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ABSTRACT
NON-LINEAR FINITE ELEMENT DYNAMIC ANALYSIS
OF THE EFFECT OF COMPACTION ON

UNDERGROUND CONDUITS

Anupong Kararam, Ph.D.

The University of Texas at Arlington, 2009

Supervising Professor: Ali Abolmaali

Construction loads are an important but often overlooked factor in undachr
pipe design and installation. Common compaction equipments used in pipeline
construction can be a major contributor to pipe damage. To reduce loashitations
in excess of the design loads, construction equipment should be keptfatdistance
above the pipe location.

This study investigates the behavior of a reinforced congie&ine system
under a compaction process. The full-scale experimental testamakicted using a
Type-2 standard trench installations soil and minimum compactionreeagmt. Using
a compaction machine “hoe pack” and including the weight of a backhoaxienum
dynamic compaction force was applied to the entire area of fgeespil installation

system. Induced pressure and deformation to the pipe wall wereneegasa load cells



and strain gauges respectively. Damage to the pipeline wasmalsiored by an
inspection camera installed inside the pipeline. The test resubtwed the pipeline
system was damaged due to the compaction force when onlysth@-iiir (15-cm) layer
of backfill soil above the pipe’s crown was completed. The mattaircompaction
location is at the joint of the pipeline system. Compaction hdrelerack and fracture
in the pipe wall. Thus, the test results ensured the effechefivy compaction force on
the failure of the pipeline system during the construction process.

The finite element (FEM) model was developed based on the ttigeebearing
experimental test known as “D-Load test.” To verify the fingdlement (FEM)
algorithm, the D-Load tests were conducted on eight full-scale reatf@ancrete pipes
with 18-in. (46-cm), 36-in. (91-cm), and 54-in. (1.37-m) diameters matuégt per
the ASTM C76-08. The experimental tests closely exhibit the F&dlts both when
comparing load-deformation and crack initiation and propagation. Further, t
significance of crack width in pipe stiffness characterisiaiscussed. Complete three-
dimensional (3-D) models of the “D-Load” test conducted on the re@foconcrete
pipes is simulated by using FEM method. The simulation will pratiiettest up to
failure by scaled dynamic analysis and discrete crack mobtelciiack model uses the
constitutive material law for concrete coupled with tensiorfiestiilg algorithm. Also,
the failure modes observed for different pipe diameters are documented and reported.

Consequently, a parametric study of a pipeline under the compacticesprnn
trench installation was conducted to specify the minimum backfdthdabove pipes

before compacted. The 3-D FEM modeled two spans of a concrete pipe and surrounding



soils. The concrete brittle cracking criterion was appliedHerpost-failure behavior of
a pipe model. In the surrounding soil zone, the Mohr-Coulomb criteriorusexs for

the material property. A surface-to-surface contact propedg employed in the
interface between each two regions of a pipe and surrounding sodk efmiploys a
nonlinear incremental solution algorithm. The compaction force compufsadstatic

weight of backhoe and a dynamic force from hoe pack applied simewitisly. All

standard pipe sizes used in this parametric study are 24-in. (B&1im. (91-cm), 48-
in. (1.22-m), and 54-in. (1.37-m) diameters. The interesting paeasneiclude the
geometry related, material properties, and loading locations. tlicig shows the effect
of backfill height on the stress reduction for each pipe sizehé\nrtost critical region

on a pipeline, a minimum backfill soil cover above a pipe is defined.

Vi
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

In underground pipe work there are various factors effecting pipstsucture
interaction either during or after construction. Many researdhmers studied loading
conditions on pipe-soil systems with varied covering depths. Both static load and
dynamic live load have been studied experimentally and theoreticBllying
construction, the compaction process is the major issue in trangfé&rge impacting
forces to the pipe structure. Hansen et al. (1997) provided a reparpaiven link
between the premature cracking of small diameter (less3@am. or 90 cm) concrete
stormwater pipes and construction loading. The major causes of piengravere
most likely related to trench backfilling and compaction method. Fr&eenpaction
and road construction equipment are often found to induce loads far greatethe
typical service load for which the pipes were designed. Common coopaciipment
used in pipeline construction is the wacker packer, trench roller, eandvator
compaction wheel. Such construction equipment can be a major contribuybgoe
cracking. The design and selection of a pipe class must consideomiséruction
loadings.

By the 1980’s, vibratory compactors were connected to the arms gtawagor

such as a backhoe and used for compacting material in a trahcutvequiring a man



to enter the trench. The invention related to a plate-type vibratompactor (Dresher,
1971) which permits the direction-reversing feature of a selbgiled vibratory
compactor. The improved construction method also led to the inventioa of
hydraulically operated vibratory soil compactor adapted for usle avibackhoe (St.
Louis, 1980). Thus, most standard specifications include minimum cover ragoie
as a safe distance for construction equipment live loads (Poucla¢r, é976; and
Pacific Northwest Concrete Pipe Association, 1993). The eftédigavy construction
equipment passing over concrete pipes are also considered in the €dpigret
Installation Manual (American Concrete Pipe Association, 2007) vimdaload
concentrations in excess of the design loads. These regulagqonger adequate
protection against ongoing heavy equipment and require a tempaeudnyfid to be
completed prior to the passing of equipment.

This research mainly focuses on the effect of a vibratargefproduced by a
heavy compaction device during the construction process of a copigpetembedded
in shallow soils. A full scale experimental test included tlemdh installation of a
pipeline. Every 6-in. (15-cm) increment of backfill soil layevas compacted. The
instrumentation on the concrete pipes included earth pressure cellgesbigate the
induced pressure on pipe wall and strain gauges to evaluate pigersnateon,
respectively. Also, an inspection camera was used to observe theeaceuof failure
on the buried pipe.

The further study of post-failure behavior of the concrete pipe ingdlive full

scale D-Load test. A pipe specimen was set up in the threebedging (TEB) machine



composed of two supports and a load bearing strip. With this testatlesizes, crack
propagations, and failure modes on a pipe under the increased crusit@gvere
determined. The instrumentation included a linear variable displatetrasducer
(LVDT) for measuring the deformation in both vertical and horizodiadctions of a
pipe cross-section. Load increments were gradually applied byEBemachine at the
controlled rate until the service strength and the ultimatngtih were reached. The
results were also used to verify the concrete brittlekangcproperty in the finite
element (FEM) modeling.

