedures must exist for the field applications as well as for the interpretation of
results. An evaluation approach based on these requirements was first developed at
the University of Colorado during a research project sponsored by the Pennsylvania
Department of Transportation (PennDOT). Over several years, the techniques
originating from this project have been refined and expanded into a complete bridge
rating system.

The ultimate goal of the Integrated approach is to obtain realistic rating values for
highway bridges in a cost effective manner. This is accomplished by measuring the
response behavior of the bridge due to a known load and determining the structural
parameters that produce the measured responses. With the availability of field
measurements, many structural parameters in the analytical model can be evaluated that
are otherwise conservatively estimated or ignored entirely. Items that can be quantified
through this procedure include the effects of structural geometry, effective beam
stiffnesses, realistic support conditions, effects of parapets and other non-structural
components, lateral load transfer capabilities of the deck and transverse members, and
the effects of damage or deterioration. Often, bridges are rated poorly because of
inaccurate representations of the structural geometry or because the material and/or
cross-sectional properties of main structural elements are not well defined. A realistic
rating can be obtained, however, when all of the relevant structural parameters are
defined and implemented in the analysis process.

One of the most important phases of this approach is a qualitative evaluation of
the raw field data. Much is learned during this step to aid in the rapid development of a
representative model.

Initial Data Evaluation

The first step in structural evaluation consists of a visual inspection of the data in
the form of graphic response histories. Graphic software was developed to display the
raw strain data in various forms. Strain histories can be viewed in terms of time or truck
position. Since strain transducers are typically placed in pairs, neutral axis
measurements, curvature responses, and strain averages can also be viewed. Linearity
between the responses and load magnitude can be observed by the continuity in the
strain histories. Consistency in the neutral axis measurements from beam to beam and
as a function of load position provides great insight into the nature of the bridge condition.
The direction and relative magnitudes of flexural responses along a beam line are useful
in determining if end restraints play a significant role in the response behavior. In general,
the initial data inspection provides the engineer with information concerning modeling
requirements and can help locate damaged areas.

Having strain measurements at two depths on each beam cross-section, flexural
curvature and the location of the neutral axis can be computed directly from the field
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data. Figure 23 illustrates how curvature and neutral axis values are computed from
the strain measurements.
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Figure 23 lllustration of Neutral Axis and Curvature Calculations

The consistency in the N.A. values between beams indicates the degree of
consistency in beam stiffnesses. In addition, the consistency of the N.A. measurement
on a single beam as a function of truck position provides a good quality check for that
beam. If for some reason a beam'’s stiffness changes with respect to the applied
moment (i.e. loss of composite action or loss of effective flange width due to a
deteriorated deck), it will be observed by a shift in the N.A. history.

Since strain values are translated from a function of time into a function of vehicle
position on the structure and the data acquisition channel and the truck position tracked,
a considerable amount of book keeping is required to perform the strain comparisons. In
the past, this required manipulation of result files and spreadsheets which was tedious
and a major source of error. This process in now performed automatically by the
software and all of the information can be verified visually.

Finite Element Modeling and Analysis

The primary function of the load test data is to aid in the development of an
accurate finite element model of the bridge. Finite element analysis is used because it
provides the most general tool for evaluating various types of structures. Since a
comparison of measured and computed responses is performed, it is necessary that the
analysis be able to represent the actual response behavior. This requires that actual
geometry and boundary conditions be realistically represented. In maintaining
reasonable modeling efforts and computer run times, a certain amount of simplicity is also
required, so a planar grid model is generated for most structures and linear-elastic
responses are assumed. A grid of frame elements is assembled in the same geometry
as the actual structure. Frame elements represent the longitudinal and transverse
members of the bridge. The load transfer characteristics of the deck are provided by
attaching plate elements to the grid. When end restraints are determined to be present,
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elastic spring elements having both translational and rotational stiffness terms are
inserted at the support locations.

Loads are applied in a manner similar to the actual load test. A model of the test
truck, defined by a two-dimensional group of point loads, is placed on the structure model
at discrete locations along the same path that the test truck followed during the load test.
Gage locations identical to those in the field are also defined on the structure model so
that strains can be computed at the same locations under the same loading conditions.

Model Correlation and Parameter Modifications

The accuracy of the model is determined numerically by the analysis using several
statistical relationships and through visual comparison of the strain histories. The
numeric accuracy values are useful in evaluating the effect of any changes to the model,
where as the graphical representations provide the engineer with the best perception for
why the model is responding differently than the measurements indicate. Member
properties that cannot be accurately defined by conventional methods or directly from the
field data are evaluated by comparing the computed strains with the measured strains.
These properties are defined as variable and are evaluated such that the best correlation
between the two sets of data is obtained. It is the engineer’s responsibility to determine
which parameters need to be refined and to assign realistic upper and lower limits to each
parameter. The evaluation of the member property is accomplished with the aid of a
parameter identification process (optimizer) built into the analysis. In short, the process
consists of an iterative procedure of analysis, data comparison, and parameter
modification. It is important to note that the optimization process is merely a tool to help
evaluate various modeling parameters. The process works best when the number of
parameters is minimized and reasonable initial values are used.

