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Load ratings of the 1967 built I-195 westbound bridge over Seekonk River in Rhode
Island are governed by shear at the dapped ends of prestressed concrete (PSC) girders.
Insufficient analytical load ratings, in combination with visible shear cracks at the dapped
ends, prompted the need for a refined method of load rating through load testing.
The proof load testing method was chosen over diagnostic testing for a higher level
of reliability due to uncertainties involved in calculating shear capacities of the dapped
ends. A proof load test was successfully completed with a maximum proof load of two
test trucks of approximately 100,000 lbs each crossing the bridge side-by-side without
any signs of distress or non-linear behavior observed. Vehicle loading dynamic impact
was also assessed during the load test. Test measurements indicated full composite
action between the bridge deck and the PSC drop-in girders, which was not accounted
for in the analytical rating of the dapped ends. Test results suggested that the strut-
and-tie and shear-friction analysis methods underestimate the shear resistance of the
dapped ends by considering only the stirrup reinforcement and draped prestressing
strands within the PSC girder. This paper provides detailed information on bridge proof
load testing in general concept and procedure, comparisons with the diagnostic load
testing method, field operation, examination of test measurements for linear elastic
structural behavior, and determining bridge load ratings based on test results per The
Manual for Bridge Evaluation of AASHTO.

Keywords: bridge, load rating, prestressed concrete, dapped end, proof load test

INTRODUCTION

The I-195 westbound (WB) bridge over Seekonk River in Providence, Rhode Island was built in
1967 and consists of 13 prestressed concrete (PSC) girder spans and five steel plate girder spans.
The bridge carries five traffic lanes before an exit ramp and four traffic lanes plus a full-width right
shoulder after the exit ramp. The superstructure of the PSC spans is of the cantilevered and drop-in
girder construction and consists of six lines of girders equally spaced at a distance varying from 13 ft
in the five lane section to 11.4 ft in the four lane section. The drop-in girders are the PSC Type IV
AASHTO girders with dapped ends resting on elastomeric bearings at the end of the cantilevered
girder sections.
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Figure 1 shows a typical PSC girder span of the I-195 WB
bridge, which has a reinforced concrete arch wall on each side
as an aesthetic feature. In the photograph, the arch span at the
lower-left corner in the background is an exit ramp, and the
steel girders at the upper-right corner in the foreground are part
of the I-195 eastbound (EB) bridge. Load ratings of the PSC
girder spans were found to be governed by shear at the dapped
end of the drop-in girders. Figure 2 is a close-up view of the
drop-in girder dapped end supported by a cantilevered girder
section from the pier. Figure 3 is from the 1967 bridge plans
depicting the drop-in section of the PSC girders including the
path of deflected prestressing strands as well as reinforcing details
at the dapped end.

Analytical load ratings for the dapped ends were calculated
significantly insufficient for most rating vehicles from the strut-
and-tie and shear friction analysis methods with the shear
capacity based on the resistances from the stirrup reinforcement
and draped prestressing strands within the PSC girder. Diagonal
concrete cracks initiated from the re-entrant corner of the
dapped end have been observed in multiple girders. However,
no correlations were found between the degree of field observed
diagonal cracking and the level of analytical load effects at
the dapped ends. The insufficient analytical load ratings, in
combination with the apparent shear cracks observed at the
dapped ends, prompted the need for a refined method of
load rating through load testing. The bridge has been carrying
interstate highway loads without any weight restrictions.

SELECTION OF LOAD TESTING
METHOD

Load ratings measure a bridge’s load carrying capacity for specific
loading vehicles in addition to its self-weight. Bridge load ratings
are defined with different levels of reliability in AASHTO’s The
Manual for Bridge Evaluation (MBE) (AASHTO, 2018) and
provide a basis for decisions on weight posting, overweight
vehicle permits, and structural strengthening or replacement.
Engineering experience indicates that the conventional methods
of analysis may yield overly conservative load ratings in some
circumstances. Load testing has proven to be a reliable and
efficient method for determining more accurate load ratings that
reflect the actual structural behavior and physical condition of
the bridge (TRB, 1998; TRB, 2019). Field measurements help
identify inherent mechanisms that assist in carrying live load,
such as unintended composite actions between primary load-
carrying members (girders, trusses, arch ribs, etc.) and secondary
components (deck, flooring frames, barriers, etc.). Load test
results also provide quantitative measurements for actual live
load distribution among multiple structural elements as well as
the effects of in situ conditions of connections and supports.

The AASHTO MBE prescribes two load testing methods for
bridge load rating purposes: the diagnostic load test and the
proof load test. Diagnostic load testing determines the actual
responses of key structural components, generally in terms
of measured strains and deflections, to known test loads. An
analytical model is usually established based on best available

information and compared with the load test results. After being
adjusted and validated with test results, the analytical model
is used to assess the maximum load effects of dead load and
all required rating vehicles. In order to calculate refined bridge
load ratings through a diagnostic load test, member capacities
must be quantified based on section and material properties per
construction documents, field measurements, or through in situ
material testing.

