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Structural Performance of an Aluminum 
Box Culvert 

J. o. HURD, s. M. SARGAND, G. A. HAZEN, AND S. R. SUHARDJO 

Corrugated metal box-type culverts are increasingly used as re
placements for short-span bridges. Their lightnes , relatively easy 
and quick transportation and construction procedures, and lower 
cost make them attractive in many instances for short-span bridges. 
Because they are flexible, the flexural stiffness and moment ca
pacity of the structural plates are increased with stiffeners placed 
along the length of the culvert. A corrugated box culvert carries 
most of its load through interaction between the culvert and 
the surrounding backfill . Results of field tests performed on an 
aluminum low-profile , box culvert during the construction se
quence and live load application are evaluated, experimental re
sults are compared with results obtained from the CANDE finite 
element computer program solutions, stress disruption at bolts is 
evaluated, and the composite action between rib and plate is 
determined. 

The soil-structure interaction problem involves complex non
linearity that is due to the coutac.;t between the culvert and 
the backfill materials and the stress-strain behavior of geologic 
media surrounding the culvert. The performance of corru
gated box-type culverts is influenced by several factors , such 
as geometry, construction sequences, structural joint slippage, 
type of backfill material, and degree of compaction (J). Sev
eral previous investigations have contributed to the analysis 
of box culverts. 

Duncan et al. (2) performed finite element analysis to de
velop design equations for crown and haunch moment ca
pacities . Their analysis was performed on aluminum box-type 
culverts with different spans and rises when subjected to vary
ing cover depths and live loads. They conducted a full-scale 
field test on a stiffened box-type culvert, and results were 
compared with finite element analysis . On the basis of this 
study, a simplified design method for determining the bending 
moments at the haunch and crown region for different spans, 
cover depths, and vehicle loads was proposed. 

Hurd and Sargand (3) measured the geometry of various 
sizes and shapes of culverts in service for many years. They 
analyzed the culverts with the CANDE program and con
cluded that the variation between design and true geometry 
has a significant effect on deflection, moment, and thrust. 

Beal ( 4) instrumented a corrugated aluminum culvert at 16 
locations spaced around the structure 's circumference at mid
span. Corrugated aluminum plate with reinforcing ribs was 
also tested in the laboratory. From the field and laboratory 
tests and analytical results, Beal concluded that for deeply 
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buried culverts (a) backfill placement sequence results in dis
tortion of culvert shape; (b) live load stresses were small 
compared with dead load stresses; and (c) computed design 
estimates of thrusts were greater than measured values, and 
computed design estimates of moments were less than mea
sured values. Curvature was measured to determine plate 
moments, because thrust was assumed to be negligible. 

Seed and Ou (5) concluded that a higher degree of com
paction significantly improves the agreement between field 
measurements and finite element analysis. Moreover, finite 
element analysis that does not model compaction greatly 
underestimates culvert deformations, stresses, and axial thrusts. 

FIELD STUDY 

The aluminum box culvert selected for testing has a span of 
14 ft 10 in., a rise of 4 ft 10 in., and a length of 42 ft. The 
crown and the sides were constructed of corrugated aluminum 
plates 0.2 and 0.175 in . thick, respectively . The corrugation 
bas a 9-in. pitch and a 2.5-in . depth with Type IV bulb-angle 
stiffening ribs located every 18 in. at the crown and Type II 
stiffening ribs every 27 in. at the side. All the ribs were bolted 
on the outside plate only. The ends of the structural plate 
were anchored into a 3- x 3-ft reinforced concrete strip foot
ing on either side. 

Six sections were chosen across the mid-length to measure 
strains, as shown in Figure 1. It was assumed that bending 
and normal stresses on the rib occur in the direction of its 
length, because the culvert is flexible transverse to this axis. 
The structural plate is characterized by a biaxial strain field. 
At each section , two biaxial strain gauges were attached to 
the inside corrugated plate, and two uniaxial gauges were 
attached to the outer rib, as shown in Figure 2. 

The strain gauge rosette patterns were installed near three 
bolt holes, as shown in Figure 3, to evaluate the stress con
centration around the bolts. A total of 30 rosette gauges were 
mounted. At each of the bolt hole locations, the strain gauge 
rosettes were installed at 0-, 45- , and 90-degree planes clock
wise with respect to the horizontal culvert axis across the 
corrugation where the rib is attached. Five vibrating wire 
strain gauges were cemented on the inside plate, and four 
more were cemented on the outer rib. Two horizontal rod 
extensometers at the springline of both sides of the culvert 
and two more 6 in . above the crown in the soil cover were 
installed to monitor soil movements. 

