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Live-load distribution  
of an adjacent box-beam bridge:  
Influence of bridge deck

Ryan T. Whelchel, Christopher S. Williams, and Robert J. Frosch

■ Leaking longitudinal joints are commonly observed in 
adjacent box-beam bridges and may lead load-rating 
engineers to assume that there is no load distribution 
where signs of shear key deterioration are observed.

■ This paper discusses a series of load tests that 
were performed on an existing adjacent box-beam 
structure with leaking joints to determine the load 
distribution for a deteriorated adjacent concrete box-
beam bridge.

■ The study found that deteriorated shear keys are 
capable of distributing load in an adjacent concrete 
box-beam bridge, the addition of a concrete deck 
can restore or improve load distribution for a deterio-
rated structure where the shear keys have failed, and 
the load distribution for the rehabilitated structure 
corresponds well with current design equations.

Leaking longitudinal joints are commonly observed in 
adjacent box-beam bridges and are often associated 
with an assumed loss of load distribution at the leak-

ing joint. Evidence of a leaking joint (Fig. 1) or the pres-
ence of a reflective crack in the deck calls into question the 
condition of the shear key and the capacity of the shear key 
to transfer load between beams. The position of shear keys 
within an adjacent box-beam bridge makes visual inspection 
impossible, and there is no standard nondestructive inspec-
tion method to evaluate the condition of the shear key. In the 
absence of a dependable inspection, load-rating engineers 
may assume that there is no load distribution where signs of 
shear key deterioration are observed.

Investigators have conducted load tests to determine the load 
distribution of adjacent box-beam bridges exhibiting signs of 
shear key deterioration.1,2 Steinburg and colleagues1 per-
formed load tests on the center span of a three-span adjacent 
box-beam bridge constructed in 1967 with spans of 47.83 ft 
(14.58 m), transverse ties at the third points of each span, 
and a bituminous wearing surface. Center span deterioration 
consisted of delaminated concrete in the top flange of the 
exterior beams and minimal efflorescence at the longitudinal 
joints. Results of the load tests indicated that the distribution 
factors based on measured strains and deflections were con-
sistent with the distribution factors estimated using equa-
tions from the fifth edition of the American Association of 
State Highway and Transportation Officials’ AASHTO LRFD 
Bridge Design Specifications.3
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Kassner and Balakumaran2 conducted a series of load 
tests on one span of an existing adjacent box-beam bridge 
constructed in 1959 with five spans (consisting of a combi-
nation of 40.75 and 41.5 ft [12.42 and 12.65 m] individual 
spans), a single transverse tie tensioned to 30 kip (133 kN), 
and a bituminous wearing surface. The bridge deterioration 
consisted of isolated concrete spalling on two beams due 
to poor concrete consolidation, as well as efflorescence at 
longitudinal joints that indicated leaking shear keys. Consis-
tent with the study by Steinburg et al., the results of the load 
tests revealed that the distribution factors based on measured 
strains were consistent with the distribution factors estimat-
ed using equations from the sixth edition of the AASHTO 
LRFD specifications,4 which were unchanged from the fifth 
edition. These same equations continue to be specified in the 
2020 AASHTO LRFD specifications.5

Steinburg et al., Kassner and Balakumaran, and Attanayake 
and Aktan6 found that a leaking shear key may not indicate 
loss of load distribution. It should be noted that these stud-
ies were conducted on bridges constructed with bituminous 
wearing surfaces. Load test data are not available for bridges 
constructed with composite or noncomposite concrete decks 
that have evidence of leaking shear keys.

For adjacent box-beam bridges with reinforced concrete 
decks, the deck provides an additional mechanism for load 
distribution. However, current bridge design specifications do 
not consider the load distribution offered by this mechanism 

acting without effective shear keys. Table 4.6.2.2.1-1 of the 
2020 AASHTO LRFD specifications provides equations for 
two load distribution cases for adjacent box-beam bridge 
systems: cases (f) and (g). Case (f) considers adjacent beams 
with shear keys and a concrete deck. Case (g) considers adja-
cent beams with shear keys and transverse post-tensioning to 
provide compression at the longitudinal joint. When evaluat-
ing a Case (f) bridge with shear keys exhibiting signs of de-
terioration where the integrity of the shear key is in question, 
the amount of load distribution offered by the concrete deck 
alone is needed but not specified in the 2020 AASHTO LRFD 
specifications. Similarly, the AASHTO Manual for Bridge 
Evaluation7 provides no guidance on the live-load distribution 
of an adjacent box-beam bridge with a concrete deck and no 
(or deteriorated) shear keys. Furthermore, there is extremely 
limited experimental research available regarding the load 
distribution offered by a concrete deck over adjacent beams 
without shear keys. The only known research is by Jones,8 
who conducted static load tests on an adjacent box-beam 
bridge constructed with a 4 in. (100 mm) thick composite 
concrete deck without shear keys or transverse post-tension-
ing. Although that study does not present the load distribution 
for the bridge, the load distribution can be estimated from 
strains that were measured on the underside of each beam.

Research scope and significance

Considering the general lack of test data and uncertainty in 
analyzing deteriorated concrete structures, a series of load 

Figure 1. Leaking joint of an adjacent box-beam bridge.
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tests were conducted to determine the load distribution of 
a deteriorated adjacent concrete box-beam bridge. Both the 
load distribution of the existing structure with leaking joints 
and load distribution after rehabilitation with a noncomposite 
reinforced concrete deck were investigated. A noncomposite 
deck (no shear connectors) was selected to provide a cost- and 
time-effective solution for the rehabilitation of the existing 
bridge and also to simplify future deck replacements.

