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DISCLAIMER
The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views or policies of
the Federal Highway Administration. This report does not constitute a

standard, specification or regulation.

ABSTRACT

The behavior of Reinforced Concrete Box Culverts under varying back-
fill, compaction, and traffic loads is not clearly understood. The design
rules used at present are mostly empirical and do not allow for the ef-
fects of Soil-Culvert interaction. In order to have a better understand-
ing of the field behavior of these culverts, in another research study at
the Texas Transportation Institute, an 8' x 8' RC box culvert will be
instrumented with earth pressure cells and strain gages. The purpose of
the study presented in this report is to perform prediction analyses of
the behavior of this 8' x 8' culvert, using the finite element computer
program, SSTIPN so that the analytical results can be correlated with
field observations whenever these becomekavai1ab1e.

In this preliminary study, foundation and backfill materials from the
culvert site were used to prepare samples in the laboratory at varying
compactfon conditions and a number of triaxial tests were perfﬁrmed.

Using these nonlinear stress-straﬁn data the backfill and foundation soils
around the culvert were simulated in the compdter analyses. The culvert
was represented in the analyses by a series of beam elements connected at
the common nodes. The backfill placement is simulated by an incremental

loading analysis procedure.
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The earth pressures, stresses and strains at the proposed instrument
locatiens for the test culvert are predicted for a range of backfill con-
ditions. Separate analyses are performed with no-slip and full-slip
assumptions for the soil-culvert interface. In addition, the bending
moments calculated at various sections of the box culvert are presented in
this report. Furthermore, the deflections Qf.the crown of the culvert for

varying backfill properties are given in this report.
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CHAPTER 1
INTRODUCTION

Increasing number of Reinforced Concrete Box Culverts are being used
by several state highway departments to bridgé across canals and streams
throughout the United States. Over the Tast two decades the allowable
AASHTO permit Toads have also increased to a degree for which the behavior
of these culverts constructed with shallow backfill covers need to be
evaluated accurately. There have been a number of proposals recommending
changes in AASHTO specificationsvto increase the intensity of the design
earth pressures applied along the perimeter of the culvert independent of
the following parameters:

a) Geometry and Stiffness of the culvert,

b) Proberties of the backfill, and

c¢) Backfill cover depth over the crown of the culvert.
It is expected that the above primary parameters and several other secondary
parameters will control the earth pressures exerted on the culvert under |
varying backfill and live load conditions. In order to study the behavior
of Reinforced Coﬁcrete Box Culverts, the Texas Transportation Institute is
at preéent involved with the field instrumentation of an 8' x 8' RC box cul-
vert. Earth pressures and strains will be measured on this structure under
backfill and live loads. Because of funding limitations, the scope of these
field observations will bé Timited to one box size and one type of backfill,

and it will not be possible to consider variations in the factors mentioned

previously.




In order to derive the maximum benefit from the ongoing. field instru-
mentation study, a computer research study was initiated so that a series of
computer predictions of the behavior of the 8' x 8' box culvert can be made.
Later, field observations can be used to verify the computer predictions and
further computer analyses of the behavior of_other box culverts can be per-
formed by varying the primary controlling parameters. The purpose of this
repoft is to present the preliminary resuits of the computer analyses of the
8' x 8 qu culvert. The analyses of the behavior of the culvert were
performed for three types of backfill compaction conditions. Various
backfill cover depths were also considered in the analyses. A number of
representative soil samples from the culvert site were brought to the
laboratory and triaxial stress-strain tests, and other routine soil tests
were performed. Thése test data were used in selecting the hyperbolic
stress-strain model parameters for representing the backfi]]rand foundation
materials in the computer analyses.

fhe studies undértaken to achieve the project objectives are described
in subsequent chapters:

Chapter 2 . contains a discussion of the previous research on culverts

-and present design procedures for RC box culverts.
Chapter 3  describes the material properties measured in the labora-
tory and presents the material parameters used in the com-
puter analyses. o
Chapter 4 | presents the preliminary results on the behavior of the

8' x 8' RC box culvert for three types of backfill condi-

tions.

Chapter 5 contains conclusions and recommendations.




CHAPTER 2
PREVIOUS RESEARCH

2.1 Introduction

Ih this chapter the results of a literature search on the subject of
soil-structure interaction of reinforced- concrete box culverts are discuss-
ed. The previous research is classified under the following categories and
reviewed accordingly:

| 1) Analytical Solutions,

2) Numerical Solutions, and
3) Empirical Solutions.

2.2 Analytical Solutions

The analytical solutions studied may be divided into two groups: those
solutions which do not consider the effects of soil-structure interaction on
pressure distribution and those solutions in which these effects are consid-
ered.

2.2.1 Solutions Without Soil-Structure Interaction

Early design methods for culverts were developed under the assumption
that the dead weight of the fill is distributed uniformly over the full
width of the culvert. The weight of this fill was considered equal to the
weight of a prism of soil whose height is equal to the width of the struc-
ture as given in Polack and DeGroot [13]. This procedure is shown in Fig.
2.1. The lateral pressure on the sides of the culvert was taken as one-
fourth the weight of the fill uniformly distributed on the side from top to
bottom. The pressure exerted on the bottom of the box culvert was assumed

to be the sum of the superimposed loads on the roof, and the dead weight of

the roof and sides of the culvert. The pressure was considered uniformly




VERTICAL PRESSURE DISTRIBUTION
ON BURIED CONCRETE CULVERTS

1 ' ' - FIGURE 2.1




distributed over the base of the culvert. This is the simplest approach,
and is used as the basis for most other analysis procedures in box culvert
design.

Other studies recognized the effects of "arching" in the soil mass
surrounding the culvert, as well as the differehces in loads due to various
construction techniques. Probably the earliest theory developed which takes
these considerations into account was presented by Marston [11].

According to this theory, the resultant vertical load produced by an
embankhent is made up of two parts: the weight of the column of fill di-
recf]y over the conduit, and the frictional forces acting either upward or
~ downward on the sides of this column of fill. This frictional force takes
into account soil characteristics including angle of internal friction,
density, material compositioﬁ, and moisture content. The frictional effect
on the culvert loading is a function of the settlement of the fill adjacent
to and directly above the conduit, as shown in Fig. 2.2.

The effects due to frictional forces depend primarily on the relative
amounts of settlement between the column of soil above the culvert and the
surrounding soil mass. The vertical loads on the culvert are decreased when
the fill above the culvert settles downward relative to the adjacent soil,
as shown in Fig. 2.2a. However, the embankment load on the culvert may also |
become greater than the weight of the soil above the culvert, as shown in
Fﬁg. 2.2b. Here, the surrounding soil settles downward relative to the
column of soil above the culvert. The frictional forces may act to either
increase or decrease the total load on the conduit.

