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ABSTRACT 

The results of a study to evaluate the behavior of a flexible 

culvert with the inclusion of a geofabric above the culvert are 

presented. In the soil-fabric-culvert system the geofabric becomes an 

interactive stress-carrying component of the system. Insight into the 

phenomenon of the stress-attenuation due to the inclusion of a semi-

mechanical reinforcement, like geofabric, is also obtained from this 

research. 

The numerical technique of the finite element method is used 

for the analysis of the soil-fabric-culvert system. In the finite 

element model, two-dimensional triangular and quadrilateral elements 

having nonlinear, stress-dependent material properties are used for 

representing the soil. Beam elements are used to model the culvert, 

no-compression bar elements are used for the fabric, and two-dimensional 

interface elements for the contact surfaces between the soil and fabric. 

Incremental construction sequence and approximate nonlinear geometry 

are adapted in the analysis. 

Because of the relatively recent usage of fabrics for 

engineering purposes, no information regarding their enployment as an 

inclusion in a soil-culvert system is available in the open literature. 

However, a review of the literature is conducted to bring out the 

current state of understanding of the behavior of soil-culvert systems 

without the presence of a fabric. The classical design concepts which 

reflect the development of the design methodology for flexible culverts 

x 



are reviewed. The phenomenological concepts of soil-culvert inter

action, particularly those of arching in the soil above the culvert and 

buckling of the soil-surrounded culvert wall are discussed. 

The burial depths of D/2 and D are considered for the hori

zontal configuration of the fabric where D = diameter of culvert. A 

burial depth of 2D is considered for the inclined configuration of 

the fabric. The following surface concentrated loading conditions are 

considered for the horizontal configuration of the fabric. Loads of 10 

kip are placed symmetrically at S/D = 1/4, 1/2, 1, or 2 and 20 kip load 

at S/D = 0 (S = distance from vertical centerline of culvert). For 

the inclined configuration of the fabric above culvert, 50 kip surface 

concentrated loads are placed at S/D = 0, 1/4, and 1/2 simultaneously. 

This study shows that the fabric alters the stresses in the soil-fabric-

culvert system by two mechanisms: the fabric can carry part of the 

load in tension and/or it can distribute the load more uniformly over a 

wider area. Under most practical conditions, the inclusion of fabric 

causes a significant reduction in the magnitudes of the following 

culvert design parameters: maximum axial force, maximum moment, 

vertical crown deflection, and horizontal springline deflection. The. 

presence of fabric is more effective in attenuating the culvert design 

parameters for the location of surface loads within the horizontal 

projection of the culvert and for shallow depths of soil cover. 



CHAPTER 1 

INTRODUCTION 

In this chapter, the purpose of the proposed research and the 

methodology employed to achieve the desired results are discussed. 

Statement of the Problem 

Engineering fabrics, also termed as geofabrics, are new 

materials, introduced in the 1970's, for use in engineering applica

tions. The use of woven and nonwoven stabilizing fabrics as load-

carrying components in an engineering system, for the most part, is in 

the research stage. The purpose of this research is to study the in

fluence of the inclusion of woven or nonwoven stabilizing fabric placed 

above a buried culvert on the stresses acting on the culvert due to the 

application of surface concentrated loads. The influence of the 

presence of the fabric on the axial thrust, the moment, and the spring-

line and crown deflections in the culvert is also investigated. Hori- -

zontal and inclined configurations of the fabric at different burial 

depths are considered. This research provides an insight into the 

phenomenon of stress attenuation due to the inclusion of a semi-

mechanical reinforcement like engineering fabric in the soil-culvert 

system. 

This research finds direct applications in practical cases 

where shallow fill and relatively concentrated surface loads above 

buried culverts are encountered. Some examples of such cases are 

1 



culverts under unpaved roads, airport installations, and the application 

of heavy equipment loads during the initial stages of backfill compac

tion above culverts. The other class of problems in -which this research 

can be used is that in which additional loads, which are not accounted 

for in the original design of the culvert, need to be applied. Such 

problems arise in the rehabilitation of existing buried structures which 

have to be replaced or relocated due to the additional loads because of 

the construction of new highway structures or updating of the existing 

structures above them. In these cases, the use of the fabric serves as 

an "after the fact"'method of stress attenuation. 

Approach to the Problem 

For a problem of this nature, which includes a flexible membrane 

in the soil-culvert system, a closed form, mathematical solution is not 

conveniently possible. Therefore, use is made of the numerical tech

nique of the finite element method (FEM) to study the influence of the 

presence of the fabric in various configurations above the buried 

culvert. To achieve realistic results with the finite element method, 

i.e., results which agree with field measurements, it is necessary to 

take account of (1) the nonlinear and stress-dependent stress-strain 

behavior of the soil surrounding the culvert and (2) the sequence of 

construction operations in the problem analysis. The FEM computer code 

SSI, developed by Sogge (1974) for soil-retaining wall interaction 

problem, was modified and used for the present study. SSI has both the 

above features incorporated into it. 
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Since the purpose of the present research is to evaluate the 

effect of the inclusion of an engineering fabric on the soil-culvert 

system, a soil-fabric-culvert system is modeled with homogeneous soil 

around the culvert. The soil is modeled with two dimensional tri

angular and quadrilateral elements having the nonlinear and stress-

dependent material properties proposed by Duncan and Chang (1970) . The 

fabric is represented by no-conpression bar elements having linear 

elastic properties. The culvert is idealized as a series of inter

connected beat) elements where material behavior is approximated by a 

linear stress-strain relationship. The contact surfaces between the 

fabric and the soil are represented by interface elements developed by 

Goodman, Taylor, and Brekk? (1968). 

The results of this research based on the FEM analyses are 

presented in the form of nondimensional parameters. 



CHAPTER 2 

ENGINEERING FABRICS 

Engineering fabrics are currently being used in a variety of 

ways in engineering construction projects. Because of the rapidly 

advancing technology coupled with their increasing availability and 

their good performance in applications up to now, it is anticipated 

that the use of engineering fabrics in future for civil engineering 

projects will continue to grow rapidly. 

The engineering fabrics, which have been previously termed as 

plastic filter fabrics or plastic filter cloths are either woven or 

nonwoven. Typical specimens of woven and nonwoven fabrics are shown 

in Fig." 2.1. The former is woven from monofilament yarn to 

provide a uniform pattern with distinct and measurable openings. The 

nonwoven fabric is made from fibers spun in a continuous process to 

produce a random pattern and usually no distinct measurable openings. 

The nonwoven fabric is produced by heat bonding by the use of external 

adhesives or by needle punching. The synthetic or plastic fiber of 

both the woven and nonwoven fabric is either polypropylene, polyvinyli-

dene chloride, nylon, or polyester. 

The fabrics have been so far mainly used in geotechnical 

engineering as applied to highway engineering. The main applications 

of the fabrics in that field are: 

4 
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(a) Woven fabric 

(b) Nonwoven fabric 

Fig. 2.1. Fabric Specimens 



1. As a filter medium, e.g., for subsurface drainage. 

2. As an earth reinforcement, e.g., fabric-reinforced earth 

retaining walls. 

3. For erosion control. 

4. As waterproofing membranes. 

5. As base course support for low volume roads on soft subgrades. 

A brief description of each usage and the function of fabrics 

for that usage is given below. The use of fabrics for low volume roads 

on weaX subgrade soils has a direct bearing on the culvert problem being 

studied; therefore, the concepts underlying that use are described in 

more detail. 

Filter Medium 

As a filter medium, the woven fabric may replace the conven

tional graded filter. The filtration properties of the fabric allow 

the water to escape from a soil unit easily; at the :same time, the 

fabric retains the soil in place. The selection criteria for woven 

fabrics as a filter medium are well established and generally are easier 

to conply with than the design criteria for aggregate filters. The 

woven fabrics are more efficient filters because their filtration 

properties are "built in" at the factory. However, the selection 

criteria for nonwoven fabric filters are not yet well established. 

Earth Reinforcement 

The concept of earth reinforcement is the use of fabric to in

crease the overall strength of a soil mass. Fabric has been used in the 
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construction of retaining walls, in which the horizontal layers of 

fabric placed in an earth fill develop tensile stress through friction 

with the soil layers. Also the fabric has been used as earth rein

forcement for supporting earth fills on soft soil. The primary function 

of fabric in this case is earth strengthening. In this respect the 

fabric in the soil mass is analogous to steel reinforcing bars in a 

concrete mass. 

Erosion Control 

For erosion control the fabric is used to: (1) prevent move

ment of surface soils, (2) remove soil from water on the earth's surface, 

and (3) promote soil-protecting growth. In these cases the primary 

function of the fabric is to prevent the surface soil movement. 

Waterproofing 

The purpose of the fabric in this application is to hold 

sufficient asphalt or other relatively impermeable material within the 

fabric in order to provide a composite, flexible sheet that is water

proof and possesses tensile strength. The primary functions of the 

fabric are to hold the waterproof substance and to impart tensile 

strength. 

Low Volume Roads on Weak Soils 

For weak subgrades with a CBR less than or equal to 2 or 3, 

the supporting strength of the subgrade can be inproved by placing the 

fabric on the subgrade before the placement of base aggregate. The 

inclusion of the fabric also helps in improving the load distribution 
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of the applied load through the base aggregate. It should, however, be 

noted that the fabric serves a useful purpose only if the soil is 

stressed under the applied load to the levels at which the soil would 

fail or rut without the fabric. 

Figure 2.2 shows the aggregate-fabric-soil system under the 

action of traffic wheel load. The basic mechanisms, by which the 

presence of the fabric in soil-aggregate system affects the behavior and 

performance of this system are given below. 

Confinement and Reinforcement of 
Aggregate Layer 

The aggregate layer, which consists of granular materials, has 

no tensile strength; therefore, any applied load is transferred to the 

subgrade through shear only. When a layer of aggregate supported by a 

soft subgrade is subjected to an applied load, the load distribution 

effectiveness of the aggregate layer is dependent upon the shear 

stresses which develop at the interface between the aggregate layer and 

the subgrade. The introduction of the fabric between the aggregate 

layer and the subgrade reduces the horizontal strain at the interface, 

i.e., the shear strength at the interface is effectively increased. 

This increase of shear strength at the interface results in a more 

effective distribution of load through the aggregate layer, i.e., the 

applied surface load is distributed over a larger area and imposes a 

lower unit stress on the soft subgrade. It is considered that the 

fabric in this system serves much the same function as the reinforcing 

steel does in concrete. 
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TRAFFIC 

AGGREGATE 

MIRAFI 140 

SUBSOIL 

Fig. 2.2. Aggregate-Fabric-Soil System — From "PM-6 Constructing 
Access Roads with MIRAFI 140 Fabric" (1976, p. 2). 



Confinement of Subgrade Soils 

When subgrade soils fail in shear due to applied loads, a slip 

plane forms as shown in Fig. 2.3. The consequent deformation pattern, 

which results due to the slippage of soil mass III along this plane is 

shown in Fig. 2.4. An aggregate layer placed on top of the soil tends 

to distribute the load and thus increase the load bearing capacity of 

the system. Inclusion of the fabric in the soil-aggregate system tends 

to confine the soil as shown in Fig. 2.5. The tensile forces in the 

fabric, both under the load and away from the loaded area, tend to 

restrain upheaval of the soil mass contained within the slip planes; 

they thereby increase the load bearing capacity of the soil. 

Theoretically, this mechanism can be explained by considering 

the bearing capacity problem of a footing. Depending upon the shape of 

the load-settlement curve, Terzaghi (1943) divided bearing capacity 

failure in soils into two cases, namely, the local shear case and the 

general shear case. For the general shear case, the bearing capacity 

failure of soil normally occurs by failure of the entire soil mass under 

and adjacent to the footing. For local shear case, the bearing capacity 

failure of soil occurs by punching or rutting of the soil under the 

footing in a very local area and failure may not extend to the surface. 

In general for loose sands and soft clays, the bearing capacity failure 

case is that of local shear; for dense sands and stiff clays, it is 

that of general shear. Bearing capacity^based on a general shear 

failure case is greater than that for local shear failure case. 

The ultimate bearing capacity, q^, of "infinitely" long footings 

(L/B > 10), L being the length of footing, at or below the surface of 



Aggregate  

Soi l  

Fig. 2.3. Deformation of a Loaded Soil-Aggregate System Before Shear 
Failure 

a> 

Fig. 2.4. Deformation of a Loaded Soil-Aggregate System After Shear 
Failure 
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Fig. 2.5. Deformation of a Loaded Aggregate-Fabric-Soil System — From Bender and Barenberg 
(1978, p. 30). 
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of the soil (d^ <_ B) conforming to general shear is: 

qu = c(Nc; + YjBfjNy) + Y2df(Nq) (2. i) 

in which y^ is the effective unit weight of the soil beneath the 

footing, B is the footing width, c is the soil cohesion, d_^ is the 

depth of footing below the surface of soil, and y^ is the effective 

unit weight of the soil above the footing base. The coefficients N , 
e 

Ny, and are dimensionless bearing capacity factors that depend only 

on <(>, the friction angle of soil, and on the shape of the failure 

surface as assumed by different investigators. These bearing capacity 

coefficients are reduced for the local shear case. 

For a footing resting on the ground surface and loaded rapidly 

to failure, without drainage, <j> = 0 and Eq. 2.1 becomes 

q = c N (2.2) 
u c 

The bearing capacity of the soil under this rapid condition of 

loading depends only on N and the undrained shear strength of the 
c 

soil, which is equal to c. The value of for (J) = 0 varies from 5.4 

to 5.9 for the general shear case depending upon the assumed shape of 

failure surface and is 3.8 for the local shear case. 

The rapid loading of fully saturated soft clay subgrades by 

wheel loads corresponds to this so-called "undrained condition." From 

laboratory model studies using aggregate and fabric over soft soils, 

Barenberg, Dowland, and Hales (1975) concluded that the maximum stress 

on a soft soil under repeated loading could be predicted from Eq. 2.2, 

using the undrained shear strength of soil for c and values for N of 
c 



6.0 for the case of fabric and 3.3 for the case of no fabric in the 

system. These values of maximum stress are of the same order of 

magnitude as those obtained for by Eq. 2.2 in the local shear 

analysis for footings. This leads to the conclusion that the influence 

of the presence of the fabric in the soil aggregate system is to alter 

the failure condition of subgrade soil from the local shear case to 

•that of the general shear case. 