The FEM model of pipe-soil installation was created to simwatepredict the
behavior of a buried pipeline subjected to the effects of the cdimparcocess. For the
post-failure behavior of concrete under cracking, tension stiffenifigedethe presence
of reinforcement in the concrete used for the brittle cracking médghr-Coulomb
plasticity model was used for analysis applications in theosoding soil zone.
According to the experimental test, the vibratory force from ek and the static
weight from backhoe were simulated for the applied load in a médelscaled mass
matrix was used for each increment within the dynamic aisaliep to increase
computational efficiency Consequently, a parametric study was accomplished with
several interesting variables: pipe sizes, backfill soil deptts;fill soil materials, and
loading locations.

1.2 Construction Induced Stress

The construction load from the compaction machine is applied tpipleeas a

non-uniformly distributed external pressure. The pipe derives its gugpon



distributed external earth pressure around the lower portion ofréismference. The
pressure distribution, transferred via the surrounding soil, signifycarftuences the
pipe’s stiffness. The applied earth pressure has a normal compamerd traction
component, resulting from friction between soil and concrete. Asrsiowigure 1.1,
the combined effects of moment (M) and thrust (N) at the seaiomsximum flexural
stress produce the tension on the inside of the pipe and compressionoontsitie of
the pipe at crown and invert. In contrary, at springline, the tensiorcamgression

occur on the outside and inside of the pipe, respectively.

/ \
N Injer N
—— | - —

\ /

M M

Figure 1.1 Moment and thrust induced on a buried pipe.



1.3 Pipe Design Methods

Marston (1930) developed theory of earth loads on a buried pipe, using
experiments and field data conducted over 20 years. Marston also edvire
characteristic force diagram representing the earth pressdiesed on a buried pipe.
Spangler (1933) developed three bedding configurations and the beddiory Tde
objective of Spangler's research was to determine the suppattieggth of buried
rigid pipe when subjected to the earth load predicted by Marstbatwieés of earth
loads on projecting culverts. Based on Marston and Spangler’'s theory (195%),
Olander (1950) presented the bulb-shaped distribution of earth pressurethea
analysis of stress around a buried concrete pipe. Marston and Sarggedrch is the
basis of the currently used “Indirect Design” method.

The indirect design method emphasizes on the comparison of tlotusdt
strength of the pipe from the three-edge bearing (TEB)tteshe field supporting
strength of a buried pipe. The method uses the 0.01-in. (0.25-mm) artazioE
developed in a TEB test to evaluate the supporting strength &ned concrete pipe.
For circular pipes, ASTM C 655 (2007) defines the TEB ultima&el land an observed
0.01-in. (0.25-mm) crack width in terms of D-Loads multiplied byrangjth factor.
ASTM C 76 (2008) contains tables for steel reinforcement requirecwgresponding
to the specified classes of reinforced concrete pipe basedsbmdta. In 1983, the
indirect design method was included in a new section of the AASHTOY0/1(2005)

and M 242 (2005).



Therefore, the TEB method is widely used for testing of streagth cracks
occurred in reinforced concrete pipes. Sizes of the crack on Ilpipies have become a
concerned topic for many researchers due to the exposure of treraiemfsteel. As
the tensile strength of concrete is exceeded, cracks will Bmnthe tensile load is
transferred to the steel. Consequently, the 0.01-in. (0.25-mm) craekiachas been
used and accepted as a conservative design for reinforced concreif@mpgrécan
Concrete Pipe Association, 2001).

Due to the developments of the knowledge of soil properties, as well as
advancements in structural analysis techniques, the design practice ofecpmpesthas
been significantly improved. In 1970, American Concrete Pipe AssutTiéhCPA)
began a long range research program on the interaction of looneckte pipe and soill
(American Concrete Pipe Association, 2001). The research progmasoil-structure
interaction was conducted by researchers at Northwestern bityvdncluded were
full-scale tests at the Ohio Transportation Research Cergea. i&sult, new standard
installation types were recommended, which differ considerabiy those originally
developed by Marston and Spangler (1930, 1933). Consecutively, four new standard
installations, Heger earth pressure distribution, and the “DiresigpeMethod” were
incorporated in an American Society of Civil Engineers (ASCE) standard, 1994.

The direct design method is a limit state design procedurenddnmeed concrete
pipe that requires the determination of total load on the pipe and the distributamthof e
pressure around the pipe. The direct design procedures consideffeitts ef the

distribution of loads on a buried pipe by making assumptions on theimaradtearth



pressure around the pipe circumference. The required strendtk ocbmcrete pipe is
determined from the effects of bending moment, thrust, and shear. fohmephysical
properties of a concrete pipe and reinforcement are evaluated hsingrdcedures
based on the strength and crack width limits.

1.4 Performed Theoretical and Experimental Studies

Two types of pipe-soil installation, trench and embankment, are ywseld in
the construction field. Trench installations are used in relgtimarrow excavations
with the pipeline covered with earth backfill extending to the woailgground surface.
For embankment installations, the pipe is installed with the topeopipe projecting
above the surface of the natural ground and backfill materiabce@lin layers above
the natural ground. After installation, the concrete pipe and thdéogmvg soil become
a composite unit. The amount of load carried by the pipe is dependehe il
stiffness around the pipe. The general characteristics ob#us,| consisting of pipe
weight and earth load, exert a distribution of earth pressure around the pipe.

The supporting strength of the buried pipe has been investigated to pilteride
distribution of the vertical reaction around the lower exterior sarfaf the pipe and
reduce stress concentrations within the pipe wall. Marston sudgimsteuse of sand
bearings over a 90-degree arc for the test of the supportieggsir of pipe.
Furthermore, Marston et al. (1917) focused on the supporting strengtpeoés it is
affected by bedding conditions. Schlick (1920) performed the pipegagsts under

several bedding conditions.



Since 1970, the theoretical and experimental performance of pipe-soi
interaction system have been continuously studied and developed. Impnisein
well-established design criteria required more precise sisalyechniques and
systematic testing approaches. Full-scale test resultsuseteto evaluate and validate
theoretical studies. Parmelee (1973) studied buried concrete pimks imposed
loading. The project consisted of field installations and a comprieeelREM program.
For the field tests, pipe sections were instrumented with strain gaugegsfitir taking
diameter and chord measurements, and surface pressure metess. cBtie® were
installed in the soil at various locations in the vicinity of thpepiField data and
laboratory tests under controlled load conditions were used to veefynonlinear
mechanical properties for both concrete and soil in the plane swawputer FEM
model. The digital computers and FEM have been applied to a maitedmaddel for
analyzing the behavior of a concrete pipe buried in soil massekkand McQuade
(1978) incorporated the principles of pipe-soil interaction in theutated analysis
results for eight different field installations.