Alternatively, proof load testing physically proves the bridge’s
ability to carry its full dead load plus some magnified live load.
Test loads are applied to the bridge in a multiple-step loading
and unloading process in a progressively increasing manner
toward a predetermined target proof load. The target proof load
is established to be sufficiently higher than the rating vehicles
in order to include a live load factor for the required margin of
safety and to account for the effects of dynamic impact. During
each loading and unloading step, key responses of the structure
are measured and monitored for possible signs of distress or
non-linear-elastic behavior. Upon successful completion of a
proof load test, the highest applied load provides a lower bound
on the true strength capacity, which leads to a lower bound
bridge load rating after incorporating proper load factors and
dynamic load allowance.

Compared with diagnostic load testing, proof load testing
requires a reduced level of structural analysis without the
necessity for calculating section capacities or the maximum force
effects of dead and live loads. The direct result from a proof
load test is to conclude whether the rating factor for a specific
vehicle type (the test vehicle) exceeds 1.0 at the Operating level
of reliability, which is lower than the Inventory level of reliability
as in bridge design. Load ratings for other vehicle types can be
determined from a simple structural analysis by comparing the
governing force effects of the rating vehicles with those of the
test vehicle. Despite having been available for over two decades
(Fu and Tang, 1995; TRB, 1998), the proof load testing method
still lacks a definitive procedure for interpreting and translating
the test results into bridge load ratings (Lantsoght et al., 2017;
Lantsoght, 2019; TRB, 2019).

For the I-195 WB bridge, proof load testing was chosen
over diagnostic testing for a higher level of reliability because
calculating the shear capacity of the dapped end involves multiple
uncertainties including quantification of the contributions of
vertical and horizontal reinforcing bars as well as prestressing
strands at the dapped end, effects of existing cracks, etc.
Additionally, the effect of the reinforced concrete bridge deck in
distributing and resisting shear at the dapped end is difficult to
quantify in any analytical model.

INSTRUMENTATION PLAN

One span (Span 2) was chosen for load testing to represent all 13
PSC girder spans of the bridge that have similar analytical load
ratings. The selected span has easy access from the ground and
was representative of the worst condition in diagonal cracking
and concrete spalling at the dapped end throughout the bridge.
Figure 4 depicts the instrumented span including the layout of
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FIGURE 1 | Overview of a typical PSC girder span of I-195 WB bridge over Seekonk river.

FIGURE 2 | Dapped end of drop-in girder supported by cantilevered girder section from pier.

32 strain sensors in the plan view and cross section view. Of these
strain sensors, 26 measure the effects of shear at the dapped end of
all six (6) drop-in girders (four on each east end of all six girders
and two on west end of Girder F), four (4) measure the effects of

flexure at the mid-span of Girders E and F, and two (2) measure
the effects of flexure near the east end of Girder F.

Placement details of strain transducers on concrete surface
for shear at the dapped end are described in Figure 5, along

Frontiers in Built Environment | www.frontiersin.org 3 July 2020 | Volume 6 | Article 117

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles


fbuil-06-00117 July 20, 2020 Time: 12:14 # 4

Zhou and Guzda Bridge Proof Load Testing

FIGURE 3 | Reinforcing details at dapped end and prestressing strand path of drop-in girder.

FIGURE 4 | Layout of 32 strain sensors on six drop-in girders.
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FIGURE 5 | Strain transducers on concrete surface at dapped end.

the compression and tension diagonals at a 45-degree angle,
respectively. Strain transducers installed along the compression
diagonal had a 3′′ gage length, while those along the tension

diagonal were extended to a 12′′ or 15′′ gage length to span over
any existing cracks or spalls. The east end of all six (6) drop-
in girders were instrumented with two (2) strain transducers for
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FIGURE 6 | Weldable strain gauges on exposed rebars at dapped end.
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FIGURE 7 | Strain transducers on top and bottom flanges of drop-in girder at mid-span.

shear on each side of the web, with the exception of the south face
of Girder F, which had two (2) weldable strain gages installed to
exposed steel reinforcement as shown in Figure 6. The west end
of Girder F was also instrumented with two (2) strain transducers
for shear on its north web surface only.

Strain transducers on concrete surface for flexural effects were
installed to the top and bottom flanges of drop-in Girders E and
F near the mid-span, as shown in Figures 4, 7. Girder E was
also instrumented with two strain transducers on the top and
bottom flanges near its east end, at 5′-0′′ (greater than the girder
depth) from the centerline of bearing as shown in Figure 5. These
sensors provide information for assessment of the deck-girder
composite action at a high shear location in addition to flexural
strains in the PSC girders. All sensors were connected to a wireless
digital data acquisition system that records sensor responses and
allows real-time review of test results during the load test.