Separation of Soil and 
Aggregate Layers 

Upon the application of load, the lower particles in the aggre

gate layer penetrate the soft subgrade soil and an intermixing occurs 

along the interface. This intermixing tends to reduce the thickness 

and, therefore, effectiveness of the aggregate layer. Thus, as a 

separation medium, the fabric acts as a physical barrier to prevent 

this intermixing of two dissimilar materials. 

Introduction of Filter Medium 

When a layer of aggregate material or a load is placed on a 

saturated soil, the soil mass tends to consolidate. If the water in the 

soil pores cannot escape, pore pressure builds up and the strength of 

soil is reduced. If a layer of fabric with small pore openings is 

placed between the aggregate layer and the soil, water from soil can 

escape into the coarser granular material. At the same time the fine 

soil particles are restricted from migrating into the voids of the 

granular material. 
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Engineering Properties of Fabrics 

As indicated previously, there are various engineering uses for 

fabrics. Consequently there is a need for a set of specifications for 

each of these uses. These specifications should be understandable and 

easily duplicated by the many testing and specifications agencies. 

A review of the available literature shows that there is a lack 

of information on the engineering properties of fabrics. In addition 

there are no well developed testing criteria available for the evalua

tion of fabrics as engineering material. The following is a summary of 

what exists at this time (1980) . 

Properties of Woven Fabrics 
as a Filter Medium 

The selection criterion for the woven fabrics as the filter 

medium is based on the engineering properties of equivalent opening size 

(EOS) and percent open area (POA). The equivalent opening size is 

defined as the number of the U.S. Standard Sieve having openings 

closest in size to the fabric openings. The percent open area is de

fined as the summation of the open areas divided by the total area of 

the fabric. (These properties are considered to fulfil the piping and 

permeability requirements of the filters.) Woven fabrics are available 

in the range of sizes between No. 100 and No. 30 sieves. The equivalent 

opening size and percent open area are determined with the .tests 

established by Corps of Engineers ("Sample Specifications for Engineer

ing Fabrics," 1978). The equivalent opening size and the percent open 

area for the woven fabric to be used as filter is based on the 

following. 
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1. Fabric adjacent to granular materials containing 50 percent 

or less by weight of fines (minus No. 200 material) 

a 85 percent size of soil ^ 
opening size of EOS sieve — ' 

b. POA not to exceed 36. 

2. Fabric adjacent to all other types of soil 

a. EOS no larger than the U*. iS. Standard Seive No. 70; 

b. POA not to exceed 10. 

3. To reduce the chance of clogging, no fabric should be used with 

POA less than four and an EOS smaller than the U. S. Standard 

Sieve No. 100. 

Strength and Elongation Properties 

The current strength and elongation tests employed for the 

fabric as an engineering material are the Oregon State University (OSU) 

ring test and strip, grab, and burst tests developed by the textile 

industry. The strip test and grab tests are performed with ASTM D-1682 

and the burst test is performed using ASTM D-751. The OSU ring test 

determines the fabric strength in pounds per inch of fabric and percent 

elongation at failure. In this test, the fabric is gripped in a 6-inch 

inside diameter outer ring grip and a 5-inch diameter center plunger 

(approximately 1/2 inch between the edges of inner and outer grips). The 

test is performed with the plunger travel rate of 12 inches per minute. 

The load and elongation at failure are based on the beginning length of 

the fabric between grips (radial length) and the final length at failure. 
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Steward, Williamson, and Mohney (1978) point out that the 

validity of these tests for fabrics that are used in construction where 

they are restrained in several directions from moving due to their 

burial in soil, has not yet been established. 

The high elongation measured when testing the engineering 

fabrics in the commonly used strip and grab tests may be misleading when 

applied to the fabrics confined in a soil mass. In the grab and strip 

tests, the individual fibers are restrained from moving only at the 

grips. Much of the elongation during these tests comes from the process 

of aligning the fibers prior to actually inducing large stresses in them. 

It has been found (Steward et al., 1978) that the woven fabrics made of 

essentially the same materials as nonwoven fabrics exhibit 10 to 30 

percent of the elongation at failure shown by the nonwoven fabrics. 

This is due to the fact that the fibers in the woven fabric are already 

aligned between the grips when the testing begins. 

When fabrics are buried in soil they are held tightly by the 

soil along their entire length. This prevents the large amounts of 

fiber realignment to occur during loading. It seems very probable that, 

under these conditions, the stress-strain relationship for nonwoven 

fabric might approach that of the individual fibers. 

There are various kinds of fabrics made with different types of 

synthetic fibers. Each can be ejected to have different physical 

properties. The availability of the various kinds of fabrics, coupled 

with the lack of standard testing procedures for determining their 

engineering properties, makes it difficult to select a representative 

value of E , the Young's modulus required for the finite element 
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analysis of the present study. Therefore, in this research it is 

3 5 
decided to use two values of E , .720 x 10 ksf and .720 x 10 ksf. 

fab 

These two values are not meant to represent upper and lower bound 

values, but they were used to show the relative influence of E _ , on 
fab 

the parameters being studied in this problem. 



CHAPTER 3 

LITERATURE REVIEW 

Since the problem under present study restricts itself to 

flexible culverts, this literature review is primarily directed toward 

the problem of flexible culverts. Therefore, unless otherwise noted, 

the term culvert in this and subsequent chapters refers to flexible 

culverts only. It is, however, pointed out that there is no information 

available in the open literature for soil-culvert behavior with the 

inclusion of a flexible membrane in the system. 

An understanding of the soil-culvert system behavior is re

flected in the development of the design methods. Therefore, tradi

tional and current methods for the design of flexible culverts are 

reviewed here. In this review, the main factors which pronpted the 

acceptance of the design method are also brought out. 

Phenomenological concepts of the soil-structure interaction for 

the culvert problem are also discussed. For example, phenomenon of 

arching in the soil above the culvert and the buckling of the culvert 

wall with the soil surrounding it are reviewed. These are typical 

features of the soil-structure interaction in the soil-culvert system. 

Flexible Culvert Design Methods 

The design methods for flexible culverts can be classified as 

traditional or modern. In traditional methods, the design of flexible 

culverts is based on purely empirical or semi-empirical lunped 

19 



20 

parameters. In modern methods, due consideration is given to the soil-

structure interaction and the load distribution on the culvert is 

determined in the course of the analysis of the soil-culvert system. 

It should be noted that the predominant source of the sup

porting strength of a flexible pipe is derived from the lateral 

pressures induced on the sides of the culvert as they move outward 

against the soil. The culvert itself has relatively little inherent 

bending strength and a large part of its ability to support vertical 

loads is derived from the lateral pressure of the soil at the sides of 

the culvert. The design methods included in these two broad categories 

of traditional and modern design methods are discussed below. 

Traditional Methods 

Gauge Tables. Some of the original design* criteria for 

flexible culverts are enpirical in nature and were established by means 

of observational study ("Culvert Load Determination/" 1926). Because 

Ay, the vertical deflection of the crown of a flexible pipe, varies 

directly as some power of the fill height, H, and the diameter, D, and 

inversely as the wall thickness, t, a formula expressing deflection 

was written in the form 

H
m

n
n 

Ay = k 2-2- . (3.1) 

tS 

To determine the values for exponents m, n, and s and the 

constant k, measurements were made on field installations of corrugated 

metal pipe of various diameters under different heights of fill . De

flection data reported by the American Railway Engineering Association 



("Culvert Load Determination," 1926) investigation were more useful in 

establishing the values of these factors. 

The maximum crown deflection before failure was investigated by 

inspecting numerous large diameter (> 6 feet) pipe installations. The 

average safe maximum deflection was determined to be 20 percent of the 

vertical diameter. The use of a conservative factor of safety of 4 

established the design deflection as 5 percent. Gauge tables based on 

this empirical equation and the use of a 5 percent deflection criterion 

were prepared. As more installations were studied, the equation was 

revised and the gauge tables were modified to reflect these changes. 

Data from two such editions of "experience tables" for corrugated 

steel pipe are presented in Fig. 3.1. 

There are three basic steps in the semi-empirical method of 

culvert design: 

1. Determine the magnitude of vertical loading on the culvert. 

2. Assume a loading distribution around the culvert. 

3. Select a suitable culvert thickness compatible with the 

determined loading. 

With regard to the first step in this design methodology, there 

were only vague theories for vertical loads, acting on culverts ("Hand

book of Drainage and Construction Products," 1958) until the work by 

Marston and Anderson (1913) on the conduit loadings. One such theory 

was that the load was equal to the weight of the earth directly over the 

structure and that it varied only with the height of cover. A second 

theory was that the arching action of the soil caused the load to be 
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less. A third theory was that, for various reasons, the load was 

greater. These theories are roughly illustrated in Fig. 3.2. 

None of these theories was correct because each failed to 

recognize the modifying factors such as installation conditions. It can 

be demonstrated by rational principles of mechanics that the load on a 

conduit is greatly influenced by the settlement of the soil directly 

over the conduit relative to the .settlement of the soil at the sides of 

the conduit. These settlements are in turn influenced by factors such 

as the settlement of the original ground line under and adjacent to the 

conduit, the type of bedding, compaction of the fill, and the deflection 

of the conduit. 

Mars ton-Spangler Method 

The vertical loads acting on the culvert in this method are 

determined by Marston's (1930) theory of loads on buried conduits. The 

basic concept of this theory is that the load due to the weight of the 

soil column above a buried conduit is modified by arching action in the 

soil by which a part of the soil weight is transferred to side prisms. 

The result is that, in some cases, the load on the culvert may be less 

than the weight of the overlying column of soil. In other cases, the 

load on the culvert may be increased by an inverted arching action by 

which the load is transferred to the soil over the culvert. The key to 

the direction of load transfer by arching action lies in the direction 

of relative movement between the overlying prisms of soil and the 

adjacent side prisms. 
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Fig. 3.2. Three Theories of Loads on Culverts — From Handbook of 
Drainage and Construction Products (1958, p. 6), 
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The methods of installation of the underground conduit greatly 

influence the load transmitted to it. Therefore, according to 

Marston's theory, the buried conduits are classified into groups and 

subgroups depending on the method of installation. These conduit 

classifications based on the method of installation are shown in Fig. 

3.3. For load determination purposes, the major groups are trench 

conduits and projecting conduits. Projecting conduits are further sub

divided into positive projecting conduits and negative projecting con

duits. Since most culverts fall into the positive projecting conduit 

class, the enphasis in the rest of this discussion will be on this group. 

Another special class which needs mention is the iirperfect ditch conduit, 

in which part of the backfill soil above the conduit is replaced with 

loose, highly compressible material. 

For both complete and incomplete positive projecting conduits, 

Spangler (1948) considered the equilibrium of the vertical forces acting 

on an element as shown in Fig. 3.4. He developed a linear differential 

equation for those cases and solved it to obtain the following formula 

for the vertical load on the culvert: 

W = C. Y D2 (3.2) 
c 1 

where W is the total vertical soil load on the culvert (assumed to be 
c 

uniformly distributed over the top of the culvert); is a load 

coefficient; Y is the unit weight of the soil; and D is the outside 

diameter of the culvert. The load coefficient, Cw depends upon the 

geometry of the soil-culvert system and the physical properties of the 

fill and culvert material. The parameters upon which depends 
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include: (1) the dimensionless ratio, H/D; (2) the coefficient of 

internal friction of soil, (J); (3) the projection ratio, p, which is 

obtained by dividing the vertical distance between the top of the 

conduit and the natural ground surface by D; (4) the settlement ratio, 

rsd' i-s an abstract parameter that determines the direction of 

the frictional forces acting on the prism of earth above the culvert. 

Spangler (1948) gives the graphs to obtain the value of directly 

for known values of these parameters. 

According to the Marston-Spangler approach, the horizontal 

deformation of the culvert at the springline controls the design. In 

this method of design, no consideration is given to compressive stress 

in the culvert wall. Based on the stress distribution as shown in Fig. 

3.5 Spangler (1941) developed the following equation, which is commonly 

known as the Iowa Deflection Formula, for computing the diametrical 

horizontal deflection at springline, Ax of buried flexible culverts: 

K W r3 

Ax = D 5 (3.3) 
E I + 0.061 E* r 
c c 

where 

is the deflection lag factor. The deflection lag factor is 

introduced to account for the continued yielding of the soil 

at the sides of the culvert in response to the horizontal 

pressures over a considerable period of time after the maximum 

vertical load is developed. 

K is a bedding constant whose value depends upon the bedding 

angle. 
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Fig. 3.5. Spangler's Distribution of Pressure Around Flexible Pipe 
Culvert — From Spangler (1941, p. 26). 



30 

is the vertical load as determined from Eq. 3.2 developed by 

Mars ton theory. 

r is the mean radius of the culvert. 

E^ is the Young's modulus for culvert material. 

I is the moment of inertia per unit length of the cross section 
c 

of culvert wall. 

E' is the modulus of the passive resistance of the soil. 

Spangler (1948) recommends that Ax, the horizontal deflection of a 

corrugated metal culvert, should not exceed about 5 percent of the 

nominal diameter of the culvert. 

Design Method with Ring 
Compression Theory 

White and Layer (1960) suggest that a flexible culvert with 

sufficient height of cover and surrounded by well compacted soil can 

be designed by considering it as a thin conpression ring. In ring 

compression theory, it is assumed that the culvert does not undergo any 

change in shape because of the surrounding well compacted soil and that 

the culvert fails due to culvert wall crushing. It is also assumed 

that the compression in the culvert is the same throughout the culvert 

since the frictional force on the soil-culvert interface is neglected. 

Hence, according to this theory, the compression in the culvert is 

computed by taking one half of the span of the culvert and multiplying 

it by the height of cover times the soil density plus the distributed 

live load. Consequently, With this theory the stress acting at any 

point on the culvert is taken to be inversely proportional to the 

radius at that point and is given by 
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p = p —— (3.4) 
or 

where pq is the overburden stress at the top of culvert, r^ is the 

radius at the point where the culvert wall is vertical, and r is the 

radius of the culvert at the point under consideration. 

