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Performance Evaluation of a Rib-Reinforced Culvert

ERNEST T. SELIG and SAMUEL C. MUSSER

ABSTRACT

A circumferential rib-reinforced long-span culvert was constructed and its per-
formance evaluated by means of field measurements and a limited finite-element

analysis.

Results were compared with current design practice.

The structural

design was shown to considerably exceed the requirements of the American Iron

and Steel Institute and AASHTO;

cial, however,
during backfilling. Finally,

in fact,
ribs nor other special features were necessary.
in improving buckling resistance and in controlling deflections
finite-element methods of analysis were concluded

the analysis suggested that neither
Ribs were shown to be benefi-

to be useful by permitting moments to be incorporated into the design con-

siderations.

One of two accepted special features for long-span
culverts mentioned by AASHTO is circumferential rib
stiffeners. An example of a culvert with such rib
stiffeners is one fabricated by Syro Steel Company
and constructed in Sacramento County, California, in
May 1983. This structure has formed the basis for a
study of the performance of rib-stiffened culverts.
A synopsis of the results ig given in this paper.

INSTALLATION DESCRIPTION

The completed configuration is shown in Figure 1.
The culvert is a horizontal ellipse with 23 ft (7 m)
of span and 14 ft 1 in. (4.3 m) of rise fabricated
from 10-gauge, 6 x 2-in. (152 x Sl-mm) corrugated
steel bolted plates. Steel angle ribs [3 x 3 x 1/4
in. (76 x 76 x 6 mm)] extending over the top from
springline to springline were attached at 3-ft (0.9-
m) intervals along the length.

The natural soil (zone A in Figure 1) was a
heterogeneous system with layers of loosely cemented
sandstone, alluvial silt, and granular river dredg-
ings that contained sizes up to boulders. This
existing ground was first excavated to about 1 ft
(0.3 m) below the invert elevation; then a crushed
rock [less than 3/4-in. (19-mm) size]l was placed as
bedding (zone B). The bedding was shaped to the bot-
tom of the ellipse and extended to an elevation of
about 2 ft (0.6 m) above the invert. The lower por-
tion of the sidefill (zone C) consisted of the same

INSITU BACKFILL
(RIVER DREDGINGS)

crushed rock to a depth that varied along the
length. The upper portion of sidefill (zone D) was
sand that extended to about 1 ft over the crown. The
final 2 ft of cover (zone E) was the granular river
dredgings.

A minimum of 90 percent AASHTO T-180 maximum den-
sity was requested. The sidefill was compacted in
lifts 6 to B8 in. (152 to 203 mm) thick to the top
radius change by using a walk-behind vibratory rol-
ler. The remaining fill was placed in 12-in. (0.3-m)
lifts and compacted with a smooth drum roller.

MEASUREMENTS

Deflections were obtained by triangulation with dis-
tances measured by taping between reference points
around the inside of the structure. The deflections
are believed accurate to within 0.1 in. (2.5 mm).

The final dead-load deflection with 3 ft of cover
is shown in Figure 2. The change in span and rise
with increasing fill height is shown in Figure 3.
The final peaking is 1.75 in. (44 mm), but the maxi-
mum apparently was greater than 2 in. (51 mm) when
the backfill was at the crown elevation. However,
the shape of this portion of the curve is not cer-
tain because no deflection measurements were made
during this stage of construction. A proper final
shape is critical to good performance, and hence
close monitoring of the shape during construction is
important.
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FIGURE 1 Installation configuration.
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FIGURE 3 Measured
dead-load thrust.

Bonded foil-type strain gauges, temperature com-
pensated for steel, were placed on the corrugations
near the ribs and also on the ribs to determine the
circumferential thrust and bending moment around the
ellipse. A three-wire, quarter~bridge circuit was
used. The manufacturer's specified gauge factor was
assumed correct. The clrcumferential stress was cal-
culated from the circumferential strain assuming
uniaxial stress conditions. The shell stresses were
assumed to be uniform along the length of shell be-
tween ribs, that is, not influenced by the location
of the ribs. The thrust and moment were then calcu-
lated from the measured circumferential stress dis-
tribution by using simplified cross-section geometry
for the rib and corrugated shell. These values are
believed to have an error of less than 10 to 20 per-
cent.

