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Live Load Distribution on Concrete 
Box Culverts 

A. M. ABDEL-KARIM, M. K. TADROS, AND J. V. BENAK 

The effects of wheel loading on concrete box culverts is discussed. 
Distributions o · wheel loads through pavement , embankm ··nt soil , 
and culvert top slab are considered epanitely. Description of 
fu.11-scale testing of a functional cast-in-place c ncrctc box culvert 
is provided . Load dispersion through soi.I is al o discussed. and 
the relevant AASHTO provisions are reviewed and compared 
wi th field mea urement · and with theoretica lly predicted value 
by u ing the Boussine q elasticiry solution. imilar load di tribu
tion characteri ' tic · were bserved in the tran ver e and longi
tudinal directions. It was further observed that AASHTO's 1.75 
distribution factor can be afely applied for fill heights below 
2 ft and above 8 ft. Distribution through rigid pavements and 
culvert top slab are also discu .. ed, and empirical pro edurcs for 
incorporating their effect in rhc design are presented. 

In addition to the pressures induced by soil weight on rein
forced concrete box culverts (RCBC), pressures owing to the 
wheel loads of moving vehicles (live loads) are often an impor
tant consideration in their design. The live load contribution 
to the total pressure on RCBC becomes increasingly impor
tant as the depth of cover decreases. To take the live loads 
(LL) into account when designing RCBC, a reasonably accu
rate yet practical procedure is needed to predict the effect of 
those loads. 

The problem of LL effects 011 l.Jux culverts may be divided 
into three separate problems: (a) the distribution of live load 
through fill; (b) the distribution of live load owing to the 
rigiuity of the roadway pavement, if any; and (c) the distribu
tion of concentrated loads through the top slab itself. 

With regard to the fir ·t problem, AASHTO currently spec
ifies what follows for single spans: 

• When the depth of fill is less than 2 ft, the wheel load 
shall be distributed as in exposed slabs with concentrated 
loads. 

• When the depth of fill is 2 ft or more, concentrated loads 
shall be distributed over a square with sides equal to 1.75 
times the depth of fill. 

• When the Lleplh of fill is more than 8 ft, and exceeds the 
span length for single spans or exceeds the distance between 
the faces of end supports or abutments for multiple span 
culverts, the effect of hve load may be neglected. 

This treatment is attractive in its simplicity. However, it 
can result in some inconsistencies at transition heights. For 
example, use of the AASHTO specification can require an 
RCBC covered with 8 ft of fill to have thicker walls and more 
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reinforcement than one with 9 ft of fill (the latter being designed 
with LL fully ignored). The Nebraska Department of Roads. 
for this reason currently uses a slightly modified version of 
the AASHTO procedures. 

This study deals primarily with this problem of wheel load 
distribution through soil and attempts to develop theoretical 
and experimental data for comparison with the current 
AASHTO specifications and to provide a smooth transition 
for the entire range of effective fill heights. 

The second problem, pertaining to load distribution through 
pavement, is not explicitly taken into account by AASHTO. 
The third problem, pertaining to concentrated load distribu
tion owing to the top slab influence, is considered for exposed 
slabs only (1). The second and third pr blcms are briefly 
discussed in this paper, and their significance i · examined. 
Final recommendations regarding those two problems require 
further analysis and will be reported at a later date. 

BACKGROUND 

Very little experimental research has been done on the subject 
of LL distribution through fill on RCBC structures. A major 
research program was performed by Texas A & M University 
(2). The research project included construction and instru
mentation of a full-scale 8-ft by 8-ft reinforced concrete box 
culvert. Pressure measurements were recorded at 2-ft fill 
increments up to a total of 8 ft above the top slab level. A 
test vehicle representing the AASHTO alternate interstate 
design loading (two 24,000-lb axles spaced 4 ft apart) was 
positioned at various loading stations at each level of fill and 
pressure measurements recorded . A nonlinear regression 
analysis was later performed on the data to arrive at an empir
ical equation that best fit the experimental results. The authors 
concluded that this empirically determined function agreed 
well with the data up to 2 ft of fill. A modified form of the 
Boussinesq equation based on concentrated loads was rec
ommended at fill heights equal to or greater than 4 ft. No 
specific recommendations were reported for fill heiehts he:tween 
2 and 4 ft. 