Eleven points were established around the culvert periph
ery as shown in Figure 4 to measure deflections. Measure
ments were made using a tape extensometer with respect to 
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FIGURE 1 Location of measuring instruments. 
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FIGURE 2 Typical location of strain 
gauges. 
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two reference points located in the streambed. The move
ments of these reference points were monitored by level cir
cuit surveying. 

The initial readings for all measurements were taken when 
the fill height and the footing were at the same level. A 
gravelling sand backfill material was placed in about 6- to 12-
in. lifts, alternately, on both sides of the culvert. Each lift 
was watered and then compacted with vibratory plate com
pactors . The density was monitored with a Troxler nuclear 
density gauge; at least 95 percent of the standard Proctor 
maximum dry density was required to continue backfill place
ment. Readings of strain, displacement, and soil deformation 
were monitored simultaneously for each backfill lift. When 
the backfill reached 68 in. above the footing or 10 in. above 
the top crown, 9 in. of subgrade was placed in two lifts of 4 
in. and 5 in . each. This was followed by 1 ft of asphalt pave
ment in three lifts. Only the first two lifts of 4 in. and 5 in. 
were monitored. Th 0 whole process, from backfilling to pav
ing, was completed in 11 days. Eight days after the final 
pavement was placed, static live load tests were conducted at 
five positions to establish the critical loading conditions (see 
Figure 5) . A series of live loads consisting of 16, 32, and 42 
kips was applied to the culvert-soil system by means of a dump 
truck loaded on its rear with crushed limestone. The truck 
was positioned so that its rear axle was centered at the five 
positions. The middle axle tires on both sides were deflated 
before any measurements were made. 

RESULTS AND DISCUSSION 

FIGURE 3 Location of rosette group. 
The crown moved upward during the early stages of back
filling . The upward movement was due to the lateral inward 

FIGURE 4 Deflection measurement circuit. 



48 

N 

+--
' • 5 

7 
In 

' I 2 
---- ·--- - -- ------- - -·<i_ or Roadway 

0 
' ·' •J ,..., 

il ' 'i' 
: r-.. 
I 

' 

-~ I 

' ' 
'-

" > 

" u 

FIGURE 5 Live load application positions. 

pressure of the compacted backfill. As the fill height ap
proached the crown, the crown began to move downward. 
The downward deflection increased with the height of backfill. 
Figure 6 shows the downward movement. 

Tables 1 and 2 give the soil displacements during backfill 
and live load, respectively. It is clear that Rod Extensometers 
1 and 2 extended in length during the early stages of backfill. 
This trend agreed with deflection results of the sidewall of 
culvert, which verified that the sides of the culvert experienced 
inward deflection during early stages of backfill. As backfill 
material was placed above the crown, Rod Extensometers 3 
and 4 also contracted. The results verified that the sides of 
the culvert deflected outward after backfill above the crown 
level. 

During the application of live load, all of the rod extenso
meters except Rod Extensometer 1 contracted. In addition, live 
load position did not have much effect on rod displacements. 

Through the backfill process, the culvert was shifted lat
erally. The lateral shift might be the resnlt nf the imbalance 
in backfilling procedure and the degree of flexibility of the 
culvert structure. The deflections caused by live load alone 
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FIGURE 6 Vertical crown deflection during backfilling 
and paving. 
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TABLE 1 SOIL DISPLACEMENT DURING BACKFILL 

Backfill Height North South North South 
(inch) Spring Line Spring Line Spring Line Spring Line 

(Rod 1) (Rod2) (Rod3) (Rod4) 

20 0.0000 0.0000 
28 ·0.0002 ·0.0107 
34 ·0.0017 ·0.0417 
42 -0.0022 -0.0522 
48 -0.0070 -0.0597 
52 -0.0113 -0.0662 
60 -0.0172 -0.0785 
68 -0.0140 -0.0717 0.0217 0.0183 
72 -0.0087 -0.0698 0,0250 0.0150 
77 0.0005 -0.0650 0.0300 0.0250 
81 0.0038 -0.0558 0.0233 0.0603 
86 0.0102 -0.0483 0.0655 0.0748 

Note: The symbol dash(-) indicates that the data copuld not be obtained 
since Rods 3 & 4 were installed when the backfill height reached 68 inches. 