The load tests were conducted on a 40 ft (12.2 m) long adja-
cent precast, prestressed concrete box-beam bridge in Tippe-
canoe County, Ind. The bridge was tested in four conditions: 
as built, after removal of the bituminous wearing surface, after 
the shear keys were disabled, and with a reinforced concrete 
deck installed. In addition to assessing load distribution of the 
existing bridge, the results of this study can serve as support 
for the use of a concrete deck as a rehabilitation strategy to 
restore load distribution or function as the primary load distri-
bution mechanism of an adjacent box-beam bridge.

Existing bridge

The adjacent box-beam bridge used for this study was con-
structed in 1957 and designed based on the 1957 edition of the 
American Association of State Highway Officials’ AASHO 
Standard Specifications for Highway Bridges.9 The single-span 
bridge consists of seven adjacent precast, prestressed con-
crete box beams that are 45 in. (1143 mm) wide and 21 in. 
(533 mm) deep. The total length of the bridge is 40 ft (12.2 m), 
and the beams span approximately 39 ft (11.9 m) from cen-
terline of bearing to centerline of bearing. Section properties 
were assumed to be similar to the 1961 Indiana Department of 
Transportation (INDOT) standard box beam, section B-21-3-9 
(Fig. 2). Only a portion of the original design drawings is 
available, and there are no standard drawings from before 1961. 

The original drawings specified 3/8 in. (9.5 mm) diameter sev-
en-wire stress-relieved strand with a minimum tensile strength 
of 250 ksi (1724 MPa). In 1993, the north exterior box beam 
(beam 7) was replaced with a precast, prestressed concrete box 
beam of the same overall dimensions (Fig. 3). Drawings are 
also unavailable for this replacement beam.

The number of strands in each beam was determined us-
ing ground-penetrating radar (GPR). The 1957 beams were 
found to have 21 strands, and the 1993 beam had 12 strands. 
The difference in the number of strands led investigators 
to conclude that the 1993 replacement beam is reinforced 
with ½ in. (12.7 mm) diameter strand. The bridge included a 
bituminous wearing surface, which was estimated to be 5 in. 
(127 mm) thick based on a GPR survey. The bridge did not 
include transverse tie rods, and no transverse post-tensioning 
was provided.

The condition of the existing bridge was investigated prior 
to testing and is documented in Fig. 3. Investigators found 
evidence of water leaking through the shear keys between 
every beam, with the exception of the joint between beams 4 
and 5 (Fig. 3). The investigation also revealed deterioration 
on beams 1 and 7. Minor longitudinal cracking and concrete 
spalling were observed on the west end of beam 7 (Fig. 4), 
and the investigators assumed that these conditions had a 
negligible effect on the flexural strength of the beam. Beam 
1 had two rust-stained longitudinal cracks approximately 5 ft 
(1.5 m) long, located at midspan (Fig. 4) and three exposed 
strands at the east support (Fig. 4).

Testing procedure

The bridge was load tested in four stages, as described in the 
following sections, to capture the live-load distribution con-

Figure 2. Box-beam cross-section geometry. Note: no. 5 = 16M; 1 in. = 25.4 mm. 
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Figure 4. Bridge deterioration.

Three exposed strands at east support of beam 1

Longitudinal cracking and 
minor concrete spalling in west 

end of beam 7

Rust-stained longitudinal crack 
on south side of beam 1

Rust-stained longitudinal crack 
on north side of beam 1

Beam 7

Beam 6

Beam 5

Beam 4

Beam 3

Beam 2

Beam 1

Figure 3. Bottom flange deterioration map of existing bridge. Note: 1 in. = 25.4 mm; 1 ft = 0.305 m. 
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sidering four different superstructure conditions. Figure 5 
provides a visual summary of the conditions.

Load test 1: As built

The first load test (LT1) was performed on the bridge as built 
without any modifications. Beam 1 was not directly loaded 
because there were concerns regarding the deterioration of the 
member (Fig. 3).

Load test 2: Wearing surface removed

After LT1 was completed, the bridge was closed to traffic to 
allow bridge modifications to be completed safely. A bridge 
contractor removed the bituminous wearing surface. During 
the milling operation, the milling machine removed a por-
tion of the top flange of each beam and exposed regions of 
deterioration in beams 1 and 3 that had led to the formation 
of holes through the flanges (Fig. 6). The hole in beam 1 was 

approximately 10 × 10 in. (254 × 254 mm), and the concrete 
around the hole had been reduced to rubble over the life of 
the structure. Both holes in beam 3 were approximately 30 in. 
(762 mm) long and 10 in. wide after the removal of deteri-
orated concrete. The holes in each beam were prepared for 
repair by removing any deteriorated concrete and cleaning 
the surface around each hole. The contractor then repaired the 
top flanges by positioning formwork along the bottom of the 
flange and filling the holes with prepackaged concrete. After 
the repairs to the top flange of beams 1 and 3 were completed, 
a second load test (LT2) was performed. As a consequence 
of the damage to the top flanges, beams 1, 2, and 3 were not 
directly loaded during the second and third load tests.

Load test 3: Shear keys disabled

A pavement saw, cutting to a depth of 12 in. (305 mm), was 
used to cut through the entire depth of the shear keys (Fig. 7). 
The third load test (LT3) was performed to verify that the 

 

26 ft - 8 in. 

12 in. 

LT1 - As-built 

LT2 - Bituminous wearing surface removed 

LT3 - Shear keys disabled 

LT4 - Reinforced concrete deck placed 

No. 4 epoxy-coated 
reinforcing bars at 8 in. on 
center (both directions) 

10 in. ~ 5 in. Bituminous wearing surface 
  

5 in. 7 in. 5 in. 

Figure 5. Load test bridge conditions. Note: LT1 = load test 1; LT2 = load test 2; LT3 = load test 3; LT4 = load test 4. No. 4 = 13M; 
1 in. = 25.4 mm; 1 ft = 0.305 m.
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Beam 7

Beam 6

Beam 5

Beam 4

Beam 3

Beam 2

Beam 1

Figure 6. Plan view of the bridge top flange deterioration. Note: 1 in. = 25.4 mm; 1 ft = 0.305 m.

