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Wheel-Load-Induced Earth Pressures

on Box Culverts
RAY W. JAMES AND DALE E. BROWN

A full-scale 8- by 8-ft reinforced-concrete box culvert was
constructed and instrumented with earth pressure cells. Dead
loads caused by backfill and up to 8 ft of cover were applied in
2-ft increments. Live loads were applied at each level of cover by
a test vehicle loaded to represent the alternate interstate design
load, consisting of two 24,000-1b axles spaced 4 ft apart.
Measured live-load earth pressures on the top slab are compared
to various theoretical solutions for concentrated and distributed
wheel loads and to pressures predicted by a finite element model.
Empirical equations are presented that for shallow covers more
accurately model the measured data than do the analytical and
numerical methods studied.

The prediction of live-load-induced earth pressures on culverts
under shallow fill is accomplished in design by empirical
methods such as the AASHTO pyramid loading (/), in which
the vertical pressure caused by a concentrated or distributed
load on the surface is calculated by dividing the load by the
area of the base of a four-sided pyramid having sides with
specified slopes and apex at the location of the concentrated
load or truncated top at the rectangular distributed surface
load. Applicable theoretical methods (2-5) are generally
based on elasticity solutions, usually involving simplifying
assumptions of linearly elastic, isotropic behavior. In addition,
such methods are cumbersome for application in design.
Finite element methods using such programs as CANDE (6)
and SSTIPN (a code written at the University of California at
Berkeley) have become widely used in design for prediction of
earth pressures accounting for nonlinear material behavior,
soil-structure interaction, and complex geometries that cannot
be easily modeled with the analytical methods. Essential to
any finite element model are data for testing the validity of
assumptions regarding material properties and soil-structure
interaction mechanisms. Anand (7) describes the need for
reliable full-scale model data as follows: “Most of all,
experimental data from full-scale models of shallow buried
rigid pipes are desperately needed to verify the proposed
analysis.” While some recent data (8) have been developed
concerning blast loading of concrete structures under shallow
earth covers, few data for wheel-load-induced pressures have
been reported.

R. W. James, Department of Civil Engineering, Texas A&M
University, College Station, Tex. 77843-3136. D. E. Brown, Engi-
neering Department, Chandler, Ariz. 85224.

DESCRIPTION OF EXPERIMENT
Culvert and Instrumentation

An 8- by 8- by 44-ft-long (2.44- by 2.44- by 13.41-m)
reinforced-concrete box culvert was constructed in February
1982. Thicknesses of the side walls and slabs were 8 in. (20.3
c¢m) and 7 in. (17.8 cm), respectively. The culvert was
constructed according to current Texas SDHPT standard
specifications for SC-NB Type 3 single culverts—normal.
The selected 44-ft (13.41-m) length was designed to allow
construction of a 12-ft (3.66-m) roadway with 2:1 side slopes
across the culvert. Twelve Terra Technology Model T-9010
total pressure cells were installed in the top slab flush with the
top surface at locations described in Figure 1. The pressure
cells had a full-scale range of 250 psi (1,720 kPa) and a
manufacturer’s specified accuracy of 0.1 percent full scale.
The readings were taken with a 50-psi (7.3-kPa) full-scale
pressure gauge and a resolution of 0.1 psi (0.7 kPa). Other
instrumentation included pressure cells on the side walls and
resistance strain gauges bonded to the reinforcing steel of the
top slab. Measurements of top-slab deflection were made
with a deflection dial gauge. The top-slab pressure cells were
arranged in two banks of six cells each. The pressure cells
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used were static devices, incapable of indicating dynamic
loads.