TABLE 2 SOIL DISPLACEMENT DUE TO LIVE LOAD 

Live Load North South North South 
and Spring Line Spring Line Spring Line Spring Line 

Position (Rod1) (Rod2) (Rod3) (Rod4) 

6 kip 1 -0.0100 0.1733 0.0900 0.0967 
2 -0.0100 0.1733 0.0883 0.1000 
3 -0.0120 0.1667 0.0867 0.0833 
4 -0.0100 0.1717 0.0867 0.0967 
5 -0.0100 0.1733 0.0883 0.0967 

32klp 1 -0.0067 0.1767 0.0950 0.1050 
2 -0.0067 0.1783 0.0933 0.0917 
3 -0.0067 0.1783 0.0950 0.1050 
4 -0.0083 0.1767 0.0900 0.1017 
5 -0.0083 0.1750 0.0900 0.0967 

42kip 1 ·0.0005 0.1800 0.1033 0.1200 
2 -0.0005 0.1850 0.1000 0.0967 
3 0.0000 0.1850 0.1017 0.1133 
4 -0.0016 0.1800 0.0950 0.1100 
5 ·0.0016 0.1800 0.0967 0.0733 

were considerably lower than those caused by the construction 
sequence. Several loading positions were examined. Position 
1 gave the maximum crown deflection due to live loads of 16, 
32, and 42 kips, as shown in Figure 7. Deflections are within 
design tolerance. 

A comparison was made between composite and noncom
posite values of moment and thrust. After comparing the 
results and observing disagreement between the composite 
and noncomposite values, it was decided to base the analysis 
on noncomposite values. 

The results of the bending moment due to backfill and live 
load in all five positions are given in Tables 3 and 4, respec
tively. The moment at the crown changed sign from negative 
before the fill reached the crown to positive after the fill 
covered the crown. At the haunch the moments increased in 
magnitude with constant negative signs. At the springline the 
moment values were small. 

Moments are not significant when the backfill is at the 
haunch level. Moment is not symmetric during construction. 
This may be due to a shift in the culvert during asymmetric 
placement of backfill. Moments measured in the sides and 
crowns were of approximate! y the same magnitude. Maximum 
moment was observed during asphalt paving. It was found 
that the maximum moment occurred during live load appli-
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TABLE 6 AXIAL THRUST DUE TO LIVE LOAD 

Live Load Axial Thrust (kip/ft.) @ Section : 
and 

Position 2 3 4 5 6 

16 kip 1 -0.562 -1.496 -1.597 -1.775 -1 .229 -0.606 
2 -0.133 -0.304 -0.725 -1 .342 -0.649 -1.470 
3 -0.754 -1.017 -0.578 -0.871 -0.982 -0.858 
4 -0.376 -0.411 0.039 -0.266 -0.681 0.680 
5 0.167 0.050 0.214 -0.679 -0.394 -0.943 

32kip 1 -0.580 -2.709 -5.578 -3.758 -2.363 -0.526 
2 0.450 -0.278 -2.646 -2.602 -1.342 -1.910 
3 -1 .239 -1.756 -1.701 -0.908 -1 .418 -0.807 
4 -0.644 -0.055 -0.146 0.106 -0.925 -0.294 
5 0.349 0.313 0.524 0.537 -0.115 -0.491 

42kip 1 -1.435 -3.884 -6.737 -5.782 -3.088 -0.037 
2 -0.008 -0.793 -3.534 -4.205 -2.439 -2.311 
3 -2.004 -1.838 -1 .789 -0.920 -2.040 -0.216 
4 -0.798 -0.843 -0.797 0.375 -1.575 -0.055 
5 C'.634 -0.170 0.325 1.421 -2.005 1.414 

early backfill stage, negative thrusts developed and became 
positive as backfill material height reached 34 in. Thrusts were 
found to be largest at Position 3 because of live load appli
cation. Thrust in the culvert was measured under live loads 
of 16, 32, and 42 kips. In this culvert, va lue of thrust vary 
from 3 to 12 kips under a live load of 42 kip . 

Figure 8 shows the transverse and longitudinal stress dis
tributions at the location of Rosette Group 1 (haunch) with 
16-kip live load applied at Position 1. Rosette Group 1 is 
located at the last bolt hole of the side rib near the splice that 
joined the rib with the crown rib al about 78.5 in. measured 
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(a) Circumferential Stresses 
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(b) Longitudinal Stresses 

FIGURE 8 Circumferential and longitudinal stresses in 
Rosette Group 1 (haunch) with 16-kip live load applied at 
Position 1. 
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along the curvature from the footing. Rosettes were mounted 
at 0-, 45-, and 90-degree planes with respect to the longitu
dinal direction of the culvert, three rosettes on each plane. 

The shear transfer from the rib to the plate is noticeable 
as normal stresses diminish in magnitude away from the bolt 
hole. That the circumferential stresses were compressive and 
decreased in magnitude away from the bolt hole indicates that 
the presence of bolt was disrupting the local stress distribu
tion. Under live loads of 32 and 42 kips applied at Position 
1, magnifications of the same trend result. 