It should be noted that the term “conduit" refers to culverts, sewers,
water pipes, and other underground structures, of all shapes, materials,

degrees of rigidity,‘and field construction conditions affecting loads or
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supporting strength.
To account for lateral earth pressures on the conduit, Marston used
Rankine's Constant, K. Here, the intensity of the active lateral earth
i

pressure is K times the intensity of the vertical pressure. Rankine's

Constant, K, is taken as

K = V Egjj_;;li [2.1]
V u2+1 + u -
where u is the coefficient of internal friction of the material. This
coefficient may be expressed as
’ W= tan ¢ [2.2]
where ¢ is the angle of internal friction of the material.
Marston's studies also recognized the importance of construction condi-
tions. There were two primary conditions which were considered, which are
a) Culvert in a trench on an unyielding
subgrade, or culvert placed on a yield-
ing foundation, and |
W= PB = wHB [2.3]
. b) Culvert placed on an unyielding
foundation [such as rock or piles].
for H> 1.7 B

W="PB=wB[1.92 H- 0.87 B] - [2.4]

or
for H< 1.7 B
PB = 2.59w BZ [eK - 1] [2.5]

=
"

s
=
i

total Toad due to earth backfill,

unit load due to backfill,



B = external horizontal span of culvert or trench,
width at top of culvert for culverts in trencLes,

w = effective weight of fill material,

e = 2.7183,

k = 0.385 H/B, and

H = height of earth fill over top of culvert.

Using this analysis, the Portland Cement Association [PCA] [14] develop-
ed a set of design charts for culverts. These are presented in Figs. 2.3 -
2.5. . Using these figures it is possible to graphically determine the total
vertical earth load for culverts of various spans and fill heights. By know-
ing the height of fi11l above the conduit, and the span width [or trench width
for trenched condition], the vertical load may be obtained directly.

These charts deal only with trench or projecting culverts. Another con-
struction case which must be considered is the imperfect-trench installation
pkocedure.' In this case, a layer of compressible material is placed directly
over the culvert fo allow the shear stresses in the soil to réduce the pres-
sure on the top of the culvert as shown in Fig. 2.6. This installation pro-
cedure. is only acceptable for high Fi11 situations, so that the fill soil is
able to dbtain a plane of equal settlement before reaching the top of the
embankment .

For the imperfect-trench instaTiation condition, the vertical loads that

develop may be calculated using

W=_C, WB2 [2.6]
where
W = total vertical load,
W = density of the fill, and
B = external span of the cuivert.
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The load coefficient, C,, may be graphically determined from charts shown

in Fig. 2.7 and 2.8. This coefficient is dependent on such factors as the
projection ratio, p , and the settlement ratio, r. The projection ratio, p,
may have any value, depending on the dépth of the trench. Formally, p s
the ratio of the imperfect-trench depth to conduit width. Values of the
projection ratio are usually taken as 0.5 or 1.0.

The settlement ratio, r, depends on the settlement of the conduit into
the foundation, deflection of the conduit, compression of the earth fill,
and compression'of the loose fill material. Values are normally taken from
0 to -1.0, with -0.5 being considered a reasonable design value for most
conditions. Incorporating these the PCA has developed charts to obtain the
total earth load for imperfect-trench installation procedures. These are
given in Figs. 2.9 and 2.10. By knowing the height of fill above the cul-
vert, as well as the projection and settlement ratios, a value for the total
vertical earth load may be obtained.

The PCA has also developed tables for determining design loads such as
moments, thrust, and shear at various points around the cross-section of the
cuivert. A typical table is shown in Table 2.1. The formulae are given in
terms of cross-sectional properties fpr the determination of design moments,
axial thrust, and shear.

Karadi and Krizek [10] have presented the method of design used for
rigid culverts in the Soviet Union. Culverts are designed for bending

moment by the formula

M =vr2 (p+q) [1 - tan? (45 - ?/2)] [2.7]
where
P = vertical pressure due to dead loads
g = vertical pressure due to live loads

13
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v = coefficient determined by type of foundation

The values of p and q are given by

p=CYyH [2.8]
and
19
g=H+ 3 (H> T meter) [2.9]

where, in Eq. 2.9, H is expressed in meters and q in metric tons per square
meter. In Eq. 2.8,

C=1+Atang¢ tan2 (45 - #/2) [2.10]

and

A

mh H=3 (242 - m Bh) [2.11]

In this, H is the height of the embankment above the crown of the culvert,

h is the distance between the plane of the foundation and the crown of the cul-
vert, B is the external span of the culvert, m is a coefficient determin-

ed by soil characteristics, and ¢ and v are the angle of internal friction and
the density of soil, respectively.

2.2.2 Analytical Solutions With Soil-Structure Interaction

Heger [7] presents a method which incorporates a soil-structure interac-
tion factor, F. These analyses were performed on rigid concrete pipes, with
- the objective of improving the correlation between predicted and actual test
strengths.

By this analysis, the total vertical earth load is given by

We = Fo w B¢ H [2.12]
where
B. = the outside horizontal prbjection of the pipe
H = height of cover over the crown of the pipe
and Fe = Soi]-structufe interaction factor.

19




For the determination of Fg, Heger presents the equation

Fe = [1+ 0.2 H/B.] [2.13)
The maximum specified value of Fe is taken as 1.5 for uncompacted fills
and 1.2 for compacted fills.

Heger also presents assumptions for earth pressure distribution in
Figs. 2.11 and 2.12. The assumed distribution for the traditionally de-
fined Class C bedding is shown in Fig. 2.11. Two possible assumptions are
presented. Earth pressure distribution as given by Olander [12] is shown
in Fig. 2.11a, while uniformly distributed pressures are shown in Fig.
2.11.b. Earth pressure assumptions for Class B bedding are shown in Fig.
2.12.

2.3 Numerical Solutions

Numerical Solutions to the problem of soil-structure interaction
effects on earth pressure distribution on buried structures have been the
result of the availability of high-powered modern computers. A number of
computer programs have evolved for this type of study, primarily involving
the finite element method.

One of the most popular programs available is CANDE, developed by
Katona [9]. CANDE [Culvert ANalysis and DEsignlis a plane strain finite
element program used for the analysis of buried structures. Katona first
used out-of-ground box tests to vefify the CANDE model, then used CANDE to
evaluate current standards on box culvert design. The out-of-ground box
test set-up is shown in Fig. 2.13. Katona used four-edge bearing on stan-
dard box sections, loaded to the point where 0.01 inch cracking occurs, as
well as to ultimate shear or flexural failure. He also used the CANDE

program to evaluate the culvert for four-edge bearing test procedures.

20
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The CANDE model of the box culvert in four-edge bearing is shown in Fig.
2.14. The correlation between the predicted Toads and actual test loads
for 0.01 inch cracking to occur is shown in Fig. 2.15. Three standard box
sizes were analyzed. Although there is some scatter in the data the cor-
relation is good. A comparison of the predicted and aétua] ultimate

loads for shear and flexural failure is shown in Fig. 2.16. The correla-
tion of these results is very close for the three box sections tested.

Katona also compared data from previods]y conducted in-ground box
culvert tests with his computer predictions. The culvert-soil system used
for this analysis is shown in Fig. 2.17. CANDE was used to predict the
earth pressures shown by the eight pressure gages located around the peri-
meter of the culvert. A summary of his test results is shown in Fig.
2.18. The pressures predicted by CANDE and measured by the pressure gages
a]ongAthe top and bottom slabs are not uniformly distributed and this is
contrary to what is assumed by most procedures. Also, the correlation of
data along the right wall is much closer than the correlation along the
left wall of the culvert.