During February 1982 through September 1984, backfill
and cover were placed, and measurements of dead- and live-
load-induced earth pressures and strains in reinforcing steel
were made. The measured live-load pressures on the top slab
are presented herein. Live loads were applied by parking a
test vehicle at a designated location above the culvert, and
recording the static earth pressures applied to the culverts.
Testing was repeated at various cover depths from 8 in. (20.3
cm) to 8 ft (2.44 m). The soil used to backfill and to cover the
culvert was obtained at the test site, and has been classified as
SC-SP, according to the Unified Soil Classification System.
were 37.5 and 21.3
percent, respectively. The effective stress parameters C and ¢
were 0 and 31.8°, respectively. The soil properties and
construction sequence are described in detail by James et al.

.
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Test Procedure

The test vehicle was a five-axle tractor-semitrailer combina-
tion vehicle, having the geometry and axle weights shown in
Figure 2. The test vehicle essentially simulated the alternate
interstate design load, a tandem of two 24-kip (107-kN) axies
spaced 4 ft (1.22 m) apart. The effects of the lightly loaded
tractor tandem and the steering axle were observed to be
insignificant in comparison to the effect of the heavily loaded
rear tandem.

The test vehicle was parked with the loaded tandem in
various locations, as presented in Table 1. The pressure cells
were pressurized according to the manufacturer’s specifica-
tions, and the indicated pressures recorded. Three separate
readings were taken for averaging, unless the first two
readings were in agreement within 0.1 psi (0.7 kPa).

Data Reduction and Presentation

The recorded data were reduced and plotted using a micro-
computer, Data reduction consisted of subtracting the indi-
cated pressure with no live load applied from the indicated
pressure with live load applied. No temperature correction
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LEFT SIDE 11,800 | 41,720 3,010 4,100 4,800
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TOTAL 24,140 |24,490 7.7IOI 9,270 9,000

JUNE 1904
LEFT SIDE 11,480 19,300
RIGHT 91DE 13,980) 12,870
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TOTAL 34,830 24e,580

FIGURE 2 Test vehicle geometry and axle weights.
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was required because the only observed effect of temperature
on the cells was a change in the zero pressure offset. The effect
of this variable offset was eliminated by subtracting the
indicated pressure for the dead load as long as the temperature
of the cell did not change between the two measurements.
Because indicated pressures for the dead load were usually
measured immediately before application of the live load, this
temperature requirement was satisfied. The dead-load pres-
sures, discussed by James et al. (9), did indicate a significant
dependence on temperature, attributed to differential thermal
expansion of the culvert and soil system.

The measured live-load earth pressures are presented in Table
L.

EMPIRICAL PRESSURE PREDICTION EQUATIONS

A number of functions were fit to the data of Table 1 in an
attempt to develop an empirical equation for use in predicting
design pressures under shallow covers. Existing theoretical
cquations for concentrated loads on the surface, such as
Boussinesq’s equation and Westergaard’s equation, are not
applicable for depths of cover that are not significantly
greater than some characteristic dimension of the loaded area
(10). In addition, these theoretical equations are based on a
linearly elastic behavior within the soil, and the validity of
this simplification is not certain. However, these equations
were included in the set of candidate functions.

Py = WFr 2 hH
where

P, live-load vertical pressure,

W, = wheel load, and

F(r, z) = reciprocal areathatdepends onradial distancer

and vertical distance z.

The functions considered included the following:

F(r, 2) = (1.5/ m)(A2)[(Br)? + (42)72S (22)
F(r, 2) = [m(A2) {1 + 2(Br/ 422 (2b)
F0, 2) = (rg)! explez/ zexpHexp(z/ 201/ 1% (20)
and several members of the family

Foz) = expl-(Br/ry?] (2d)
including functions r(z) such as

2 = (22 (2¢)
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rfe) = (2/2)%3 (2f)
rf2) = expl(z/zp)*] (2g)
ro(2) = exp(0.5z/zy) (2h)