Webb et al. (1996) performed full-scale tests at the Univessiassachusetts
at Amherst to evaluate the behavior of pipe-soil interaction duricgfibmg. The
installation practices involved the use of compaction devices. Thig stdidated that
the rammer compactor produced greater backfill density than thatomprplate
compactor, and it produced higher residual lateral soil strdsaesdntribute to better
overall pipe performance during backfilling. Zoladz et al. (1996) coeduthe

laboratory testing of the pipe-soil interactions under the béokfilprocess. Test



variables included were pipe types, trench conditions, backfill mEtecompaction
methods, haunch effort, and bedding conditions. They found that wider trench produced
the greater upward deflections during sidefill compaction. The ramompactor was

the most effective means of achieving high backfill density difthess, forcing
backfill into the haunch zone, and developing lateral stresses atésedd the pipe.

The coarser-grained backfill material achieved suitable wsotl weight and stiffness

with less compactive energy than the finer-grained materiad Aaunching effort
provided pipe support in the lower haunch zone. Furthermore, Webb et al. (1998)
applied controlled low strength material as backfill part oftwadys for installation
procedures. The controlled low strength material provided excellppbsg for the pipe

in especially hard to reach areas.

The instrumentation and data measurement are also significargdprres for
the field study. McGrath et al. (1999) devised an extensive instriation plan to
monitor buried pipe behavior, soil behavior, and pipe-soil interaction dursidgilbag.
Measurements of pipe shape, pipe strains, pipe-soil interfassyses, soil density, soil
stresses, and soil strains were collected. McGrath é20fl0f conducted full-scale field
tests to evaluate the pipe-soil interactions that take plagepas were buried and
backfilled. Tests included two types of backfill soil, the compaceeelk, three trench
widths, and varying haunching effort. They found that compaction of ibackthe
region from the springline to 45 to 60 degrees below the springlina Isagnificant
positive effect in mitigating poor bedding and haunching condition. Alsage®f soft

bedding is effective in reducing invert pressures on the pipe. Tekte@005) studied



on the design and test of a soil contact pressure sensor. Basednotl thethod, the

calibration and validation of a sensor showed a good response. lteBtddthe sensor
is generally used to measure the development of contact pressutesundaries of
buried structures.

1.5 FEM Computer Programs for Pipe-Soil System

Because of the complexity of the soil-structure interactiotesysthe theory of
continuum mechanics, “Finite Element Method”, in conjunction with an relgct
computer was considered. Several unified computer programs formifeesoil
interaction analysis and design have been developed. CANDE (Culnvalysfés and
Design) was first introduced by Katona et al. (1976) under the agstmg of Federal
Highway Administration. CANDE operates either in a designmoamalysis mode and
offers a choice of three solution levels ranging from an elgstolution to a general
FEM solution. After 2000, researchers utilized the CANDE programmwide range of
the pipe-soil interaction analysis. McGrath (2003) completed weedimensional
embankment installation FEM model using CANDE. The specifietsive was
CANDEcad which used the CANDE program for calculations, but addsuancad
based pre- and post-processor. Maher (2005) created the FE model parahetric
study of factors effecting on buried reinforced concrete piples.cbmputer program
CANDE was used as the two-dimensional plane strain model cangigemlinear soil
performance.

A computerized direct design method for buried concrete pipe nam&ASPI

(Soil-Pipe Interaction Design and Analysis) was presentedefHeigal., 1985). The
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soil-structure interaction FEM system for embankment and trersthllations were
described. Also, the new reinforced concrete design methods developkdaqrradial
tension, and cracked section were summarized. SPIDA is the cubtmimdtover 20
years of research and testing to develop improved methods for oeteymarth loads
and pressure distributions on buried concrete pipe. McGrath and Kurdziel (1991)
provided the method for reinforced concrete pipe design using the pr@&fPéDA.
PIPECAR (Pipe Culvert Analysis and Reinforcing design) isedeFal Highway
Administration-sponsored microcomputer program that sizes reinfplased on the
assumed loads and soil pressure distributions. The computer prograin(SHndard
Installation Direct Design), is a further development of PIPRCihAat incorporates
more sophisticated pressure distributions based on the resulteaicresvith SPIDA
that represent standard installations.

1.6 Installation Technigues

The pipe embedment consists of the soil that is placed under and aropipkthe
immediately above the bedding. It includes the sidefill andriti@licover. The sidefill
soils adjacent to the pipe provide beneficial lateral support. The aritbsal region of
embedment is the haunch fill, extending under the pipe from thegbperown to the
top of the bedding. If the soil in this region is highly compactedr @mmilarly
compacted bedding under the two outer one-thirds of the pipe outsideeatiamepipe
installation will achieve a beneficial distribution of earth supgArherican Concrete

Pipe Association, 2001).
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1.6.1 Trench Installation

Figure 1.2 shows the concept of trench installation. The pipeodatdd
completely below the natural ground surface and the backfill ovepigieeis placed
between vertical walls of pre-existing soil extending to thé&asar Trench installations
are made in relatively narrow excavations and the pipeline cowetlecearth backfill
which extends to the original ground surface. Sewers, drains and mates are
usually constructed in trenches. The shallow trench installatiotinesinstallation

technique used in this research.