Hazen et al. (6) conducted a laboratory simulation of the 
bolted aluminum box culvert and duplicated the local effect 
of the bolted connection that was measured in the field. Their 
laboratory test results also indicated the presence of stress 
concentrations and local distortion at the bolt location. 

FINITE ELEMENT ANALYSIS 

The CANDE finite element program was used to predict the 
behavior of the structure during backfilling and under live 
load application. The Duncan soil model was employed for 
in situ soil and backfill material. A total of 11 contruction 
increments were used in the simulation of backfill. A 9-in. 
layer of subgrade and a 12-in. layer of asphalt pavement, 
respectively, were the 12th and the 13th increments. No in
terface elements were used between the soil and structure. 

The equivalent load for analysis was determined from the 
Duncan method. A small variation in the geometry of a box 
culvert has a significant effect on moment and thrust (3). In 
this study the true initial shape of the culvert was calculated 
from deflection measurement data before the placement of 
backfill material. Because the design shape can be fully de
termined at every point (as opposed to 11 measured point 
only), for modeling purposes the design shape was adju t d 
to fit the measured shape. Backfill soil parameters were de
termined from multiaxial and triaxial tests and are given in 
Table 7. The parameters were incorporated into the CANDE 
analysis. 

Final deflection was calculated to be only one-half as large 
as measured (as shown in Fil!,ure 6). Overall, the CANDE 
finite element program predicted the deflection of the box
type culvert tested with reasonable accuracy when the load is 
applied in a monotonically increasing manner, but the accu
racy of simulation of loading and unloading conditions is 
questionable. 

The culverts experienced permanent deformation during 
construction and u age, causing variation in the resp nse of 
tbe culvert during the application of live load. Con equently, 
there was a negative impact on the load capacity of tbe e oil 
structures. Finite element analysis gives a symmetric result, 
so a shifting of the flexible culvert during backfill, which takes 
place in the field, is not duplicated. Maximum moment and 
thrusts are recorded at places different from those predicted 
by the finite element solution. 

The fini te element o!ution for bending moment compares 
favorab ly with the experimental results for the later stages of 
fill and when subjected to live load, as shown in Figures 9 
and 10. Because the culvert responds noncompositely in the 
early stages, it is difficult to compare experimental and com
posite responses accurately. 
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TABLE 7 PARAMETERS FOR DUNCAN'S HYPERBOLIC 
SOIL MODEL-BACKFILL MATERIAL 

Parameter Symbol 

Friction angle <l>o 
Reduction in 

friction angle 6<1> 
Cohesion intercept c 
Modulus number K 
Modulus exponent n 
Failure ratio Rt 
Bulk modulus number Kb 
Bulk modulus exponent m 

Tangent Young's Modulus (Et): 

Tangent Bulk Modulus (B): 

B= KbP{;J 

Angle of Internal Friction (<I>) : 

¢= ¢.- ll~log ,C:) 
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FIGURE 9 Bending moment due to 
backfill. 
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Measured thrusts, when compared with calculated values, 
are inconsistent, as shown in Figures 11 and 12. This results 
from the tendency of ribs to be primarily compressive mem
bers and the plate to be in tension while resisting moment 
with a couple action. Thus, moment is only piecewise contin
uous between bolts. In addition, the soil frictional forces act 
to resist thrusts. 

CONCLUSIONS 

Overall, the culvert's performance was satisfactory, and finite 
element analysis can be used with confidence to analyze and 
design these types of structures. However, special consider
ation should be given to the determination of the geometry 
of the culvert, backfill procedures, and true backfill and pave
ment materials. Several other conclusions that can be drawn 
from this study are as follows: 

• Crown deflections during backfill were slightly underes
timated by CANDE. 

• Bending moments during backfill were underestimated 
by CANDE. 

•Thrust predictions during backfill did not match at all. 
The experimental thrusts were scattered, whereas CANDE 
predicts only slight variation. 
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FIGURE 11 Axial thrust at the end of paving. 
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• Live load Position 1 was critical with respect to crown 
and haunch moments. 

• During live load, the crown deflection was underesti
mated by CANDE. At Position 1, the CANDE prediction 
was close to the experimental value, and the ANDE pre
diction at Position 2 was significantly less than ob erved. 

• Incremental moments due to the live load at Position 1 
were adequately predicted by CANDE for the composite and 
noncomposite cases. On the other hand, the effects of the 
live load at Position 2 were underestimated by CANDE. 

• CANDE underestimated the thrusts for the live load ex
cept at the north haunch. The prediction for the haunch region 
was better than for the crown region. 
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