TARGET PROOF LOAD

The target proof load needs to be sufficiently high to
appropriately encompass an evaluation live load factor (γLL) and
a dynamic load allowance (IM) for load rating. The Manual for
Bridge Evaluation (MBE) (AASHTO, 2018) specifies the values
of γLL that vary with the method and level of bridge load rating.
Different load rating methods include the Load and Resistance
Factor Rating (LRFR), Load Factor Rating (LFR), and Allowable
Stress Rating (ASR). LRFR includes Design load rating at the
Inventory and Operating levels, as well as Legal load rating and

Permit load rating. LFR and ASR each includes load ratings at the
Inventory and Operating levels. It is important to note that proof
load testing should only be expected to verify a lower bound load
rating at the LRFR Design Operating, Legal or Permit level, or the
LFR Operating level.

The MBE (AASHTO, 2018) prescribes the following for
establishing the target proof load (LT):

LT = XpALR (1+ IM) (1)

where:

XpA = adjusted target live load factor.
LR = comparable unfactored live load due to the rating
vehicle for the lanes loaded.
IM = dynamic load allowance.

In accordance with the MBE, the target live load factor (Xp)
has a base value of 1.40 but should not be less than 1.3 or
more than 2.2 after adjustments (XpA) considering the number of
loaded lanes, structural redundancy, presence of fracture critical
details, in situ condition, average daily truck traffic (ADTT),
etc. (AASHTO, 2018). Values of the adjustments provided were
calibrated to provide a comparable level of reliability as the
calculated load capacity.

In LRFR Legal load rating, the generalized live load factor
(γLL) for the Strength I limit state is 1.30 for ADTT ≤ 1,000 and
1.45 for ADTT ≥ 5,000 in one direction. The γLL values account
for multiple-presence of two heavy trucks side-by-side on a multi-
lane bridge as well as the probability of truck weights exceeding
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the legal limits. If warranted, γLL may be increased by a multiplier
of up to 1.3. If the purpose of the test is solely to verify a rating
for a permit load, Xp may be reduced in correspondence with the
permit load factors that range from 1.10 to 1.40 (AASHTO, 2018).

It must be noted that the LT or LR used in the AASHTO MBE
for prescribing the target proof load is the force effect governing
the bridge load rating. For a bridge proof load test using vehicles
for load application, the test load needs to be defined by the
type and number of test trucks to be used, their initial and
target weights, as well as their weight increases and combinations
during the multiple-step loading and unloading process.

For this bridge, the maximum shear force (Vmax) at the dapped
end of the drop-in girder was used as the key parameter to
establish the target proof load since it governs the bridge load
rating. Table 1 lists the Vmax in the 53′-71/2′′ test span from a
simple beam analysis for the HL93 design truck plus eight (8)
different legal vehicles for load rating. Among the legal vehicles,
the SU7 vehicle (SU7) produces the highest Vmax of 58.76 kips,
which is very close to (98.81% of) that of the HL93 design
truck (59.47 kips).

Two three-axle dump trucks were chosen for the proof load
testing based on the availability of test vehicles as well as the span
length (53′-71/2′′) and girder spacing (12′-3′′) of the concerned
structure where load rating is governed by shear at the dapped
end. The axle configurations of the test trucks are similar to,
but slightly longer than, the AASHTO Type 3 vehicle (Type
3). Therefore, Type 3 was used to estimate the target weight of
the test vehicles.

Based on Table 1, the gross vehicle weight (GVW) of Type
3 for producing an equivalent maximum shear due to SU7 is:
(58.76K/43.06K) (50K) = 68.23K. Using the 1.40 base value of
the target live load factor (Xp) without dynamic load allowance,
the target proof weight for Type 3 is: (1.40) (68.23K) = 95.52K.
This was used as the approximate target weight for the test
vehicles due to their similarity to Type 3. It should be realized
that the wheel and axle weights of a truck for a GVW vary with
the loading material and equipment employed, and cannot be
predicted beforehand.

PROOF TESTING PROCEDURE AND
OPERATION

A detailed proof load testing procedure was developed for
applying test loads in a progressively increasing manner aiming
to accomplish the target proof load. The test plan considered: a)
applying direct and similar test loads to each of the six girders
in the instrumented span; b) at each truck weight level, running
multiple single truck and two-truck side-by-side crossings at
varying lateral positions for different load effects; c) repeating
the same crossing patterns at all weight levels, and d) when
possible, making pairs of slow speed and highspeed runs using
the same truck at the same lateral position for assessing dynamic
impact. Measures were also prepared for aborting the load test
at any intermediate step if deemed necessary based on possible
signs of distress or non-linear behavior. In addition, deliberate
considerations were given to safety as well as operation issues

such as maintenance of traffic, entrance and exit points on the
interstate highway for the test trucks, etc.