Even though strain-gauge temperature compensation
was intended, strain measurements made on sections
of structure before they were covered by soil ap-
peared to be inconsistent, probably as a result of
the large temperature fluctuations. Thus the mea-
sured changes in dead-load thrust and moment with
fill-height increase require further study and
therefore have not been included.

The final dead-load thrust with 3 ft of cover is
shown in Fiqure 4. The thrust shows a tendency to
decrease with distance from the crown to the invert.

The final dead-load moment with 3 ft of cover is
shown in Figure 5. The maximum moments occur at the
crown and top quarter points. This trend has been
found to be typical for both circumferentially and
longitudinally stiffened flexible, long-span struc-

tures and arches (1-4). With longitudinal stif-
feners, however, the mavimum quarter-point moment

has been observed to be shifted to either side of
the stiffener device (2,3).
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FIGURE 5 Comparison of measured
and calculated dead-load deflections.

The points where these maximum moments occur are
the probable locations of plastic hinge formation if
the moment capacity of the structure is inadequate.
When sufficient plastic hinges develop so as to
create an unstable mechanism, snap-through buckling
will 1likely result. On a full-barrelled structure
such as the horizontal ellipse investigated here,
three plastic hinges forming at the 1locations of
maximum moment could result in such a failure mech-
anism. Note, however, that on open-bottomed arch
structures two hinges, in addition to those at the
footings, might be sufficient to create instability.
Hence, adequate moment capacity should be provided
at all points around the periphery to resist the
probable formation hinges. This points
out the importance of a generalized analysis tech-
nique that can predict the magnitude and distribu-
tion of bending moments around the periphery of
structures with varying shapes.

of plastic

COMPUTER ANALYSIS

A finite-element computer analysis was performed
with CANDE (5) and NLSSIP (6), the latter program
being similar to SSTIPN. Fully composite action be-
tween the rib and a 3-ft length of corrugated steel
shell was assumed for determining the moment of in-
ertia of the rib-stiffened portion of the structure.
The steel component properties and material param-
eters were the usual values.

The soil was represented in the computer analysis
by the hyperbolic Young's modulus and bulk modulus
model (7). Hyperbolic parameters for the crushed
rock and the sand were based on triaxial tests,
whereas those for the river dredgings were estimated
by using data from other soils. The triaxial tests
showed that the stress-strain characteristics of the
crushed rock and sand were very similar.

T mwaesalaanl Taml £ . i
Incremental backfill laycr placement was done in

six steps after placement of the bedding and the
structure. Thus placement of layers under the haunch
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was included in the computer analysis even though
past experience has shown that this is difficult to
simulate. One problem is that part of the weight of
soil elements in contact with the pipe is assigned
to the pipe nodes. This has the effect of pulling
down on the structure. Compensation for this effect
was provided in CANDE by applying a compaction pres-
sure, NLSSIP did not have the capability of applying
compaction pressure, but this program was modified
to avoid placing soil weight on the pipe. Even so,
the full effect of placing, spreading, and compact-
ing soil was not represented.

The compaction effect during layer placement was
simulated in CANDE by using a method proposed by
Katona (B8). It involves applying a uniform pressure
across the top of each layer when placed. As each
succeeding layer is placed, a negative pressure is
applied to the top of the previous layer to cancel
the surface pressure on that layer. This also has
the effect of squeezing the top layer each time. In
this study compaction pressures were first applied
to the bedding and ended at various elevations be-
tween the top quarter point and the ground surface.
Generally the pressures were not included directly
over the structure.

CANDE had the capability of permitting slip by
assigning a coefficient of friction between the soil
and the steel, which limits the shearing resistance.
The NLSSIP program only provides full bonding.

Parametric computer studies were carried out with
CANDE to evaluate the effect of variation of param-
eters. The main observations are as follows:

1. The main effect of the ribs was to signifi-
cantly decrease (about 50 percent) final deflec-
tions. The final moments were greater with the ribs
because of greater bending stiffness, but the thrust
was essentially unaffected.