Ground surface

Backfill
Pre-existing Initial cover
soil in trench Sidefill
wall (Shoulder)
Sidefill
(Haunch)
Bedding

Pre-existing
foundation soil

Figure 1.2 Typical details of trench installation.
1.6.2 Embankment Installation

Figures 1.3 through 1.5 show the concept of embankment installation. jehe pi

is placed in layers above the natural ground. Highway and railroagrtsuére typically
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installed under fills or embankments. The backfill soil over the @Epthe principal
source of load on the pipe. The unit weight of this soil is a immctf the soil type and
compaction. Generally, increasing compaction of backfill over tipe pesults in
increased load on the pipe for both trench and embankment installationsvetiothie
load on the pipe is also influenced by the soil beyond the embedmanéridjo the
pipe. There are three types of embankment installation:

e Positive projection in sub-trench: pipe is initially installedoasitive projection.
When the embankment fill has been placed to an elevation of abteagipe diameter
over the proposed top of the pipe, a trench is excavated over the pipe kfitethac
with a more compressible material, simulating a negative pi@jeinstallation. (Figure
1.3)

e Negative projection in sub-trench: pipe is installed in relatigsbbllow trenches
of such depth that the top of the pipe is below the level of thealaground surface or
compacted fill, and the covered with earth backfill to a height agiy greater than
the distance from the natural ground surface or original compfitsadface to the top
of the pipe. (Figure 1.4)

e Positive projection: pipe is installed with the top of the pipe projgabove the
surface of the natural ground, or compacted fill, and then coverédearth backfill

soil. This type also includes pipe installed in extremely wide trenchgsiréF1.5)
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Surface

Overburden
Embankment

— Initial Cover

Shoulder Fill

Pr

(9]

-existing Soil

Haunch Fill

—— Bedding

Figure 1.3 Embankment installation with partial height trench

(positive projection).

Surface

Overburden
Embankment

Initial Cover

Shoulder Fill

Haunch Fill

Pre-existing Soil

Bedding

Figure 1.4 Embankment installation with partial height trench

(negative projection).
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Figure 1.5 Embankment installation (positive projection).

1.7 Bedding and Foundation

Bedding is the placed or natural soil immediately below or adjat® the
bottom of the pipe that is in place before the pipe is positioned ingtalation. It may
consist of a flat configuration of natural in-situ soil, or natsl that is loosened, or
natural soil that is shaped to the profile of the bottom of the pipgoime portion of the
bottom circumference defined as the bedding angle. In installaifdmgher quality, it
often includes a placed soil to provide a cushion and foundation below theigipdy
with a flat surface configuration, but sometimes shaped to theegwdfthe bottom of
the pipe over the bedding angle. The ideal bedding consists oftiaelgldoose soil
cushion over the central third of the pipe diameter and a very émpacted bedding

below a well compacted haunch fill over each outer third of the gigrmeter. This
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concentrates support of the pipe and earth loads away from the gantrah of the
pipe, reducing critical bending and shear stress resultants in the invert regi

In trench installations, soil beyond the embedment at the gfdbs pipe is the
in-situ soil of the trench wall. The location with respect todbtside of the pipe wall
and the stiffness of this natural soil affects the load on the pgp¢his soil becomes
stiffer and closer to the pipe, the load on the pipe decreasess@cause a portion of
the backfill soil weight is supported by shear forces at therfate between placed
backfill and in-situ trench wall.

Increasing compaction of the backfill over the pipe in a trenctaliason
increases the unit weight of the soil above the pipe and thus temisdase the load
on the pipe. However, increased compaction of trench backfill is beddécireducing
settlement of the trench fill relative to the in-situ sadnith walls and increasing the
transfer of a portion of the trench backfill weight to the trencliswdue to arching
action.

In positive projecting embankment installations, the type and cormpautsoil
beyond the embankment at the sides of the pipe may influenceatthehothe pipe,
since increased settlement in this region causes transfeorefload to the rigid pipe.
In these installations, relatively rigid concrete pipe are abynstiffer than the sidefill.
However, the magnitude of the additional load is significantly infledrby the level of
compaction of the backfill in the region above the top of the pipgvel® the level of
compaction of sidefill, in the region adjacent to the pipe. The backfithe region

above the top of the pipe acts as a “shear beam” supported élgshie spring stiffness
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of the sidefill soil and the pipe plus its bedding. The load on the pipe is minimized when
the sidefill soil is stiffer than the backfill above the top of giee and is increased
when the sidefill soil is not as stiff as the backfill above the pipe.

1.8 Soil Characterization

Soil types are commonly classified by ASTM D 2487 (2005) or b AAO M
145 (2005). Descriptions and notation for classification of the prinsipaltypes are
given. These classifications of soil types apply to both natpraldxisting) soils and to
placed soils. However, constructed soil characterization for stalcpurposes also
depends on the level of compaction for a given placed soil type. Tretated to the
density achieved by compaction (densification) following placement afdiheVarious
guantitative measures of compaction level or soil density are insgéotechnical
engineering practice. Placed or constructed soil propertieseasin the soil-structure
interaction procedures are related to compaction levels reprédantihe commonly
specified “Standard Proctor” compaction reference test and “MaodifProctor”
compaction reference test. The former is defined in ASTM D 698 (20@bAASHTO
T 99 (2005). The latter is defined in ASTM D 1557 (2005), and AASHTQ@8T
(2005). The level of compaction is specified as the ratio of redjdiedd dry unit
weight to the maximum dry unit weight (at optimum moisture coniarit)e reference
test, expressed as a percent.

The Modified Proctor reference test uses a greater compaftmm than the
Standard Proctor reference test. Thus, a particular compaction leveleacimehe field

represents a lower percentage of Modified Proctor than of StaRdactor densities.
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For example, if a granular soil is compacted to 90 percent of Standard Proctay, densit
may be at 85 percent of Modified Proctor density. Equivalent soisifitzdions are

given in Table 1.1.

Table 1.1 Equivalent ASTM and AASHTO Soil Classifications

Basic Soil Type ASTM D 2487 AASHTO M 145%
SW SW, SP, GW, GP Al A3
(Gravelly sand, Sn) | sands and gravels with 12% or less fines ’
ML GM, SM, ML

also GC and SC with less than 20%| A-2-4, A-2-5, A-4

(Sandy silt, Si) passing a No. 200 sieve

CL, MH, GC, SC
also GC and SC with more than 20%
passing a No. 200 sieve

CL
(Silty clay, CI)

A-2-6, A-2-7,
A-5, A-6

In Table 1.1, the soil classification listed in parentheses idyfhe that was
tested to develop the constrained soil modulus values. The correltdiatiser soil
types are approximate.

Soil properties for use in soil-structure interaction analysesnaost accurate
when obtained by testing the specific soils and compaction lekatsare to be
specified for a particular pipe-soil installation design. Propefte each soil category
have been evaluated by testing a representative soil in eadoigatThe soil shear
strength and stiffness that is obtained by a given compactiohiteterms of percent
Standard Proctor dry density (or percent Modified Proctor dry densiaries

significantly with soil type. Of the three standard soil tygescribed in the previous
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section, gravelly sand soils have the largest shear strengtistifindss at a given
compaction level while silty clays have the least.