Equation 2a is a form of Boussinesq’s equation, as adapted
to soils engineering by Jurgenson (3) and here modified by the
dimensionless parameters A and B that multiply the z and r
position variables, respectively. Equation 2b is a form of
Westergaard’s equation (/ /), modified here by the dimension-
less parameters 4 and B. Equation 2c¢ is an empirical equation
that satisfies equilibrium and appropriate boundary condi-
tions and that has been suggested as a model of the vertical
live-load earth pressures (9). The parameters z;, and r, are
constant characteristic lengths thai can be determined to best
fit the data. Equation 2d is a family of functions that also
satisfy equilibrium and the appropriate boundary conditions,
but that are expressed in terms of a constant length parameter
z, and a function ry(z) that depends on the dimensionless
variable z/z,. Functions r(z) that were considered are listed
in Equations 2e through 2h.

These theories do not include the effect of soil-structure
interaction, and are therefore expected to predict pressures
slightly greater than the actual pressures.

Regression Method
The best-fit parameters 4, B, rj, and z, for the equations
listed were determined approximately by nonlinear regression.

The error norm minimized was

\(P, 4 Pm)exp(-r/O.S)‘
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where P, and P, were theoretical and measured earth
pressures, respectively.

The weighted error norm was calculated for the various
equations and local minimums were identified. The weighting
function was arbitrarily chosen so that pressures near points
beneath an applied load were more heavily weighted than
pressures at points some horizontal distance from an applied
load. The corresponding values of the parameters and the
ranges checked are presented in Table 2.

Discussion of Results

The results of the regression analysis are presented in Figures
3-11, which show the predicted pressures along a wheel path
for each of the equations evaluated. The pressures indicated
for the six pressure cells along either wheel path are presented
for comparison. The earth pressures predicted from Equations
2e through 2h are not presented because the regression
analysis results in Table 2 indicate relatively poor fits. Also
shown for comparison are curves representing Boussinesq’s
equation integrated over four uniformly loaded 10- by 20-in.
(25.4- by 50.8-cm) AASHTO footprints. No parameters were
introduced to fit these curves to the data.

The Boussinesq equation (2a) and the Westergaard equation
(2b) are shown as nearly identical curves, as expected. For
shallow covers however, these two equations greatly over-
estimate the peak pressure directly beneath the wheel foot-
print. Because both equations are based on theories of earth
pressure beneath concentrated loads, this obse/rvation is not
unexpected. Because the maximum earth pressure beneath a
wheel is limited to pressures not much more than the tire
pressure, which is approximately 70 psi (482 kPa), the
predicted pressures of over 170 psi (1,160 kPa) at 8-in. (20.3-

TABLE | MEASURED EARTH PRESSURES

EARTH LOAD MEASURED EARTH PRESSURE IN PSI

COVER LOC. CELL NO.
in in 5 6 7 8 9 10 11 12 13 14 15 16
feet feet ————————mmr e e e e e e e
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
1 0.0 6.2 0,3 -0.1 -0.3 -0.1 3.9 34.1 -0.1 17.4 0.1 -0.6 -0.3
2 3.0 0.1 -0.2 0.0 0.0 7.4 3.1 0.3 5.7 6.2 -0.2 3.4 3.0
2 ~4.7 o.1. 0.0 0,0 0.1 0.0 11.1 0.3 0.1 7.5 0.0 -0.5 2.3
2 0.0 0.1 -01 0.4 7.1 2.5 6.0 13.2 2,1 11.6 2.2 0.0 3.5
2 4.7 0.1 0.0 0.5 10.5 0.0 0.0 8.5 0.6 0.2 1.8 -0.4 -0.2
4 0.0 0.2 -0.2 0.1 3.3 1.5 2.9 4.1 1.5 2.2 1.8 1.6 2.1
4 3.0 -0.2 -0.4 0.0 3,5 0.6 0.3 3.3 1.1 -0.1 1.4 0.7 0.1
6 .0 -0.2 -0.4 0.2 1.2 0.5 1.2 1.9 0.5 0.7 0.8 0.5 0.7
8 0.0 0.7 0.0 0.6 1.9 0.9 1.6 1.7 0.6 1.3 0.7 0.8 0.9

Note: Load location is the distance from the culvert centerline,

measured along the perpendicular roadway centerline to the center of

the loaded tandem.
approximately 6.33 ft.

roadway centerline.