On the basis of these approximations, the stresses acting on 

circular and elliptical culverts and pipe-arches are shown in Fig 3.6. 

It should be noted from Fig. 3.6 (c) that the stress acting on the 

culvert is maximum at the haunches. This leads to the conclusion that 

adequate compaction of the backfill at the haunches is essential to 

provide proper support and to prevent undue deformations of the culvert. 

According to this theory, the magnitude of ring compression is 

the vital consideration for the design of the culvert; the deflections 

are not considered critical. 

Current Design Practices 

American Association of State Highways and Transportation 

Officials ("Standard Specifications for Highway Bridges," 1979), in its 

design specifications for highway bridges, recommends the use of ring 

compression theory for determining the design compressive load for the 

culvert wall. The failure stress for the culvert wall is computed as 

the yield stress or buckling stress depending on the stiffness of the 

soil-culvert system. The deflection of a flexible culvert is then 

checked by the Marston-Spangler theory. 

The American Iron and Steel Institute (AISI) (Handbook of Steel 

Drainage and Highway Construction Products, 1971) also recommends the 
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Fig. 3.6. Pressure Distribution on Culverts with Ring Compression 
Theory — From Meyerhof and Fisher (1963, p. 37). 



use of ring theory for calculating the design compressive load. As with 

AASHTO, the allowable conpressive stress is based on the yield stress 

or the buckling stress; however, a check for deflections is not 

considered necessary by AISI. 

Modern Methods 

Modern methods include analytical solutions obtained either 

through an elastic continuum approach, or by numerical techniques, 

particularly the finite element method (FEM). In contrast to the 

traditional methods, the modern methods automatically take into account 

the effect of soil-structure interaction and employ relatively basic 

material parameters for the analysis. 

Design Methods Based on Elastic 
Continuum Approach 

Elastic theory has been used successfully for the solution of 

many problems in soil mechanics (Lambe and Whitman, 1969; Wu, 1966). 

The use of elastic theory is more appropriate for select compacted 

soils than for nonhomogeneous in situ natural soils to which it is 

commonly applied. The fact that well compacted soils are generally used 

as sidefill and backfill around culverts and the successful earlier use 

of elastic theory for soil mechanics problems lend enough justification 

for the application of elastic theory to the culvert problem. 

An exact plane strain solution for a circular conduit buried in 

an infinite, linear-elastic medium subjected to a uniformly distributed 

overburden pressure has been formulated by Burns and Richard (1964) and 

Burns (1965). Thin shell theory is used for the conduit and continuum 
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elastic theory is employed for the surrounding infinite, elastic 

medium. The elastic medium is considered to be weightless, homogeneous, 

and isotropic. In effect, this is the solution for a uniformly loaded, 

linear elastic infinite plate that contains a circular hole tightly 

fitted with a ring having different properties. Several investigators, 

including Kay and Krizek (1970) , Dar and Bates (1974), Nielson and 

Statish (1972), Allgood and Takahashi (1972), and Katona et al. (1976) 

have examined Burns' solution and proposed design methods based on this 

theory. Design methods by Nielson and Statish (1972) and Allgood and 

Takahashi (1972) are briefly described later in this chapter. 

The culvert-soil interface is considered under two limiting 

boundary conditions, namely, bonded (no slip) interface and unbonded 

(full slip) interface. For the bonded interface, both normal and 

tangential forces are transmitted across the interface; for the unbonded 

interface, only normal forces are transmitted across the interface. 

The elasticity solution gives the conduit responses, which in

clude radial and tangential soil pressure on the conduit, radial and 

tangential displacements of conduit wall, and moment and thrust 

resultants for both of these cases. 

In spite of the oversimplifying assumptions, the design methods 

based on elasticity solutions offer an accurate assessment of the soil-

structure interaction and also provide insight into the behavior of the 

soil-culvert system over a continuous range of soil culvert stiffness 

ratios (Selig, 1972). 
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As a result of the assumptions made in Burns' elastic solution, 

any design method based on his solution is subject to the following 

limitations: 

1. The soil surrounding the culvert is assumed to have homogeneous, 

isotropic, and time-independent stress-strain characteristics. 

2. Deformations are assumed to occur only in the place perpen

dicular to the culvert axis. 

3. The soil load on the culvert is applied in the form of an over

pressure, therefore the differential effect of the self weight 

of the soil in the area of the culvert is not considered. 

4. The soil cover is assumed to be sufficiently thick so that the 

behavior of the conduit is the same as that of a conduit sur

rounded by an infinite medium. However, it has been shown by 

Burns and Richard (1964) that the interaction between the 

conduit and the surrounding elastic medium (soil) occurs 

primarily within about a three-radius distance of the culvert 

center. Beyond this distance the soil response is practically 

unaffected by the culvert inclusion for a given overburden 

loading. 

Nielson and Statish Design Method 

Nielson and Statish (1972) developed a design method which 

considers both the deflection and the compressive stress in the culvert 

as the design criteria. Unlike the traditional design procedures, the 

soil properties are directly included in the design procedure. In this 

method, the solution, hased on theory of elasticity as developed by 
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Burns and Richard (196'4), is used to predict the performance of the 

soil-culvert system. Procedures to obtain the constrained modulus of 

elasticity of soil, required for the elastic solution, from common soil 

tests are suggested. The experimental results of Watkins and Moser 

(1971), from which the influence of soil properties on the soil-culvert 

system are evaluated, are used by Nielson and Statish (1972) to develop 

the upper limits on the design curves obtained from the elastic 

solution. In this method a ring deflection of 5 percent and the buckling 

or the wall-crushing of the culvert wall are considered as the design 

criteria. 

Allgood and Takahashi Method 

In the method by Allgood and Takahashi (1972) the influence of 

soil arching in the determination of the loads acting on the culvert is 

taken into account by including the theoretical relations developed by 

Allgood (1971). In addition to the ring force, the moments, based on 

experimental curve, in the culvert are also considered for the design 

purposes. Excessive culvert deformation, bucking and crushing, and 

exceeding the seam strength of the culvert wall are considered as 

possible modes of failure. To achieve a "balanced design," a factor of 

safety against each mode of failure is calculated. It is recommended 

that the culvert size should be changed to modify the factors of 

safety to arrive at above goal. Ideally this means that for a "balanced 

design" the factors of safety should be used in the decreasing order of 

magnitude for the buckling, wall crushing, and deflection modes of 

failure. 
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Design Procedures Based on Numerical Procedures 

On account of the mathematical complexities introduced by 

realistic physical considerations, it is hard to obtain a closed form 

solution to the set of equations that describe the soil-culvert inter

action problem. Therefore, this problem lends itself to the use of 

numerical methods for its solution. In the realm of numerical tech

niques, the finite element method, because of its versatility to 

simulate the conplex, irregular, and changing boundary conditions and 

different physical properties of the soil-culvert system, is ideally 

suited for use in this problem. Also, this method allows for modeling 

incremental construction procedure and the nonlinear behavior of soil. 

For these reasons the finite element method is used here for the study 

of the soil-fabric-culvert interaction problem. On account of its 

importance for the present study, a brief description of this method is 

given below. Detailed formulations of the finite element method are 

found in many texts and reference books and the use of the method for 

soil-structure interaction problems is well established (see for 

example Clough, 1960; Zienkiewicz, 1977). 

Finite Element Method 

For analysis by the finite element technique, the continuous 

body is represented by a set of elements which are connected at their 

joints or nodal points. On the basis of an assumed variation of 

strains within elements, together with the stress-strain characteristics 

of the elements material, the stiffness of each nodal point is conputed. 

For each nodal point in the system, the equilibrium equations are 
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written. The number of equations is equal to the number of degrees of 

freedom of the nodal point. The equations express the nodal point 

forces in terms of the nodal point stiffnesses and displacements. These 

equations are solved, subject to specified boundary conditions, to 

determine displacements at the nodes. With the displacements of all 

the nodal points known, the strains and stresses within each element 

are computed. Analysis of realistic systems commonly requires formula

tion and solution of several hundred simultaneous equations and the 

method is only practicable when formulated for high speed computers. 

Nunerous schemes for rapid equation solving are available. 

Various types of elements have been developed; these elements 

differ in shape, number of nodal points, and assumed mode of strain 

variation within elements. 

Brown, Green, and Pawsey (1968) used the finite element method to 

determine the forces on flexible culverts under high fills. With the 

soil modeled as an elastic material, the following factors were recog

nized to influence the magnitude and the distribution of the stresses 

on the culvert: (1) method of fill placement, (2) deformation and 

change of shape of the culvert due to fill placement, (3) radical 

alteration due to the placement of soft material in the inperfect 

trench method of construction, (4) time dependency of the stress strain 

properties of the material within the inperfect trench. However, he 

fcund that the boundary condition at the interface between the culvert 

ar.d the embankment had little influence on the magnitude and the 

distribution of the stresses on the culvert. 
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Duncan's Design Method 

Using the results of a parametric study of flexible culverts by 

the finite element method, Duncan (1977) has developed a simplified pro

cedure for the design of flexible metal culverts. In this method, the 

effects of the soil type and degree of compaction are rationally taken 

into account. For design purposes, both ring compression forces and 

bending moments are considered. Therefore, Duncan's procedure is suit

able for the design of culverts with shallow depth of soil cover, in 

which bending moments control and for deep burial culverts where ring 

compression forces control. The deflections in the finite element 

analyses upon which this design procedure is based were found to be less 

than 5 percent of the diameter of the culvert. Hence deflection does 

not form a criterion of design. Failure of the culvert by the buckling 

mode is also considered unlikely in this design method provided that the 

backfill falls within the range of quality encoitpassed by the design 

procedure. Duncan (1979) extended the procedure he developed earlier 

to the design of long span culverts, having spans in the range of 25 

to 45 feet. 

Another design method using the numerical technique and the 

electronic computer has been presented by Drawsky (1966) and is 

described below. 

Drawsky's Method 

In this method the culvert is modeled by a series of straight 

line segments which connect points lying on the actual geometrical con

figuration of the culvert section. These segments are supported by 
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nonlinear radially directed springs at their junction points. Each 

spring represents the passive pressure produced by the soil that acts 

on the culvert. The method provides for a variety of field situations 

which include (1) various culvert shapes (circular, elliptical, arch, 

etc.) including variable cross-section; (2) various load types (uniform -

soil load, H-20 and E-72 live load); (3) variable soil properties (unit 

weight, coefficient of horizontal earth pressure, and soil modulus). 

The response of the system to an applied load can be solved to any 

desired accuracy by an iterative numerical procedure. 

The basic assumption of this method is that the system of 

linked, straight segments and springs responds in a manner similar to 

the real soil-culvert system. Even though the influence of culvert 

deformation on the response is taken into account, the interaction 

effects of the springs on one another are not considered. Also, as a 

result of independent spring action, the influence of the shear 

resistance between the soil and the culvert is not considered. 

Soil Structure Interaction for 
the Soil Culvert System 

As mentioned previously the flexible culvert carries the loading 

imposed on it primarily through the lateral soil pressures generated on 

its sides. Since a large proportion of the total supporting strength 

is attributable to the soil on the sides of the culvert, it is impera

tive to consider the soil-culvert interaction to obtain meaningful 

results. 

In the classical Marston-Spangler method, the load acting on 

the culvert is determined by Marston's theory and the deflection is 
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determined by Spangler's method. The soil-structure interaction is 

reflected by r the empirical parameter called "settlement ratio" in 

Marston's method and by D^, K, and E', the empirical parameters in 

Spangler's method (refer to Eq. 3.3). Of these three empirical param

eters in Spangler's deflection formula, E' is the most influential 

parameter. Another term called the plane of equal settlement, intro

duced by Marston (1930), needs to be described since it has a direct 

bearing on the soil-structure interaction of the soil-culvert system. 

In a projecting conduit installation (refer to Fig. 3.3), the 

exterior prisms of soil transfer a part of their vertical pressure to 

the interior prism. The rate of summation of vertical deformations is 

reduced in the exterior prisms and increased in the interior prisms 

because of this stress transfer. Therefore, the total summation of 

deformations in the interior prism equals that in the exterior prisms, 

and the plane at which the deformations become equal is the plane of 

equal settlement. It can be similarly argued that if the direction of 

the relative movements is reversed, there still.sexists the plane of 

equal settlement. Since there are relative movements between the 

adjacent prisms up to the plane of equal settlement, soil-structure 

interaction should occur only up to the elevation of the plane of equal 

settlement. There should be no soil-structure interaction above the 

plane of equal settlement since the culvert has no influence on the 

stresses and strains in the soil above the plane of equal settlement. 



42 

Settlement Ratio 

In Marston's theory of load determination, soil-structure inter

action is considered through the effect of the settlement of the 

interior prism of the soil relative to that of the exterior prisms. _To 

account for this effect in a quantitative manner in the mathematical 

analysis, Marston (1930) introduced a relatively abstract parameter 

called the "settlement ratio," rscj- For the positive projecting con

duits, r , is defined as: 
sd 

(S_ + SJ-(Sf + d ) 
- * s ° 

m 

where the notations used are shown in Fig. 3.4. 

If the critical plane, defined as the horizontal plane through 

the top of the conduit when the fill is level, settles more than the 

top of the conduit then rĝ  is positive, and the load on the conduit is 

more than the free field load given by YHC- If rS(j is negative, the 

load on the culvert is less than that of the free field load. If r 
. sd 

equals zero, the load on the culvert is equal to the free field load. 

Modulus of Passive Resistance 

In deriving the original Iowa formula, Spangler (1941) included 

a parameter, e, which he termed the modulus of passive resistance. He 

based this parameter on his experimental and analytical studies and 

defined it as the unit pressure developed on the side of the culvert 

as it moved outward a unit distance against the sidefill. The modulus 

of passive resistance was considered to be a function of the type of 

sidefill soil and its density. Later on, during the dimensional 



analysis of this formula for small scale model tests, Watkins and 

Spangler (1958) found that e was dimensionally inconsistent. There

fore, they introduced a new term, E1, the modulus of soil reaction, 

which is a product of e and r, and is constant for a given type of 

soil. 

Various methods have been proposed to quantitatively determine 

E'. For the direct determination of E' from a laboratory test, Watkins 

and Nielson (1964) developed the Modpares device which simulates a 

pipe being forced into the side of fill. 