Figure 7. Shear key–cutting operation.
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shear keys were disabled and that each beam was acting 
independently. Disabling the shear keys provides a worst-case 
scenario for load distribution and allows the contribution of a 
deck retrofit to load distribution to be fully assessed.

Load test 4: Concrete deck placed

The fourth and final load test (LT4) was performed after a 
new reinforced concrete deck was placed on the box beams.

Bridge deck

A noncomposite concrete deck was added to the bridge to 
evaluate its effectiveness in restoring load distribution to a 
bridge with nonfunctioning shear keys.

Design

The concrete deck was designed using the Indiana Design 
Manual10 (IDM) and the eighth edition of the 2017 AASHTO 
LRFD specifications.11 The deck reinforcement was select-
ed to satisfy the temperature and shrinkage reinforcement 
requirements of the 2017 AASHTO LRFD specifications. The 
required area of reinforcement was calculated to be 0.11 in.2/ft 
(233 mm2/m). The IDM also specifies an 8 in. (203 mm) 
maximum spacing for bridge deck reinforcement. This light 
reinforcement requirement could have been satisfied using 
no. 3 (10M) reinforcing bars or even welded-wired rein-
forcement. However, the use of small-diameter reinforcing 
bars or welded-wire reinforcement in bridge decks is not 
recommended because workers walking on the reinforcement 

can easily bend the flexible bars or wires. Bent or displaced 
reinforcement can lead to difficulties maintaining minimum 
cover requirements and controlling the effective depth of the 
reinforcement. Therefore, no. 4 (13M) reinforcing bars at 8 in. 
maximum spacing were selected (0.3 in.2/ft [635 mm2/m] area 
of reinforcement provided) to prevent constructibility issues. 
To conform with IDM bridge deck reinforcement require-
ments, Grade 60 (414 MPa) epoxy-coated reinforcing bars 
were specified.

The IDM specifies that concrete decks must have a mini-
mum top cover thickness of 2.5 in. (63.5 mm) plus 0.5 in. 
(12.7 mm) for a sacrificial wearing surface. On this project, a 
minimum bottom cover of 1 in. (25.4 mm) was used to pro-
vide for concrete flow under the reinforcement. Using a single 
mat of no. 4 (13M) reinforcing bars in both directions (1 in. 
thick), along with the cover requirements, resulted in a total 
minimum deck thickness of 5 in. (127 mm).

Construction

The surface of each box beam was prepared by sandblast-
ing (Fig. 8) to ensure that an adequate bond between the 
beams and the deck was achieved. The deck was placed in 
four sections from south to north (Fig. 6), each requiring 
one concrete truck. The deck thickness was tapered from 
the bridge centerline to the curb for water drainage. The 
thickness of the deck was 7 in. (178 mm) at the bridge cen-
terline and 5 in. (127 mm) at each curb line of the transverse 
section (1.3% cross slope) (Fig. 5). The cross slope was 
achieved by using tapered formwork at the bridge ends and 

Figure 8. Sandblasted box-beam surface.
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using a mechanical screed to finish the bridge along the span 
and across the width (Fig. 9). For the final surface finish, the 
deck was tined after the concrete set. After the surface finish 
was applied, the deck was covered with wet burlap and plas-
tic for a three-day wet cure.

Materials

The deck concrete mixture proportions (Table 1) referenced 
ASTM standards12–14 and followed Class C specifications from 
INDOT’s 2018 Standard Specifications.15 Concrete cylinders 
(6 × 12 in. [152 × 305 mm]) were prepared for compression 
testing from each of the four trucks used for the deck place-
ment. According to Tippecanoe County’s construction guide-
lines, the deck must reach a minimum compressive strength of 

4000 psi (27.6 MPa) before a bridge is opened to traffic. All 
cylinders were cast and stored at the bridge site in accordance 
with ASTM C31 Standard Practice for Making and Curing 
Concrete Test Specimens in the Field16 until the cylinders were 
transported from the site for testing. The graph in Fig. 10 plots 
the average concrete compressive strength of the cylinders over 
time. For each data point, eight cylinders (two from each truck) 
were tested in accordance with ASTM C39 Standard Test Meth-
od for Compressive Strength of Cylindrical Concrete Speci-
mens.17 Figure 10 shows that the concrete met the minimum 
requirements to be opened to traffic within three days.

Grade 60 (414 MPa) no. 4 (13M) reinforcing bars conform-
ing to ASTM A615 Standard Specification for Deformed and 
Plain Carbon-Steel Bars for Concrete Reinforcement18 were 

Figure 9. Use of mechanical screed and tapered formwork to construct bridge cross slope.

Table 1. Concrete mixture proportions

Material Type Quantity

Cement ASTM C150 Type I 658 lb/ft3

Coarse aggregate No. 8 limestone (1 in. maximum aggregate size)* 1725 lb/ft3

Fine aggregate No. 23 natural sand* 1225 lb/ft3

Air entrainment ASTM C260 3.3 oz/yd3

Water-reducing admixture and retarder ASTM C494 Type D 19.7 oz/yd3

Water n/a 249 lb/yd3

Water-cement ratio n/a 0.38

Specified slump n/a 4 in.

Note: n/a = not applicable. 1 in. = 25.4 mm; 1 oz/yd3 = 38.681 mL/m3; 1 lb/ft3 = 16.031 kg/m3; 1 lb/yd3 = 0.593 kg/m3. 

* Refer to Indiana Department of Transportation (INDOT) standard specifications (INDOT, 2018) for gradation.
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used for all reinforcement. The measured yield and ultimate 
tensile strengths of the reinforcing bars were 88 and 104 ksi 
(607 and 717 MPa), respectively.