Huang, Gill, and Gnaedinger [8] also used the CANDE program for their
analyses. They modeled various coﬁbinations of properties in order to
evaluate the predicted deflections and earth pressures. The soil-struc-
fure system used for this analysis is shown in Fig. 2.19. The primary
objective of this study was to determ}né the effects of different soil and
structuré] properties on predicted earth pressures. Using these results a
set of earth pressure charts were established to aid in the design of box

culverts.
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The deflections, as predicted by CANDE for 22 feet of soil cover are

shown in Fig. 2.20. The inward deflections of both the top and bottom
slabs induce an outward deflection of the sides of the culvert. For the
same loading conditions, the calculated earth pressures are shown 1in Fig;
2.21. The pressures increase from the center of the culvert to the out-
side on the top and bottom slabs. The lateral earth pressure increases
with depth, although not linearly as expected.

Furthermore, various foundation and backfill soil properties were
used to evaluate their effects on calculated earth pressures. Five dif-
ferent variations of bedding and foundation soil properties were analyzed.
The results are shown in Fig. 2.22. The earth pressures on the top and
side of the culvert seem to be independent of foundation soil properties.
However, the calculated pressures on the bottom slab vary greatly with
different foundation soil properties.

Three different variations of backfill soil were analyzed. The cal-
culated earth pressures are shown in Fig. 2.23. The results of all three
were very similar, with the sides of the culvert showing the greatest dif-
ference in fill pressure.

Huang, Gill, and Gnaedinger also studied»the effects of culvert geo-
metry on calculated earth pressures. The CANDE input for this analysis is
shown in Fig. 2.24. A total of six box culvert sizes were used, with the
properties of the foundation and fill soils held constant. The calculated
vertical earth pressures were converted to dimensionless ratios and plot-
ted against depth-span ratios and culvert height-span ratios. This con-
version was accomplished by

W Calculated Total Earth Load
Wg = Weight of Soil above the Culvert [2.14]
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and ' [2.15]

P _ Calculated Vertical Earth Pressure

5;' - Overburden Earth Pressure

The variation of earth load ratio [Eq. 2.14] with depth-span ratio is

given in Fig. 2.25. The height of culvert-span ratio rH/s3 great]y
influences the results shown. An increase in the H/S ratio increases

the corresponding earth load ratio. The variation of earth pressure ratio
[Eq. 2.15] with depth-span ratio is shown in Fig. 2.26. The earth pres-
sure ratio also increases with increasing H/S ratio. A comparison of

the variation of the earth load ratio and earth pressure ratio with Hy/s
ratio is given in Fig. 2.27. The curves are almost identical in shape,
with values of the earth load ratio being greater than those for the earth
pressure ratio.

Through their analysis, Huang, Gill and Gnaedinger derived a set of
design charts for box culverts of variods sizes and depths of fill. The
earth load ratio may be determined using Fig. 2.28, while the earth pres-
sure ratio may be determined using Fig. 2.29. To use these charts, the
culvert height, span, and depth of fill must be known.

Finally, for the lateral earth pressures, an earth pressure coeffi-
cient K; was derived, which may be calculated by

_ Integral of Calculated K Along Wall [2.16]
a Culvert height, H

K

A design chart is given in Fig. 2.30 for the determination of K. By
knowing the culvert span and the depth of fill-height ratio, the lateral
earth pressure coefficient can be easily found. Although Huang et.al.
have presented extensive results on the behavior of box culverts, in their

analyses the nonlinear stress dependent stress-strain behavior of the soil

was not modeled. Furthemore the soil-structure interface was assumed to
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be fully bonded.

Another program dealing with soil-structure interaction analysis is
SPIDA [Soil-Pipe Interaction Design Analysis] [5]. This program is pre-
sent]y'being evaluated by the American Concrete P%pe Association. The
objective of the program is to determine the earth load and pressure dis-
tribution for circular pipes.

2.4 Empirical Solutions

Beginning in 1923, the American Railway Engineering Association
[AREA] [3] conducted a series of tests at Farina, I11inois to determine
culvert 1oading conditions. Earth pressure cells were placed on culvert
éections of varying material types, which were then buried under varying
depths of fill. A layout of the test site is given in Fig. 2.31a, and the
results of the tests are presented in Fig. 2.31b. For a rigid culvert,
the horizontal pressures are approximately 40% of the weight of the over-
lying soil. However, the vertical pressures are greater than the weight
of the soil above the culvert.

Marston [11] also conducted many studies at the Iowa State College on
the subject of culvert loading and earth pressures. The earth pressure
distribution on a circular pipe under 15 feet of fill, presented by
Marston [11], is given in Fig. 2.32. Three material types are given in
order to evaluate the pressure differences caused by the degree of
flexibility of the conduit. The rigid culvert exhibits the greatest
pressures on the top and bottom portions of the conduit. However, the
pressures exerted on the sides of thé flexible culvert are much greater
than those on the rigid culvert. Tﬁis may be explained by the difference
in deflection between the rigid and flexible conduit and the associated

degree of arching that takes place.
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The United States Corps of Engineers [4] use a design method for

rigid conduits and culverts which depends on the construction methods used
for installation. Three construction conditions are considered, and these
are shown in Fig. 2.33.

Condition I applies to structures which are completely buried in a
ditch with no super-imposed fill. The total dead load due to earth fill
on the top of the culvert should be computed as the larger of the two
values obtained by

We = Cq Ybg? ‘ [2.17] -
where Cq is obtained from Fig. 2.34, ‘
or We = Ybe H _ [2.18]
The lateral earth pressures are assumed to vary with the height of fill
[H] as well as the effective width of the conduit [bql. When H is
greater than or equal to 2bq, the horizontal pressure is computed at the
center of the conduit using an average value for H. For a height of fill
less than twice the section width,-the horizontal pressure is taken as

Pe = YH tan? [450 - 9/2] [2.19]

Condition II appiies to conduits and culverts completely buried in a
ditch with a height of fill H above the top of the ditch. The total

vertical load is taken as the larger of the two values obtained from

H

f
W, = Cq Yba?2 + w——p— [1.5Yb. H. -YCq by [2.20]
e = Cq vbq HC+HP c My d ba“]
or
. C p

The values of b, H , Hf, He, and by may be obtained as shown in

Fig. 2.33.
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The lateral earth pressures for a culvert in condition II are computed by

| H
Pe = Htan? (45 - #/2) + gy 0.5 H - vH tan2(45-¥/2)] [2.22]
e F T

Condition III applies to culverts projecting above the embankment
subgrade, or trench conditions not méefing the requirements of conditions
I or II. Two extreme cases are developed. Case I is considered when the
ratio of horizontal pressures to unit verfica] lToad, Wg, is equal to
0.33, which indicates that the vertical loading is three times greater
than.the lateral loading. For this case, |
Mg = 1.5 vb, H [2.23]
and the horizontal pressures are given by
pe = 0.5 YH [2.24]
The other extreme case of Condition III is considered when the ratio
of horizontal Toading to vertical loading is 1.0, which indicates the
horizontal pressures equal the vertical pressures. For this case,
W = Ybe H . [2.25]
and
Pe = YH [2.26]
The aﬁbunt of surface load transmitted:to an underground structure may be
computed by the method shown in Fig. 2.35. This pressure is uniformly
distributed over the top of the culvert.
The American Association of State Highway and Transportation Offi-
cials [AASHTO] [1] specifications also deal with design loadings on box
culverts for bridge installations. Thé vertical and horizontal pressures
due to soil fill may be estimated by uéing an equivalent fluid pressure.