The axle spacing is 4 ft and the tread width is

The tandem is centered with respect to the
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cm) cover are clearly erroneous. The peak pressure predicted
by Equation 2c¢ is in much better agreement with the
measured pressures and the upper bound approximated by
the tire pressure. The curve corresponding to the empirical
Equation 2c¢ fits the measured data at 2 ft better than the
Boussinesq and Westergaard theories, although the qualita-
tive fit of all three curves to the data at this cover depth is
judged to be acceptable. The Boussinesq equation applied to
the uniformly loaded AASHTO footprints fits the data much
better than the simpler equations corresponding to con-
centrated loads: however, the derivations from the measured
pressures are consistently unconservative, in spite of the
expected conservative deviation due to the neglect of soil-
structure interaction. The proposed Equation 2c fits the data
better, and deviations would result in conservative designs.
Also shown in Figure 6 is a comparison to a pretest two-
dimensional prediction of live-load pressure distribution over
the top slab for an equivalent live-load distribution (/3).
Although direct comparison of the numerical solution to
measurements is hampered by the difference in modeled and
actual loadings, it can be seen that the SSTIPN finite element
solution obtained in this instance results in unconservative
pressures on the top slab. The assumptions in the method of
distributing wheel loads along the length of the structure are
thought to be conservative; however, the resulting predicted
earth pressures are unconservative, A similar comparison is
shown in Figure 8 for 4-ft (1.22-m) cover. The finite element
solution for this cover depth more closely approximates the
measured data, when the difference in the loadings is taken
into consideration.
At depths of cover equal to or exceeding 4 ft (1.22 m), the
Boussinesq and Westergaard equations (2a and 2b) fit the
*data better than Equation 2c. The differences in predicted
and measured pressures are slight for all three equations;
however, the data indicate locally higher pressures beneath
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each wheel, as predicted by the Boussinesq and Westergaard
theories for depths as great as 8 ft (2.44 m). The curve
corresponding to Equation 2c predicts a single local maximum
pressure along the wheel path for depths of 4 ft (1.22 m) or
more. The Boussinesq equations for uniformly loaded
AASHTO footprints again are consistently unconservative
compared to the measured pressures.

Several factors account for the comparatively poor pre-
dicted pressures by the Boussinesq and Westergaard equations
at shallow cover depths. First, the actual wheel loads are
distributed over a finite area, approximated in design by the
10- by 20-in. (25.4- by 50.8-cm) rectangular AASHTO
footprint. The Boussinesq and Westergaard equations predict
the pressure beneath a concentrated load, resulting in a
pressure that approaches infinity as the radial and vertical
coordinates approach zero. For practical purposes, this
means the theoretical equations should not be used to predict
earth pressures in the immediate vicinity of the finite
footprint, a limitation that has long been recognized. Also
shown in Figure 4 is a pressure distribution calculated using
the Boussinesq equation applied to a uniformly distributed
pressure distributed over the tire contact areas. This curve,
labeled “Boussinesq (distributed load)” in Figures 4-7, shows
that the peak earth pressures predicted by this method are
significantly less than the measured earth pressures. Second,
the soil is neither linear elastic nor isotropic as is assumed in
both theories. Some compensation for these differences is
made by the parameters introduced in the regression analysis.
Both the Boussinesq and the Westergaard theories were
modified by changing variables from r and z to Brand Az,
with factors 4 and Bdetermined by regression to provide the
best fit. In both cases, the data led to values for 4 and B
different from 1.