The proof load test consisted of 44 test runs using two test
trucks at four (4) different weight levels as shown in Figure 8.
The actual truck weights at the highest weight level ended up to
be 101.72K and 100.38K, slightly higher than the target proof load
of 95.52K for Type 3.

The 44 test runs included 13 each at weight levels No. 1
(WL#1) and No. 2 (WL#2), and nine (9) each at WL#3 and WL#4.
Table 2 describes the 13 test runs at WL#2, including five (5)
single truck crossings at a crawl speed (about 5 MPH), four (4)
two-truck side-by-side crossings at a crawl speed, and four (4)
single truck crossings at the speed limit (about 55 MPH). WL#1
had similar test runs as WL#2; WL#3 and WL#4 each had only the
nine (9) crawl speed runs since highspeed runs at such weights are
unsafe if even possible.

The proof load test was performed in two consecutive nights
between 10 PM and 4 AM. During the testing period in each
night, the two left lanes of I-195 WB were closed to traffic and
used as a staging area for the test trucks and the load testing staff
for approximately one mile beyond each end of the test span.
The two right lanes remained open except for during the test
runs when the entire bridge was closed to traffic intermittently.
Figure 9 depicts the load test operation including loading and
weighing a test truck and running a single truck and a two-truck
side-by-side test runs.

Upon completion of each test run, measurement results from
all sensors were reviewed for magnitudes, linearity of strain
increase vs. load increase, and zero turns. Visual observations
were also made for possible signs of distress or condition changes.

STRAIN RESPONSES VS. INCREASING
TEST LOAD FOR LINEAR ELASTIC
BEHAVIOR

For the purpose of investigating linear-elastic behavior of the PSC
drop-in girders, results of the proof load test were plotted in
terms of increasing test load vs. peak strain measurements from
all the sensors for all test runs. Based on the sensor locations as
depicted in Figures 4–7, strain responses include shear induced
tension, shear induced compression, and flexure induced tension
and compression. For the concerned dapped-end, measurements
from strain sensors placed along shear induced tension diagonal
were chosen as the parameter for capturing possible non-linear
behavior or onset of failure due to shear. Figure 10 illustrates
plots of total test load vs. peak strain along shear-induced tension
diagonal at the dapped end for single truck and two-truck side-
by-side test runs. The test load is represented in gross vehicle
weight (GVW) in the left plot and tandem axle weight (TAW)
in the right plot. In general, TAW requires separate examination
for short spans with respect to the vehicle length and where key
responses of concern, such as shear (or reaction) at the support,
are sensitive to axle loads.

In the load vs. response plots, the slope of the line between
any two adjacent data points represents the girder stiffness in
terms of load increase relative to strain increase. For linear-elastic
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TABLE 1 | Maximum shear force (Vmax) in a 53′-71/2′ ′ simple span due to different rating vehicles.

Vehicle Type GVW Axle configuration (weight in K = kips & spacing in ′ = ft) Vmax (K)

HL93 (Truck) Design 72K 8K (14.0′) 32K (14.0′) 32K 59.47

H20 Legal 40K 8K (14.0′) 32K 37.91

Type 3 Legal 50K 16K (15.0′) 17K (4.0′) 17K 43.06

Type 3S2 Legal 72K 10K (11.0′) 15.5K (4.0′) 15.5K (22.0′) 15.5K (4.0′) 15.5K 47.01

Type 3-3 Legal 80K 12K (15.0′) 12K (4.0′) 12K (15.0′) 16K (16.0′) 14K (4.0′) 14K 44.43

SU4 Legal 54K 12K (10.0′) 8K (4.0′) 17K (4.0′) 17K 47.51

SU5 Legal 62K 12K (10.0′) 8K (4.0′) 8K (4.0′) 17K (4.0′) 17K 52.83

SU6 Legal 69.5K 11.5K (10.0′) 8K (4.0′) 8K (4.0′) 17K (4.0′) 17K (4.0′) 8K 55.94

SU7 Legal 77.5K 11.5K (10.0′) 8K (4.0′) 8K (4.0′) 17K (4.0′) 17K (4.0′) 8K (4.0′) 8K 58.76

FIGURE 8 | Test trucks axle configurations and weights at four different levels.

TABLE 2 | Descriptions of 13 test runs at weight level no. 2 (WL#2).