1.9 Goals, Objectives, and Contributions

The main objective of this research is to provide an in-depth undersjaoii
the effect of compaction process on a buried concrete pipelinthargignificance of
backfill soil depth to dissipate the compaction force so thatafee ®vering distance
from the compaction machine are identified.

To accomplish this objective, both experimental and analytical woekssed.
Figure 1.6 shows a flow chart that summarizes the work procethueehieve the goals
and objectives. For the full scale pipe-soil compaction, an expeame&sgt was
performed using typical standards of trench installation. As abelic by the
experimental compaction test results, inadequacy of backfill lagdrs above the
pipeline causes the cracking and failure occurred on pipe during the a@npa
process. The full-scale experimental D-Load test provides #ansnto evaluate the
cracking behavior of concrete pipes. The experimental tadtges three different pipe
sizes were compared with the FEM analysis. The exact valiensibn stiffening used
for a concrete brittle cracking model was verified.

The contribution of this research is to provide the minimum depth ddfitbac
soil layers above a buried pipe such that the effect of compactioasfan pipe’s
damage is diminished. The FEM model of pipe-soil compaction wadedrdor the
parametric study of a pipeline compaction under various variabliesling pipe sizes,

backfill depths, side-fill materials, and loading locations.
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Full Scale Pipe-Soil Compactior D-Load
Experimental Test Experimental Test

Study on Crack Sizes and
Failure Modes on
v a concrete pipe

Study on the Effect of
Heavy Compaction Forces
on a buried pipeline

D-Load FEM Model for
Concrete Brittle Cracking
Verification

Pipe-Soil Compaction
FEM Model
A Parametric Study>

Figure 1.6 Summary of the procedure to accomplish the goal of the study.
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CHAPTER 2
EXPERIMENTAL TEST STUDY

2.1 Test Description

The major goal of this study is experimental verification of éffect of large
compaction forces on reinforced concrete (RC) pipeline systems. flii scale
experimental testing involves the process of Type-2 trenchllaigia for the RC
pipeline system as shown in Figure 2.1. The 24-in. (61-cm) diametes pijtle
concrete strength of 4,000 psi (27.60 MPa) were used for the pipe specifne® 8-ft
(2.44-m) spans were considered as pipe specimen# 1 and specimee#42it Th.22-
m) spans were considered as supports. The compaction effort wasdafoplievery
increment of backfill soil layer of 6 in. (15 cm). The stategshaf compaction were
divided into “sidefill compaction (SC)” and “backfill compaction (B@hich will be
explained in the experimental test procedures.

To fully understand the cracking behavior of reinforced concrete pii@ad
tests were conducted. The results were also used to verifyotiwrete property,
“tension stiffening,” for the FEM model. A TEB machine was desdjto apply a
crushing force upon the pipe specimen in a plane through the vertisadxd&nding
along the length of the specimen. The pipe specimen was supporgebbwer bearing
of two longitudinal strips and the load applied through an upper beariggrér2.2).

The test set-up was provided by the Hanson Pipe and Precast Products.
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Figure 2.1 Typical details of experimental type-2 trench installation;
(a) plan view and (b) section A — A.
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Figure 2.2 Typical details of D-Load experimental test;
(a) longitudinal view and (b) section A — A.
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Eight D-Load test cases composed of two sets of the pipe dranhéi® in. (46
cm), 36 in. (91 cm), and 54 in. (1.37 m) with concrete strength of 4,000 psi (27.60 MPa)
and two sets of the pipe diameter of 54 in. (1.37 m) with concrretegsth of 6,000 psi
(41.37 MPa) as shown in Table 2.1. The experimental tests werepootayy to the

design requirement for class Il and class V reinforced cta@ipe in ASTM C 76

(2008).
Table 2.1 Total Cases for the D-Load Experimental Test
Number of Testing Specimens
Pipe Internal Diametef Class IIl, Wall B Class V, Wall C
f'c = 4,000 psi (27.60 MPa) f'. = 6,000 psi (41.37 MPa

18 in. (46 cm) 2 -

36in. (91 cm) 2 -

54 in. (1.37 m) 2 2

The TEB bearing strength could be expressed in terms of d&dsL. with units
of pounds per linear foot per foot of inside diamete): (D

_TEB Load

D - Load (2.1)

For reinforced concrete pipes, the required TEB service loaddefased in
terms of the D-Load to produce a 0.01-in (0.25-mm) crack,.*DVith the safety
factor of 1.5 (against flexural cracking at service load), gagired ultimate D—Load
was “Dyi; = 1.5D01.” In this study, TEB strength for both service load condition and

ultimate strength was reached.
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2.2 Instrumentation and Test Setup

2.2.1 Reinforced Concrete Pipe Preparations

The reinforced concrete pipe preparation process composed ofgstteya and
concrete casting (Figure 2.3). Strain gauges were attachéektaeinforcement in the
radial direction. To protect the erosion of strain gauges froenconcrete casting
process, epoxy was used to strengthen the strain gauge attacAth@aisitions of
attached strain gauges will be demonstrated in the test sattipnseéifter finished
strain gauge work, steel cages were brought to the concrete dry castirggproce
2.2.2 Instrumentations used in the Test Programs

To evaluate the behavior of the buried pipeline system, the measuscof
induced pressure on the pipe wall, deformation of the pipe’s crossnseutd failure
behavior are considered. Induced pressure and deformation were meas@wadhb
pressure cells and strain gauges, respectively. Also, an ispeatnera was installed
inside the 4-ft (1.22-m) span of the pipe. All acquired information pvasessed via
data acquisition methods. In case of TEB test, linear variahiadement transducers
(LVDT) were installed inside the pipe specimen to record theroheftions of cross
section horizontal and vertical. Feeler gauge was used to mehsuogack width.