For reinforced concrete box culverts, the suggested equivalent weight for
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vertical pressure is 120 pcf, while 25% of this is used to compute lateral
earth pressures.

The American Society of Testing and Materia1s [ASTM] [2] specifica-
tions also present the design loads for box culverts. These are very

similar to the AASHTO specifications. For the vertical earth pressures,

- ASTM recommends that the pressure be taken as the weight of a column of

earth of a width equal to the outside width dimension of the box section
and of a height equal to the depth of cover over the top of the section.
Lateral earth pressures are taken as a minimum of 0.25 times the vertical
pressure. Design tables are given in the ASTM specifications, in which an

assumed unit weight of 120 pcf is used for computations. This is equal to

. the equivalent weight suggested by the AASHTO specifications.
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CHAPTER 3

MATERIAL PROPERTIES

3.1 Soil Properties

In order to perform finite element analyses of the field behavior of
the 8' x 8' RC box culvert, the properties of the foundation soils and the
backfill soils should be represented correctly. As part of this study a
number of laboratory tests were conducted on representative soil samples
from the site and the results are discussed in this chapter.

3.1.1 Laboratory Tests

Good quality samples of the backfill soils and the foundation soils
were obtained from this site and sieve analyses were conducted. The grain
size curves for the backfill and foundation materials are shown in Figs.
3.1 and 3.2. From these figures it is clear that the two soils ‘are vefy
similar and therefore further soil tests were performed on backfill soils
only. Standard AASHTO compaction tests were performed in the laboratory
and the compaction curve for the soil at site is given in Fig. 3.3. The
maximum dry density of this backfill is 116 pcf and the optimum water con-
tent of 8.5%. Triaxial samples were prepared in the laboratory at the
following compaction conditions:
a] Soil 1 95% Standard Maximum Dry Density,
Dry of Optimum

bl Soil 2 100% Standard Maximum Dry Density,
Optimum Water Content

c¢] Soil 3 95% Standard Maximum Dry Density,
Wet of Optimum

Triaxial stress-strain tests were performed at three confining pressures,
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5, 10, and 20 psi, and the results are shown in Figs. 3.4-3.6. Using the
stresses at the failure condition, the g-p plots [modified Mohr-Coloumb
plots] were prepared and these are shown in Figs. 3.7-3.9.

3.1.2 Hyperbolic Stress-Strain Model Parameters Used in the Analyses

The hyperbolic stress-strain relationships were developed by Duncah
et.al. [1970, 1978] for use in nonlinear incremental analyses of soil de-
formations. In each increment of such analyses the stress-strain behavior
of the soil is treated as being linear and the re]ationship between stress
and strain is assumed to be governed by the generalized Hooke's Law of
elastic deformations, which may be expressed as follows for conditions of

plane strain:
Aoy My + Mgl My - Mgl Of [ =
Aoy ¥ = | [Mp - Mgl My + Mgl 0f 4 ¢y
| My 0 0 Maf | Yxy )

normal stress

in which Aoy, Aoy

Atyy = shear stress

®x> ®y = normal strains

Yxy = shear strain

My = G = shear modulus

Mp = plain strain bulk modulus

The parameters My and My are related to Young's modulus and bulk

modulus by the following equations:

__E

Mg = 201 + V]
3B

My = 201 + v]
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: 3B-E v
and v = 6B [4]

Using these equations, the relationships between strain increments
and the corresponding stress increments may be expressed in terms of the
parameters E [Young's modulusj and B [Bulk modulus]. These relationships
thus account fo} three important eharacteristics of the stress-strain be-
havior of sdi]s, namely nonlinearity, stress-dependency, and inelasticity.
The proeedures used to account.for these characteristics are discussed in
- the following paragraphs. |

Nonlinear Stress-Strain Curves Represented by Hyperbolas. Duncan

et.al.[ 1970, 19781 have shown that the stress-strain curves for a number
of soils could be approximated reasonably accurately by hyperbolas like
the one shown in Fig. 3.10. This hyperbola can be represented by an equa-

tion of the form:

[01_03] = ] : € _ [5]
- +

[

By (oyo3y 1t

While other types of curves could also be used, these hyperbo]as have

two characteristics which make their use convenient:

[1] The parameters;Which appear in the hyperbolic equation have
‘physical significance.‘ E; is the initial tangent modulus or
initial slope of the stress-strain curve and [0]—03]>u1t is
the asymptotic value of stress difference which is related
closely to the strength of the soil. The value of Loy-931 1t
is always greater than the compressive strength of the soils, as

discussed subsequently.
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[2]'-The values of Ej and [91-93] 14for a given stress-strain curve
can be determined easily. If the hyperbolic equation is transformed
aS shown in the lower part of Fig. 3.10, it represents a linear
relationship between e/[0}-03] and e. Thus, to determine the
best-fit hyperbola for the stress-strain curve, values of E/[o]—o3]
are calculated from the test data and are plotted against e. The
best-fit straight line on this transformed plot corresponds to the

| best-fit hyperbola on the stress-strain plot.

Stress Dependent Stress-Strain Behavior Represented by Varying Ej

and [01333]u1t with Confining Pressure. For all soils except fully

saturated soils tested under unconsolidated-undrained conditions, an in-
crease in confining pressure will result in a steeper stress-strain curve
and a higher strength, and the values of Ej; -and [01'03]u1t therefore
increases with increasing confining pressure. This»étress-dependency is
taken into.-account by using empirical equations to represent the variation
of Ej and [07-03],1¢ with confining pressure.
" The variation of E; with 03 is represented by an equation of the
fo]]owihg form,
[\ |

Ej = Kpy 5;’ _ [6]
The variation of E; with o3 corkesponding to this equation is shown in
'Fig.'3.11; The:parameter K in equation [6] is the modulus number, and n

is the modulus exponent. Both are dimensionless numbers. P5 is atmos-

pheric pressure, introduced into the equation to make conversion from one

system of units to another more convenient. The values of K and n are

66




Log (O3/8,)

VARIATION OF INITIAL TANGENT MODULUS
WITH CONFINING PRESSURE

67 o FIGURE 3.11




~the same for any system of units, and the units of Ej are the same as
the units of P,. To change from one system of units to another it is
only necessary to introduce the appropriate value of p, in equation
[61. . |

The variation of [o1-931,1¢ with 03 is accounted for as shown

in Fig. 3.12 by reiating [o]~03]u1t,to the compressive strength or
stress difference at fai1uré, [0]~Q3]f, and then using the Mohr-
Coulomb strength eQUationlto relate [91-93]¢ to 03. The values of
[071-03]y1t and [07-03]¢ are related by:

[o9-031f = ReLo1=03]y1¢ [7]
in which R is the failure ratio. Because [07-03]¢ is always smaller
than [07-031,1¢> the value of R¢ is always smaller than}unity, and
varies from 0.5 to 0.9 for most soils.

The variation of [01—63]f with 03vis represented by the familar
Mohr-Couloub strength relationship, which can be expressed as follows:

2c cos¢ + 203$1n¢
[O9-931f = ——v—gmy [e]

in which ¢ and ¢ are the cdhesion intercept and the friction angle, as
shown in Fig. 3.12

- Summary of Hyperbolic Parameters. In all, nine parameters are em-

pioyed in the hyperbO]it'stress—strain relationships for soils used in the
fhe~ana1yses. VThege parameters and their functions within the
relationships, are 1isted in Table 3.1.