During the optimization process, various error values are computed by the analysis
program that provide quantitative measure of the model accuracy and improvement. The
error is quantified in four different ways, each providing a different perspective of the
model® ability to represent the actual structure; an absolute error, a percent error, a scale
error and a correlation coefficient.

The absolute error is computed from the absolute sum of the strain differences.
Algebraic differences between the measured and theoretical strains are computed at
each gage location for each truck position used in the analysis; therefore, several
hundred strain comparisons are generally used in this calculation. This quantity is
typically used to determine the relative accuracy from one model to the next and to
evaluate the effect of various structural parameters. It is used by the optimization
algorithm as the objective function to minimize. Because the absolute error is in terms of
micro-strain (me), the value can vary significantly depending on the magnitude of the
strains, the number of gages and number of different loading scenarios. For this reason,
it has little conceptual value except for determining the relative improvement of a
particular model.

A percent error is calculated to provide a better qualitative measure of accuracy.
It is computed as the sum of the strain differences squared divided by the sum of the
measured strains squared. The terms are squared so that error values of different sign
will not cancel each other out, and to put more emphasis on the areas with higher strain
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magnitudes. A model with acceptable accuracy will usually have a percent error of less
than 10%.

The scale error is similar to the percent error except that it is based on the
maximum error from each gage divided by the maximum strain value from each gage.
This number is useful because it is based only on strain measurements recorded when
the loading vehicle is in the vicinity of each gage. Depending on the geometry of the
structure, the number of truck positions, and various other factors, many of the strain
readings are essentially negligible. This error function uses only the most relevant
measurement from each gage.

Another useful quantity is the correlation coefficient, which is a measure of the
linearity between the measured and computed data. This value determines how well the
shapes of the computed response histories match the measured responses. The
correlation coefficient can have a value between 1.0 (indicating a perfect linear
relationship) and -1.0 (exact opposite linear relationship). A good model will generally
have a correlation coefficient greater than 0.90. A poor correlation coefficient is usually
an indication that a major error in the modeling process has occurred. This is generally
caused by poor representations of the boundary conditions or the loads were applied
incorrectly (i.e. truck traveling in wrong direction).

The following table contains the equations used to compute each of the statistical
error values:

Table 7 Error Functions

ERROR FUNCTION EQUATION

Absolute Error | em- ecl

Percent Error (em ) ec)z I (em )2
Scale Error max | em - 9C|gage

max | 9m|gage

Correlation Coefficient (E'm';n)( eC_e_C)

JCem-em)(ec- ec)?

In addition to the numerical comparisons made by the program, periodic visual
comparisons of the response histories are made to obtain a conceptual measure of
accuracy. Again, engineering judgment is essential in determining which parameters
should be adjusted so as to obtain the most accurate model. The selection of adjustable
parameters is performed by determining what properties have a significant effect on the
strain comparison and determining which values cannot be accurately estimated through
conventional engineering procedures. Experience in examining the data comparisons is
helpful, however, two general rules apply concerning model refinement. When the
shapes of the computed response histories are similar to the measured strain records but
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the magnitudes are incorrect, this implies that member stiffnesses must be adjusted.
When the shapes of the computed and measured response histories are not very similar
then the boundary conditions or the structural geometry are not well represented and
must be refined.

In some cases, an accurate model cannot be obtained, particularly when the

responses are observed to be non-linear with load position. Even then, a great deal can
be learned about the structure and intelligent evaluation decisions can be made.
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Appendix C - Load Rating Procedures

For borderline bridges (those that calculations indicate a posting is required), the
primary drawback to conventional bridge rating is an oversimplified procedure for
estimating the load applied to a given beam (i.e. wheel load distribution factors) and a
poor representation of the beam itself. Due to lack of information and the need for
conservatism, material and cross-section properties are generally over-estimated and
beam end supports are assumed simple when in fact even relatively simple beam
bearings have a substantial effect on the midspan moments. Inaccuracies associated
with conservative assumptions are compounded with complex framing geometries.
From an analysis standpoint, the goal here is to generate a model of the structure that
is capable of reproducing the measured strains. Decisions concerning load rating are
then based on the performance of the model once it is proven accurate.

The main purpose for obtaining an accurate model is to evaluate how the bridge
will respond when standard design loads, rating vehicles or permit loads are applied to
the structure. Since load testing is generally not performed with all of the vehicles of
interest, an analysis must be performed to determine load-rating factors for each truck
type. Load rating is accomplished by applying the desired rating loads to the model and
computing the stresses on the primary members. Rating factors are computed using the
equation specified in the AASHTO Manual for Condition Evaluation of Bridges - see
Equation (1).