Loading procedure

Each of the four load tests was conducted with the same tri-
axle truck loaded with gravel. The weight of the vehicle was 
measured using portable truck-weigh scales from the Indiana 
State Police Division of Commercial Vehicles. Figure 11 
includes the wheelbase dimensions and axle labels for the 
truck, and Table 2 provides the axle weights for each load 
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Figure 10. Concrete cylinder compressive strength over time. Note: 1 psi = 6.895 kPa.

 

14 ft 4 ft - 8 in. 

16 ft - 4 in. 

8 ft  

Axle 1 Axle 3 Axle 2 

5 ft - 10 in. ~4 ft - 2 in. 

Figure 11. Truck used for load tests and diagram of truck wheel locations. Note: 1 in. = 25.4 mm; 1 ft = 0.305 m.

Table 2. Truck weights

Load  
test

Axle 1, lb Axle 2, lb Axle 3, lb Total, lb

LT1 16,450 21,100 20,050 57,600

LT2 15,650 22,300 21,350 59,300

LT3 14,800 15,450 14,450 44,700

LT4 16,450 21,000 21,300 58,750

Note: 1 lb = 4.45 N. 
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test. A reduced load was used for LT3 because the shear keys 
were disabled.

A total of 50 load positions—five longitudinal locations along 
10 transverse paths—were defined for the bridge. The five posi-
tions along the span were selected to approximate the progres-
sion of a vehicle crossing the bridge (Fig. 12). The 10 trans-
verse paths traveled by the truck were split into five eastbound 
paths (paths 1 through 5) and five westbound paths (paths 6 
through 10). Figure 13 illustrates the transverse positions of 
the truck for the 10 paths. The deterioration observed in the site 
survey and after removal of the bituminous wearing surface 
prevented some paths from being used for LT1, LT2, and LT3.

Instrumentation

The bridge was instrumented with three linear string potenti-
ometers per beam (21 potentiometers total) to monitor the de-
flection at the quarter points of each beam. Figure 14 shows 
a plan view of the bridge indicating the sensor locations. The 
potentiometers were mounted on a frame erected on top of 
scaffolding positioned under the bridge to record absolute 
deflections. In addition to the potentiometers, concrete strain 

gauges (90 mm gauge length) were installed on the bottom 
flange of each beam at midspan as a redundant measurement 
in the event a potentiometer failed. 

Load test results

Figure 15 summarizes the load test results corresponding to 
position 4 (see Fig. 12 for position location), which is the po-
sition where the maximum midspan deflections were record-
ed. The illustration at the top of Fig. 15 shows the longitudinal 
position of the truck (position 4) and the direction of travel 
corresponding to the plots that are provided below the illustra-
tion (eastbound for paths 1 through 5 and westbound for paths 
6 through 10). A representation of the bridge cross section 
is illustrated above each deflection plot, and a set of truck 
tires is shown on top of each cross section to indicate the 
transverse position of the truck. Midspan deflections of each 
beam are shown for the truck positioned along all paths. As 
discussed previously, damage to some beams prevented the 
loading of some paths. Therefore, paths 4, 5, 9, and 10 were 
the only paths loaded for all four load tests. A comparison of 
the results from the eastbound and westbound paths shows the 
results for both traveling directions were similar.

 

10 ft 10 ft 10 ft 10 ft 
Position 5 

Position 1 

Position 2 

Position 3 

Position 4 

1 2 3 

1 2 3 

1 2 3 

1 2 3 

1 2 3 

Bridge span Bridge approach Bridge approach 

Figure 12. Longitudinal truck positions. Note: Numerical values next to arrows refer to axle labels in Fig. 11. 1 ft = 0.305 m.
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LT1: As-built condition

For the first load test, the deflected shape of the transverse 
section for each path in Fig. 15 shows that a nonzero value 
of deflection was recorded for every beam. This indicates 
that every beam was engaged to carry the truck load for 
each path. Although the longitudinal joints exhibited signs 
of water leaking through the shear keys, load was distrib-
uted to all seven beams for each transverse position. This 
finding demonstrates that a leaking shear key does not indi-
cate that load transfer has been eliminated or that the shear 
key is ineffective.

LT2: Wearing surface removed

A comparison of the curves for LT1 and LT2 in Fig. 15 shows 
that larger deflections were generally measured during LT2 
for the beams that were directly loaded. In addition, disconti-
nuities in the transverse deflected shape appear for the beams 
that were directly loaded.
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26 ft - 8 in. 
Path 1 (eastbound) and Path 6 (westbound) 

Path 2 (eastbound) and Path 7 (westbound) 

Path 3 (eastbound) and Path 8 (westbound) 

Path 4 (eastbound) and Path 9 (westbound) 

Path 5 (eastbound) and Path 10 (westbound) 

1 2 3 4 5 6 7 
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Truck tires 

Figure 13. Transverse truck positions during load testing. Note: 1 in. = 25.4 mm; 1 ft = 0.305 m.
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Figure 14. Instrumentation plan. Note: 1 ft = 0.305 m.
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Figure 15. Summary of load test results for truck position 4. Note: The illustration at the top of the figure shows the longitudinal 
position of the truck (position 4) and the direction of travel corresponding to the plots that are provided below the illustra-
tion (eastbound for paths 1 through 5 and westbound for paths 6 through 10). A representation of the bridge cross section is 
illustrated above each deflection plot, and a set of truck tires is shown on top of each cross section to indicate the transverse 
position of the truck for the indicated path. L = span length; LT1 = load test 1; LT2 = load test 2; LT3 = load test 3; LT4 = load test 
4. 1 in. = 25.4 mm.
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The increase in measured deflections and the discontinuities 
in the deflected shape were caused by three factors. First, the 
milling operation that was conducted between LT1 and LT2 
removed a small portion (approximately 0.5 to 2 in. [12.7 to 
50.8 mm]) of each beam top flange. The exact reduction in 
depth could not be accurately measured, but a GPR survey 
was conducted to estimate the depth to the box-beam void. 
The depth to the void was then compared to the top flange 
thickness noted on the 1961 INDOT standard drawing (Fig. 2) 
to estimate the amount of section lost during the milling op-
eration. Beams 1, 2, and 3 had the greatest loss of top flange 
thickness (up to approximately 2 in.), whereas beams 4, 5, 6, 
and 7 were reduced by 0.5 to 1 in. (12.7 to 25.4 mm). The re-
duction in depth caused a reduction in the moment of inertia, 
decreasing the flexural stiffness. 