The hyperbolic ﬁelatiGhShibs outlined previously have proven quite
useful for a wide variety of practical broblems for the following rea-
sons:

[11 The pafaméter values can be determined from the results of

conventional triaxial compression tests.

68




$In

¢ NIS = |

$NISE0Z + ¢ S07 02

HINSSTEd ONINIANOD HIIM HIONTELIS 40 NOIIVIVVA

(£0-10) ¥y = }(Ep-lgy

z &anUn.va

FIGURE 3.12

69




TABLE 3.1 SUMMARY OF THE HYPERBOLIC PARAMETERS

Parameter _NAME ~ FUNCTION _
Ky Kyr . Modulus number : A
_ Relate Ej and E . to og
n Modulus exponent
c B Cohesion intercept
- Relate [0]-03] to o,
d,0¢ Frjctjon angle parameters |-
R - Failure ratio Relates [oy-03],1¢ tO [o]~63]
Ky Bulk modulus number ' Value of B/P, at o3 = P,
m Bulk modulus exponent Change in B/P3 for ten-fold
increase in o4 '
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[2] The same relationships can be used for effective stress analyses

[using data from drained tests] and total stress analyses Lusing
data from unconsolidated-undrained testsl.

[3] Values of the parameters have been calculated for many different

types of soils and this information can be used to estimate
'reasonab]erva1ués of the parameters in cases where the available
data are 1nsufficient to define the parameters for all of the
soils involved in a particular prob1em.: The information is also
quite useful for assessing the reliability of parameter values
derived from 1aboratory test results.

In order to model the field behavior of soils around the culvert
accurately, the above described hyperbolic stress-stfain models were used
in the finite element analyses. The triaxial stress-strain testvdata were
reduced as shown in Figs. 3.13 - 3.15 and the hyperbolic model parameteré
for the backfill.and foundation soils were obtained. The hyperbo]ic para-
meters used in this study are summarized in Tgb]e 3.2.

3.1.3 Soil Properties Used in the Analyses With No-Slip and Full-Slip

Interface conditions.

In order to study the effects of Culvert-Soil interface on the re-
sults obtained by the Finite Element Analyses, two separate analyses were .-
performed, in which one is with a_no—s]ip interface and the other with a
full-slip interface. To simulate the worst compaction condition the‘bﬁck—
fi11 at this site would ever experience, soil properties that afe more
conservative than that of Soil 3, were used in these analyses.

3.2 Structural Properties

* The RC box culvert was modeled as a series of beam elements, connect-

ed at common nodes, in the finite element analyses. The geometry and the
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Table 3.2 SOIL PROPERTIES USED IN
 FINITE ELEMENT ANALYSIS
Soil 1 Soil 2 Soil 3
PROPERTY 95% Ypax 100% ¥ pax 95% Ymax
Dry of Opt.v | Wet of Opt.
Dry Unit Wt., v, [kef] B 0.110 0.116 0.110
Moisture COntent,w [%] 3.6 ' 7.9 13.0
Moist Unit W,y [kcfl 0.114 0.125 0.125
Modulus Number, K- 400 350 50
Modulus Exponent,-n‘ 0.3 0.5 0.2
Failure Ratio, Rf 0.6 0.6 v0.6
Bulk Modulus No., Kb 75 125 40
Bulk Modulus Exponent, m 0.2 . 0.2 0.2
Ang]erof Friction, ¢ 42.8 40.5 34.8
Reduction in Angle, ¢ 7 7 5
Cohesion, ¢ 0 0 0
0.5 0.5 0.5

Earth Pressure Coef., K,
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sectional properties of the culvert used in the analyses are discussed in

the sections below.

3.2.1 Geometry of the Culvert

The culvert analyzed in this study is a Reinforced Concrete Box Cul-
vert and a cross-section is sﬁown fh Fig. 3.16. The side walls have a
thickness of 8 inches and the bottom and top slabs have a thickness of 7
inches; Longitudinal ahd Transverse Steel are present in the concrete
sections for reinforcement.

3.2.2 Sectional Properties Used in the Analyses -

-The culvert was represented by a series of beam elements, as shown in

- Fig. 3.16, in the analyses. The cross-sectional properties for the plane

strain analyses were calculated by transforming areas of steel into con-
crete and the sectional properties used in the analyses are summarized in

Table 3.3.

3.2.3 Soil-Structure Interface Properties

In order.to allow for the effects of slip at the culvert-soil inter-
face, special interface elements shown in Fig. 3.17 were employed in the
ahalySes. The shear sprihg COnétaﬁt,can be defined a Tow va]ué for a
full-slip connection between the soii and the culvert. A high value for
the shear spring constant wif] yield é'no—s]ip,condition. Both types of

analyses were performed and the pkoperties used for the soil-structure

interface are given in Table 3.4.
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Table 3.3. STRUCTURAL PROPERTIES
USED IN THE ANALYSES

PROPERTY MATERIAL TYPE NO.

1 2 3 4
Young's Modulus, E [ksf] 519119.0 519119.0  519119.0  519119.0
Moment of Inertia, I [ft ] 0.0170 0.0172 0.0256 0.0253
“Cross Séctional Area, A [ft ] 0.601 0.612 0.700 0.689
Shear Ared, ASH [ft ] , 0.601 0.612 0.700 - 0.689
Weight Per Unit Length [kips/ft]l  0.0875 0.0875 0. 100 0.100
C > Top [ft] : 0.287 0.289 0.336 0.333
C - Bottom [ft] ' 0.297 0.294 0.331 0.333
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Table 3.4. INTERFACE ELEMENT PROPERTIES
USED IN ANALYSES

PROPERTY Ful1-Slip Condition No-STip Condition

[Low Spring Constants] [High S-ﬁririg"Con-St~ahtéj’

CMATERIAL NO. o o s 1D S : 2

 Adnesion, C S 0 0 0

Wall Friction Angle; ¢ 6.0  32.0 36.0 32.0
Reduction in Angle, 46 5.0 4.0 5.0 4.0
Normal Spring Coeff. © 10a06 1.0x106 1.0x106 1.0x106
Shear Spring Coeff. 00 .00 1.0x107  1.0x107
Unioiding Shear Spring Coeff. 1.0 1.00  1.0x107  1.0x107
Modulus Exponent, n- 0,40 0.25 0.40 0.25
Faildre Ratio, Ry 070 0.70 0.70 0.70

3% 3




CHAPTER 4

FINITE ELEMENT ANALYSES

4.1 Introduction

The finite element analysis program SSTIPN was used to analyze the
‘behavior of the reinforced concrete box culvert during backfill placement
around and over the structure. Through this analysis, earth pressures,
bending moments, stresses, strains, and deflections in the culvert were
determined. -

The full finite element mesh for this study is shown in Fig. 4.1.
Due to symmetry of éonstruction, only ha]f'of the mesh was used fbr the
backfilling analysis as shown in Fig. 4.2. This was done in order to re-
duce the computing time required for the finite element analyses. How-
ever, the program SSTIPN has the capability of analyzing unsymmetrical
cases.

4.2 Behavior of the Culvert Under Backfill Loads

4,2.1 Earth Pressures

The pressures exerted on the culvert were detemined djrecf]y from the
results of the finite element program. The variation of éarth pressure
with depth of fill was plotted for seven locations on the perimeter of the
culvert which correspond to the placement of pressure cells on the 8' x 8!
RC box culvert to be instrumented in a related study.