Test run no. Weight level Test truck position and combination Speed Travel direction

Lane 1 Lane 2 Lane 3 Lane 4 R. Shldr

14 No. 2 Truck A Crawl (5 MPH) Forward WB

15 Truck B

16 Truck A

17 Truck B

18 Truck A

19 Truck A Truck B

20 Truck A Truck B

21 Truck A Truck B

22 Truck A Truck B

23 Truck A Speed Limit (55 MPH)

24 Truck B

25 Truck A

26 Truck B

structural behavior, strain responses are expected to increase
linearly with load increase. Particular attention should be paid to
any noticeable decrease of the slope with the increase of test load,
as this may be an indication of structural stiffness decrease due to
non-linear structural behavior, distress, or onset of failure.

In bridge field testing, the test vehicles actual lateral position
may change slightly among comparable test runs at different
weight levels. This results in slightly different load distribution
among girders as reflected in some sensor plots in Figure 10,
where the slope of the line changes between load increments.

Lateral shifting of test vehicle position at different weights
generally causes opposite slope changes in adjacent girders.
Non-linear structural behavior or onset of failure would cause
consistent slope decreases from multiple sensors which may
worsen with further load increase. An effective method for
canceling the effect of test vehicle lateral shifting is to plot an
average response of multiple sensors mounted on adjacent girders
directly under the test load. The red dashed lines in Figure 10
(Top) are the average of four strain sensors on both webs of
Girders B and C; the red dashed lines in Figure 10 (Bottom) are
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FIGURE 9 | Photos of loading and weighing test trucks and operating test runs.

the average of six strain sensors on both webs of Girders B, C and
D. Each of the average plots clearly indicated linear response with
increasing test load.

Confirmation of linear elastic structural behavior for a proof
load test also requires examining the zero return of all sensors
after each unloading and the magnitudes of strain and deflection
measurements in comparison of material properties or analytical
predictions. The strain time histories of all 44 test runs exhibited
smooth and distinctive responses to the crossings of the test
vehicles and their axles. All strain responses returned to zero after
unloading at the end of each test run. The maximum measured
strain was 198 micro-strain (corresponding to 798 psi for the
concrete compressive strength of f′c = 5,000 psi) along the tension
diagonal on the north face of Girder E during Test Run 41 with
two-truck side-by-side crossing Lanes 1 and 2.

VEHICLE LOADING DYNAMIC IMPACT

Dynamic impact due to vehicle loading was assessed by
comparing strain responses from the same sensors between the
crawl speed and highspeed test runs of the same test truck of the
same weight in the same lateral position. An impact factor (I) was
calculated by dividing the peak response from a highspeed run
by that from the corresponding crawl speed run. Field measured
I values were calculated for the most heavily loaded girders
within each pair of test runs from the sensors measuring the

effects of shear and flexure, respectively. For shear effects at the
dapped end, the average of strain measurements on both sides
of the girder web along the respective compression (Com) and
tension (Ten) diagonal was used for assessing vehicle dynamic
impact. Highspeed runs were conducted in all four travel lanes at
WL#1 and WL#2 but not at WL#3 and WL#4 for safety reasons
and not to cause damages to the test trucks. Results of field
measured impact factors (I) from the load test are summarized
in Table 3.

As shown in Table 3, the highest I value was 1.08 for shear and
1.15 for flexure in the test span, respectively, from strain sensors
along the compression diagonal at the dapped end of Girder E
and on the bottom flange at the mid-span of Girder E. Many I
values were calculated less than 1.0 from field measurements due
to possible reasons of lateral vehicle position shifting between the
crawl and highspeed runs, effects of vibration, etc. In order to
properly assess vehicle loading dynamic impact, it is important
to use sensor measurements from bridge elements directly loaded
by the test vehicles and repeat highspeed runs when possible.

Based on field observed good condition of the deck and
joints throughout the bridge, it was recommended to use an
impact factor (I) of 1.10 for shear and 1.20 for flexure for load
rating in its current condition. These values are in agreement
with the AASHTO MBE for reducing the Dynamic Load
Allowance (IM) to 10% for smooth riding surface at approaches,
bridge deck, and expansion joints and 20% for minor surface
deviations or depressions.
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FIGURE 10 | Load vs. peak strain in tension diagonal of dapped end: single truck B in lane 4 test runs (top) and two-truck side-by-side test runs, truck A in lane 3 &
truck B in lane 4 (bottom).

DECK-GIRDER COMPOSITE ACTION

Strain measurements from the sensors installed on the girder
top and bottom flanges for flexural effects showed very low
compressive strains in the top flange compared to the tensile
strains in the bottom flange of the same girder section throughout
the load test at both the mid-span and a section 5 ft from the
support. This clearly indicated full deck-girder composite action,
including in the dapped-end region, at all the test load levels.
This finding is important because it disapproved an assumption
in the rating analysis which assumes the shear resistance in the
dapped end is supplied by the stirrup reinforcement and draped
prestressing strands in the girder without any participation of the
deck or the reinforcing steel in and surround it.