The measured data may include random and systematic
errors, characteristic of the transducers used. The physical

TABLE 2 RESULTS OF REGRESSION ANALYSIS

Equation Parameter Range Value for Ave. Error
No. Checked Best Fit in psi
(1) (2) (3) (4) (5)
(2a) A 0.5-3.0 0.76 1.8
B 0.5-3.0 1.50

(2b) A 0.5-3.0 0.61 1.4
B 0.5-3.0 1.25

(2¢c) r, 0.6-1.4 £t 0.62 ft 0.7
z, 0.6-1.4 ft 1.28 ft

(2e) A 0.5-3.6 3.0 45
z, 0.3-2.0 ft 1.2 £t

(2f) A 0.02-3.0 0.12 45
z, 0.5-8.0 ft 4.5 ft

(29) A 0.02-3.0 0.1 50
z, 1-20 £t 12,5 £t

(2h) Y 0.02-3.0 0.09 45
4 1-20 ft 8.5 ft
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FIGURE 3 Comparison of empirical pressure prediction
equations with data from Test 04148330.
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FIGURE 4 Comparison of empirical pressure prediction equations
with data from Test 07288352.

size of the pressure cells results in an averaging of the earth
pressure over an area approximately 6 in. (15.2 cm) square.
Locally, high pressures caused by the wheel load may not be
accurately reflected in the measured pressures, an effect that
is more significant at shallow earth covers. This effect would
result in indicated pressures less than actual pressures for cells
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FIGURE 6 Comparison of empirical pressure prediction
equations with data from Test 07288342.

located exactly at the point of maximum earth pressure, and
indicated pressures more than actual pressures for cells
located exactly at the point of minimum earth pressure. The
measured earth pressures are typically several inches from
local maximum theoretical pressures, at which points the
errors due to the size of the transducer are expected to be
negligible. Several data points lie at the location of theoretical
minimum pressure, and the actual earth pressure may be
slightly less than the indicated pressure at such points.
Because the earth pressure gradients are not as great near the
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FIGURE 7 Comparison of empirical pressure prediction
equations with data from Test 07298342.
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FIGURE 8 Comparison of empirical pressure prediction
equations with data from Test 08108324,

local minimums, this systematic error is not as important
near the minimum theoretical pressures as near the maximum
theoretical pressures.

Hvorslev (12) discusses the effect of eccentricity of loading
on a pressure cell. The presence of earth pressure gradients is
equivalent to an eccentric loading because the center of
pressure does not coincide with the geometric center of the

TRANSPORTATION RESEARCH RECORD 1129

EARTH PRESSURES
ALONG WHEEL PATH

Test 08178324 4 ft. Cover

Boussinesq —
109 (Dist. load)

-—Westergaard
6- Eqn. 20—] /

A b —L f_,/Boussinesq
(Conc. load)

EARTH PRESSURE (PSI)

24 e’
0
-2 T T T T T T T T
-4 -2 0 2 4

DISTANCE FROM CULVERT ¢ (FT)

x-Cells 11, 12, 13 v -Cells 8, 9, 10
FIGURE 9 Comparison of empirical pressure prediction
equations with data from Test 08178324.
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FIGURE 10 Comparison of empirical pressure prediction
equations with data from Test 07138426.

T
-4

cell. For a 6-in. (15.2-cm) diameter cell, Hvorslev (12) reports
an average error of 7 percent underregistration for a 33
percent earth pressure variation across the face of the cell.
For some of the extreme cases of shallow covers reported
here, the pressure may experience variations on the order of
100 percent across the face of the cell. The resultis that even in
regions of uniform pressure gradient without the complicating
factor of local pressure maxima, the pressure readings may
include a systematic error, perhaps underregistering on the
order of 20 percent.
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FIGURE 11 Comparison of empirical pressure prediction

equations with data from Test 09148428.

Hvorslev (12) also discusses the effect of incomplete
embedment of the pressure cell in the concrete slab. The cells
were placed in the plastic concrete of the top slab as nearly
flush as possible with the top surface. In spite of installation
difficulties, protrusions of the cells were generally less than
0.25in. (0.64 cm). Hence, any error caused by protrusion was
expected to be underregistration in an amount dependent on
the cell-soil modular ratio.