Using the results from theory of elasticity analyses Nielson 

(1967a) developed a method for determining E' from the slope of the 

stress-strain curve in a triaxial test. Beginning with the relation 

E'"^/5" <3-61 

where p^ is the horizontal pressure acting at the springline, Nielson 

substituted the expressions developed by Burns and Richard (1964) 

relating the loads, stresses, deflections, aid soil and structure 

material properties for a horizontal cylinder buried in an infinite 

elastic medium, into Eq. (3.6). The following complex relationship 

was obtained, 

E' = f(M ,V ,E ,A ,I ) (3.7) 
s s c c c 

where M is the constrained modulus of soil. For each of a series of 
s 

values for Mg, E1 was determined over a wide range of values for the 

other variables. Results indicated that for the case of a bonded 
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shell, E1 could be approximated as: 

E' = 1.50 M (3.8) 
s 

The constrained modulus is related to the modulus of elasticity E^ 

as follows: 

E (1-v ) 
M = — S. ? r- (3.9) 
s (1+V ) (l-2\) ) 

s s 

When Eq. (3.9) is substituted into Eq. (3.8)/ it is found that 

1.50 E (1-V ) 

E' = (1+V )(1-2VS) (3-10) 
s s 

Nielson suggested that a value of 0.25 be used for V^ and that value 

of E be determined from the stress-strain curve in a CD triaxial test, 
s 

where a chamber pressure of 3/8 times the total overburden pressure at 

the culvert level is applied. 

Subsequently Nielson (19 72) showed that the use of the un

bonded shell solution by Burns and Richard (1964) resulted in: 

E' = 0.70 M (3.11) 
s 

Nielson and Statish (1972), who used model studies, found that the 

actual modulus of soil reaction of soil was between the predicted 

modulus of soil reaction by bonded shell solution and unbonded shell 

solution and hence recommended the relation: 

E' = 0.80 M (3.12) 
s 

In addition to relating E' and E Nielson, Bhandhausavee, and 
s 

Yeb (1969) also developed convenient relations for determining E' from 
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the California Bearing Ratio, Hveem's stabilometer test, and the 

compacted soil density. 

California Bearing Ratio. By definition, the CBR value at a 

specified displacement is given by 

CBR(%) = ""it load on plunger x 1QQ 
standard unit load 

The solution for the displacement of a rigid die into a semi-infinite 

elastic solid is: ; 

2 
TTa (1-V )p 

e = -w-s— is.") 

s 

in which a is the die radius, p is the average unit pressure on the 

die, and 0 is the displacement. If Eq. (3.14) is solved for and 

combined with Eq. (3.10), E' is expressed as: 

0. 75 Ti a (1-V2) 
E' = (1_2v ) (100) (CBR) (%) . (3.15) 

With the assumption of V = 0.25 and a = 0.975 inch, Eq. (3.15) becomes 
s 

E' = 260 CBR(%) . (3.16) 

Hveem Stabilometer Test. To relate the Hveem stabilometer 

values to E', a relationship is first obtained between E' and the plate 

load test through the theory of elasticity. An empirical relation 

between the R-value from the Hveem stabilometer test and the K-value 

from the plate bearing test is then used to obtain the relationship: 
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6a(l-V )2(-0.401 + 2.646R - 0.042R2 - 0.0008R2 

E- = § (3.17) 
(1 - 2V ) 

s 

Soil Density. Figure 3.7 shows the relationship between the 

modulus of soil reaction and the per cent compaction on the basis of 

the ratio-Y./Y.Q , in which Y, is the dry density of the soil as d loU a 

compacted and Y-^g -i-s the dry density of the soil according to AASHTO 

compaction designation T180. 

Parmelee and Corotis (1972) conducted a statistical analysis 

of Spangler's (1960) values of E' and concluded that no strong 

correlation exists between E' and percentage of standard Proctor 

density for the soil adjacent to the pipe. They also found that E1 is 

not statistically related to the pipe diameter, or the ratio of fill 

height to pipe diameter. Probabilities associated with various ranges 

of E' confirm that there is no rational basis for recommending a design 

value that is much greater than the median or central value. 

Arching 

A fundamental measure for quantitatively assessing soil-

structure interaction is the degree of arching that occurs under a 

given set of soil-culvert conditions. As applied to the soil-culvert 

problem, arching is the phenomenon whereby load is transferred to or 

away from the buried structure. According to Wiehle (1964), the 

flexibility of the structural member and the compressibility of the 

structure relative to the soil it replaces are the two important 
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Fig. 3.7. Relationship Between Per Cent Compaction and the Modulus of 
Soil Reaction — From Krizek et al. (1971, p. 70). 



48 

factors contributing to arching. Allgood and Takahashi (1972) define 

arching by a dimensionless parameter 

Pi 
A = 1 - (—) (3.18) 

P V  

where p_^ is the vertical pressure on the structure at the crown and 

p is the free field vertical stress at the-elevation of the crown. 

If the structure is not as stiff as the soil it replaces, the load is 

transferred away from the structure, i.e., p. < p and A > 0. In this 

case the arching is termed "positive." Conversely, if the structure 

is stiffer than the surrounding soil, the load is transferred toward 

the structure, i.e., p. > p and A < 0. In this case the arching is 
I V 

termed "negative." The physical mechanism for both cases is shown in 

Fig. 3.8. 

There are two theories currently being employed to consider the 

effect of arching on culvert stresses. The classical theory of arching 

proposed by Terzaghi (1943) considers the vertical equilibrium of the 

soil mass between assumed vertical sliding surfaces extending up from 

the edges of the culvert. At present this approach is used to predict 

the contact pressure against any buried structure. In the analysis of 

equilibrium of the soil mass, the main uncertainty is the value of K, 

the coefficient of lateral soil pressure. This coefficient is required 

to determine the magnitude of lateral soil pressures acting normal to 

the sliding surface. Terzaghi's (1936) "trap door" experiments indi

cated that the value of K increases from 1 to 1.6 with height above the 

trap door up to a height of about 2.5 times the width of the trap door. 
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Pig. 3.8. Arching Action — From Katona et al, (1976, p. 23). 



This coefficient then decreases toward Ko at greater heights. Whitman 

and Luscher (1962) found K to be approximately 1.2 from laboratory 

buried dome tests. Spangler and Handy (1973) arbitrarily assigned the 

value of K_^, the coefficient of active lateral pressure, to K. How

ever, the most realistic value of K appears to be that which gives the 

normal component to the soil arch along the maximum shear surface above 

the culvert. 

The second theory holds that arching is due to the formation of 

structural arches or domes, in three dimensions in the soil above the 

culvert. Tschebotarioff (1951) states that the transfer of load by 

shear, as proposed in classical theory, and by the formation of arches 

in the soil are two different concepts. The laboratory tests on sand 

surrounded tubes by Whitman and Luscher (1962) clearly demonstrated the 

development of a thrust ring in the sand surrounding the buried 

structure. Theoretical and experimental findings (Luscher and Hoeg, 

1965) indicate that the capacity of a soil ring to carry externally 

applied radial pressure can be expressed as: 

r (2sin<j>/(l-sin<)>)) 
Po = (^% (3.19) 

i 

where the notation is as shown in Fig. 3.9 and <}> is the angle of 

internal friction for sand. 

Nielson (1967b) developed a theory for considering arching 

above a culvert by considering an element in the shape of a circular 

arch as shown in Fig. 3.10. The soil arch supports are assumed to be 

located at the regions of maximum shear stress as determined by the 
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.flexible tube rubber membrane 
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Fig. 3.9. Soil Ring Around Flexible Tube — From Luscher and Hoeg 
(1964, p. 397). 
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Fig. 3.10. Arching Analysis — From Nielson (1967b, p. 39). 



theory of elasticity. An adaptation of Spangler's deflection equation 

(Eq. 3.3) was used for evaluating the arch support pressure. Nielson 

compared the results from his arching analysis with the results of 

experimental studies by Watkins and Nielson (1964) and Koepf (1962). 

He concluded that the agreement was sufficiently close to justify the 

approach for design purposes. 

Buckling of Flexible Culverts 

Spangler's deflection criterion was the only recognized design 

criterion for the flexible culverts until Watkins (1959) analyzed the 

results of his model studies and observed that culvert failure could 

also be caused either by excessive deflection or by buckling of the 

culvert wall. Since then extensive experimental and theoretical re

search has been conducted to understand the buckling phenomenon of 

buried flexible culverts. 

Watkins (1960) conducted additional tests on small scale models 

and concluded that culverts could fail by buckling even before 1% 

deflection was developed. He found that soil type and the degree of 

compaction are the basic factors that determine whether or not a 

culvert fails by buckling before it deflects 5 per cent. To ejqplain 

the buckling phenomenon, Watkins (1966, 1967) established an analogy 

between the buckling of buried culverts and that of steel columns. He 

likened the crushing (inelastic buckling, yield point line in Fig. 

3.11) that occurs in culverts of low flexibility surrounded by soil of 

high-friction angle (rigid soil) to the failure of a short heavy column 

having low slenderness ratio. On the other hand, culverts with large 
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Fig. 3.11. Buckling Strength Curves for Buried Conduits " From 
Watkins (1963, p. 16). 



flexibility, surrounded by soil of low friction angle, fail by hydro

static buckling, which is similar to the elastic buckling of long 

slender columns (hyperbola in Fig. 3.11). It should be noted that 

conditions described above represent the two limiting cases of 

buckling; i.e., the rigid medium in which no deformations are possible 

and the fluid medium in which no shear stresses exist. 

Combining the theoretical results of the buckling of a flat 

plate supported on an elastic medium and the buckling of curved plates 

subjected to uniform pressure, with data from laboratory experiments on 

quadrant sections of flexible culverts bearing against compacted sand 

backfill, Meyerhof and Baikie (1963) derived the following approximate 

relationship for f, the buckling stress in the culvert wall: 

c 2 /6E^ 
fb = r J <3-20) 

c / 1-\J 
c 

Eq. (3.20) assumes that the buckling takes place in higher modes and 

that this relation is subject to the requirement that r/L 2, in 

which L is the relative stiffness of the culvert given by 

(3.21) 

For properly constructed culverts, this condition is generally satis

fied. Making allowance for accidental eccentricities and material 

imperfections in the culvert, the critical buckling stress in the 

culvert wall, f , is obtained as: 
c 
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f 

where f is the yield stress of culvert material. Based on laboratory 

model tests on shallow buried small tubes, loaded with a uniform 

pressure, Bulson (1964) found that an approximate linear relationship 

exists between P ̂  and ^cr' t̂ le maximum overpressure at collapse for 

the buried tube and the theoretical critical elastic buckling stress 

for the unburied tube under uniform pressure respectively. He also 

found that the buckling strength of the culvert increases in proportion 

to the increase of the stiffness of the soil-culvert system. 

Donnellan (1964) conducted model tests on culverts with shallow 

and deep burial depths and concluded that p , the maximum over-
max 

pressure required to cause collapse, increased with burial depth and 

that the ratio of p to f , the theoretical hydrostatic buckling 
UlcLX C2T 

pressure for unburied culvert, varied inversely with the stiffness of 

the culvert. 

Luscher and Hoeg (1964, 1965) suggested that the increase in 

buckling resistance of a buried culvert is due to the restraining action 

of the soil on the culvert deformations. They therefore concluded that 

the buckling failure of a culvert occurs in higher modes than that in 

the unsupported situation. 

Brockenbrough (1964) used the classical approach of elastic 

stability and determined p ^ the critical buckling pressure, for a 

circular culvert subjected to uniform fluid pressure to be 
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12 E I 
p = -^S-S- (3.23) 

D A 
c 

His assumption of the hydrostatic pressure, valid only for the un

likely case of a completely saturated plasticized backfill, implies 

that the pressure is active and uniform and that the soil has no shear 

strength. In actuality, the culvert is subjected to nonuniform active 

and passive pressures and the surrounding soil, unlike fluids, has 

shear strength. 

Based on the results of full scale testing of culverts under 

shallow backfill with equivalent AASHTO H-20 concentrated loading, 

Valentine (1964) suggested that an arch, spanning between the inflection 

points located at approximately + 45° from the crown of the culvert 

should be considered for the buckling phenomenon. For the buckling of 

an arch with hinged supports, p , the critical uniform pressure 
cr 

across the arch, is: 

P e r "  ̂ < 4 - "  ( 3 " 2 4 )  

r a 

where a is the included angle between a vertical line through the 

crown and the hinge support of the arch. 

By representing the soil surrounding the culvert by a system 

of discrete independent springs, Luscher (1966) derived the following 

theoretical expression for p , the critical uniform applied pressure, 

causing buckling: 
/E X BM 

Pc = 1'73 / ° C-3 5 (3"25) 
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where B is a non-dimensional coefficient. Luscher reports good agree

ment between results from Eq. (3.25) and laboratory tests on dense to 

medium loose Ottawa sand. 

Using large deflection theory and modeling the soil as a system 

of independent springs, Chelapati and Allgood (1972) derived the fol

lowing relation for the buckling load of a culvert subjected to uniform 

pressure, 

/ E I  B M  
pc =1.84 J C ° 3 S (3.26) 

r 

For this case of the soil supported only on the outward-

deflecting portions of the lobes that form during the loading, Pc 

is: 
/E I BM 

pc = i-30 J (3.27) 
r 

Comparison with laboratory experimental data from Allgood and Ciani 

(1968) showed the experimental results to be greater than even those 

from Eq. (3.26). 

In brief, buckling of buried culverts is controlled largely by 

the flexural rigidity of the culvert, the radius of the culvert, the 

magnitude and uniformity of the soil resistance to deformation, and the 

magnitude and uniformity of the loading on the culvert. In the case 

of flexible culverts with shallow backfill, the undesirable effects of 

nonuniform soil loading, nonuniform soil resistance to loading, and 

concentrated live loading are accentuated and the phenomenon of 

buckling is more likely to occur. 



CHAPTER 4 

FINITE ELEMENT PROGRAM 

The finite element computer program, SSI, "Soil-Structure 

Interaction," developed by Sogge (1974) for a study of the interaction 

between soil and flexible retaining walls, is used in this research. 

This program is applicable to general two-dimensional soil-structure 

interaction problems and hence is well suited, after a few modifica

tions and additions, for the study of the soil-fabric-culvert system. 