Second, removal of the wearing surface and a portion of 
the top flange (and therefore a portion of the grout between 
beams) may have allowed slip to occur at the shear keys 
(Fig. 16). The loss of shear key depth increased shear stress-
es in the keyway, which may have caused the shear key to 
crack and reduced the shear key’s ability to distribute load to 
adjacent beams. Furthermore, the loss of material reduced the 
shear stiffness of the shear key.

Finally, removal of the wearing surface itself reduced both 
the longitudinal flexural stiffness and the transverse joint 
stiffness. However, considering the relatively low stiffness of 
the bituminous wearing surface, the contribution of wear-
ing surface removal to the larger deflections of the directly 
loaded beams is thought to be small relative to the first two 
factors discussed.

LT3: Shear keys disabled

LT3 was conducted to verify that the shear-key-cutting oper-
ation had been successful in disabling the shear keys. Figure 
15 shows that the deflected shape for LT3 had large disconti-

nuities at the beams that were directly loaded, indicating the 
shear keys were disabled. The measured deflections for the 
beams located between the truck tires were attributable to the 
proximity of the tires to the shear key joint. The distance be-
tween the rear axle tires of the truck was approximately 50 in. 
(1270 mm), whereas the width of one box beam was 45 in. 
(1143 mm). Consequently, it was difficult to position the truck 
so that both rear tires were straddling a beam. However, as 
shown for paths 4 and 9 in Fig. 15 (in which beams 4 and 6 
were directly loaded), no significant loads were transferred 
to beams 3 and 7. The data for path 4 also show that beam 5 
was disengaged. For paths 5 and 10 (in which beams 5 and 
7 were directly loaded), beam 4 deflected less than 0.02 in. 
(0.51 mm), indicating that the beam was effectively disen-
gaged. Although there was some transfer to beam 6 for paths 
5 and 10, the large relative deflection between beam 6 and 
beams 5 and 7 indicates that the key was disengaged but some 
load was likely applied through the tires. Observation of the 
lack of load transferred between beams supports the conclu-
sion that the shear keys were disabled.

LT4: Concrete deck added

LT4 was conducted 22 days after the deck was cast. The mea-
sured concrete cylinder compressive strength was 5800 psi 
(40.0 MPa) on the day preceding the load test. Figure 15 
compares the results from LT4 and LT1. Although the data 
from paths 1 and 6 for LT4 cannot be compared to data from 
LT1, they are presented to provide complete results. The com-
parison indicates that load distribution was restored by the 
concrete deck after the shear keys were disabled. A smooth 
deflected shape is observed for LT1 and LT4. In addition, the 
deflections measured during LT4 were on average 37% less 
than the deflections measured during LT1.

The reduction in deflection provides evidence that the 
concrete deck was acting compositely with the beams even 
though it was constructed as a noncomposite deck. A simple 

 

Slip 

Removed during  
milling operation Top flange 

Figure 16. Illustration of shear key slip.
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calculation based on the interface shear resistance provisions 
in Article 5.7.4.3 of the 2020 AASHTO LRFD specifications5 
demonstrated that the cohesion between the concrete deck 
and concrete box beams for a width of 45 in. (1143 mm) 
resulted in a factored resistance of 36.5 kip/ft (533 kN/m). 
The corresponding shear flow generated by the fully factored 
HL-93 loading on the bridge was calculated to be 28.6 kip/ft 
(417 kN/m). Therefore, cohesion between the deck and the 
beams was adequate to transfer the horizontal shear required 
for composite action under the truck loading.

To further examine the amount of composite action between 
the box beams and the concrete deck, investigators calculated 
the estimated midspan deflection of each beam for LT1 δ

est,LT1
 

(no concrete deck) and LT4 δ
est,LT4

 (considering full com-
posite action) for the truck in position 4 for each load path. 
When estimating the midspan deflection of each beam, simple 
support conditions and elastic beam behavior were assumed. 
The load on each beam was distributed using the midspan 
deflection data for each load path. Deflections for LT1 were 
calculated using a moment of inertia of 30,100 in.4 (1.25 × 
1010 mm4) as calculated for the beam without a concrete deck. 
Deflections for LT4 were calculated using a moment of inertia 

of 53,100 in.4 (2.21 × 1010 mm4) as calculated for the com-
posite beam and deck. The reduction in midspan deflection 
between LT1 and LT4 was calculated as 1 – (δ

est,LT4
/δ

est,LT1
) 

for all load cases (Table 3). The calculated average reduction 
in midspan deflection was 39%. The reduction in measured 
midspan deflection between LT1 and LT4 was calculated as 
1 – (Δ

LT4
/Δ

LT1
), where Δ

LT1
 and Δ

LT4
 are the measured midspan 

deflections for LT1 and LT4, respectively. The average reduc-
tion in measured midspan deflection was 37% (Table 4). This 
comparison indicates that the concrete deck and concrete box 
beams exhibited full composite behavior. 

Live-load distribution

The proportion of the truck load carried by each beam, herein 
referred to as live-load distribution, was determined by di-
viding the midspan deflection of a single beam by the sum of 
midspan deflections for every beam in the span, as shown in 
Eq. (1).