2. Allowing interface slip with limiting fric-
tion gave slightly greater final deflections.

3. Reducing the ring-compression stiffness by
decreasing the bottom plate area by a factor of 6 to
account for seam compression, as proposed by Chang
et al. (9), did not significantly change the magni-
tudes of thrust, moment, and deflection but did give
a thrust distribution more nearly like that in Fig-
ure 4.

4, Increasing soil stiffness decreased deflec-
tions and the crown moment. Increasing the soil
Poisson's ratio significantly increased deflection
during soil placement under the haunch.

5. Increasing the compaction pressure increased
the final deflections. Increasing the elevation
above the top quarter point at which compaction was
stopped increased the final crown moment and de=
creased the final thrust. Also maximum peaking oc-
curred at increasingly higher elevations as compac-
tion was extended to higher elevations. The overall
trends showed that a better method of compaction
simulation is needed.

COMPARISONS WITH MEASUREMENTS

Without the compaction pressure, the NLSSIP analyses
underestimated the measured deflections by a factor
of at least 2. Thus only the CANDE results are com-
pared with the measured values. No single CANDE com-
puter analysis provided simultaneous agreement with
all measured results. However, the parametric study
results showed that overall agreement was best with
the following conditions:

1. Ribs with fully composite action,
2. Slip only over the bottom half of the struc-
ture,
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3., Steel area reduction factor of 1/6 over the
bottom half of the structure to represent reduced
ring compression stiffness from seam slip, and

4. Compaction pressure of 15 psi (103 kPa).

The following comparisons are based on the computer
analysis incorporating these conditions.

A comparison of calculated and measured changes
in rise and span as a function of fill height above
the invert was shown in Figure 3. Although the final
calculated deflections are smaller, the agreement is
reasonable, especially considering the difficulty in
modeling below the springline.

Live load was measured with a 50-ton (445-kN)
vehicle that had five axles. Two groups of tandem
axles formed the main loads over the structure; each
axle weighed 11 to 12 tons (107 kN). This represents
AASHTO's alternative military load, which is greater
than HS 20 and twice the specified HS 15 design axle
load. A concentrated load was used in CANDE to model
each axle, and a full mesh was constructed so that
all five axle loads could be applied. The magnitude
of the concentrated load was obtained by dividing
the axle load by 12 ft (3.7 m), which represents one
lane width.

The calculated live-load thrust at the crown was
about half the measured value of 5 kips/ft (73 kN/m)
(1 kip = 4.5 kN):

Thrust
Predicted (kips/ft)
Measured With Without
({kips/ft) Ribs Ribs
Crown 5.0 2.2 2+ 2
Springline 0.4 1.5 1.5
Invert 0.0 0.6 0.7

Calculated thrusts at the springline and invert were
higher than the measured wvalues. Calculated values
were essentially the same whether ribs were included
or not; that is, the ribs did not cause any thrust

increase.
The calculated live-load moment at the crown with

the ribs present was about 5 times greater than the
measured live-load moment of 0.3 kip-ft/ft (1.3
kN-m/m) (1 kip = 4.5 kN, 1 in. = 25 mm):

Moment and Deflection

Predicted
With Without
Measured Ribs Ribs
Crown
(kip-ft/ft) =-0.3 -1.2 -0.6
Rise (in.) -0.18 -0.38 -0.45
Span (in.) +0.01 +0.10 +0.14

This is consistent with the larger calculated de-
flections. Thus, in terms of moment and deflection,
the live load used appeared to be too large.

The live-load deflections calculated without the
ribs present were about 30 to 40 percent greater
than those with the ribs. The corresponding live-
load moment calculated without the ribs was half the
value with ribs. Thus, the increase in moment from
increased deflection without ribs was more than off-
set by the decrease in moment from decreased bending
stiffness. In other words, adding ribs reduces de-
flections but increases bending stress. This in-
crease in bending stress is mitigated, however, by
the increased bending capacity that ribs provide. In
this case, the addition of ribs doubled the plastic
moment capacity of the section.