BRIDGE LOAD RATING BASED ON
PROOF TEST RESULTS

A lower-bound bridge load rating for a rating vehicle, depending
on the load rating method and level, can be determined using the
following equation based on the proof test results:

RFP = (kO)(WP/WR)(f V)/[(γLL)(1 + IM)] (2)

where:

RFP = a lower-bound rating factor for a rating vehicle based
on a proof load test.
kO = proof load test termination factor per AASHTO MBE
(1.00 for reaching target load without distress; 0.88 for test
aborted due to distress before reaching target load).
WR = gross vehicle weight (GVW) of rating vehicle.
WP = final GVW of test vehicle upon completion of proof
load test.
fV = vehicle adjustment factor = Weq/WP, where
Weq = equivalent GVW of rating vehicle for the same force
effect of test truck.
γLL = live load factor for specific load rating levels per
AASHTO MBE (see Table 4).
IM = dynamic load allowance per AASHTO MBE.

Bridge load ratings derived from a proof load test vary with
the live load factor (γLL) of the load rating method and level
as shown in Table 4. Table 5 illustrates calculated lower-bound
load ratings (RFP) of the I-195 WB bridge based on the proof
test results for four different legal vehicles using Eq. (2), Table 4,
and the dynamic load allowance discussed previously. The upper
and lower portions of Table 5 provide LRFR Legal load ratings
for ADTT ≤ 1,000 (γLL = 1.30) and ADTT ≥ 5,000 (γLL = 1.45),
respectively; linear interpolations can be made for any ADTT in
between. In Table 5, WP = 101.7 kips upon successful completion
of proof load test without any signs of distress, thus kO = 1.00. For
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TABLE 4 | Live Load Factor (γLL) for AASHTO LRFR and LFR Methods.

Load Rating
Method

Load Rating
Level

Live Load
Factor γLL

AASHTO MBE

Load and
resistance factor
rating (LRFR)

Design
inventory

1.75 Table 6A.4.3.2.2-1

Design
Operating

1.35

Legal 1.45
(ADTT ≥ 5,000)

Table 6A.4.4.2.3a-1
(linear interpolation)

1.30
(ADTT ≤ 1,000)

Permit 1.10 to 1.40 Table 6A.4.5.4.2a-1

Load factor rating
(LFR)

Inventory 2.17 Article 6B.4.3

Operating 1.3

each rating vehicle, an equivalent gross vehicle weight Weq was
calculated for producing the same maximum bending moment
(Mmax) and maximum shear force (Vmax), respectively, from a
line beam structural analysis of 53′-7′′ simple span.

Based on the proof load test results discussed, the bridge was
physically proven to have load ratings equal to or higher than the
lower-bound load ratings as shown in Table 5.

ANALYTICAL ASSESSMENT OF SHEAR
RESISTANCE OF DAPPED END

Two analytical methods were used to assess the nominal shear
resistance of the dapped end: the strut-and-tie (S-T) and the
shear-friction (S-F) methods.

Strut-and-Tie (S-T) Method
The S-T method models the flow of forces in ‘D-regions’
near discontinuities for the design of reinforced or prestressed
concrete members (Collins and Mitchell, 1986; Schlaich et al.,
1987). Discontinuities may be caused by abrupt changes in
member geometry (e.g., dapped ends or openings) or by
concentrated forces such as reactions or post-tension anchorages.
In contrary, ‘B-regions’ are for bending where planar sections
can be assumed to remain plane after loading and shear stresses
reasonably uniform over the effective web area. For B-regions,
the conventional sectional design approach is sufficient without
addressing how the forces are introduced into the member. In
D-regions, however, the stress flows are disturbed; planar sections
do not remain plane and shear stresses are not uniform over
the effective shear area; and S-T modeling serves as an effective
design method (Mitchell et al., 2004; AASHTO, 2017).

It is important to understand that strut-and-tie (S-T)
modeling is a conservative design method when the conventional
sectional models become invalid. It is a “lower bound approach”
for minimizing the amount of reinforcement through postulating
a number of different S-T models that all provide safe paths
for the loads to reach the supports (Mitchell et al., 2004).
S-T modeling simplifies the highly complicated load paths
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TABLE 5 | Lower-bound bridge load ratings derived from proof test results.