The major capabilities of this program and the required modifications 

and additions relevant to the present problem are described below. 

Program Capabilities 

For the soil-fabric-culvert interaction problem, a plane-strain 

analysis is employed, with the assumption that the length of the culvert 

is large compared to its cross-section. Sogge's (1974) program can 

perform a finite element analysis of two-dimensional continuum problems, 

including plane strain idealizations. 

To model the soil as a nonlinear material, Sogge (1974), in his 

program, used the nonlinear Duncan and Chang (1970) material model, 

described in Chapter 5. This material model employs an incremental 

load capability for the formulation of the nonlinear material character

istics of soil. 

In addition, SSI has the capability to handle the sequential 

loading characteristic of most civil engineering projects. The 

59 
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usefulness of sequential construction and incremental loading for the 

formulation of the material nonlinearity has been demonstratfed for the 

culvert problem by Duncan (1975). For the study of the present culvert 

behavior problem, simulation of the sequential construction is 

essential for the prediction of accurate stresses and displacements in 

the culvert. To simulate the placement of a particular layer during 

sequential construction of sidefilling and backfilling around the 

culvert, the elements being added in this layer are activated and all 

the nodes common to them are loaded with their associated body forces. 

The construction sequence is simulated by sequential placement of sub-

grade, culvert, sidefill, fabric, and backfill. The surface concen

trated loads are then applied. 

Modifications and Additions 

With the sequential construction simulation, the placement of 

the culvert on the subgrade and the placement of the fabric on the back

fill soil are two distinct features of the present interaction problem. 

Corresponding to these two features in particular, the following 

modifications and additions of the computer program have been imple

mented. 

First, the culvert is considered to be placed on the subgrade 

and at the same time the initial stresses in the subgrade are assigned 

as a function of the soil's body weight. In the existing program, 

stresses in soil elements are based on the nodal displacements produced 

due to the loading of the layer under consideration. The strains and 

the nodal displacements of the soil elements are based on total nodal 
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displacements. Total nodal displacements are the sum of the displace

ments due to the loading from the layer being placed plus the dis

placements due to the placement of previous layers. The stresses, 

strains, and the nodal displacements of the beam elements are based on 

the total nodal displacements. The program.is modified to "zero" the 

total nodal displacements for two conditions. The first is when the 

subgrade and culvert are placed as one layer, logically the first layer. 

The second condition is when the subgrade stresses are generated 

separately by the program. Under both these conditions this "zeroing" 

modification sets stresses, strains, and displacements in the culvert 

beam elements to zero. This is zeroed since no soil is around the 

culvert and hence no stresses are acting on it. Displacements in the 

subgrade soil elements are also set to zero; however, the stresses in 

the subgrade soil elements are retained. 

Second, after the culvert has been placed, the proposed con

struction sequence consists of placing the side fill and the backfill 

to a predetermined elevation where the fabric is to be located. The 

fabric is then installed and the remaining backfill is placed over the 

fabric. The sidefill and the backfill soil below and above the fabric 

may be placed in any number of layers. 

The SSI program was modified to simulate the above sequence. 

To achieve that objective, the simulation process was split into two 

parts; the first consisted of simulating the placement of the backfill 

below the fabric and installation of the fabric itself. The second 

consisted of simulating the placement of the backfill above the fabric. 

A discussion of each of these simulations follows. 



Simulation of the placement of the backfill below the fabric: 

During the simulated placement of the backfill layer, both the 

interface elements above and below the fabric bar elements, bar 

elements including the fabric bar elements, and the soil 

elements in that layer are activated. The bar elements are 

assigned small values for E, the Young's modulus, and A the 

cross-sectional area. Large values of E , shear stiffness, and 
s 

E , normal stiffness, are assigned to the interface elements. 
n 

The stresses in the bar and the interface elements are set to 

zero; however, the nodal displacements of these elements are 

retained. In that way, the nodes of the interface and bar 

elements and the common nodes of the interface elements and the 

adjacent soil elements have the same coordinates. 

Simulation of the installation of the fabric itself: Because 

of the procedure described above of setting stresses in bar and 

interface elements to zero but retaining nodal displacements, 

when the fabric is physically placed over the backfill, it con

forms to the deformed geometry of the exposed surface of the 

backfill. The deformed geometry of the exposed surface of the 

backfill corresponds to the deformations having taken place 

during the placement of the backfill soil up to the fabric con

figuration surface. It should be noted that the interface 

elements above the fabric bar elements have to be activated 

simultaneously with the interface elements below the fabric, 

even though the soil above the fabric has not yet been placed. 

Separate activation of the interface elements below and above 



63 

the fabric bar elements results in separation of what are 

modeled as contiguous nodes. This separation is due to the 

different displacements experienced by these nodes because of 

the finite element nature of the model. In reality these nodes 

represent one point because the interface elements have zero 

thickness. This simulation results in zero stresses in the 

fabric and the interface elements, a condition that occurs in 

the field when the fabric is being placed on the backfill. 

To illustrate the simulation of the placement of the backfill 

soil below the fabric and the fabric itself, part of FEM mesh is shown 

in Fig. 4.1a. For example, during the placement of layer no. 4, on 

account of the assigned stiffnesses to the interface and bar elements, 

all the contiguous nodes, e.g., 163, 172, 182, undergo the same hori

zontal and vertical displacements. Also the stresses in all the bar 

elements, e.g., 114, 116, and in the interface elements, e.g., 115, 117, 

are zero as should be expected in the field during the actual instal

lation operation. 

3. Simulation of the placement of the backfill above the fabric: 

Simulation of the placement of the first backfill layer above 

the fabric requires that all interface elements above the fabric 

be assigned material properties according to the Clough and 

Duncan (1971) formulation given in Eq. (5.6). Interface 

elements, above the surface of this backfill layer, are 

assigned large E^ and E^ values so that the contiguous nodes 
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of the already activated interface and bar elements remain 

unseparated. 

To illustrate the simulation of the placement of the backfill 

above the fabric, consider the placement of layer no. 6 as shown in 

Fig. 4.1b. In this case all the interface elements below the fabric 

(shown hatched) and the interface elements in this layer above the 

fabric (shown cross-hatched) are given the properties according to Eq. 

(5.6). The remaining interface elements are given large values of Es 

and E^. All the fabric bar elements are assigned the fabric properties. 

All the bar elements above the fabric, forming the long side of the 

interface elements, are given the small values of E and A. 

In this study, the nature of the interface element was closely 

examined. It was found that for stability of such elements, there must 

be another element attached to each of the long sides of an individual 

interface element. To circumvent this stability problem for the case 

of uncovered fabric, bar elements with a small value of E were 

attached to the long side of the interface element. 

No Compression Bar 

Since the fabric can take tension only, the formulation of the 

fabric bar element was modified so that it could carry tensile stresses 

only. For a bar element which goes into compression, no account was 

taken of its nodal stiffnesses. 
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Geometric Nonlinearity 

In the soil-fabric-culvert system, the geometric nonlinearity 

is caused primarily by the large displacements of the soil surrounding 

the culvert and the consequent change of the geometry of the system. 

The effect of geometric nonlinearity is more significant when the 

stiffness of the soil is low or the applied loads are large. Conven

tionally, the geometric nonlinearity is taken into account by considering 

the higher order terms in the strain-displacement equations in addition 

to the linear terms which give the changes in the displacement compo

nents of the deformed body for the strain-displacement relations. This 

procedure results in a stiffness matrix for an element that consists of 

the sum of the elastic stiffness matrix and the geometric stiffness 

matrix. It may be noted that when the geometric nonlinearity is not 

considered, the stiffness matrix consists of the elastic stiffness 

matrix only. In the present study, the geometric nonlinearity is con

sidered approximately by modifying the nodal coordinates of all the 

elements in the finite element mesh after each incremental loading step 

with the computed incremental nodal displacements. 

The importance of the inclusion of the geometric nonlinearity 

in the FEM analysis is illustrated with the problem of fabric (bar 

elements) supported on soil. The significant and reasonably accurate 

stresses in the fabric are produced only when the geometric nonlinearity 

is considered for the deformed system during the analysis, since it is 

only in the deformed state that force components in the fabric result. 



CHAPTER 5 

THE MATERIAL CHARACTERIZATION 

For the analysis of a soil-structure interaction problem by the 

finite element method, it is essential to set up the constitutive laws 

for the behavior of the materials involved in the problem. In this 

chapter, the proposed constitutive laws of the various components, 

namely soil, interface, fabric," and culvert of the soil-fabric-culvert 

system are described. 

Soil Model 

The Mohr-Coulomb criterion is a common conventionally used 

failure criterion for soils. In Fig. 5.1, the Mohr-Coulomb envelope for 

a CD triaxial test is shown. Two typical Mohr circles with O;^' ^32' 

the minor principal stresses, and °\2' ma3or Principal stresses 

at failure, respectively, are also shown. Corresponding to these two 

Mohr circles, the hyperbolic stress-strain curves are shown in Fig. 5.2. 

Figure 5.2 also shows the initial tangents giving the values of E^ and 

Ei2' t̂ 10 tangent moduli, and the asymptotic lines, giving the 

values of â̂ 2-032^ult ^°r t*ie hYPerb°lic stress-strain curves 

corresponding to a and a^ . 

For the results of the soil-structure interaction analysis to 

be realistic and meaningful, it is important that the stress-strain 

characteristics of the soil be represented in a reasonable way. To 

achieve that objective, the nonlinear, stress-dependent, and inelastic 
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stress-strain characterization of the soil proposed by Duncan and Chang 

(1970) is employed in this study. The Duncan and Chang soil character

ization, in addition to having been successfully used previously in 

soil mechanics problems, h&s the advantage that the required parameter 

values can be determined from the results of conventional triaxial 

compression tests. Also, the same relationships can be used either for 

effective stress analyses, with data obtained from CD or CO triaxial 

tests, or for total stress analysis with data obtained from CU or UU 

triaxial tests. 

In the Duncan and Chang formulation, the nonlinear stress-strain 

behavior of the soil is approximated by considering that the stress-

strain curve is a hyperbola. This approximation is based on the work 

of Kondner (1963) and Kondner and Zelasko (1963). Duncan and Chang 

(1970) suggested that the nonlinear stress-strain relationships for both 

clays and sands could be represented by a hyperbolic equation of the 

form: 

O. - o_ = 
1 3 — + (5.1) 

Ei (°i" 

where and 0^ are the major and minor principal stresses, respec

tively, and £ is the axial strain. E^ is the initial tangent modulus 

or the initial slope of the stress-strain curve and -*-s t̂ le 

asymptotic value of stress difference which is closely related to the 

strength of soil. The representation of a soil stress-strain curve 

with a hyperbola has the advantage that the parameters and 

(0l_°3^ult which appear in the above Eq. (5.1) have physical 
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significance and their values can be determined from test data as shown 

in Figs. 5.1 and 5.2. 

The stress-dependent stress-strain behavior of the soil is 

represented by varying and (O^-^^ult with confining pressure. For 

all soils tested triaxially, except for fully saturated soils tested 

under unconsolidated-undrained conditions, an increase in confining 

pressure results in a steeper stress-strain curve and a higher strength. 

This means that the values of E. and (O -0 ) increase with in-
i 13 ult 

creasing confining pressure and this fact is demonstrated in Fig. 5.2. 

This stress-dependency is taken into account by using empirical equa

tions to represent the variations of E. and (a,-0_) , with confining 
l 1 3 ult 

pressure. 

To account for the variation of E^ with 0the following 

equation based on the experimental studies by Janbu (1963) is used 

O 
E. = Kp (—) (5.2 I 
x a p 

in which K is the modulus number arid n is the modulus exponent which 

determines the rate of variation of E. with cr • both K and n are 
l 3 

dimensionless numbers. The atmospheric pressure Pa is introduced into 

the equation to make conversion from one system of units to another 

more convenient. The units of E. are the same as the units of p . 
l a 

The variation of °3 •*-S accounted for by 

relating â2_°3^ult t0 t'le coinPressive strength or the stress dif

ference at failure t02~°3^f an(̂  then using the Mohr-Coulomb strength 

equation to relate (o -O) to a . The values of (O -a ) and 
1 3 f 3 l 3 ult 



(ai~a3)f are related by: 

'"i-Vf - Vi-'Vuu (5-3) 

in which is defined as the failure ratio and has always a value 

less than unity. 

The variation of (0 -0_), with a_ is represented by the fol-
1 3 f 3 

lowing Mohr-Coulomb failure criterion: 

2c cos<j) + 20 sin(|> 
(O.-OJ = :—r (5-4) 

1 3 f 1 - sintp 

in which c and <f> are the Mohr-Coulomb strength parameters. 

The instantaneous slope of the stress-strain curve is the 

tangent modulus, E^. By differentiating Eq. (5.1) with respect to £ 

and substituting the expressions of Eqs. (5.1), (5.2), (5.3), (5.4) 

into the resulting expression for E^, the following equation is 

obtained: 

Rf (1 - sin<f>) (c^ - a3) 2 

Bt ''"'"2c cos(J> + 20 sin<J> ^ (5.5) 

With the Icnown values of K, c,n, <J>, and R^, Eq. (5.5) can be used 

to calculate the appropriate value of tangent modulus for any stress 

condition. Equation (5.5) for tangent modulus has been previously 

employed in the incremental stress analysis using the finite element 

method, e.g., Duncan (1970), and this is the equation used to 

characterize the soil in this research. 



No-Tension Characteristics 

For practical purposes, tensile stress cannot be sustained by 

granular soil. In the computer model used here, a tensile state may 

exist in soil elements in the vicinity of culvert haunches and 

shoulders, and at the boundaries of the soil-fabric-culvert system if 

the all-around confining pressure for a soil element in those areas 

becomes tensile. When a soil element goes into tension during a 

problem solution, the value of modulus is set equal to the value of 

modulus for that element when that element was activated during the 

construction sequence. As noted previously, the computer code used in 

this research (SSI) has a construction sequence modeling capability. 