  

LLDi =
Δmidi

Δmidi
i=1

7

∑  (1)

Table 3. Reduction in estimated deflection calculated as 1 – (δest,LT4/δest,LT1)

Path Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 Beam 7

2 0.43 0.49 0.49 0.43 0.42 0.26 0.12

3 0.33 0.44 0.50 0.50 0.50 0.37 0.21

4 0.20 0.26 0.33 0.45 0.43 0.39 0.22

5 0.32 0.30 0.37 0.43 0.45 0.38 0.30

7 0.39 0.49 0.50 0.46 0.44 0.28 0.08

8 0.32 0.40 0.49 0.48 0.49 0.37 0.24

9 0.17 0.22 0.31 0.46 0.46 0.46 0.32

10 0.24 0.27 0.32 0.44 0.45 0.38 0.31

Note: Average reduction = 0.39. δest,LT1 = estimated midspan deflection for load test 1; δest,LT4 = estimated midspan deflection for load test 4.

Table 4. Reduction in measured deflection calculated as 1 – (ΔLT4/ΔLT1)

Path Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 Beam 7

2 0.43 0.49 0.49 0.43 0.42 0.25 0.11

3 0.32 0.42 0.49 0.49 0.49 0.36 0.20

4 0.28 0.34 0.40 0.51 0.49 0.45 0.30

5 0.37 0.34 0.41 0.47 0.49 0.43 0.35

7 0.38 0.48 0.50 0.45 0.44 0.28 0.07

8 0.32 0.40 0.49 0.48 0.49 0.37 0.24

9 0.22 0.27 0.35 0.50 0.49 0.49 0.36

10 0.30 0.33 0.37 0.48 0.50 0.43 0.36

Note: Average reduction = 0.37. ΔLT1 = measured midspan deflection for load test 1; ΔLT4 = measured midspan deflection for load test 4.
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where

LLD
i
  = live-load distribution to beam i (proportion of load 

carried by beam i)

Δmidi  = midspan deflection of beam i

i = beam number

By expressing the live-load distribution of each beam in this 
manner, the results from each load test can be compared in-
dependently of both the superstructure’s flexural stiffness and 
variance in the truck’s weight.

Wearing surface removed:  
LT1 compared with LT2

Figure 17 compares the live-load distribution for the load 
tests LT1, LT2, and LT4. It shows that the live-load distri-
bution of the bridge after the wearing surface was removed 
(LT2) was reduced compared to the live-load distribution in 
the original condition (LT1). The live-load distribution was 
impaired because deflections of the beams that were directly 
loaded increased relative to the beams that were not directly 
loaded by the truck. The increase in relative deflection was 
caused primarily by an increase of slip in the joint (Fig. 16) 
and a reduction in the stiffness of the shear key, as previously 
discussed. The contribution of the wearing surface itself to 
live-load distribution was considered to be minimal.

Concrete deck added:  
LT1 compared with LT4

By comparing live-load distribution for LT1 and LT4, Fig. 17 

shows that the addition of a concrete deck to the bridge 
without shear keys restored the live-load distribution to a level 
similar to or greater than that of the bridge in the original con-
dition. For paths 5 and 10 (exterior beams loaded), the live-
load distribution was restored to a similar level as the original 
condition (LT1) by the addition of a concrete deck. For paths 
2, 3, 4, 7, 8, and 9 (interior beams loaded), the live-load distri-
bution was improved relative to the original condition.

Investigators used the standard deviation of each load distri-
bution curve for all curves loaded in LT1 and LT4 to further 
compare these two load tests (Table 5). The standard devi-
ation provides a metric to describe the difference between 
the experimental results and a perfect load distribution. A 
standard deviation of zero indicates that all values in a data set 
are the same. Therefore, a standard deviation of zero for the 
load distribution values would indicate that all beams carried 
equal load. This scenario is considered a perfect load distribu-
tion. The population standard deviation was calculated using 
the load distribution values of beams 1 through 7 for each 
load path. Comparison of the values in Table 5 indicates that, 
for all cases, the load distribution provided by the concrete 
deck was improved or the same as the load distribution of the 
bridge in its original condition.

Live-load distribution factor

When a simplified beam-line analysis is used to determine the 
force effects for bridge design, a live-load distribution factor is 
required to assign a proportion of the force effects to each beam 
in the bridge.19 In this investigation, the measured deflection 
data from the load tests were used to determine the live-load 
distribution factors for the bridge in its original condition 
and after the concrete deck had been placed. The distribution 
factor for the interior beams is defined as the maximum of the 
live-load distribution values calculated using Eq. (1) for all the 
interior beams considering all load paths during both LT1 and 
LT4 (Fig. 17) while the truck was in position 4, the position 
corresponding with the largest midspan deflections. The dis-
tribution factor for the exterior beams is defined similarly and 
is equal to the maximum live-load distribution (Eq. [1]) of the 
two exterior beams. Table 6 provides the maximum distribution 
factors based on the experimental results.

Although the distribution factors for LT4 are higher than those 
for LT1, the differences are very small (0.01 and 0.02). Fur-
thermore, the overall behavior of the bridge system improved 
with the addition of the deck due to the increased flexural 
stiffness of the bridge, resulting in decreased deflections and 
reduced stresses in the box beams under service loads.

The distribution factors for LT1 and LT4 are in good agree-
ment with the distribution factors determined by analyzing the 
strain gauge data from load tests performed by Jones8 of an 
adjacent box-beam bridge constructed with a composite con-
crete deck without shear keys or transverse post-tensioning. 
For that bridge, the interior and exterior distribution factors 
were calculated to be 0.26 and 0.23, respectively.

Table 5. Standard deviation of load distribution

Path
Load test

Difference
LT1 LT4

1* n.d. 0.07 n.d.

2 0.05 0.03 –0.02

3 0.03 0.01 –0.02

4 0.05 0.04 –0.01

5 0.07 0.07 0

6* n.d. 0.07 n.d.