Samples of the instrumentations used in the test programs are also shown i2.Bigure
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Figure 2.3 Reinforced concrete pipe preparations; (a) strain gaatg#ation
and (b) dry casting process.
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(@) (b)

©) (d)

Figure 2.4 Instrumentations used in the test programs; (a) strain gauges,
(b) earth pressure cell, (c) data logger, (d) inspection camera,
(e) LVDTSs, (f) feeler gauge.
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2.2.3 Test Setup for the Pipeline Compaction Test

Before the installation process, earth pressure cells weadlealson the pipeline
system at four different locations as shown in Figure 2.5. At thdlenspan of Pipe# 1,
two earth pressure cells were installed at the pipe’s cemarspringline. At the joint of
the pipeline system, two earth pressure cells were irdtalléhe pipe’s crown on both
Pipe# 1 and Pipe# 2. Each pipe specimen composed of six strain gaug#sdiatthe
crown, springline, and invert at the middle span and joint section,oassh Figure
2.5(b).
2.2.4 Test Setup for the D-Load Test

For D-Load test, the displacement of pipe’s cross section diodrtion of
steel reinforcement were measured by LVDTs and strain gaugspectively. The
schematic setup details of an 8-ft (2.44-m) span pipe spedondine D-Load test are
shown in Figure 2.6. Two LVDTs were installed inside the pipe in botticakand
horizontal directions at the middle span. Also, three strain gauges wstalled at

crown, springline, and invert at the middle span and end span as shown in Figure 2.6(b).
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Figure 2.5 Typical test setup details for pipeline system; (a) plan view,
(b) section A — A, (c) Pipe# 1 with earth pressure cells.
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Figure 2.6 Typical test setup details for D-Load tests; (a) plan viewe@pn A — A,
(c) installed LVDTs, (d) pipe set up in TEB machine.
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2.3 Experimental Pipeline Compaction Test and Results

2.3.1 Pipeline Compaction Testing Processes

The trench excavation consisted of the trench dimensioning and sowakas
shown in Figures 2.7 and 2.8, respectively. The dimensions of trench \aelie im
conformity with the Type-2 trench installation for the RC pipelsystem as shown in
Figure 2.1. Excavation’s depth was measured in its original posiiy taking the
difference between the ground surface at the time the treashewcavated and that
after the excavation was completed. By using a backhoe, the soil removed in rhaking t
excavation will be used for the backfilling process.

After the excavation was completed, the inner bedding zone wasli@ctwith
uncompacted soil for entire length of the pipeline’s position as shotigune 2.9. The
corresponding dimensions are shown in Figure 2.1. A supporting pipemwitistalled
inspection camera was placed at the first end of the pipelstersyas shown in Figure
2.10. Consequently, pipe specimen# 1 and pipe specimen# 2 were installed and
connected with an elastomeric seal at the joint as shown ineFglit. After finishing
the pipeline installation as shown in Figure 2.12, which consisted of two pipe specimens
and two supporting pipes at each end, all cables for the inspectioerazaearth
pressure cells, and strain gauges were run through the indide pipeline to connect

to the data logger system located next to the trench installation area.
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Figure 28A éomplished trench excavation.
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Figure 2.9 Bedding Zzone preparation.

Figure 2.10 an installed inspection camera at a supporting pipe.
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Figure 2.11 Sealing work at the pipe joint.

Figure 2.12 Accomplished pipeline in the trench.
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To study the effect of the compacting force, the compaction gsogas applied
for every increment of 6-in. (15-cm) backfilling soil layer.chdayer of backfilling soll
was filled with a coarse-grained material and was compaocte@D% of Standard
Proctor Density, measured by a nuclear gauge (model# MC-1DRgPpoavn in Figure
2.13. No subsequent layers were placed until the specified compaetiehwas
obtained for the previous layer. The states of the compaction wdedlinto “side-fill
compaction (SC)” and “backfill compaction (BC)”.

In the SC state, the haunch and side-fill zones were compactbad backhoe’s
bucket tamping as shown in Figure 2.14(a). The SC state wasmped until the pipe’s
crown level was reached. Figure 2.14(b) shows the measuremeritafrspaction and

height of backfilling soil layer referred to the pipe’s crown level.

Figure 2.13 Nuclear gauge for determining soil density and moisture content
(model# MC-1DR-P).
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(b)

Figure 2.14 Side-fill Compaction (SC) state; (a) compaction process
and (b) soil compaction and level measurement.
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In the BC state, the compaction forces composed of a vibratowy fiaim hoe
pack and the weight of backhoe itself. As shown in Figure 2.15, the hoe paei#m
HC920 used in the experimental test has an impulse force of 16,000LIBN] and
delivers 2,200 cycles per minute. The compaction force is transtersail via a 28-in.
(71-cm) by 40-in. (102-cm) plate. The BC process centered on #évg bempaction of
backfill soil layers above the pipe’s crown level. Figure 2.16@ws the first 6-in.
(15-cm) backfilling soil above the pipe’s crown level. The backfil was thoroughly
compacted for the entire area of trench installation as showigumeF2.16(b). The
compaction process was applied for every increment of 6-in. (13eankfilling soll
layer. The pipe’s failure was monitored by the inspection canrestalled inside a
supporting pipe. When the pipe’s failure occurred, the BC process wgdetein

stopped so the failure mode on a pipeline could be investigated.

= )

Figure 2.15 Hoe pack (model# HC920) used in the experimental test;
(a) before installed and (b) installed to backhoe’s arm.
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._
Figure 2.16 Backfill Compaction (BC) state; (a) backfilling soil above the
pipe’s crown level and (b) compaction process.
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2.3.2 Nomenclature used in Pipeline Compaction Results

To examine the behavior of the pipeline, various positions of loading and
deformation were investigated. The interesting locations at tenc¢ invert, and
springline were monitored at the middle-span and joint of the pipdlmeresults were
recorded in both SC and BC states. Time periods corresponding toitigactor
locations were explained in Figure 2.17. The following nomenclature wgad to
identify each test specimen:

AAA BBB_XXX,

where:
AAA — Positions on the pipe wall for each cross-section, composed of

INV — Invert

CRN — Crown

SPL — Springline
BBB — Positions respect to the span of the pipeline (see Figure 2.5(a)), composed of

MS1 — Middle span of pipe# 1

MS2 — Middle span of pipe# 2

JT1 - Joint of pipe# 1

JT2 — Joint of pipe# 2
XXX — Steps of the compaction process, divided into

SC — Side-fill compaction state

BC — Backfill compaction state
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For instances;

e INV_MS1 SC defines the location at invert, middle span of pipe# 1, indbe si
fill compaction state.

e CRN_MS2_SC defines the location at crown, middle span of pipe# 2, in the
side-fill compaction state.

e SPL _JT1 BC defines the location at springline, joint of pipe# 1, imalfill
compaction state.
The following sections show the interesting results for thecalipositions on a

pipeline. All compaction experimental test results are provided in Appendix A.