As shown in Figure 2, construction operations re-
sulted in peaking at the crown of 1,75 in. (44 mm)
with 3 ft of cover. This type of controlled peaking
is advantageous in that it pretensions the top arc
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of the structure and provides a greater crown moment
capacity safety factor against future overloads than
would otherwise exist. Thus, although 1live-load
thrust increased the magnitude of dead-load thrust,
live-load moment cancelled part of the dead-load
moment to produce a smaller maximum moment with the
live load present than without it.

The calculated dead-load thrusts with the 3 ft of

cover agreed closely with measured values (1 kip =
4,5 kN):
Thrust
Predicted (kips/ft)
Finite
Measured Ele- T = T = Full
(kips/ft) ment PeRRT YHS/2 Weight
Crown 13 6.8 5.8 4, 6.7
Springline 5.6 5+3 598 4.3 6.7

The dead-load thrust for non-long-span culverts is
usually taken as equal to or less than the product of
soil density, height of cover, and half the span.
This significantly underestimates the thrust. The
long—-span thrust calculation of the American Iron and
Steel Institute (AISI) (10) and AASHTO (11) is taken
as equal to the product of soil density, height of
cover, and crown radius of curvature. This was still
low for the Sacramento culvert, but more reasonable.
The final alternative, given as an option by BAISI for
long-span structures, is to use half of the full soil
weight above the structure, not just that above the
crown, This value is close to that calculated by the
finite-element method and only slightly less than the
measured maximum. Clearly, for determining the design
thrust with the usual methods a significant negative
arching is present. This has been shown before and is
a result of the high ring-compression stiffness of
bolted corrugated plate structures. Thus the bending
flexibility reduces the c¢rown pressure below the
free-field or geostatic value (soil density times
cover height), but not the thrust.

COMPARISONS WITH OTHER ANALYSIS METHODS

In Figure 6 the dead-load thrust trends of AISI (10)
and AASHTO (11) and the proposed soil-culvert inter-
action {8CI) (1,12) design methods are compared with
the average of crown and springline measured thrust
at 3 ft of cover. The measured value is best repre-
sented by the alternative AISI method, which uses the
full soil weight above the springline. The SCI method
substantially overestimates dead-load thrust. On the
other hand, the AISI and AASHTO methods, which use
the top arc radius on long spans, underestimate dead-
load thrust. It has been shown by Leonards et al., in
a paper in this Record, that this trend of underpre-
diction worsens with increasing rise/span ratios.
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FIGURE 6 Design deadload thrust compared

with measured values (v = 0.134 kip/ft® to 1
ft cover; v = 0.120 kip/ft® above 1 ft cover).
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A similar comparison for live-load thrust is given
in Figure 7. Here, the alternative AISI and the SCI
methods come closest to estimating the average of the
crown and springline measured thrust. The usual AISI
and AASHTO methods greatly overestimate the thrust.
This trend worsens with decreasing cover.

The springline thrust calculated for the design
methods shown in Figure 7 is based on an AASHTO HS 20
loading [32 kips (142 kN), single axle]. The measured
values, on the other hand, resulted from the AASHTO
alternative military loading [tandem axles, 24 kips
(107 kN) each]. For the alternative AISI method, the
unit live load was taken as egqual to the concentrated
axle load divided by the lane width. The SCI method
uses a unit live load, which gives the same pressure
at the crown elevation as the concentrated axle load,
assuming a Boussinesq distribution. The older AISI
and AASHTO methods apply the Boussinesq peak pres-
sures at the crown elevation to the entire structure.
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FIGURE 7 Design live-load thrast for HS 20
loading compared with measured values for
military loading (impact factors omitted).

Only the generalized finite-element analysis and
the proposed SCI design method provide an estimate of
bending moments in flexible culverts. Comparisons of
SCI's predictions for dead- and live-load moments
with measured values are given in Figures 8 and 9.
The SCI method assumes that the worst moment for de-
sign purposes occurs at the top quarter-span point
when a live load is over the guarter point. The mea-
sured value shown represents this same situation. For
moment calculations the SCI method also establishes a
flexibility number that relates structural material
and sectional properties to the stiffness of the soil
and the span of the structure. The triaxial tests on
the project soils suggested that they possessed
closer to twice the in-place stiffness suggested by
SCI for GW material with 100 percent T-99 relative
compaction. For this reason, results for both soils
are represented in Figures 8 and 9.