In order to study the influence of the soil-culvert interface on the
results, separate analyses were performed, with fu]i—s]ip and no-slip in-
terfaces. The full-slip condition provides no résistance to slippage
along the wall of the culvert. This is represented in the analyses by
assigning small values for the sﬁear spring constant and for the unloading

shear spring constant. The components of an interface element in the

full-slip condition are shown in Fig. 4.3a. The no-slip condition is
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modeled by rigidly attaching the soil elements, around the perimeter of
the culvert, to the structural beam elements. In this manner, no slippage
is allowed. This is shown in Fig. 4.3b.

The effects of full-slip and no-slip conditiqns on calculated earth
pressures are shown in Figs. 4.4 - 4.16, for the seven'pressure cell
locations.

Pressure cell P-1 is located near the bottom of the culvert on the
vertical wall. The variation of earth pressures with depth of fill for
this pressure cell is shown in Fig. 4.4. The calculated earth preséures
increase linearly with depth of fill and the results for full-slip and
no-slip conditions are very similar.

The variation of earth pressures with depth of fill for pressure cell
P-2 is shown in Fig. 4.5. Pressure cell P-2 is located approximately 3.5
feet above the bottom of the culvert on the vertical wall. The earth
pressures produced by the full-slip condition are slightly greater than
those from the no-slip condition.

Pressure cell P-3 is located 5.3 feet above the bottom of the culvert
on the vertical wall. The earth pressures produced during the incremental
backfilling operations are shown in Fig. 4.6. Again, the earth pressures
calculated using the full-slip assumption are slightly greater than that
calculated with the no-slip assumption.

The variation of earth pressures with depth of fill for pressure cell
P-4 is given in Fig. 4.7. The pressures increase linearly with depth of
fill, with the full-slip condition producing slightly greater pressures on
the culvert.

Pressure cell P-5 is located at the midspan of the top slab. The

calculated earth pressures for this pressure cell are shown in Fig. 4.8.
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The pressures increase linearly with depth of fi]],rand the results are
almost identical for the no-slip and fu]l?slip conditions.

The variation of earth pressures with depth of fill for pressure cell
P-6 is shown in Fig. 4.9. Pressure cell P-6 is also located on the top
slab of the culvert, approximately 1.75 feet from the center. These re-
sults are almost identica1 to those for pressure cell P-5,

Finally, pressure cell P-7 is located 3.0 feet from the center of the
culvert on the top slab. The variation of earth pressure with depth of
fill for this cell is shown in Fig. 4.10. The pressures increase linearly
with depth of fill, and are slightly greater than those given by pressure
cells P-5 and P-6. The resﬁ]ts for full-slip and no-slip conditions are
identical.

The earth pressures'shown in these figures for the full-slip and no-
slip conditions show little difference and therefore the rest of the anal-
yses were performed using the no-slip condition 6n1y. It should be noted
that in the no-slip analyses, the special soi]—structgre interface element
can be omitted and an appreciable reduction in computing costs can be
achieved. Three different soils were used for the backfill material and a
number of.ana1yses on the behavior of the culvert were made to stﬁdy the
effects of soil compaction conditions on earth pressﬁres, moments, stress-
es, strains, and deflections. The properties of the Soils 1, 2, and 3
were given in Chapter 3. |

The variation of earth pressure with depth of fill for pressure cell
P-1 is shown in Fig. 4.11. Soil 1 exerts the least pressure, while Soil 3
exerts the greatest pressure on the culvert. in all cases, the pressure
increases linearly with depth of fill. It should be noted that Soil 1 is

compacted on the dry side of optimum water content at 95% standard AASHTO
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maximum dry density, Soil 2 is compacted at 100% maximum dry density, and
Sof] 3 is compacted on the wet side of optimum at 95% maximum dry densi-
ty.

For pressure cell P-2, the earth pressures are given in Fig. 4.12.
Soil 3 exhibits the most critical behavior during backfilling.

The variation of earth pressures with depth of fill for pressure cell
P-3 is given in Fig. 4.13. The pressures increase linéarly With depth of
fill after some backfilling.

For pressure cell P-4, the earth pressures are given in Fig. 4.14.

Soil.1 exerts very low pressures at this point due to the stiffness of the

soil. Soil 3 exerts very high pressures.. _

For pressure cells P-5, P-6, and P-7, 1ocated on the top slab, the
variations in earth pressure With depth of fill are almost identical.
These are shown in Figs. 4.15 - 4,17, In all cases, the earth pressures
increase linearly with depth of backfill.

The distribution of earth pressures around the culvert with the back-
fill level at the crown of the culvert is shown in Fig. 4.18. A compar-
ison is shown for no-slip and full-slip conditions. The difference is |

small except along the bottom of the culvert, where slip and soil movement

- produce a difference in the results. For a cover depth of 8 ft over the

crown of the culvert, the distribution of earth pressures around the cul-
vert is shown in Fig. 4.19. As before, there is a significant difference
along the bottom of the culvert where the full-slip condition permits soil
movement along the sides of the culvert.

The earth pressure distributions for the three soils with the back-
£i11 level at the crown are shown in Fig. 4.20. The difference in soil

quality affects primarily the pressures on the walls of the culvert, with
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Soil 3 exerting the greétesf pressure.

For a depth of fill 8 ft above the crown of the culvert, the earth
pressure distributions for the three types of backfill are shown in Fig.
4.21. The difference in pressures is small along the horizontal portions
of the culvert. However, along the wall of the culvert there is a signif-
icant difference in the calculated earth pressures due to varying shear
stresses along the vertical planes that form the prism of soil mass above
the culvert. Soil 1, which is compacted on the dry side of optimum, en-
courageé arching considerably due to its high stiffness and shearing
resistanée and therefore exérts the lowest earth pressures.

4.4.2 Moments

The moments developed -in the étructura] elements were also determined
using the finite element analyses. The data on the calculated moments at
critical sections around the culvert were.reduced from the computer out-
put. The critica1.sectionsAof the culvert are the corners and midspan
sections of the box culvert. At these points, the moments reached their
local maximum\values. |

A comparison of the effects of no-slip and full-slip conditions on

the maximum moments are éhown in Figs. 4.22 - 4.26. The soil-structure

interface effects are slightly more pronounced in the bending moments than

they were with earth pressures. In these bending moments, positive values
cause tensile stresses on the inside of the culvert. The variation of
bending moment with depth of fill for the midspan of the bottom slab is
shown in Fig. 4.22. For the no-slip condition the moments increase with
added layersrof backfi]]. However, the full-slip condition exhibits a
negative moment when the height of fill equals the crown height. This is

due to the fact that the full-slip condition permits no downward shear
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force on the culvert from the soil while the depth of fill is below the
crown height of the culvert. The only forces exerted on the vertical
walls are normal pressures which cause an inward deflection of the verti-
cal wall, inducing a negatiVe moment in the bottom slab. This is overcome
as soon as the first layer of soil is added above the crown of the cul-
vert.