Y, Earth pressure cells

Trench PipeJ
width | width

===
===

sc
State} _(05-400s) | (400s-800s)| (800 s—1200|s) (1200s - 16[0s)
6 ft (1.8 m) 6 ft (1.8 m 6 ft (1.8 m) 6 ft (1.8 m)

BC
State} (0s—-12005s)| (1200s—-1700s) (1700 s—2180s)
6 ft (1.8 m) 5ft (1.5 m) 7ft (2.1 m)

Figure 2.17 Time periods corresponding to compaction states (plan view).
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2.3.3 Maximum Pressures Induced on the Pipe WallerSC state

In the SC state (Figures 2.18), the maximum pressures on the prosvatand
springline were 1.8 psi (12.41 kPa) and 7 psi (48.27 kPa), respectively. Bo#s va
occurred at the mid-span of the Pipe# 1. Consequently, the induced gseastine
pipe’s springline were 4 times higher than those at the pipe’s crown.
2.3.4 Maximum Pressures Induced on the Pipe WallarBC state

During the BC state (Figures 2.19), the results show that agattne location
(middle span of the Pipe# 1 in this case), the maximum pressdiesed at the pipe’s
crown were 9 times higher than those at the pipe’s springline, wiech 38.71 psi
(266.90 kPa) versus 4.45 psi (30.68 kPa), respectively. Also, the maximurargsess
induced at the joint of the pipeline were 1.4 times higher thasetat the middle span
of Pipe# 1, which were 52.96 psi (365.15 kPa) versus 38.71 psi (266.90 kPa),
respectively. Consequently, the highest pressures which werétradsat the pipe’s

crown by the hoe pack occurred at the joint of the pipeline.
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Figure 2.18 Different locations of pressure results in the SC stateRR(&) @S1 SC,

JT2_SC.

(b) SPL_MS1_SC, (c) CRN_JT1_SC, (d) CRN
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Figure 2.19 Different locations of pressure results in the BC stateR(d) KAS1 BC,
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2.3.5 Deformation of the Steel Cage in the SC state

The deformation results were measured by the strain gaugebeat to steel
cage in the RC pipes. Three strain gauges at CRN_MS1, INV_MSICRNI JT2
were damaged during the concrete casting process. The deformatlon sikel cage
was more obvious at the crown and springline than that at the inigute R2.20(a)
shows the maximum strain of 20 x&h./in. occurred at crown, mid-span of Pipe# 1.
Figure 2.20(b) shows the second maximum strain of 15 % it0in. occurred at
springline, joint of Pipe# 1. In this SC state, the deformationsef sage were small
when compared with those in the BC state. This is because the atmndarce was
applied at the side-fill soil zone and then transferred to a pipeline.
2.3.6 Deformation of the Steel Cage in the BC state

During the BC state, the compaction force was applied at the backifizone
through the location of a pipeline and produced high deformation on the ateelnc
the pipe wall. As shown in Figure 2.20(c) the maximum strain@atrgr mid-span of
Pipe# 1 was 16,776 x fan./in. The strain at the pipe’s springline was the second
highest from the strain at the pipe’s crown. As shown in Figure 2,20 maximum
strain at springline, joint of the Pipe# 1 was 50 ¥ Ir0/in. In this case, the maximum
strain at crown was 336 times higher than that at springlinaibed¢he compaction was

applied above the pipe at the backfill soil layer.
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Figure 2.20 Different locations of strain results in SC and BC stateSR({d) MS1_SC,
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2.3.7 Failure Observation

During the BC state, the damage on the pipeline occurred aarhe Iscations
of the highest induced pressure and deformation. The occurrence afjelamas
monitored by the inspection camera inside a supporting pipe. This atatittee pipe’s
crown, at joint when the first layer of 6-in (15-cm) height batlddil was covered
above the pipe’s crown level. Then, the backfill soil was removed sththdamage on
pipe can be thoroughly investigated. There were two types wiaga from the
observation: fracture and crack line as shown in Figure 2.21. Thar&aesulted in the
deterioration and a hole on the pipe’s wall. The dimension of feaetas 3.50 in. (8.89
cm) by 1.50 in. (3.81 cm). The crack line was produced continually frorfrabeire
and caused an opening of the concrete covering the steel reindotcebnack lines
propagated at the pipe joint from the crown to the region aboveptirgline level as
shown in Figure 2.21(b). There was no occurrence of the longitudeaek aefong the
pipe length. Also, no damage occurred at pipe’s springline and invert.sébi®n
emphasized the deficiency of backfill soil cover above the pipelinder the

compaction process.
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(b)

Figure 2.21 Failure at joint of pipeline; (a) fracture and (b) cracklines.
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2.4 Experimental Pipeline D-Load Test and Results

2.4.1 D-Load Testing Processes

To verify the FEM algorithm, the TEB tests known as “D-Loastsewere
conducted on eight full-scale reinforced concrete pipes with 18-ircrtg636-in. (91-
cm), and 54-in. (1.37-m) diameters manufactured per the ASTM C 76 (2008).
compared results between FEM and experimental tests were @isted for load-
deformation, crack initiation, and crack propagation. Further, the signde of crack
width in pipe stiffness was discussed.

The standard TEB testing machine follows ASTM C 497 (2007). A pipe
specimen was uniformly placed on the two bearing strips. When thstaént of
pipe’s position was completed, the upper bearing strip was fiptalged on the top
(crown) of the pipe as shown in Figure 2.22. The LVDTs were ladtaiside the pipe
for both vertical and horizontal directions. All cable works for theDI'¢ and strain
gauges were connected to the data logger as shown in Figure 2.23.

In order to observe the behavior of cracks on the pipe, load incremerdgs w
gradually applied at the rate of 3,000 Ibf/linear foot (44 kN/lineatemef pipe per
minute. This rate of loading, controlled by the TEB machine (Eigu4(a)), was
continuous until the service strength and the ultimate strength ngached. Using a
feeler gauge (Figure 2.24(b)), the opening crack sizes were reéasuresponding to
the magnitudes of the applied load. Displacement and strain resisksrecorded by

the data logger.
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(b)
Figure 2.22 Positioning and alignment; (a) pipe conveyance
and (b) instrumented pipe in TEB machine.
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(b)

Figure 2.23 Instrument set up; (a) LVDTSs in vertical and horizontal directions
and (b) data logger and cable connection.
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(b)

Figure 2.24 Load control and crack observation; (a) loading rate control
and (b) crack size measurement.
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2.4.2 Nomenclature used in D-Load Test Results

To fully understand the cracking behavior and failure modes of denpige,
experimental D-Load tests were conducted on three differentspipe corresponding
to the design requirement for classes Il and V reinforced etn@ipe as specified in
ASTM C 76 (2008). The nomenclature was used to identify the D-Loaddesimens.
For instances; “P18_llI(B) 1" stands for an 18-in. (46-cm) pipascllll wall B,
Specimen# 1. “P54 V(C)_2” stands for a 54-in. (1.37-m) pipe, class V @all
Specimen# 2.