7 0.06 0.04 –0.02

8 0.03 0.01 –0.02

9 0.05 0.03 –0.02

10 0.07 0.07 0

Note: LT1 = load test 1; LT4 = load test 4; n.d. = no data. 

*Deterioration prevented the use of paths 1 and 6 during LT1.
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Figure 17. Summary of experimental live-load distribution for truck position 4. Note: The illustration at the top of the figure 
shows the longitudinal position of the truck (position 4) and the direction of travel corresponding to the plots that are provided 
below the illustration (eastbound for paths 1 through 5 and westbound for paths 6 through 10). A representation of the bridge 
cross section is illustrated above each load distribution plot, and a set of truck tires is shown on top of each cross section to 
indicate the transverse position of the truck for the indicated path. L = span length; LT1 = load test 1; LT2 = load test 2; LT3 = load 
test 3; LT4 = load test 4.
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1957 AASHO standard specifications 
live-load distribution factor

The 1957 AASHO standard specifications9 do not include 
specific design equations to calculate distribution factors for 
adjacent beam bridges. The specifications only include guid-
ance for concrete stringers. Assuming that the load distribu-
tion expression for concrete stringers was used in the design 
of the bridge of the current study, the applicable expression 
from Table 1.3.1 of the AASHO specifications is as follows:

  load fraction  =  
S
5.0

 (2)

where

load fraction = wheel-load distribution factor

S   = beam spacing

The width of the beam in the bridge is 3.75 ft (1.14 m), result-
ing in a load fraction value of 0.75. The relationship between 
the load fraction and the live-load distribution factors in the 
2020 AASHTO LRFD specifications5 is discussed later.

2002 AASHTO standard specifications 
live-load distribution factor

In article 3.23.4, Eq. (3.11) of the 2002 AASHTO Standard 
Specifications for Highway Bridges,20 the live-load distribu-
tion factor for moment, specified as a wheel-load distribution 
factor, is expressed as follows:

  Load fraction  =  
S
D

 (3)

where 

D = (5.75 – 0.5N
L
) + 0.7N

L
(1 – 0.2C)2

N
L
 = number of traffic lanes on the bridge

C = K(W/L) for W/L < 1

 = K for W/L ≥ 1

K = = 1+ µ( ) I
J

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

0.5

W = overall width of the bridge

L = span length of the beams

μ = Poisson’s ratio of concrete

I = moment of inertia of the beam section

J = torsional constant

The torsional constant J is approximated using Eq. (4):

  J =
2tt f b− t( )2 d − t f( )2
bt + dt f − t

2 − t f
2  (4)

where

t = web thickness (use single web for multiple web 
beam)

t
f
 = flange thickness

b = width of the beam

d = depth of the beam

For the calculation of load distribution, section properties 
were taken from the 1961 INDOT standard drawing (Fig. 2); 
Poisson’s ratio was assumed to be 0.2, as recommended by 
the 2002 AASHTO standard specifications; and the number of 
lanes is 2.19 The resulting load fraction value calculated from 
Eq. (3) and Eq. (4) is 0.64.

2020 AASHTO LRFD specifications  
live-load distribution factors

The 2020 AASHTO LRFD specifications5 provide an empir-
ical equation for live-load distribution developed by Zokaie 
et al.21 To determine the live-load distribution using the 2020 
AASHTO LRFD specifications, investigators categorized the 
bridge in this study as having a Case (f) typical cross section 
(Table 4.6.2.2.1-1). Then they used the following equation from 
Table 4.6.2.2.2b-1 of the specifications to estimate the live-load 
distribution factor for moment in an interior girder g

int,m
:

  gint,m = k
b

33.3L
⎛
⎝⎜

⎞
⎠⎟

0.35
I
J

⎛
⎝⎜

⎞
⎠⎟

0.25

 (5)

where

k = 2.5(N
b
)-0.2 ≥ 1.5

Table 6. Summary of live-load distribution factors 

Beam location

Based on load test results 1957 AASHO  
standard  

specifications

2002 AASHTO  
standard  

specifications

2020 AASHTO  
LRFD  

specificationsAs built, LT1
With concrete 

deck added, LT4

Interior 0.22 0.23
0.38 0.32

0.21

Exterior 0.23 0.25 0.24

Note: AASHO = American Association of State Highway Officials; AASHTO = American Association of State Highway and Transportation Officials.
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N
b
 = number of beams in the bridge

Similarly, investigators used the following equation from 
Table 4.6.2.2.2d-1 of the 2020 AASHTO LRFD specifications 
to calculate the live-load distribution factor for moment in an 
exterior girder g

ext,m
:

  gext ,m = gint,m 1.125+
de
30

⎛
⎝⎜

⎞
⎠⎟

 (6)

where

d
e
  = distance from the centerline of the exterior web to 

the interior edge of the curb

The curbs of the bridge sit on top of the exterior web of the 
exterior beam. Therefore, a d

e
 of 0 ft (0 m) was used for the cal-

culation of g
ext,m

. Using section properties taken from the 1961 
INDOT standard drawing (Fig. 2), the live-load distribution 
factors for moment were calculated from Eq. (5) and (6) to be 
0.25 and 0.29 for the interior and exterior beams, respectively.

To compare the live-load distribution factors calculated using 
the equations in the 2020 AASHTO LRFD specifications to 
the measured distribution factors, the calculated distribution 
factors were divided by a multiple presence factor of 1.2 in 
consideration of the single-lane loading of the load tests. The 
resulting distribution factors are 0.21 and 0.24 for the interior 
and exterior beams, respectively.