The variation of moment with depth of fill for the bottom corner of
‘the culvert is given in Fig. 4.23. As expected,.the moments are negative
throughout fhe backfill process. Also, the no-slip condition is more
.critica1 due to the doanard force applied to.the sides of the culvért
during the backfilling operations. For the midspan of the vertical wall,
the variation in moments with backfill depth is given in Fig. 4.24. The
moments are positive throughout the process as expected. Also, the full-
slip condition is more critical here due to wedging of the soil along the
sides of the culvert resulting in higher lateral earth pressures as the
backfill level increases.

The variation of moments with depth of fill for the upper corner of-
the culvert is presented in Fig. 4.25. This section of the culvert exhib-
its negative moments throughout the process. There is very little differ-
ence between the full-slip and no-slip conditions for this section.

The variation in moments with depth of fill for the midspan of the
top slab is given in Fig. 4.26. The moments are initially negative due to
the inward forces on the sides of the culvert and the induced outward de-
flection of the top slab. The moments become positive as the depth of
fill exceeds the crown of the culvert. There is very little difference
between the full-slip and no-siip conditions. However, the full-slip con-

dition produces somewhat larger negative moments due to larger lateral
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pressures on the culvert.

The effects of backfill properties on calculated moments at critical
sections of the box culvert are shown in Figs. 4.27-4.31. These analyses
were done using the no-slip condition. As before, a positive moment pro-
dyces tension on the inside of the culvert.

The variation of moments with depth of fill for the midspan section
of the bottom slab is presented in Fig. 4.27. The results for the three
soils are practically identical. As expected, moments are positive
through the who]e process.

The calculated moments in the bottom corner of the culvert are given
in Fig. 4.28. The moments are negative throughout the process. Also,
Soil 3 exhibits the most critical behavior, wheras Soil 1 is the least
critical. Thfs is due to the desirable properties of Soil 1 andvundesir-
able strength and modulus properties of Soil 3.

The variation of moments with depth of fill for the midspan section
of the vertical wall is given in Fig. 4.29. This section shows interest-
ing results. The difference in moments predicted by the finite element
analyses and shown in Fig. 4.29 is the product of primarily two para-
meters; the differences between soil properties, and the no-slip sqi]—
struéture interface condition used in the analyses.

First of all, the Tateral pressures exerted on the sides of the cul-
vert vary greatly with soil stiffness as shown in 4.20. Soil 1 is the
stiffest of the three soils, and therefore exerts the least lateral earth
pressure. Furthermore, the no-slip condition used for the analyses trans-
mits the backfill weight to fhe culvert and this becomes significant as
the Tevel of backfill increases. This vertical component of the backfill

load induces a small inward deflection of the bottom slab, and an outward
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deflection at the midspan of the vertical wall of the culvert, as shown in
Fig. 4.32a. This outward deflection causes the negative moment shown in
Fig. 4.29. As the height of fill becomes larger, the vertical force in-
creases, causing a larger negative moment at the mid-section of the verti-
cal wall.

This is not the case for Soils 2 and 3, however. These soils are not
as stiff as Soil 1 and therefore the lateral pressures exerted by these
soils are greater than that for Soil 1. Due to the larger lateral pres-
| sures, inflection poiﬁts develop in the wall of fhe culvert, as shown in
Fig. 4.32b, and in the moment distributien diagrams shown in Figs. 4.33
and 4.34. This would account for the negative moments at the corners and
the positive moments at the midspan for the softer soils.

It should be noted that the deflections mentioned are very small,

The illustrations of deflected shapes in Fig. 4.32 are somewhat exagger-
ated in magnitude.

The variationrof moments with depth of fill for the upper corner of
the culvert is shown in Fig. 4.30. The three soils show little differ-
ence, with Soil 1 being the least critical and Soil 3 the most critical.

For the midspan of the top slab, the moments are shown in Fig. 4,31.
There is very little difference between the results of the three soils.
A11 soils exhibit small moments until the depth of fill exceeds the crown
level of the culvert. Here, all soils show positive moments increasing
with depth of fill.

The moment distribution around the structure for a depth of fill
equal to the crown height of the culvert is shown in Fig. 4.33. The com-

parison of the results obtained for the full-slip and no-stip conditions
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indicates that the full-slip condition is much more critical on the sides
of the box culvert, while the no-slip condition is much more critical on
the bottom of the culvert. This is due to the large downward force exert-
ed with the no-slip condition, and greater lateral pressures with the
full-slip condition, respectively.

For a backfill height of 8 ft above the crown of the culvert, Fig.
4.34 shows the moment distribution around the structure. Along the bottom
of the culvert the no-slip condition produces the larger moments, while
along the side, the full-slip condition exhibits the larger moments.

Along the top slab, the results are almost identical.

For the comparison of effects due to varying backfi]] properties,
Fig. 4.35 shows the moment distribution with a depth of fill level with
the crown of the culvert. Soils 2 and 3 show inflection points on the
vertical walls indicating a change in the sign of the moment. This sup-
ports the results given in Fig. 4.29. Moments for Soil 1 are negative
along the entire vertical wall.

The moment distribution for a backfill height of 8 ft above the crown
of the culvert is shown in Fig. 4.36. Along the top and bottom slabs,
results of the three soils are almost identical. The vertical wall shows
the largest differences, with Soil 1 exhibiting negative moments all along
Vthe wall for the reasons explained in detail previously.

4,2.3 Stresses and Strains

Stresses on the inside and outside of the culvert were calculated for
sections where strain measurements will become available from the field
observations.

The predicted fiber stress on the inside of the culvert for the mid-

span of the top slab is shown in Fig. 4.37. As the backfill is added,
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the inside fibers are subjected to compressive [positive] stresses due to
the deflections of the top slab. However, as the fill height exceeds the
crown height of the culvert, the stresses become tensile [negative] and
increase in magnitude almost linearly as further backfill is placed over
the structure. The outside fiber stresses for this section of the culvert
are shown in Fig. 4.38. The stresses are tensile during the initial
stages and become compressive a§ the backfill rises above the crown of the
culvert. In both cases shown in Figs. 4.37 and 4.38, the no-slip condi-
tion is more critical than the full-slip condition.

The variation of inside fiber stress with depth of fill for the upper
corner of the box culvert is shown in Fig. 4.39. The stresses begin
slightly tensile, but soon become compressive as further backfill is
added. After the backfill height exceeds the crown height, the stresses
increase linearly with the depth of fill.

The outside fiber stresses for the upper corner are shown in Fig.
4.40. The stresses start slightly compressive, but become tensile as the
depth of fill increases.

In both cases shown in Figs. 4.39 and 4.40, the full-slip condition
produces the most critical results. The deflections produced during back-
filling for the full-slip condition are much more critical on the corners
of the culvert. However, the no-slip condition produces more critical
deflections at the midspan of the top slab, which explains the results
shown previously in Figs. 4.37 and 4.38.

The effects of backfill properties on the fiber stresses are shown in
Figs. 4.41-4.44. The variation of inside fiber stress of the midspan
section of the top slab with depth of fill is shown in Fig. 4.41. The

results are very similar after the backfill height exceeds the crown of
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the culvert. However, due to different soil stiffnesses, there is a sig-
nificant difference in fiber stress at a fill height equal to the crown
height.

The variation of outside fiber stress at the same section is shown in
Fig. 4.42. These results are very similar to those shown in Fig. 4.41,
but compressive instead of tensile. Soil 1 shows a slightly more critical
condition, with the results of Soils 2 and 3 being almost identical. A1l
three soils exhibit a linear increase in stress after the backfill soil
exceeds tﬁe crown height of the éu]vert.