Load Ratings of LRFR Legal ADTT < 1,000

k0 = 1.00 γLL= 1.30 Flexure Shear

Rating VehicleType WR (kips) RFP Mmax (k-ft) Weq (kips) fV IM (RFp)M Vmax (kips) Weq (kips) fV IM (RFp)V

′Truck A′ Testing 101.7 1019.8 101.7 1.00 86.1 101.7 1.00

H-15 Legal 30 1.96 361.0 84.7 0.83 10% 1.98 28.2 91.7 0.90 20% 1.96

Type 3 50 1.29 518.8 98.3 0.97 10% 1.37 42.8 100.7 0.99 20% 1.29

HS-20 72 0.94 689.6 106.5 1.05 10% 1.03 58.9 105.3 1.04 20% 0.94

SU7 77.5 0.92 774.8 102.0 1.00 10% 0.92 58.9 113.2 1.11 20% 0.94

Load Ratings of LRFR Legal ADTT = 5,000

k0 = 1.00 γLL= 1.45 Flexure Shear

Rating VehicleType WR (kips) RFP Mmax (k-ft) Weq (kips) fV IM (RFp)M Vmax (kips) Weq (kips) fV IM (RFp)V

′Truck A′ Testing 101.7 1019.8 101.7 1.00 86.1 101.7 1.00

H-15 Legal 30 1.76 361.0 84.7 0.83 10% 1.77 28.2 91.7 0.90 20% 1.76

Type 3 50 1.16 518.8 98.3 0.97 10% 1.23 42.8 100.7 0.99 20% 1.16

HS-20 72 0.84 689.6 106.5 1.05 10% 0.93 58.9 105.3 1.04 20% 0.84

SU7 77.5 0.83 774.8 102.0 1.00 10% 0.83 58.9 113.2 1.11 20% 0.84

in D-regions into a straight-line truss model consisting of
concrete compressive struts, steel tension ties, and nodes. It
then determines their respective factored resistances based on
the geometrical and strength properties of reinforcing steel,
prestressing steel, concrete, as well as development or anchorage
of steel elements in concrete. The S-T method is subjective
to some degree as it requires visualization of stress flows and
discretion in assembling and detailing an idealized truss model.

Figure 11 illustrates a strut-and-tie model for the I-195 WB
bridge dapped end, where the blue lines represent compression
struts and red lines for tension ties. Shear resistance of the
dapped end is governed by the tension resistance of vertical
tie BC, which consists of contributions from non-prestressed
stirrup reinforcement made of ASTM standard No. 9 reinforcing
bars of 40 ksi yield strength and draped prestressing strands
made of ASTM standard Grade 250, 0.5 in. diameter seven-wire
prestressing strands.

Nominal shear resistance of the dapped end (RnV) from the
S-T method is calculated as follows (AASHTO, 2018):

RnV = RnV,st + RnV,ps (3)

RnV,st = f yAst (4)

RnV,ps = (Aps)(f pe + f y)sin(β) (5)

where:

RnV,st = nominal tension resistance of stirrup
reinforcement.
RnV,ps = vertical component of compression force from
draped prestressing strands.
Ast = area of four (4) sets of double-leg stirrups = (4) (2)
(1.00 in2) = 8.0 in2.
Aps = area of prestressing steel = (2) (0.144 in2) = 0.288 in2.

fy = yield strength of non-prestressed reinforcement
(ksi) = 40 ksi.
fpe = effective stress in prestressing steel after losses = (0.6)
(250 ksi) = 150 ksi.
β = angle of draped prestressing strands with respect to
horizontal axis = 7◦.

Thus, RnV,st = (8.0 in2) (40 ksi) = 320 kips

RnV,ps = (0.288 in2) (150 ksi+ 40 ksi) sin(7◦) = 6.67 kips
RnV = RnV,st + RnV,ps = 320 kips+ 6.67 kips = 326.67 kips

Shear-Friction (S-F) Method
The S-F method is used to determine the shear strength
along a specific shear failure plane such as an existing
or potential crack in monolithic concrete or an interface
between two concretes cast at different times (Birkeland
and Birkeland, 1966; Mattock and Hawkins, 1972). The S-F
concept assumes the shear resistance to be provided by the
dowel action of the reinforcement across the shear failure
plane and the friction resulting from the sliding movement
of the crack faces under the clamping force from the
reinforcement in tension to its yield strength. Any permanent
net compression due to properly developed prestressing strands
across the shear plane is also added to the force in the shear-
friction reinforcement.

For the I-195 WB bridge dapped end, the shear-friction
crack plane may be assumed at a 45◦ angle initiating from
the re-entrant corner, as shown by the purple dashed line in
Figure 11. Similar to Equation (3), nominal shear resistance of
the dapped end (RnV) consists of the vertical component of shear
resistance along the assumed shear plane due to shear-friction of
vertical stirrups (RnV,st) and that due to the draped prestressing
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FIGURE 11 | Illustration of strut-and-tie modeling and shear-friction crack plane at dapped end.

strands (RnV,ps) (Mattock, 1974; Mattock, 1977; AASHTO, 2002;
ACI, 2019):

RnV,st = Avff y[µsin(α) + cos(α)]sin45◦ (6)

RnV,ps = Apsf pe[µsin(45◦ + β) + cos(45◦ + β)]sin45◦ (7)

where:

Avf = Area of three (3) sets of double-leg stirrups = (6) (1.00
in2) = 6.0 in2.
α = angle between shear-friction reinforcement and shear
plane = 45◦.
45◦ + β = angle between prestressing strands and shear
plane = 45◦ + 7◦ = 52◦.
µ = coefficient of friction depending on contact surface
condition.
= 1.4λ for concrete placed monolithically (λ = 1.0 for

normal weight concrete) = 1.4.