While the idea of curve-fitting, suggested in James and 
Brown (2), may be attractive from the standpoint of accu
racy, the resulting nonlinear pressure distribution highly 
complicates the analysis and design processes. Further, 
increased accuracy may not be justified considering the vari
ability of both the magnitude and the distribution of soil pres
sures under field conditions of mixed traffic and variable axle 
configuration. 
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THEORETICAL DISTRIBUTIONS 

Theoretical distribution of wheel loads through fill is a prob
lem that has been investigated by a number of researchers 
(3-5 ,8). As a result, two general solutions are available: closed 
form and numerical. The characteristics of each approach will 
be discussed briefly. 

Closed-Form Solutions 

Closed-form solutions treat soil as a continuum, and the solu
tion is given anywhere in the domain of the problem in equa
tion form. This type of solution is very difficult to obtain for 
all types of loading and boundary conditions without consid
erably simplifying the assumptions that can decrease their 
accuracy appreciably. Assumptions commonly made are per
tinent to the stress-strain relations and directional properties 
of soil. Additionally, assumptions regarding the geometry of 
the problem domain are also required. 

Usually, a closed-form solution is first determined for a 
single point loading. The principle of superposition is then 
used to extend this solution to other forms of loading, such 
as rectangular or circular. The effect of the form of loading 
on vertical soil pressures was investigated in part in this study, 
and it was found possible to approximate conservatively stan
dard rectangular wheel loads as point loads whenever the 
distance to the point of pressure calculation exceeded 5 ft. 
Beyond this limit the pressures owing to both types of loading 
were virtually the same (7). 
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The rigidity caused by the culvert itself in the soil medium 
was investigated in this study by assuming that the elastic 
layer, representing the soil cover, was underlain by a rigid 
base. The calculated pressures were based on charts and tables 
that account for the three-dimensional distribution effects (5 ,6) 
and were graphically represented in three-dimensional plots . 
Sections were passed through the center of the loaded area 
and resulted in two-dimensional plots. The pressures thus 
obtained were compared with those calculated by using an 
elastic half space [Boussinesq, a three-dimensional solution 
based on the chart given in Figure 3.30 of Poulous and Davis 
(6, pp. 57)] solution, which ignores the culvert rigidity, and 
with experimentally determined pressures, as indicated in the 
example in Figure 1. On the basis of this comparison the 
Boussinesq solution exhibited better agreement with the 
experimental data, especially at the higher fill heights. This 
is probably because of the deflection of the culvert top slab 
and the overall settlement of the structure, which rests on a 
granular base (yielding foundation). However , this may not 
be the case had the foundation been of the nonyielding type. 
The Boussinesq solution is used throughout this paper and is 
referred to hereinafter as the theoretical solution. 

Numerical Solutions 

A notable deficiency in closed-form solutions is their inability 
to account for material and boundary nonlinearities. How
ever, it is possible to incorporate such nonlinearities into a 
finite-element formulation with little effort. The key issue is 
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FIGURE I Longitudinal pressure distribution at position 2. 
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the creation of an accurate soil model that can adequately 
describe the soil behavior at all levels of stress and defor
mation. The correctness of any particular model is best ver
ified through comparison with measured data , and this explains 
the urgent need for additional full-scale testing of culverts. 

DESCRIPTION OF THE EXPERIMENTAL PHASE 

Culvert Construction and Instrumentation 

The culvert selected for the experimental phase of this study 
is a double cell cast-in-place reinforced concrete box structure, 
located on the outskirts of Omaha in Sarpy County, Nebraska. 
The inside dimensions of each cell are 12 ft x 12 ft. The 
culvert occurs at a 35 degree skew angle with respect to the 
roadway. The permanent fill height is 8.5 ft over the top slab 
but was temporarily raised to 12 ft for testing purposes. The 
fill consisted of compacted silty clay (loess) with a liquid limit 
of about 40 and a plasticity index of about 16. Compaction 
water content was in the range of 21 to 25 percent. Dry 
densities ranged from 95 to 103 pcf. This exceeded 90 per
cent of the maximum dry density determined by AASHTO 
method T-99. Undrained triaxial compression tests of thin
wall tube samples taken from the fill indicated that the undrained 
secant modulus of deformation (determined at one-half 
maximum deviator stress) was in the range of 250,000 psf to 
300,000 psf. 