Discussion

As presented in the preceding sections, the live-load distri-
bution factors in both the 1957 AASHO9 and 2002 AASHTO 
standard specifications20 are given as a “load fraction.” These 
factors are intended to be applied to the wheel load of the 
standard truck loading, which is equal to half the axle load 
of the design truck (Fig. 18). However, both the live-load 

distribution factors based on deflection data from the load 
tests conducted in this study and the live-load distribution 
factors defined in the 2020 AASHTO LRFD specifications5 
are intended to be applied to the load effect of the entire 
design truck over the full design lane. Therefore, to compare 
the distribution factors from both the test data and the 2020 
AASHTO LRFD specifications to the load fraction values in 
the 1957 AASHO and 2002 AASHTO standard specifications, 
the results of Eq. (2) and (3) must be divided by 2.

Table 6 summarizes the design live-load distribution factors 
and the factors based on the load tests. The 1957 and 2002 
standard specifications substantially overestimate the dis-
tribution factors of the bridge (and resulting demand on the 
box beams) for both LT1 and LT4. Load ratings performed 
using the older specifications are therefore conservative. 
The interior load distribution factor calculated using the 
expression in the 2020 AASHTO LRFD specifications is in 
excellent agreement with the experimental results. A similar 
agreement is observed for the exterior load distribution 
factors. These results indicate that the live-load distribution 
factors for moment in the 2020 AASHTO LRFD specifi-
cations corresponding to the Case (f) cross section may 
be used for a bridge with a concrete deck on adjacent box 
beams without shear keys.

Summary and conclusion

An experimental investigation was conducted on a full-scale 
adjacent precast, prestressed concrete box-beam bridge in 
the field. The study included four load tests on the bridge 
under four conditions: as-built, after removal of the bitumi-
nous wearing surface, after the shear keys were disabled, 
and with a reinforced concrete deck installed. Load was 
applied using a triaxle truck, and quarter-point deflections of 
each beam were measured. Load distribution was calculated 
based on the midspan deflections of each beam when the 
truck was in the load position corresponding to the maxi-
mum recorded deflections. The load distribution was com-
pared among all load tests. Furthermore, the experimental 
load distribution factors for each load test were determined. 
The appropriate experimental distribution factors were then 
compared with the load fraction factors calculated based on 
the 1957 AASHO9 and 2002 AASHTO20 standard speci-
fications, as well as the interior and exterior distribution 
factors for moment calculated using equations from the 2020 
AASHTO LRFD specifications.5 The primary findings of the 
investigation are as follows:

• Leaking shear keys are not an indication that load transfer 
has been eliminated or that the shear keys are ineffective 
in distributing live load. The test results indicate that even 
though the shear keys were leaking, live-load distribution 
was maintained.

• The results of the load tests indicate that the addition of 
a reinforced concrete deck can restore load distribution 
even if the primary load distribution mechanism consid-
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Figure 18. Loading conditions considered for application of 
live-load distribution factors. Note: P = wheel load.
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ered in design (shear keys) is disabled. The addition of a 
reinforced concrete deck provides an excellent method 
for improving both the load rating of a deteriorated box-
beam bridge and the overall behavior of the bridge.

• A concrete deck placed on concrete beams can achieve 
full composite action through cohesion between the deck 
concrete and the concrete beams. The surface should be 
properly cleaned and roughened prior to placement of the 
concrete deck. Through composite action, the addition of the 
deck is not only able to improve load distribution but also 
can reduce service stresses and deflections of the box beams.

• The load fraction factors calculated based on both the 
1957 AASHO and 2002 AASHTO standard specifications 
were found to be conservative for load rating 1950s-era 
adjacent box-beam bridges. Similar results are provided 
by both load fraction equations, and both significantly 
overestimate the demand on the box beams.

• The expressions in the 2020 AASHTO LRFD specifica-
tions for live-load distribution factors for moment provide 
accurate estimates of the load distribution of an adjacent 
box-beam bridge. These distribution factors are also ap-
propriate for estimating the live-load distribution factors 
corresponding to a reinforced concrete deck on adjacent 
concrete beams without shear keys or with shear keys 
that are considered damaged or disabled.
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Notation

b = width of the beam

C  = empirical constant

d = depth of the beam

d
e
 = distance from the centerline of the exterior web to 

the interior edge of the curb

D = empirical constant

g
ext,m

 = exterior beam live-load distribution factor for mo-
ment

g
int,m

 = interior beam live-load distribution factor for mo-
ment

i = beam number

I = moment of inertia of beam section

J = torsional constant

k = empirical constant

K = empirical constant

L = span length

LLDi = live-load distribution to beam i (proportion of load 
carried by beam i)

load fraction = wheel-load distribution factor

N
b
 = number of beams in the bridge cross section

N
L
 = number of traffic lanes on the bridge

P = wheel load

S = beam spacing

t = web thickness

t
f
 = flange thickness

W = overall width of the bridge

δ
est,LT1

 = estimated midspan deflection for load test 1

δ
est,LT4

 = estimated midspan deflection for load test 4

ΔLT
1
 = measured midspan deflection for load test 1

ΔLT
4
 = measured midspan deflection for load test 4

Δ
mid_i

 = midspan deflection of beam i

μ = Poisson’s ratio of concrete
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Abstract

Leaking longitudinal joints are commonly observed 
in adjacent box-beam bridges and are often associated 
with an assumed loss of load distribution at the leak-
ing joint. To address the lack of test data and general 
uncertainty in analyzing deteriorated concrete struc-
tures, a series of load tests was conducted to determine 
the load distribution of a deteriorated adjacent con-
crete box-beam bridge. Load distribution was investi-
gated for the existing structure with leaking joints as 
well as for the structure following rehabilitation with 
a noncomposite reinforced concrete deck. The bridge 
was tested in four conditions: as built, after removal 
of the bituminous wearing surface, after the shear 
keys were disabled, and with a reinforced concrete 
deck installed. Load distribution was assessed for each 
condition, and the results were compared with design 
equations. In addition to assessing load distribution of 
the existing bridge, the results of this study can serve 
as support for the use of a concrete deck as a rehabil-
itation strategy to restore load distribution or function 
as the primary load distribution mechanism of an 
adjacent box-beam bridge.
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