It is important to understand that diagnostic load testing and the integrated
approach are most applicable to obtaining Inventory (service load) rating values. This is
because it is assumed that all of the measured and computed responses are linear with
respect to load. The integrated approach is an excellent method for estimating service
load stress values but it generally provides little additional information regarding the
ultimate strength of particular structural members. Therefore, operating rating values
must be computed using conventional assumptions regarding member capacity. This
limitation of the integrated approach is not viewed as a serious concern, however,
because load responses should never be permitted to reach the inelastic range.

Operating and/or Load Factor rating values must also be computed to ensure a
factor of safety between the ultimate strength and the maximum allowed service loads.
The safety to the public is of vital importance but as long as load limits are imposed such
that the structure is not damaged then safety is no longer an issue.

Following is an outline describing how field data is used to help in developing a
load rating for the superstructure. These procedures will only complement the rating
process, and must be used with due consideration to the substructure and inspection
reports.

1. Preliminary Investigation: Verification of linear and elastic behavior through

continuity of strain histories, locate neutral axis of flexural members, detect moment
resistance at beam supports, and qualitatively evaluate behavior.
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. Develop representative model: Use graphic pre-processors to represent the actual
geometry of the structure, including span lengths, girder spacing, skew, transverse
members, and deck. ldentify gage locations on model identical to those applied in the
field.

. Simulate load test on computer model: Generate 2-dimensional model of test
vehicle and apply to structure model at discrete positions along same paths defined
during field tests. Perform analysis and compute strains at gage location for each
truck position.

. Compare measured and initial computed strain values: Various global and local
error values at each gage location are computed and visual comparisons made with
post-processor.

. Evaluate modeling parameters: Improve model based on data comparisons.
Engineering judgment and experience is required to determine which variables are to
be modified. A combination of direct evaluation techniques and parameter
optimization are used to obtain a realistic model. General rules have been defined to
simplify this operation.

. Model evaluation: In some cases it is not desirable to rely on secondary stiffening
effects if it is likely they will not be effective at higher load levels. It is beneficial,
though, to quantify their effects on the structural response so that a representative
computer model can be obtained. The stiffening effects that are deemed unreliable
can be eliminated from the model prior to the computation of rating factors. For
instance, if a non-composite bridge is exhibiting composite behavior, then it can
conservatively be ignored for rating purposes. However, if it has been in service for 50
years and it is still behaving compositely, chances are that very heavy loads have
crossed over it and any bond-breaking would have already occurred. Therefore,
probably some level of composite behavior can be relied upon. When unintended
composite action is allowed in the rating, additional load limits should be computed
based on an allowable shear stress between the steel and concrete and an ultimate
load of the non-composite structure.

. Perform load rating: Apply HS-20 and/or other standard design, rating and permit
loads to the calibrated model. Rating and posting load configurations recommended
by AASHTO are shown in Figure 24.The same rating equation specified by the
AASHTO - Manual for the Condition Evaluation of Bridges is applied:

_ C-pD (1)
AoL(1+1)
Where:
RF = Rating Factor for individual member.
C = Member Capacity.
= Dead-Load effect.
= Live-Load effect.
A1 = Factor applied to dead load.
A, = Factor applied to live load.
= Impact effect, either AASHTO or measured.
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The only difference between this rating technique and standard beam rating
programs is that a more realistic model is used to determine the dead load and live
load effects. Two-dimensional loading techniques are applied because wheel load
distribution factors are not applicable to a planar model. Stress envelopes are
generated for several truck paths, envelopes for paths separated by normal lane
widths are combined to determine multiple lane loading effects.

8. Consider other factors: Other factors such as the condition of the deck and/or
substructure, traffic volume, and other information in the inspection report should be
taken into consideration and the rating factors adjusted accordingly.

Axle Loads 8 32 32
(kips)
14.0° 14.0" to 30.0°
Axle No. 1 2 3

HS—20 VEHICLE WEIGHT = 72 KIPS (36 TONS)

Axle Loads 16 17 17
(kips)
15.0° 4.0
Axle No. 1 2 3

TYPE 3 VEHICLE WEIGHT = 50 KIPS (25 TONS)

Axle Loads 10 15.5 15.5 15.5 15.5
(kips)
11.0' 4.0 22.00 4.0’
Axle No. 1 2 3 4 5

TYPE 3S2  VEHICLE WEIGHT = 72 KIPS (36 TONS)

Axle Loads 12 12 12 16 14 14
(kips)
15.0° 4.00 15.0° 16.0° 4.0
Axle No. 1 2 3 4 5 6

TYPE 3-3 VEHICLE WEIGHT = 80 KIPS (40 TONS)

Figure 24 AASHTO rating and posting load configurations.
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