The SCI method underpredicted the measured value
of dead-load moment at the quarter point (Fiqure 8),
particularly when the measured project soil proper-
ties were used. This probably results from less pre-
dicted deformation during backfilling than actually
occurred.

The SCI-predicted quarter—point live-load moment
differed substantially from the measured live-load
moment (Figure 9), even with the project soil proper-
ties. The SCI method predicted a moment increase with
live-load application, whereas the actual effect of
the live locad was to slightly decrease the quarter-
point moment. This is believed to be a direct result
of the amount of crown peaking achieved during back-
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FIGURE 9 Design quarter-point live-load
moment with load over quarter point for
SCI method compared with measured
value (impact factors omitted).

filling, which was not represented in the SCI analy-
sis,

As noted earlier, the introduction of live loads
on 3 ft of cover affected measured moments only
slightly. Canadian studies also showed a relative in-
sensitivity of moment to the introduction of live
loads (13). This has been shown to be true for long-
span structures, both with and without relieving
slabs.

DESIGN CHECK OF MEASURED VALUES

Thrust measurements for the top half of the structure
with ribs indicated that the factor of safety for
average compressive stress against wall vyield was
greater than 6. If ribs had not been present, this
factor of safety still would have exceeded 5. For the
bottom half of the structure, which had no ribs, the
factor of safety against wall yield exceeded 9. Note
that these factors of safety were for 1live loads
twice the magnitude of those specified for the design.

Although moments are not directly included in the
AISI and AASHTO long-span design recommendations,
they are important in the stability analysis of the
gtructure and should not be ignored. They are more
critical in structures with low rise/span ratios,
shallow cover, unsymmetric loading, or less than
ideal backfill materials. As pointed out earlier, the
most critical moments for this structural configura-
tion under shallow cover are the inward-acting ones
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at the quarter points. The maximum quarter-point mo-
ment, which was the value measured before the appli-
cation of live load, was 1.1 kip-ft/ft (5 kN-m/m).
With ribs, the factor of safety against plastic hinge
formation at the quarter point exceeded 5. If an
equivalent moment had occurred in the same structure
without ribs, the safety factor would have been half
that. Also, deflections would have increased somewhat.

The thrust and moment evaluation indicates that in
this case ribs were not needed to satisfy structural
mechanics considerations. In fact, no special fea-
tures were needed except to satisfy the code require-
ments. Alternatively, a 1l2-gauge corrugation could
have been used with wider rib spacing. It was the
decision of Sacramento County to use the more con-
servative design.

CONCLUSIONS

For the Sacramento culvert, the performance at the
end of construction considerably exceeded the struc-
tural design requirements. The field measurements in-
dicate that performance would also have been satis-
factory with no special features.

The circumferential ribs were found to have the
following advantages:

1. They helped control shape and magnitude of de=-
flections during backfill placement and compaction,
and

2., They increased the factor of safety against
plastic hinge formation, which leads to snap-through
buckling.

Finite-element analysis is useful in designing
large flexible corrugated-metal culverts. First, this
approach permits an evaluation of the parameters in-
fluencing thrust, moment, and deflection. Second, the
potential for snap-through buckling can be analyzed
by using the estimated magnitudes of moments and
probable locations of plastic hinge formation.

The older AISI and AASHTO methods were very con-
servative for predicting live-load thrust and slight-
ly unconservative for dead-load thrust. The alterna-
tive AISI method gave reasonable values for the dead-
load and live-load thrusts. The SCI method was very
conservative for dead-load thrust but gave a reason-
able value for live-load thrust.

The SCI method gave an unconservative but reason-
able value for dead-load moment. However, the live-
load moment from the SCI method was totally different
from the measured maximum value, and very conserva-
tive. Thus, in its current form, the SCI method may
not offer a general solution to the problem of live-
load moments for all flexible structures.
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