The variation of inside fiber stress at the upper corner of the cul-
vert with depth of fill is shown in Fig. 4.43. There is a signiffcant
difference between the results of Soil 1 and the results of Soils 2 and 3.
Soil 1 produces the largest negative [tensile] stress, while Soils 2 and 3
produce large compressive stresses.

The outside fiber stresses at the same section are shown in Fig.
4.44. The results are very similar to those shown in Fig. 4.43.

By assuming é_]inear stress distribution in the reinforced concrete
Section, the fiber stresses at the inside and outside fibers were used to
compute the stress in the reinforcing steel at the points where the strain
gages are attached. Using the modulus of e]aSticity of the reinforcing
steel, the strain was predicted for each of the two strain gages.

The variafions of strain with depth of fill for the full-slip and no-
slip éonditions are given for each of the two strain gages in Figs. 4.45
and 4.46. Theée figures show very little difference as a result of vari-
ation in interface properties.

The strain predictions for the strain gage located at the midspan of

the top slab are presented in Fig. 4.45. There is a slight compressive
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strain until the backfill reaches the crown height. Subsequent to this,
the strains become tensile and increase in magnitude with depth of fill.
The no-slip and full-slip results are very close, with the no-slip condi-
tion producing slightly higher tensile strains at maximum depth of fill,

The calculated strains for the strafn gage located in the upper cor-
ner of the culvert are given in Fig. 4.46. The strdins are primarily ten-
sile, increasing linearly with depth of fill after the fill height exceeds
the crown height. At this point, the full-slip condition exhibits the
most critical condition. :

The effects of varying soil conditions on calculated strains are
shown in Figs. 4.47 and 4.48. For the midspan section of the top slab,
Fig. 4.47 indicates that Soil 1 produces strains slightly higher than that
for Soils 2 and 3, with the major difference between the soils occuring at
- fi11 heights Tless than the crown height. In this region Soil 1 exhibits
tensile strains whéreas Soils 2 and 3 indicate small compressive strains.
These effécté are produced by the varying stiffness of the soils and the
associated relative deflections in the structural sections.

4.2.4 Deflections

Crown def]eétidns were also compiited as part of the finite element
analyses. The variation in crown deflection with the depth of fill for
the no-slip and full-slip conditions is given in Fig. 4.49. The no-slip
condition shows larger values for deflection due to larger shear stresses
on the sides of the culvert.

The effects of soil propertiés on crown deflection are shown in Fig.
4.50. S6i1 3 is relatively wet and therefore exhibits Targer deflections

due to its lower modulus than the other two soils.

138




COMPRESSION REGION

TENSILE REGION
STRAIN (107%1IN./IN.)

6 IN./IN.)

STRAIN (10

50

40

30

20

10

10

20

30
40

50

60

70

80

90

100

- SOIL 3
L +H
ELEMENT 21

B ﬁ SOIL 1
- H

_ ‘ SOIL 2

t 1 § 1 ] 1 1
-10 -8 -6 -4 -2 0 2 4 6 8

DEPTH OF FILL (FT)

VARIATION OF STRAIN WITH DEPTH
OF FILL STRAIN GAGE SG-1, ELEMENT 21

139

FIGURE 4.47




COMPRESSION REGION

TENSILE REGION
STRAIN (107% IN./IN.)

STRAIN (1078 IN./IN.)

50 —T7T

40

ior

20
30F

aor

60 -
70

80

100 L

1 1 1 L1 1 L 1

SOIL 2—

SOIL 3
—ELEMENT 14

10 -8

6 -4 -2 0 2 4 6 8 10

DEPTH OF FILL (FT)

VARIATION OF STRAIN WITH DEPTH OF
FILL STRAIN GAGE SG-2, ELEMENT 14

140

FIGURE 4.48




CROWN DEFLECTION (FT)

0.12

0.08

0.06

0.04

0.02

NO SLIP

+H

FULL SLIP =

DEPTH OF FILL (FT)

VARIATION OF CROWN DEFLECTION WITH
DEPTH OF FILL

FIGURE 4.49








 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (6.30 657.00) Right top (26.10 724.50) points
      

        
     0
     6.3001 656.9985 26.1003 724.4992 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     158
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (2.70 38.69) Right top (12.60 744.30) points
      

        
     0
     2.7 38.6919 12.6001 744.2994 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     158
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (424.80 718.20) Right top (564.31 769.50) points
      

        
     0
     424.8045 718.1992 564.306 769.4997 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     158
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 6.30, 444.60 Width 20.70 Height 85.50 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     6.3001 444.5963 20.7002 85.5009 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     158
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 0.98, -2.62 Width 790.37 Height 27.49 points
     Mask co-ordinates: Horizontal, vertical offset -1.96, -1.64 Width 22.58 Height 612.66 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     0.9818 -2.624 790.371 27.4912 -1.9637 -1.6422 22.582 612.6603 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     33
     158
     33
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset -0.98, -3.61 Width 793.32 Height 33.38 points
     Mask co-ordinates: Horizontal, vertical offset -2.95, 20.94 Width 10.80 Height 523.31 points
     Origin: bottom left
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     -0.9818 -3.6058 793.3165 33.3821 -2.9455 20.9399 10.8001 523.314 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     69
     158
     69
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 88 to page 88
     Mask co-ordinates: Left bottom (482.30 578.09) Right top (519.60 613.44) points
      

        
     0
     482.2954 578.0942 519.6049 613.44 
            
                
         88
         SubDoc
         88
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     87
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 88 to page 88
     Mask co-ordinates: Left bottom (759.17 594.79) Right top (787.64 615.40) points
      

        
     0
     759.1707 594.7853 787.6437 615.4037 
            
                
         88
         SubDoc
         88
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     87
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 89 to page 89
     Mask co-ordinates: Left bottom (8.64 264.43) Right top (19.44 587.45) points
      

        
     0
     8.64 264.4329 19.4401 587.4542 
            
                
         89
         SubDoc
         89
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     88
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 89 to page 89
     Mask co-ordinates: Left bottom (46.93 23.89) Right top (54.79 103.41) points
      

        
     0
     46.9313 23.8852 54.7859 103.4133 
            
                
         89
         SubDoc
         89
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     88
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 89 to page 89
     Mask co-ordinates: Left bottom (751.88 303.71) Right top (785.27 576.65) points
      

        
     0
     751.8833 303.706 785.2654 576.6541 
            
                
         89
         SubDoc
         89
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     88
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 89 to page 89
     Mask co-ordinates: Left bottom (7.66 576.65) Right top (799.99 623.78) points
      

        
     0
     7.6582 576.6541 799.9929 623.7817 
            
                
         89
         SubDoc
         89
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     88
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 88 to page 88
     Mask co-ordinates: Left bottom (2.18 0.78) Right top (793.53 41.03) points
      

        
     0
     2.1818 0.7797 793.5347 41.0346 
            
                
         88
         SubDoc
         88
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     87
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 90 to page 90
     Mask co-ordinates: Left bottom (1.96 1.30) Right top (790.37 43.52) points
      

        
     0
     1.9637 1.3033 790.371 43.5219 
            
                
         90
         SubDoc
         90
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     87
     158
     89
     1
      

   1
  

 HistoryList_V1
 qi2base