Interface Model 

The stress-strain behavior of the interfaces between the fabric 

and soil above and below the fabric is considered as nonlinear and 

stress-dependent and is represented by the equations developed by Clough 

and Duncan (1971) for the interface between a concrete retaining wall 

and the adjacent soil. Clough and Duncan used the same methodology for 

characterizing the material behavior of that interface as was used by 

Duncan and Chang (1970) for representing the nonlinear stress-

dependent behavior of the soil. For the interface, however, a shear 

stress versus relative displacement curve is considered, and, as for 

the case of versus axial strain, it is approximated by a 

hyperbola. The variation of initial shear stiffness with normal stress 

is expressed by using an empirical equation developed by Janbu (1963) 

and similar in form to Eq. (5.2). The variation of shear strength on 



the interface with normal stress is expressed by relating it to 6, the 

interface friction angle. Clough and Duncan (1971) obtained the fol

lowing expression for tangent shear stiffness, 

a n<= -> 
E s t - K i  Vir* <5-6> 

a n 

where E represents the slope of the tangent to the shear stress-

displacement curve for use in the incremental analysis, is the 

stiffness number, n^ is the stiffness exponent, Y is the unit weight 
f w 

of water, CT^ is the normal stress, p^ is atmospheric pressure, R is 

the failure ratio as described previously, and T is the shear stress. 

Fabric Model 

In the absence of standard procedures for the testing of 

fabrics for use as engineering materials, the stress-strain behavior of 

the fabric is based on the available stress-strain curves obtained by 

testing fabric for use as textile material. For the present study, the 

fabric is considered as linearly elastic material. 

Culvert Model 

The culvert model refers to the stress-strain relationship or 

the constitutive model employed to characterize the material behavior 

of the culvert. The culvert material behavior is represented by a 

linear elastic curve and is specified with the engineering properties 

of E , Young's modulus, and V , Poisson's ratio, both having the 
c c 

characteristics of steel. 



A summary of the material properties of the various components 

of the soil-fabric-culvert system used in this research is given in 

Table 5.1. The normal stiffness for interface elements E is given a 
n 

0 
high value of 10 ksf to prevent the overlapping of the adjacent two-

dimensional soil elements, above and below the fabric bar elements. 
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Table 5.1. Material Properties for Finite Element Model 

Material Type Parameter & Units Symbol Value 
(1) (2) (3) (4) 

Subgrade Unit weight, in kips per cubic foot Y 0.100 
sidefill and Cohesion, in kips per square foot c' 0 
backfill Friction angle, in degrees <j>- 30 

Modulus number Ks 500 
Modulus exponent n g 0.5 
Failure ratio Rf 

0.80 
Poisson's ratio vs 0.35 

Soil-fabric Friction angle, in degrees 6 26 
interface Stiffness number KI 

70000 
Stiffness exponent nf 

1.00 
Failure ratio Rff 

0.90 

Fabric Young's modulus, in kips per square Efab 0.72 x 103 c 
foota 

Efab 
0.72 x 103 

Poisson's ratio Efab 0.30 

Culvert Young's modulus, in kips per square E i-i 0.432 x 107 

foot 
L 

Poisson's ratio V 
c 

0.30 

aAll loading cases are analyzed for each value. 



CHAPTER 6 

DATA PRESENTATION AND ANALYSIS 

The results of the analysis of the soil-fabric-culvert system 

with the finite element method are presented in this chapter. The FEM 

models and the loading systems used for these analyses are described. 

All loading cases are analyzed for the two values of the Young's 

modulus for fabric, given in Chapter 5. The influence of the presence 

of fabric for each loading case on the parameters of interest is 

presented in nondimensional form. The evaluation and the qualitative 

reasoning for the behavior of the soil-fabric-culvert system for each 

loading case is given. To obtain consistent results, the same sequence 

of construction for the application of fill loads and the surface con

centrated loads is followed for systems with and without fabric. 

Description of Model 

The system was modeled by the comprehensive finite element mesh 

shown in Fig. 6.1. Fourteen different configurations of the fabric 

with different burial depths are shown in the mesh. It was proposed 

initially to analyze the model for each fabric configuration under 

varying depths of cover and overburden pressure. It should be noted 

that, instead of making fourteen different models, one corresponding to 

each configuration, only one general model was made by suitably 

numbering the connectivity nodes of all the elements which would have 

been required for all the fourteen separate models. The concept used 
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Fig. 6.1. Finite Element Mesh with Fabric in Inclined Configuration 
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for this node numbering scheme is that the nodes which do not constitute 

the connecting nodes of all elements for a particular fabric configura

tion under consideration, but happen to be present in the model, are 

dummy nodes and are ignored for that configuration in the finite 

element analysis. This follows from the fact that in a continuum which 

has been divided into elements for finite element analysis, only the 

connecting nodes of these elements are active and considered for the 

FEM analysis. All other nodes in that continuum not forming element 

connectivities are redundant irrespective of their location or number; 

therefore, they are not considered in the analyses. This simple idea 

saves the labor of making fourteen different models and makes it 

possible to condense them all into one general model. Furthermore, the 

computer program SSI (Sogge, 1974) has the feature of eliminating nodes 

which do not form connecting nodes for the elements being considered. 

Hence this program did not require any modification in this respect. 

The FEM mesh of Fig. 6.1 shows the general model for the soil-

fabric-culvert systems studied. It contains twelve inclined and two 

horizontal fabric configurations with a provision that each fabric 

configuration can be separately analyzed. For all the inclined con

figurations of the fabric, 0, the fabric dihedral angle (the angle made 

by the inclined side of the fabric with the horizontal), is equal to 

30°. Nine of the inclined fabric configurations are for equal to one 

foot, where is the height of the fabric immediately above the crown. 

One foot is the minimum value of H^, because this is the minimum 

thickness of soil required above the crown to cover the corrugations 

of the flexible culvert in the field adequately. For each 



configuration S is the horizontal distance of the fabric immediately 

above the culvert from the vertical centerline of the culvert, D is the 

culvert diameter, and H is the height of the horizontal ends of the 

fabric above the crown of the culvert. Of the nine inclined configura

tions, three are for S/D = 0, three for S/D = 1/2, and three for S/D = l. 

For each value of S/D, three values of are considered: H = D/2, 

D, 3/2 D, Three inclined fabric configurations are for H equal to D: 
b 

one is for S = 3/2. D and H = 3/2 D; one is for S = 2D and H^_ = 3/2 D; and 

one is for S = 5/2 Dwith H^_ = 3/2 D. The two horizontal fabric con

figurations correspond to placements of the fabric at a height of one 

foot and ID above the crown of the culvert. 

The inclined fabric configuration with S/D =0, = 1 foot, and 

Ht = 3/2 D was the first investigated in this research to find out the 

usefulness of the fabric in the soil-fabric-culvert system. As is 

explained at the end of this chapter, it was necessary to modify the FEM 

mesh in Fig. 6.1 given above. Another FEM mesh, shown in Fig. 6.2, 

with a horizontal configuration of the fabric at H, =1 foot and a 
b 

maximum burial depth above the crown of the culvert equal to ID was 

evolved. All of the discussion which follows is based on the utiliza

tion of the FEM mesh shown in Fig. 6.2 as the model for the soil-fabric-

culvert system. 

Analysis 

A plane strain analysis is used with the assumption that the 

length of the culvert is large compared to its cross-section. The plane 

considered is taken perpendicular to the longitudinal axis of the culvert. 
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Since the geometry and applied loads of the soil-fabric-culvert 

system are symmetrical about the vertical centerline of the culvert, 

only half of the system is modeled for the FEM analysis. 

Esser (1974) found that the effect of the boundary conditions 

is insignificant for surface concentrated loads applied farther than 

two diameters from the vertical support boundaries. The surface con

centrated loads in the present research are applied out to a maximum 

horizontal distance equal to two diameters from the vertical centerline 

of the culvert. Therefore, the horizontal distance of the vertical 

support boundaries in the FEM model is kept at four diameters from the 

vertical centerline of the culvert. The FEM mesh is extended to a 

depth of 3/2 D below the invert of the culvert as recommended by Katona 

et al. (1976) to minimize the effect of the horizontal boundary at 

the bottom. 

The FEM mesh in Fig. 6.2 employs 4 triangular and 89 quadri

lateral elements for the subgrade, bedding, sidefill, and backfill. 

The culvert is made up of 10 beam elements and the fabric is constructed 

with 8 bar elements. The interface between the fabric and the soil is 

made up of 16 interface elements. Duncan (1979) found that the effects 

of slip between the culvert and the surrounding soil are negligible. 

Consequently, no interface elements are included in the FEM mesh at 

the soil-culvert interface. The material characterization of all these 

elements has been already described in Chapter 5. All these elements 

are connected at 176 nodal points. The nodal point coordinates are 

referenced with respect to the center of the culvert as the origin. 

Again, because of the symmetry of the model and the loading conditions, 



the nodal points on the vertical.centerline of the culvert can undergo 

only vertical displacements. Therefore, the nodal points on the 

vertical centerline are restrained against horizontal movement. The 

points on the vertical support boundary are also allowed to move only 

in the vertical direction, whereas those on the bottom horizontal 

boundary are constrained against vertical movement. All other nodal 

points, including those at the surface, are unconstrained. 

The FEM analysis is performed incrementally to simulate the 

placement of the soil surrounding the culvert during the construction 

process. Placement occurs in a sequence of layers, with one layer 

placed at a time. Accordingly, the backfill, sidefill, and the subgrade 

elements are divided into level layers as shown in Fig. 6.2. 

The diameter of the flexible metal culvert used for this re

search is 6 feet and the culvert has 3 in x 1 in corrugations, typical 

of culvert installations. The value of D/t , where t is the thickness 
c c 

of culvert corrugations, for this culvert is 1200. This value of D/t 
c 

being more than 1000 satisfies the requirement for flexible culverts. 

Loading Cases 

Two culvert burial depths are considered, one for a depth of 

cover above the crown equal to D/2, the other for a depth of cover 

equal to D. In both cases, five conditions of surface loading are 

considered, each with concentrated surface loads at a different hori

zontal distance, S, from the vertical centerline of the culvert. The 

first condition consists of a 20 kip load at S/D = 0. The second, 

third, fourth, and fifth conditions consist of 10 kip loads located 
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symmetrically from the vertical centerline of the culvert at S/D = 1/4, 

1/2, 1, and 2, respectively. All the loading cases used for the 

analyses are shown in Figs. 6.3 and 6.4 for burial depths equal to 

D/2 and D, respectively. 

Discussion of Results 

The results given below are discussed for all the loading con

ditions, and for each burial depth with the value of E„ , = .720 x 10^ 
fab 

3 
ksf. The results for the value of E_ , = .720 x 10 ksf are similar to 

fab 

those for = -720 x 10~* ksf except that the influence of the fabric 

in the system on the culvert behavior is relatively less pronounced 

with the less stiff fabric. This conclusion in the case of the lesser 

modulus is reached by reviewing Figs. 6.6 through 6.9 (pp. 91-94) for 

burial depth = D/2, and Figs. 6.20 through 6.23 (pp.116-ir9) for burial 

depth = D. For example, in Figs. 6.6 and 6.20, the higher value of 

modulus results in a lower maximum axial force ratio. 

The results of the analysis for each loading condition are 

shown in terms of the pertinent culvert design parameters such as axial 

force, F; moment, M; crown deflection, Ay, and horizontal springline 

deflection, Ax. Numerical values of the parameters being studied are 

shown in Tables 6.1 and 6.2. 

Loads with Depth of Burial = D/2 

As mentioned before, the five different loading conditions are 

shown in Fig. 6.3 for a burial depth = D/2. The corresponding nodal 

points for the FEM model where these surface concentrated loads are 

applied are sho.vn in the figure as 125, 126, 127, 128, and 130. 
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Table 6.1. Values of F' , F j M1 , 1-1 ; Ay1, Ay; Axf , Ax (Depth of Cover = D/2) 
max max max max 2 J 

kip kip-ft ft ft 
kip F kip-ft f' ft Ay ft Ax • • max ».i niax .1 a i Load F M' — ay Ax 

Location — w/Fab ——a^— w/Fab w/Fab w/Fab 
w/o w/o w/o w/o 

S/D Fab Efabl F'fab2 
Fab E 

fabl Efab2 
Fab Efabl E£ab2 

Fab Efabl Efab2 

0 2015-2 1620. ,4 1934.7 6.342 5 . 708 6.224 . 7053 .6415 . 6926 . 2723 .2489 . 2573 

1/4 399.40 299. ,00 382.75 2. 799 2 .411 2.738 .3316 .29B1 . 3262 .1302 .1181 .1282 

1/2 56.72 48. ,18 46.06 . 8986 . 9043 .8910 .1623 . 1636 .1617 .0671 .0677 .0668 

1 -2.396 -2. ,221 -2,384 .4124 . 4 0B3 .4142 .0625 .0655 . 0631 .0245 . 0257 . 0247 

2 -1.716 -1. .703 -1.719 . 3015 . 3028 . 3017 . 0426 .0429 .0426 .0176 .0178 .0178 



Table 6.2. Values of F1 , F ; M' , M ; Ay',  Ay; Ax' ,  Ax (Depth of Cover = D) 
max max max max 

Load 
Location 

kip 

F max 

w/o 

kip 
F 
max 

w/Fab 

kip-ft 
M' 
max 

w/o 

kip-ft 
M mnx 

w/Fab 

ft 
A y '  

w/o 

ft 
A v  

w/Fnb 

ft 
A x '  

w/o 

ft 
Ax 

w/Fab 

S/D Fab E 
fabl Efab2 

Fab Efabl Cfab2 
Fab Efabl Efab2 

Fab Efabl Efab2 

0 2X7. ,11 206 .76 214.38 2.105 2.027 2.098 . 3049 . 2996 . 3034 .1190 .1163 .1184 

1/4 56. .68 53 .04 55.70 1.153 1.100 1.140 .1816 .1778 . 1B06 .0719 .0704 .0715 

1/2 37. .04 33 .55 36.28 .9551 . 9023 . 9442 .1614 . 1568 .1604 .0643 . 0624 .0639 

1 8, .76 B .OR 8.3 . 6798 .6602 . 6781 .1112 . 1093 .1103 .0442 .0434 .0438 

2 -2, .97 - 2 .05 -3.00 .4644 .4610 .46 3 J .0760 .0748 .0752 .0302 .0298 .0298 
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Maximum axial force ratio, F /F' , maximum moment ratio, 
max max 

M /M' , vertical crown deflection ratio, AY/AY', and horizontal 
max max 

springline deflection ratio, AX//&' versus S/D are shown in Figs. 6.6 

through 6.9 (pp. 91-94), respectively. F , M , AY, and Ax are the 
max max 

maximum axial force, maximum moment, vertical crown deflection, and 

horizontal springline deflection, respectively, for the cases when the 

fabric is included. F' , M' , AY', and Ax' are the same parameters 
max max ^ 

for cases when the fabric is not included. 