CONCLUSIONS

Data for measured live-load earth pressures is compared to
existing theoretical and numerical methods, and to proposed
empirical equations for predicting live-load earth pressures.
The theoretical equations due to Boussinesq and Westergaard
can be modified to satisfactorily model the measured earth
pressure data when the depth of fill is 4 ft (1.22 m) or greater.
For measured data at depths of cover up to 2 ft (1.22 m), the
theoretical equations, even with empirical scaling parameters
chosen for best fit, do not fit the data satisfactorily. The
empirically determined Equation 2¢ appears to fit the data
much better, particularly with respect to prediction of
maximum earth pressure. The Boussinesq and Westergaard
theoretical earth pressure equations for concentrated loads
predict earth pressures considerably greater than the tire
pressure at 8 in. (20.3 cm) of earth cover, whereas the
Boussinesq equation applied to a uniformly distributed
AASHTO footprint loading predicts pressures significantly
less than measured. The potential systematic errors discussed
probably result in underregistration of maximum earth
pressures, and the suggested empirical equation appears to
generally overestimate the measured earth pressures for
covers up to 2 ft (0.61 m). Because the regression parameters
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in the proposed empirical equation are determined based ona
data set including cover depths up to 8 ft (2.44 m), a better fit
of the measured data for covers of 2 ft (0.61 m) or less could be
determined. However, the apparent conservativism of the
proposed equation is considered advantageous in the light of
the potential systematic measurement errors.

The predicted wheel-load-induced pressures can be com-
pared to the uniform pressures used in the AASHTO design
procedure. Table 3 provides a comparison of the peak
pressures calculated by Equation 2c¢ and the AASHTO
uniform design pressure for the 12-kip (53-kN) wheel loads of
the test. Impact has not been included, and the 9.33-ft (2.84-
m) width of the culvert top slab has been used as the limiting
width of the AASHTO design area. From Table 3, it can be
shown that the proposed equation predicts considerable
higher pressures at 2 ft (0.61 m) of cover than does the
AASHTO method. The deviation of the two methods is
considerably less at greater depths of cover.

The proposed empirical equation offers the advantages of
simplicity and accuracy for prediction pressures at cover
depths of 2 ft (0.61 m) of less, with deviations from measured
pressures generally resulting in conservative designs. It
should be noted that the proposed equation does not provide
a different pressure distribution transverse to traffic, as
would be expected because of the shape of the wheel
footprints.

The finite element solution compares acceptably with the
measured data at depths of fill of 4 ft (1.22 m) (/3), but at
shallow covers of 2 {t (0.61 m) or less the finite element model
resulted in unconservative predicted pressures. The finite
element method is a two-dimensional solution, and direct
comparison with the three-dimensional measured and
theoretical earth pressures is difficult. In addition, the finite
element solution used a single axle carrying 32 Kip (142 kN)
instead of the actual tandem 24-kip (107-kN) axles tested.
The finite element simulation was made in advance of the
tests, using soils data from laboratory tests at the site and
proven modeling techniques.

TABLE 3 COMPARISON OF PEAK EARTH PRESSURES
TO AASHTO METHOD

Cover AASHTO Equation (2c)
Pressure Pressure
(ft) (psi) (psi)
0.67 —— 40
2 6.8 15.6
4 237 3.6
6 2.1 1.6
8 1.8 0.5
Note: Impact is neglected.

PRACTICAL APPLICATIONS

The measured data are applicable to designers of box culverts
for service under less than approximately 2 ft (0.61 m) of
cover. Extension of the results to box geometries or soils
significantly different from those tested should be done with
caution. The data or the empirical equations presented can be
used for design or as a test case for evaluation of finite
element methods to soil-structure interaction for culverts or
similar structures.
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