Several types of instrumentation were used for the project 
including earth pressure cells, strain gauges, piezometers, 
settlement plates, and deflection measurements . The earth
pressure cells used to measure the normal pressure on the 
surface of the structure were the most important instruments. 
Research (8) indicated that it is very difficult to obtain data 
from earth-pressure cell measurements, realistically :t 20 to 
40 percent. A careful selection of the most suitable cell was 
vital to the success of this project. 

The following features were identified as the selection cri
teria (9): (a) the readings should be environmentally stable ; 
(b) the cell should be very robust; (c) the hysteresis effect 
should be low to allow for repeated application of loading; 
(d) the minimum diameter-to-grain size ratio should be 50; 
and (e) economy, so that a large number could be used . The 
cell selected was a contact pressure cell manufactured by Geo
nor (JO) that operates on the vibrating wire principle. The 
reading accuracy reported by the manufacturer is 0.02 kg/cm 2 

(41 psf). The layout of the top slab pressure cells is presented 
in Figure 2. 

Live Load Tests 

Eight LL test stations were selected. Five stations were estab
lished perpendicular to the longitudinal centerline of the cul
vert and three stations parallel to the roadway (Figure 3) . 
Two LL tests were performed: wheel (axle) loads and con
centration loads. In the wheel load tests, the rear axle of the 
test truck (Figure 3) was centered over each of the positions 
indicated in the figure, and then the instruments were read. 
In the concentrated load tests, a point load was simulated by 
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Top Slab Plan View 

FIGURE 2 Layout of pressure cells. 
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using a hydraulic jack to transfer the entire axle load through 
a single 1-ft2 bearing plate. Wheel load tests were performed 
at fill increments of about 2 ft , and concentrated load tests 
were run at increments of 4 ft . 

A zero reading, indicating the pressures owing to soil only , 
was taken at all stages of backfill prior to LL testing. The so
called zero LL pressures were subtracted from pressures re
corded with the LL in place. The resulting pressures are the 
net pressures produced by the LL and are referred to here
inafter as LL pressures. 
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EXPERIMENTAL RESULTS AND COMPARISONS 

The layout of pressure cells on the top slab of the culvert 
allowed for a three-dimensional graphical representation of 
the measured pressures . These plots served as a useful means 
for identifying the extent and pattern of the interaction between 
different axles and between wheels of the same axle. Most of 
the LL data were put into this form for the purpose of analysis. 
Examples of the three-dimensional plots are presented in Fig
ures 4-6. The following descriptive observations are based 
on those plots: 

1. At low fill heights the pressure distributions were char
acterized by high isolated peaks at the points of load appli
cation, surrounded by regions of reduced pressure (i.e., pres
sures below those owing to soil only) , and followed by fairly 
uniform distributions. This pattern indicates little or no inter
action between pressures owing to different wheels. 

2. Lower peaks and smaller pressure reductions were 
observed as the fill height increased. Wheel loads became 
distributed over increasingly large areas . Relatively high pres
sures were noticed in the regions where those areas over
lapped (Figure 6). The value of the pressure under the center 
of the rear axle exceeded those directly under the wheels at 
a fill height of 8 ft. 
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3. Little interaction was observed between the wheels of 
the front and rear axles. Such interaction started to form at 
a fill height of about 10 ft, where considerable dispersion of 
the load had already occurred. Because the effect of the front 
axle was largely isolated , and that the load it carried was small 
in comparison with that carried by the rear axle, its effect 
can be neglected in the analysis without appreciable Joss of 
accuracy. 

4. Concentrated load tests have indicated that the rate of 
load dispersion is virtually the same in the longitudinal and 
transverse directions. It is therefore recommended that the 
load continue to be distributed over a square area, contrary 
to what was previously concluded in relation to flexible cul
verts (1 I). Rigid culverts have comparable stiffnesses in both 
the tranverse and longitudinal directions resulting in similar 
distribution characteristics in those directions . 