Load at S/D = 0 (Node 125) 

When the 20 kip load is applied at node 125, the resulting 

vertical and horizontal (°j^) stresses acting on the culvert are 

shown in Fig. 6.5. Also shown in the figure is the per cent change in 

Ov and Ob brought about by inclusion of the fabric. It can be seen that 

with the presence of the fabric in the system there is a decrease of 

approximately 18% at fcrown and an increase of about 21% at the shoulders 

in the vertical stresses acting on the culvert. This means that the 

inclusion of the fabric tends to maJce the vertical stresses more uni

formly distributed on the culvert. The results reflect the stress-

distributing function of the fabric. In this loading case, the system 

has less stiffness, under and in the vicinity of the applied load, than 

out beyond the culvert due to the opening provided by the culvert 

itself; therefore, larger deformations of the fabric occur, and con

sequently a larger portion of the load is carried by the fabric. Thus, 

the results also emphasize the load-carrying function of the fabric in 

the system. The results show that the culvert undergoes smaller 
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vertical and horizontal deformations with the presence of the fabric in 

the system than without it. This implies that smaller vertical and 

horizontal stresses occur on the culvert with the inclusion of the 

fabric in the system than would occur had the fabric not been there. 

It should be noted in Fig. 6.5 that there is a substantial per cent 

increase of the horizontal stress in the vicinity of the shoulders with 

the inclusion of the fabric. However, since the magnitude of the hori

zontal stress in the vicinity of the shoulders is small compared to 

that on the rest of the culvert, this increase does not significantly 

affect the magnitude of the stresses in the culvert. 

For this loading case, it can be seen in Figs. 6.6 through 6.9 

that the values of F /F1 , M /M' , AY/AY', and Ax/Ax1 are 0.81, 
max max max max 

0.90, 0.91, and 0.91, respectively, all of which are less than one. The 

values of these ratios, being less than one, is a direct consequence of 

the attenuated and more uniformly distributed vertical stress acting 

above the culvert when the fabric is present in the system. 

Specific attention is drawn to the fact that the maximum moment 

ratio and maximum axial force ratio have value less than 1. This indi

cates that the presence of the fabric in the system has a beneficial 

effect of reducing the design stresses in the culvert. 

Load at S/D = 1/4 (Node 126) 

When two 10 kip surface loads are applied symmetrically at S = 

D/4, the influence of the fabric in the system on the culvert behavior 

is similar to that for the S/D = 0 loading case. This is evident from 

a comparison of the results shown in Fig. 6.5 and 6.10. It can be seen 
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in Fig. 6.10 that the horizontal stresses acting on the sides of the 

culvert are decreased except in the region of the shoulders where there 

is a small increase. As for the S/D = 0 case, the vertical stresses 

acting on the top of the culvert become more uniformly distributed due 

to the inclusion of the fabric, with a decrease in the vertical 

stresses in the vicinity of the culvert crown. As a result of these 

reduced stresses, there is a reduction in the horizontal and vertical 

deformation of the culvert with the fabric in the system. 

Specific attention is drawn to the fact that for the location 

of fabric and depth of soil cover being studied, the inclusion of the 

fabric has its most beneficial effect on the culvert behavior when the 

load is at S/D = 1/4. In this case, the maximum axial force ratio, 

maximum moment ratio, vertical crown deflection ratio, and horizontal 

springline deflection ratio attain the minimum values of 0.74, 0.86, 

0.90, and 0.90, respectively. The following explanation is offered 

for this result. 

As has been mentioned earlier, the fabric is envisaged to 

serve two major functions: (1) it carries part of the applied load? 

and (2) it distributes the load over a wider area. 

For one extreme case, that of the 20 kip surface load within 

the horizontal projection of culvert at S/D = 0, the effect of the 

fabric to distribute the load effectively is minimal. For the other 

extreme case, when the symmetric surface 10 kip loads are at S/D = 2 

away from the culvert, the effect of the fabric to distribute or carry 

the loads effectively and hence to influence the culvert behavior is 

negligible. Between those two conditions of minimal effectiveness of 



the fabric in the system to influence the culvert behavior there must 

exist a condition of maximum effectiveness of the fabric presence on 

the culvert behavior. For the fabric location and configuration, and 

the depth of cover considered in the present study, the optimum 

utilization of the fabric's functions to influence the culvert behavior 

favorably occurs with the symmetrical surface loads acting at S/D = 1/4. 

From Figs. 6.6 through 6.9, it should be noted that the effectiveness 

of the fabric increases as soon as two surface loads are applied with 

S/D slightly greater than 0. This occurs because of the emergence of a 

fabric length between these two loads over which the load distribution 

can take place. The beneficial effect of the fabric in the system 

keeps on increasing with the increase of S/D and reaches a maximum value 

at S/D = 1/4. The reason for decrease in beneficial effect of fabric 

at S/D > 1/4 will be explained subsequently. 

Load at S/D = 1/2 (Node 127) 

For the case of the symmetrical 10 kip surface loads at S/D = 

1/2, the location of the load is such that it lies on the dividing line 

between the stiff soil mass on one side and the flexible region due to 

the culvert opening on the other side. As shown in Fig. 6.11, the 

location of the loads at the outer edges of the culvert without the 

presence of the fabric results in lower vertical stresses in the 

vicinity of the crown than occurred when S/D = 1/4. However, the 

presence of the fabric in the .iase where S/D = 1/2 causes a greater 

redistribution of the vertical stresses, and increases the vertical 

stresses in the vicinity of the crown. 
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Figure 6.11 also shows that for S/D = 1/2, the horizontal 

stresses increase very slightly in the vicinity of the springline. 

There is a decrease of horizontal stresses in the vicinity of the 

shoulders and haunches but this decrease is inconsequential because of 

the very small magnitude of the actual stresses in the region. 

On the other hand, for the loads at S/D = 1/2, the soil on the 

sides of the culvert, is less stiff with the inclusion of the fabric than 

without it because the stresses in the soil due to the concentrated 

loads are decreased by the load-distributing capabilities of the fabric. 

Therefore the combination of increased vertical stress acting on the 

culvert and reduced stiffness of the soil on the sides of the culvert, 

with the inclusion of the fabric, results in larger vertical crown 

displacements and springline horizontal displacements. These results 

which show crown displacement ratio and springline horizontal displace

ment ratios having values greater than one are given in Figs. 6.8 and 

6.9. 

Load at S/D = 1 (Node 128) 

For the case of symmetrically placed 10 kip surface loads at 

S/D = 1, the load is located outside of the vertical projection of the 

culvert. As shown in Fig. 6.12 there is no hump in the vertical stress 

distribution at the crown of the culvert which suggests that the effect 

of the opening due to the culvert is not pronounced. With the presence 

of the fabric in the system, there is an increase in the vertical stress 

distribution in the vicinity of the crown and there is a decrease in the 

vertical stresses in the vicinity of the shoulders. This change 
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results in a more uniform vertical stress distribution on the culvert. 

Since the large: per cent increase of the vertical stress occurs where 

the magnitude of the actual vertical stresses is small, the overall 

influence of the fabric is to distribute the vertical stresses on the 

culvert more uniformly and to reduce their net effect. 

Figure 6.12 also shows that the horizontal stresses undergo 

reduction at all points with the inclusion of the fabric in the system. 

Consequently, as a result of the reduced horizontal stresses and a more 

uniform reduced vertical stress distribution, there is a reduction in 

the maximum axial force and the maximum moment with the inclusion of 

the fabric in the system. 

However, the location of the load is such that the soil on the 

sides of the culvert is less stiff with the fabric in the system than 

without it because part of the load is carried by fabric. Because of 

this stiffness change due to the modeling of soil as soil-dependent 

material the culvert undergoes larger vertical crown deflection and 

larger springline horizontal deflection with the fabric present in the 

system. 

For the case where S/D = 1, the maximum axial force ratio, 

maximum moment ratio, crown displacement ratio, and springling hori

zontal displacement ratio are 0.99, 0.99, 1.04, 1.04, respectively, as 

shown in Figs. 6.6, 6,7, 6.8, and 6.9. In other words, the influence 

of the fabric is almost negligible. 



Load at S/D = 2 (Node 130) 

For the case where the symmetrical 10 kip surface loads are at 

S/D = 2, the applied loads are far enough away from the culvert that the 

axial forces and moments in the culvert are small as shown in Tables ; 

6.1 and 6.2. 

From Figs. 6.6 and 6.7 it is seen that the presence of fabric 

has very little effect on the maximum axial force and maximum moment in 

the culvert. This is explained by the fact that in the region away from 

the culvert, the deflections of the fabric are primarily governed by the 

soil elements above and below the fabric since the fabric possesses only 

low tensile rigidity. Because the soil around the culvert is well com

pacted, these deformations are small enough not to produce appreciable 

stresses in the fabric. This, in turn, means that the fabric does not 

significantly influence the maximum axial force and the maximum moment 

in the culvert. 

In Fig. 6.8 and 6.9 however, it is shown that the inclusion of 

the fabric results in increased vertical crown deflection and increased 

horizontal springline displacement. Because the soil is represented by 

the Duncan-Chang model the application of surface load away from the 

culyert causes the soil and the fabric in the vicinity of the crown of 

the culvert to displace vertically upward. With the presence of the 

fabric, this heave is smaller than that which occurs without the fabric. 

The downward vertical displacement of the crown of the culvert under 

overburden loading due to backfill, combined with this smaller upward 

displacement in the system with fabric than that without fabric, results 

in a net larger downward crown displacement for the case of the system 
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with the fabric than without it. It may be mentioned here that, if the 

soil had been modeled as a linear elastic material, the heave described 

above would not have been produced and the soil would have undergone 

vertical downward displacements everywhere both with and without the 

inclusion of fabric. 

This loading configuration also causes horizontal displacements 

of the soil which are directed toward the culvert. Smaller horizontal 

displacements directed toward the culvert are produced under the 

application of surface loads with the presence of the fabric in the 

soil-culvert system as compared to that without the fabric. When these 

smaller horizontal displacements directed toward the culvert are 

combined with the horizontal displacements directed away from the 

culvert due to backfill load, the net resulting horizontal displacements 

directed away from the culvert are larger at the springline with fabric 

in the soil-culvert system than without fabric in the system. 

It is shown in Fig. 6.13 that with the inclusion of the fabric 

there is a moderate decrease in the vertical stress acting on the 

culvert except in the vicinity of the crown. The net result is a more 

uniform vertical stress distribution on the culvert. The horizontal 

stresses acting on the sides of the culvert are also reduced with the 

presence of fabric in the system except on the shoulders. However, 

since the actual horizontal stresses are very low in the vicinity of 

the shoulders, this increase is insignificant in modifying the behavior 

of the culvert. The reduction in the horizontal and vertical stresses 

is due mainly to the load-carrying function of the fabric in the soil-

culvert system. 
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It should be noted that the horizontal stresses for this case 

are greater than the vertical stresses. This is due to the large 

horizontal offset of the concentrated loads from the horizontal pro

jection of the culvert. 

It can be seen in Figs. 6.6 and 6.7 that for this case, values 

for the maximum axial force and the maximum moment ratio are only 

slightly less than 1. As shown in Fig's. 6.8 and 6.9, the crown deflec

tion ratio and the horizontal springline deflection ratio have values 

slightly greater than 1; i.e., the fabric has little effect on condi- > 

tions for this problem configuration. 

Loads With Depth of Burial = D 

The location of surface loads with a horizontal configuration of 

fabric 1 foot above the crown and with depth of culvert burial equal to 

D is shown in Fig. 6.4. As for the previous case where the depth of 

culvert burial =• D/2, five different loading cases are considered: a 

20 kip load at S/D = 0, and two 10 kip symmetrically placed loads at 

S/D = 1/4, 1/2, 1, or 2. As shown in Fig. 6.4, the corresponding load 

application nodes for the FEM model are 167, 168, 169, 170, and 172. 

General Discussion for S/D = 0, 1/4, 1/2, 1, 2 

Figure 6.14 shows the horizontal and vertical stresses without 

the presence of fabric in the system and the per cent changes in these 

stresses with the fabric for the loading case with 20 kip load at S/D 

= 0. Similar results are shown in Figs. 6.15, 6.16, 6.17, and 6.18 for 

the other loading cases. From these figures, the following observations 
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and inferences are made to explain the behavior of the culvert under 

these loading conditions and with depth of burial = D. 

As the surface loads move away from the vertical centerline of 

the culvert in a system without fabric, the magnitude of the vertical 

and horizontal stresses acting on the culvert decreases. This effect 

is due to spatial attenuation of the stresses as distances of the 

applied loads from the culvert are increased. 

The per cent change in the vertical stresses acting on the 

culvert due to the fabric is negative in all loading cases, except for 

a small region around the shoulders for the S/D = 0 and 1/4 loading 

cases. This reduction in the vertical stresses acting on the culvert 

is primarily due to the load-carrying function of the fabric in the 

soil-fabric-culvert system. In the case of the two exceptions, since 

the actual vertical stresses in the vicinity of the shoulders are 

relatively small to begin with, the positive per cent change is not 

significant as far as changing the relative magnitude of stress there 

compared to stress at the crown. In fact, this positive per cent change 

demonstrates the fabric's ability to produce a more uniform vertical 

stress distribution over the entire culvert, including the region at 

its shoulders. 

As with the shallower depth of cover, the influence of the 

presence of fabric in the soil-culvert system is to make the vertical 

stresses acting on the culvert more uniformly distributed. This may be 

demonstrated by the fact that in all loading cases the small vertical 

stresses acting in the vicinity of the shoulders undergo either an 

increase or only a small decrease in value with the presence of fabric. 
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The larger vertical stresses acting in the vicinity of the crown and 

springline undergo significant decreases with the inclusion of the 

fabric in the system. As a consequence, a more uniform vertical stress 

distribution results with the presence of the fabric in the system. 