Thus, RnV,st = (6.0 in2) (40 ksi) [(1.4) (sin45◦) + cos45◦] sin45◦
= 288 kips

RnV,ps = (0.288 in2) (150 ksi) [(1.4) (sin52◦) + cos52◦] sin45◦
= 52.51 kips

RnV = RnV,st + RnV,ps = 288 kips+ 52.51 kips = 340.51 kips

Comparing the results from the two analytical methods
indicates: (1) the S-F method yields slightly (4%) higher
shear resistance than the S-T method; (2) shear resistance

from the S-T method has a higher contribution from non-
prestressed reinforcement because vertical tie BC consists of
four sets of stirrups while the shear-friction crack plane only
involves three sets of stirrups; and (3) shear resistance from
the S-F method has a higher contribution from the draped
prestressing strands. In the S-F method, both layers of horizontal
reinforcement across the shear plane cannot be included for shear
resistance because they are subject to compression due to shear
slippage (ACI, 2019).

It is important to point out that each method establishes
an analytical shear resistance based on a hypothetical failure
mode and resistance mechanism. Neither method considers the
effects of an 8.5 in. thick reinforced concrete deck in distributing
and resisting shear, which are likely the main reason for why
analytical load ratings underestimated the shear capacity of
the dapped end.

SUMMARY AND CONCLUSION

For a prestressed concrete girder bridge with insufficient
analytical load ratings governed by shear at the dapped ends, a
proof load test was successfully completed in four loading and
unloading steps with a maximum proof load of two test trucks of
approximately 100,000 lbs each crossing the bridge side-by-side.
The load test consisted of 44 test runs with the use of 32 strain
sensors. No signs of distress or non-linear behavior were observed
throughout the process.

The following findings and conclusions are made from
this study:
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(1) Proof load testing has a higher level of reliability than
diagnostic testing in assessing structural capacity because
it includes the effects of full dead load plus a magnified live
load and minimizes uncertainties in calculating structural
capacities. However, proof testing requires more complex
field operations and involves a higher level of risks.

(2) In a proof load test, sensors must be placed at locations that
can capture possible signs of distress, non-linear behavior,
or onset of failure of the structure.

(3) Key factors in determining a target proof load include
a desired or target load rating, available test vehicles,
comparison of the governing force effect between the rating
vehicle and the test vehicle, number and weight capacities
of test vehicles to be used, etc.

(4) Test runs of increasing load need to be arranged to apply
direct loads to all primary load carrying elements, utilize a
variety of crossing patterns for different load effects, repeat
the same crossing patterns at all weight levels, and make
pairs of slow speed and highspeed test runs for assessing
vehicle loading dynamic impact.

(5) Plots of key sensor responses vs. increasing test load, in
combination with examination of zero returns and the
magnitudes of strain and deflection measurements, serve
as an effective method for assessing linear elastic behavior
of the structure and capturing possible signs of distress or
onset of failure.

(6) Vehicle dynamic impact can be assessed by comparing
strain responses from the same sensors between the crawl
speed and highspeed test runs of the same test truck
of the same weight in the same lateral position. Only
sensor measurements from bridge elements directly loaded
by the test vehicles should be used for this purpose.
Highspeed test runs should be repeated when possible for
increased reliability.

(7) Lower bound bridge load ratings can be derived from the
results of a proof load test using Eq. (2) depending on the
load rating method and level as needed.

(8) Test results suggested that analytical methods of strut-
and-tie and shear-friction underestimate the shear
resistance of the dapped ends by considering only
the stirrup reinforcement and draped prestressing

strands within the PSC girder. Effects of a composite
reinforced concrete deck in distributing and resistant
shear are likely the main reason for why analytical
load ratings underestimated the shear capacity of
the dapped end.

(9) The Manual for Bridge Evaluation of AASHTO contains
conceptual guidelines for determining bridge load
rating through proof load testing. This paper provides
detailed procedures for field implementation, test results
interpretation, and load rating derivation.

(10) It is important to note that proof load test results are valid
only upon the structural condition at the time of load
test. A re-evaluation may be required if any significant
changes or deteriorations occur in the superstructure or
the substructure.
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