Cross sections were taken from the three-dimensional plots 
to obtain the variation of pressure in a single direction. Figure 
7 presents the pressure distribution along the longitudinal 
axis of the culvert for various fill heights and indicates a high 
rate of pressure decay as the fill height was increased. The 
only exception occurred at 2 ft of fill, where the measured 
pressures were Jess than those recorded at 3.5 ft of fill. The 
wheel load is spread over a small area at such shallow depths 
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FIGURE 4 Measured pressure distribution owing to point loading at 3.5 ft, position 2. 
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FIGURE 5 Measured pressure distribution owing to axle loading at 3.5 ft, position 2. 
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FIGURE 6 Measured pressure distribution owing to axle loading at 8 ft, position 2. 
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FIGURE 7 Longitudinal pressure distribution at position 4. 

of cover, and its effect diminishes quickly away from the 
center of the load. The discrepancy is likely to be caused by 
a slight error in positioning the rear axle of the truck over the 
desired station, causing considerable reduction in the mea
sured pressures. 

The amount and nature of the interaction between wheels 
is also a function of the fill height. A nearly uniform pres
sure distribution was obtained at 8 ft of fill (see Figure 7). 
The measured peak pressure at this height was about 8 per
cent of the soil pressure. Gilliland (J) suggested that the LL 
load pressures be neglected if their magnitudes are equal to 
or less than 10 percent of the corresponding values owing to 
soil load only. 

The theoretical and AASHTO pressures are compared with 
field measurements in Figures 8-11. The theoretical and mea
sured pressures decrease in both horizontal directions and 
result in a three-dimensional bell-shaped curve for each load. 
Conversely, the AASHTO distribution is uniform in both 
directions, corresponding to a truncated pyramid shape. Thus, 
even though the measured pressures contain higher peaks, 
AASHTO pressures still conservatively correspond to a larger 
total load. Also, the difference between the theoretical and 
measured pressure distributions is within the accuracy of the 
pressure cells, making the theoretical distribution practically 
acceptable (see Figures 10 and 11). 

Figures 12 and 13 present the transverse and longitudinal 
pressure distributions owing to point loads. Comparison of 
the two figures indicates similar distribution patterns in both 
directions. The smaller peak to the right in Figure 12 corre
ponds to a residual pressure effect caused by a preceding 
concentrated load test at position 2. Figure 14 compares the 

theoretical and AASHTO pressures with field measurements. 
Although the measured peak pressure is approximately twice 
as large as the AASHTO values, both distributions seem to 
be equal to the same total load. This observation is an indi
cation as the validity of the field measurements. 

The experimental results in this project indicated that the 
LL effect beyond 8 ft of fill diminished considerably. Thus, 
AASHTO's distinction between single- and multi-cell culverts 
seems to be unnecessary. More important, the data seem to 
indicate that the use of AASHTO's 1.75 distribution factor 
is valid regardless of the fill height. The cutoff limit for ignor
ing the LL pressures should be at a level at which the structural 
engineer feels that the LL effect is less than, say, 5 percent 
of the total load effect (shear, moment, etc.). 

The measured moments owing to the effect of LL only are 
compared in Figures 15-18 with those obtained by three dif
ferent prediction methods by using the FE program CANDE 
(12,13). In the first method (known as the strip or AASHTO 
method), the wheel loads are distributed through the soil by 
using AASHTO's 1.75 factor. The culvert frame is then sub
jected to two loading stages: the first representing soil load 
only and the second representing the combined effects of soil 
and LL. This two-stage loading is necessary owing to the 
nonlinearities of concrete caused by cracking and other fac
tors. The moments owing to LL only are obtained by sub
tracting the moments obtained in stage 1 from those of stage 
2. The second and third methods are based on an equivalent 
line load applied to the full mesh representing the entire soil
structure system and boundary conditions (12). In the second 
method an equivalent line load is found (from the Boussinesq 
solution) that produces a vertical pressure at the culvert sur-
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face, directly under the load, equal to the pressure caused by 
the original load. In the third method (13) the line load is 
assumed to be equal to the wheel load divided by the axle 
length (independent of the depth of cover) . A comparison of 
the moments in the figures tends to favor the third method. 