However, it should be noted that this effect of more uniform vertical 

stress distribution is more pronounced in the case of the surface 

loading with depth of burial = D/2 than that with the depth of burial 

= D. 

As the surface loads are placed farther away from the vertical 

centerline of the culvert, a definite trend is noticed in the effect of 

fabric on the change in horizontal stresses acting on the culvert. For 

the case of the surface load at S/D = 0, the per cent change in the 

horizontal stress acting on the sides of the culvert due to inclusion 

of the fabric is positive. For the other extreme case (two 10 kip 

symmetrical surface loads at S/D = 2) the per cent change in the hori

zontal stress acting on the side of the culvert is negative except for 

a small region in the vicinity of the haunches. This means that, with 

the fabric in the system, the horizontal stresses acting on.the sides 

of the culvert are increased for the loading case with S/D = 0 and are 

decreased for the loading case with S/D = 2 as compared to the system 

without fabric. For the other cases of loading (S/D = 1/4, 1/2, and 1) , 

the horizontal stress distribution follows a gradual chance from the 

case of increased horizontal stresses for the S/D = 0 loading to that 

of decreased horizontal stresses for the S/D = 2 loading. 

For a burial depth = D, the influence of the cavity due to the 

culvert in determining the effectiveness of the fabric to modify the 
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behavior of the culvert is dominant only for the surface load location 

within the horizontal projection of the culvert. Because of the deep 

soil cover and the opening due to the culvert, the strong load distri

bution function of the fabric causes more vertical load transferred on 

the sides of the culvert for the case of the surface load at S/D = 0. 

This means that there is more confining pressure on the sides of the 

culvert and the soil on the sides of the culvert becomes stiffer with 

the fabric in the system than without it. This, in turn, results in 

higher horizontal stresses acting on the sides of the culvert. On the 

other hand, for the surface loads at S/D = 2, the presence of fabric has 

very little influence in redistributing the loads because of the large 

soil cover and the large distance between the applied loads and the 

cavity due to the culvert. In that case the decrease in the horizontal 

stresses acting on the sides of the culvert is primarily due to the load 

carrying ability of the fabric. 

Furthermore, to explain 'the effect of deeper soil cover on 

stiffening of soil around the culvert, isobars of normal vertical stress 

are shown in Fig. 6.19. It can be seen that if a culvert were inserted 

into the fetress field defined by the isobars, the horizontal extent of 

the soil mass undergoing a change in vertical stress due to the surface 

concentrated load would decrease, the:closer the culvert was to the 

surface. This means that the amount of stiffened soil at the sides of 

the culvert would be smaller the closer the culvert was to the surface. 

This stiffening because of relative deeper cover of soil results in 

larger horizontal stresses in the case of the culvert with deep soil 

cover, 
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All the nodes of the culvert undergo downward vertical dis

placements for all loading cases without the fabric in the system. The 

presence of fabric causes a reduction in the downward vertical displace

ment of all culvert nodes. All horizontal displacements of the culvert 

nodes are directed away from the culvert in all loading cases without 

the fabric in the system except for the case of loading at S/D = 2. 

In that case the horizontal displacements in the vicinity of the 

haunches and the shoulders are directed toward the culvert. This means 

that for surface loads at approximately S/D £ 1.5, the vertical stresses 

acting on the culvert tend to produce horizontal displacements which 

are resisted by reaction type stresses on the sides of the culvert. 

For the case of surface loads at S/D > 1.5, the horizontal stresses on 

the culvert are generated by the surface loads. These applied stresses 

cause horizontal displacements which are directed inward. For surface 

loads placed at S/D > 1.5, the influence of the loads to cause stresses 

in the culvert is insignificant and unimportant. In all cases of 

loading, the fabric causes a reduction in the horizontal displacements 

at all nodes of the culvert. 

Figures 6.20 through 6.23 show the maximum axial.force ratio, 

maximum moment ratio, vertical crown displacement ratio, and horizontal 

springline displacement ratio, respectively, for surface loads at 

various locations. All of these parameters are reduced because of the 

reasons explained above but particularly because of the reduction of 

vertical stresses acting on the culvert due to inclusion of fabric in 

the system. 
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It should be noted, however, that with the presence of the 

3 
fabric having E_ = .720 x 10 ksf, the reduction in these parameters 

fab 

is very small. The minimum values of F /F.' , M /M' , AY/AY1, 
max max max max 

Ax/Ax' are 0.90, 0.94, 0.97, and 0.97, respectively. These minimum 

values represent the maximum reductions that take place and they occur 

when the surface loads are located at S/D = 1/2. This supports the 

observation that for this configuration and both stiffnesses of the 

fabric, as the burial depth increases, the surface loading point where 

maximum reductions of the culvert design parameters occur shifts 

farther away from the vertical centerline of the culvert. 

Analysis With Inclined Configuration of Fabric 

As indicated previously, the FEM mesh shown in Fig. 6.1 with the 

inclined fabric configuration was the first case analyzed for S/D = 0, 

= 1 foot, H^_ = 3/2 D and a burial depth equal to 2D. The sidefill 

and the backfill loads were applied in nine layers. The sequence of 

construction and the number of layers were kept the same for cases with 

and without the fabric in the soil-culvert system. A reivew of the 

results showed that the presence of fabric had an insignificant effect 

on the maximum axial thrust, maximum moment, vertical crown deflection, 

and the horizontal springline deflection. To investigate further the 

influence of the presence of an inclined fabric on these parameters, 

four different cases of surface loading were considered: 50 kip 

concentrated load placed separately at S/D = 0, 1/4, or 1/2 and 50 kip 

concentrated loads placed simultaneously at S/D = 0, 1/4, and 1/2. 

Again, the review of the results showed that the presence of the fabric 
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had a negligible effect on the parameters being used to represent 

culvert behavior. The following reasons are offered to explain the 

ineffectiveness of the inclined fabric in attenuating stresses. 

The physical and practical constraints of the field conditions 

require the convex (with respect to the surface) humps near the hori

zontal ends of the fabric (refer to Fig. 6.1). During the process of 

loading the fabric has a tendency to shorten under the given loading 

because of the convex humps. The shortening of the fabric in the 

vicinity of the humps results in the generation of compressive stresses 

in the fabric. Since the fabric is incapable of carrying compressive 

stresses, it becomes wrinkled in the soil mass and does not fulfill 

its role as a load-carrying member in the soil-fabric-culvert system. 

For the fabric being considered as an inclusion above the 

culvert in the soil mass, the movements of the fabric are primarily 

governed by those of the soil mass surrounding it because of the large 

stiffness of the soil mass compared to that of the fabric. Further

more, since the fabric is embedded with soil above and below it, down

ward displacements of the fabric under stresses applied normal to the 

plane of the fabric are largely prevented by the soil below the fabric. 

Since backfill is generally well compacted soil, the displacements of 

the fabric are not large enough to produce measurable tensile stresses 

in the fabric. However, it should be noted that if the fabric is 

supported by a weak soil at its bottom surface, and its ends were 

prevented from moving in the horizontal and vertical directions rela

tive to the soil above it, the fabric would carry a large portion of 

the load and hence would prove its usefulness. 
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Because of the relatively deep soil fill above the fabric, 

surface loads are distributed over a larger area of the fabric than if 

the fabric were closer to the surface. Consequently the stresses 

acting on the fabric are of low intensity. Hence, the displacements 

and the stresses produced in the fabric are very small. 

To illustrate the influence of the presence of fabric on culvert 

displacements. Fig. 6.24 shows deflected shapes of the culvert with and 

without the fabric relative to the undeflected shape of the culvert for 

a depth of cover = D/2 and a 20 kip load applied at the surface directly 

above the culvert center (S/D = 0). From this figure, it is evident 

that the presence of the fabric causes a reduction in the culvert dis

placements all over the culvert. However, in the vicinity of the 

shoulders, the presence of the fabric has little or no effect. It 

should be noted that if the pressure distribution assumed by Spangler 

(1941) (refer to Fig. 3.5) is considered, the vertical crown deflection 

and the horizontal diametrical deflection of the culvert are approxi

mately equal. In that case, according to Valentine (1964), there 

should be no displacement at the 45° section, i.e., in the vicinity of 

shoulders. Also, a comparison of the deflected shape of the culvert 

without fabric as obtained in this study and as shown in Fig. 6.24, with 

the shapes shown in Fig. 6.25 which were reported by Valentine (1964) 

on the basis of full scale testing of flexible culverts under 

equivalent AASHTO loading, shows good qualitative correlation. 

A study was conducted to determine the influence of Ns, the 

Ms 
flexibility number (N = —ttt) on the salient design parameters in 

s fccic/u 

the soil-culvert system. The results of this study, with an overburden 
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Fig. 6.25. Strain, Pressure, and Deflection Measurements for Buried 
Culverts — From Valentine (1964, p, 52)f 



loading due to the soil cover above the crown of the culvert equal to 

2D are shown in Fig. 6.26. A perusal of the figure shows that the mode 

of the failure of the culvert changes with varying N^. With large 

values of N^, simulating a flexible culvert with stiff soil condition, 

the culvert failure is anticipated with wall crushing (inelastic 

yielding). With small values'of N^, simulating a flexible culvert with 

weak soil condition, the culvert failure occurs with the mechanism of 

"snap-thru." The "snap thru" failure is defined as the mode of culvert 

failure in which the top portion of the culvert reverses curvature. In 

the other range of values of N^, the culvert failure is more probable by 

buckling. 

In the present study of the soil-fabric-culvert system, the 

culvert behavior is examined within the elastic limits of the culvert 

material. Buckling or elastic instability is not considered as a 

failure criterion. The inclusion of the fabric in the soil-fabric-

culvert system contributes to the stiffening of the soil by reinforce

ment. In the present analysis, the presence of the fabric increases 

the stiffness of the soil by a maximum of four times, as shown in'Fig. 

6.26. It is also anticipated that in some cases, the mode of the 

culvert wall failure may also change because of the increased 

stiffening of the soil due to the inclusion of fabric. 
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Fig. 6.26. Axial Force Versus Flexibility Number 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Based on the results of this study, the following conclusions 

are made for the attenuation of the culvert design parameters, due to 

the inclusion of an engineering fabric in the soil-fabric-culvert 

system. 

1. The inclusion of the fabric causes a reduction in the values of 

the maximum axial force and the maximum moment for all loading 

cases and all depths of burial considered in this research. 

2. For all the burial depths considered, the influence of the in

clusion of the fabric is small for locations of surface loads 

at S/D > 1/2. 

3. The influence of the fabric in reducing values of maximum axial 

force and maximum moment in the culvert is much greater with 

the depth of burial = D/2 than that with the depth of burial 

= D. 

4. For a burial depth = D/2, the maximum reduction in the maximum 

axial force and the maximum moment in the culvert is 25% and 

14%, respectively. This occurs with the location of surface 

loads at S/D = 1/4, For a burial depth = D, the maximum 

reductions of those parameters are 10% and 6%, respectively. 

This occurs with the surface loads at S/D = 1/2. 
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In general, the presence of the fabric causes a reduction in 

magnitude and a more uniform distribution of the vertical and 

horizontal stresses acting on the culvert. 

For a burial depth = D/2, the vertical crown deflection and the 

horizontal springline deflection are reduced with the presence 

of fabric for surface load locations at S/D <_ 1/2. However, 

these parameters become greater with the inclusion of fabric 

for surface load locations at approximately S/D > 1/2. 

For a depth of burial = D, the vertical crown deflection and 

the horizontal springline deflection are reduced with the inclu

sion of fabric for all surface load locations. 

For a particular burial depth the beneficial effect of fabric, 

as predicted by a reduction of the maximum axial force and 

maximum moment in the culvert, increases with increasing hori

zontal distance of the vertical surface loads from the vertical 

centerline of the culvert until a maximum value is reached. The 

reduction then starts decreasing until the location of surface 

loads at about S/D =2, where the effect is negligible. 

For a burial depth = D/2, the maximum reductions in the maximum 

axial force, maximum moment, vertical crown deflection, and 

horizontal springline deflection due to the inclusion of fabric 

occur with the surface concentrated loads located at S/D =1/4. 

For a burial depth =D, the maximum reductions for the same 

parameters occur with the loads located at S/D=1/2. This leads 

to the conclusion that, as the depth of burial increases, the 

horizontal distance of the location of the surface loads from 
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the vertical centerline of the culvert also increases in order 

for the maximum beneficial effect of the presence of fabric to 

develop. 

10. The fabric in an inclined configuration is not effective for the 

attenuation of stresses due to concentrated loads on the 

surface. This ineffectiveness is due to the following reasons: 

a. The shape of the fabric, as dictated by the field con

straints of construction, has to have the convex (with 

respect to the surface) humps near the ends of the fabric. 

Because of these convex humps, compressive stresses are pro

duced in the fabric under loading. The fabric wrinkles 

since it is incapable of carrying the compressive stresses. 

b. The fabric is supported &t its bottom surface by soil. If 

this soil is stiffer than the fabric, this prevents the 

displacement of the fabric. It therefore hinders the 

development of tensile stresses in the fabric. 

c. In the case of a large depth of fill, which is necessary for 

the inclined configuration of the fabric, the intensity of 

the stresses acting on the fabric is reduced. Also, the 

influence of the cavity in the soil-fabric-culvert system is 

much less pronounced. Consequently, only small displace

ments and stresses are produced in the fabric and its 

attenuation capabilities are not fully developed. 
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Future Research Recommendations 

1- Investigation of the effectiveness of a fabric-soil beam con

structed with engineering fabric wrapped around the soil above 

a culvert. 

2. Research on the application of engineering fabric for use over 

subsurface openings (pits or trenches) having shallow cover 

depths to attenuate stresses due to vehicular loading or to 

reduce stresses due to the weight of fill itself. Such situa

tions arise in the trenches for low level nuclear waste disposal 

and in water supply systems. 

3. Research to establish the testing equipment and procedures for 

determining the properties of engineering fabrics for their 

uses as stress-carrying component in the soil-fabric system. 

4. Research to determine the influence of the variation of the 

properties of the soil adjacent to the fabric in the soil-

fabric system. 
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