WHEEL LOAD DISTRIBUTION THROUGH 
PAVEMENT 

Pavement, when present, can have a substantial effect on the 
design of RCBs. The importance attached to the pavement 
is attributed to its ability to distribute the traffic-induced loads. 
However, the method and the extent of load distribution are 
largely dependent on the type of pavement provided. Pave
ments in general can be classified as either rigid or flexible. 
Rigid pavements usually consist of a thin layer of high mod
ulus of elasticity material such as portland cement concrete 
that distributes the load owing to the flexural rigidity of the 
slab . Flexible pavements consist of one or more layers of a 
relatively low modulus of elasticity material such as asphalt 
concrete with or without a stabilized granular base course that 
distributes the load to the subgrade. 

A flexible pavement can reasonably and conservatively be 
considered as additional fill, ignoring the effect of its higher 
modulus of elasticity. A rigid pavement can cause consider
able spreading of the load owing to its stiffness. Gilliland (1) 
introduces a simplified procedure to account for this effect. 
According to this method an equivalent depth of fill is deter
mined that provides approximately the same amount of dis
tribution as does the rigid pavement and the accompanying 
actual fill. This procedure takes into account the difference 

in slab and fill properties by using the factor L, referred to 
as the radius of relative stiffness, given by 

L 
£h3 

12(1 - µ)k 

where 

E = modulus of elasticity of the pavement (psi), 
h = thickness of the pavement (in.), 
µ = Poisson's ratio of the pavement, and 
k = moqulus of subgrade reaction (pci). 

(1) 

An extension of the Boussinesq solution was then employed 
to calculate the pressures owing to a circular load of radius 
L. The resulting pressures are fairly sensitive to the values of 
E, h, and k. As a consequence the equivalent fill heights 
derived for a specific case should be applied only to that case. 

As an example, consider a 9-in.-thick concrete pavement 
(E = 4,000,000 psi, µ = 0.15) overlaying a subgrade fill 
material (k = 300 psi). The radius of stiffness from Equation 
1 is found to be approximately 30 in. The resulting pressures 
were plotted in Figure 19 with a solid curve for a single 16,000-
lb point load and the fill height indicated . Then, by inspection, 
the fill height that produced a conservative but similar pres
sure distribution for a single 16,000-lb point load with no 
pavement was determined and superimposed on the figure 
with dashed lines. As expected, the pavement causes the pres
sure distribution curve to be of a relatively flat shape when 
compared with the bell-shaped distribution with no pavement, 
the latter being more conservative because it produces higher 
maximums. 
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FIGURE 19 Equivalent fill depths for rigid pavements (I). 

The distribution for pavement for this specific set of values 
corresponds approximately to the distribution owing to 4.5 ft 
of fill alone. Also, the effect of pavement is more pronounced 
at lower fill heights and eventually dissipates at approximately 
9.0 ft of fill. An approximately linear relationship exists between 
4.5 and 9.0 ft, resulting in the following relation: 

ED = 4.5 + 0.5 x H ~H (2) 

where ED and H are the equivalent and actual depths of fill 
in feet, respectively. This equation is applicable up to an 
actual fill depth of 9 ft. 

Similar analysis can be made for other situations that involve 
different pavement thicknesses and material properties . The 

results can be tabulated in a suitable form and be made avail
able for design purposes. In all cases, however, judgment on 
the part of the designer is required to determine if the geom
etry of the culvert-roadway intersection is such that the dis
tribution owing to pavement can be depended on. 

BENDING MOMENTS IN SLABS OWING TO 
PARTIAL LOADING 

In addition to the distribution of wheel loads owing to pave
ment and fill, the top slab of the culvert provides additional 
distribution owing to its flexural stiffness along the length of 
the culvert. The current J\.ASHTO specifications address this 
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type of distribution only when the culvert has less than 2 ft 
of cover. The top slab is designed for this situation as a con
crete slab bending with the wheel load assumed to be dis
tributed over a width E given by (14) : 

E = 4 + 0.06 x S :S 7 ft (3) 

where E is the effective distribution width (ft) and S is the 
span (ft). This equation is intended for exposed slabs sub
jected to wheel loads because it is independent of the area 
occupied by the load . 

AASHTO specifications indicate that from zero to less than 
2 ft of fill , the distribution owing to the slab is predominant 
and that the distribution owing to the fill is negligible. The 
same E is recommended by AASHTO for fills not greater 
than 2 ft. For 2 ft or more of fill the distribution of wheel 
loads owing to fill is predominant and the distribution owing 
to the slab is negligible. While those assumptions simplify the 
problem of determining the design moments, the transition 
at 2 ft of fill results in design discrepancies. 

The suggested extension of AASHTO's 1. 75 factor to fill 
heights less than 2 ft would result in a uniformly loaded square 
area, or partial loading, corresponding to each wheel load on 
the slab. This proposal was made to aid in eliminating the 
design discrepancies through varying fill heights. Because 
equation 3 is applicable for point loads only, a similar relation 
for partial loads is needed if the proposed extensions are to 
be adopted. Figure 20 presents the top slab of a box culvert 
subjected to a uniformly distributed load p over a square area 
(b x b). Currently, for fill heights of 2 ft or more, a unit 
width is passed through the partial loading to calculate the 
design moment and is referred to as the strip method and 
completely ignores the distribution owing to the slab and thus 
overestimates the design moment . This moment , which will 
be referred to as M .. ,;p, is distributed through a width of b. 
The actual transverse moment distribution m is given and has 
a maximum value equal to Mmax· This is the true design moment 
for which the slab should be designed, provided that Mmax is 
obtained from the worst loading condition. Msi,;p is greater 
than Mmax and would result in over design . Also shown in the 
figure is the moment produced by spreading the load over an 
effective distribution width E' that produces a design moment 
equal to Mmax · 

Gilliland (J) used a simplified analysis procedure to deter
mine the magnitude of the distribution owing to the top slab. 
Ratios of Mm • .f Mw;p were determined for several culvert sizes 
and boundary conditions for both positive and negative 
moments . The analysis was repeated for various fill heights 
and support conditions, and the results are plotted in Figure 
21. Gilliland proposed the following relation between Mmax 
and Msrc;p: 

C = 0.10 + 0.45 x H 

c = 1.0 

H < 2 ft 

H 2: 2 ft (4) 

where C is moment coefficient, M.,,jM,";r and His the fill 
height (ft). This equation is similar to Equation 3, proposed 
by AASHTO for point loads , but is valid for batch loading 
generated from dispersion through fill of point or other loads. 
The coefficient C can be thought of as the inverse of the 
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FIGURE 20 Bending moments in slabs owing to partial 
loading. 

equivalent width. LL moments based on the strip and sug
gested methods are compared with the measured values in 
Figure 22, for 0-ft fill height. The figure clearly indicates the 
advantage of using the suggested method. 

CONCLUSIONS 

1. The Boussinesq (three-dimensional) elasticity solution 
has been shown to give reasonable predictions of the mea
sured soil pressures owing to wheel loads. While this method 
provides a powerful analytical tool, its use for everyday design 
is not convenient. A simple uniform distribution such as that 
suggested by AASHTO can be used without appreciable loss 
of accuracy. 

2. The AASHTO 1.75 distribution factor can be safely used 
for fill heights less than 2 ft and more than 8 ft. 

3. The measured LL pressures at fill heights of 8 ft or more 
may become exceedingly small when compared with the soil
induced pressures. However, the cutoff limit beyond which 
LL pressures can be safely ignored should be determined by 
the structural designer on the basis of the pressure contri
bution to the total load effects. A suggested criterion for 
neglecting LL effects (shear, moment, etc.) is when those 
effects contribute less than 5 percent of the total load effects. 

4. Similar load distributions were observed in the longitu
dinal and transverse directions . It is therefore recommended 
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that the distribution of the load over a square area be con
tinued. 

5. Two other factors, besides soil fill, aid in dispersing wheel 
load effects through the culvert: pavement and distribution 
through the two-way action of the culvert top slab itself. 

6. Rigid pavements can help distribute wheel loads consid
erably, especially when soil fill height is relatively small. A 
procedure is outlined to determine equivalent fill height to 
pavements of certain properties. 

7. AASHTO recognizes the ability of exposed slabs to dis
tribute wheel loads by means of an equivalent width E. This 
study extends the equivalent width concept for slabs covered 
with soil to provide for a smooth transition of wheel load 
effects for various soil fill heights. 
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