Under the TEB load, positive moments that produce tension in the infecesur
of the pipe wall and compression in the outer surface of the mfleoecur at crown
and invert. In contrary, negative moments that produce compression in theurfaee
of the pipe wall and tension in the outer surface of the pipeogalir at springline as

shown in Figure 2.25.

i /Plpe s Original Shape

Pipe’s Deformed Shape

Tension

Compression

Figure 2.25 Deformation of a pipe cross-section.
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2.4.3 D-Load Testing Results

Table 2.2 shows the D-Load experimental results of test loathe atate of
0.01-in. (0.25-mm) crack “g” and the state of ultimate strengthyPfor all sizes of
pipe specimens. Different sizes and classes of reinforced terupe express the
different load capacity results. For the 54-in. (1.37-m) pipe, tlsetbe variation in
strength between Specimen# 1 and Specimen# 2 because of the mecwirshear
crack which will be explained in the failure mode (Section 2.4.4¢oAtling to the

ASTM C 76 (2008), the D-Load is expressed by test load per Iineamper foot of

Py _ 23125bf

diameter. For an instance of Specimen# P18_III(BD], = = =
' LxD, 8ftx15ft

1,927 Ibf / ft-length / ft-diameter. All experimetD-Load results at the 0.01—in. (0.25-

mm) crack “Dp;” and the state of ultimate strengthiDare also calculated and shown

in Table 2.3.
Table 2.2 Experimental Test Load Results
Specimen# B1, Ibf (KN) Pur, Ibf (KN) Puit / Po1
P18 IlI(B)_1 23,125 (103) 34,910 (155) 1.51
P18 1lI(B)_2 17,244 (77) 37,677 (168) 2.19
P36_III(B)_1 44,655 (199) 75,722 (337) 1.70
P36 _llI(B)_2 38,956 (173) 65,229 (290) 1.67
P54 V(C)_1 81,278 (362) 127,210 (566) 1.57
P54 V(C) 2 69,291 (308) 85,620 (379) 1.24
P54 1lI(C)_1 51,493 (229) 105,688 (470) 2.05
P54 1II(C)_2 48,260 (215) 105,607 (469) 2.20
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Table 2.3 Experimental D-Load Results

D.Ol) Dult,
Specimen# Ibf / ft-length Ibf / ft-length Dut / Doz
| ft-diameter [ ft-diameter
P18 1lI(B)_1 1,927 2,909 1.51
P18 1lI(B)_2 1,437 3,140 2.19
P36 _III(B)_1 1,861 3,155 1.70
P36_l1I(B)_2 1,623 2,718 1.67
P54 V(C)_ 1 2,258 3,534 1.57
P54 V(C) 2 1,925 2,378 1.24
P54 1I(C)_1 1,443 2,936 2.05
P54 1lI(C)_2 1,341 2,934 2.20

2.4.4 Failure Modes

The failure modes recorded were flexural for 186-cm) and 36-in. (91-cm)
diameter and shear for 54-in. (1.37-m) diameterr Bl testing pipe sizes, the
longitudinal cracks started at invert, crown andirgpine, respectively. For flexural
type failure, the crack pattern started at invad arown. Cracks initiated from internal
surface of the pipe wall (tension zone) and profefautward in the radial direction to
external surface of the pipe wall (compression yoAe¢ springline, cracks initiated
from external surface of the pipe wall (tension €oand propagated inward in the
radial direction to internal surface of the pipdlWeompression zone).

As shown in Figure 2.26 for P18 _IlI(B), a singleeomg crack occurring at a
location of invert, crown and springline is pronoad. Figure 2.27(a) shows the crack
behavior in P36_III(B) was similar to the case @BPIlI(B), but three additional crack
lines propagated at the crown location. Also, Fegu2.27(b) and 2.27(c) show a single

opening crack in P36_ll1I(B) at invert and springlimespectively.
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In the case of P54 V(C), the types of failure csackserved were different
from smaller pipes. Due to a large diameter pipe,wall thickness is relatively thick
and the reinforcing system takes the form of doua@ges. When the double cages
became inadequate under the increased loadingjaddishear and diagonal tension
were encountered as shown in Figures 2.28(a) &2&(l9). Thus, the mode of failure
recorded for these pipes was shear. Typically,stireups, tied to the inner and outer
cages, resist diagonal stress and prevent slalabitige inner wall. Slabbing is a radial
tension failure wherein the inside cage tends &tieh out at the invert and crown
sections whereupon the cage pulls away from the wigdl (Concrete Pipe Information,
1976; and Buttner, 1985). This behavior leads mathern of shear crack on the pipe
wall. Moreover, multiple cracks which composed aofefilines of longitudinal cracks
formed along the springline of the 54-in. (1.37-pwpes. These multiple cracks also
distributed above and below the location of pips{gingline as shown in Figure

2.28(c).
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()

Figure 2.26 Cracks on P18_llI(B); (a) crown, (byert, (c) springline.
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()

Figure 2.27 Cracks on P36_l1I(B); (a) crown, (byert, (c) springline.
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()

Figure 2.28 Cracks on P54_V(C); (a) crown, (b) mve) springline.
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2.4.5 Different crack sizes with load increments

As the applied load increased, the number andddizeacks increased. Various
crack sizes were measured corresponding to theasitrg loads. Thus, the evaluation
of the crack sizes with the strength capacity pempecimens can be explained via the
load-deformation curves. The deformation of pipgss section was measured in both
vertical and horizontal directions. Also, all tégad results at the 0.01-in. (0.25-mm)
crack and at the ultimate capacity were correspuntti those in the Table 2.2.

For the 18-in. (46-cm) pipe, the load-deformatiminves were shown in Figures
2.29 and 2.30 for P18 I1I(B)_1 and P18 _llI(B)_2spectively. The deformations of a
pipe’s cross section were recorded until the Or0X6.25-mm) crack occurred at invert.
The loads at the 0.01-in. (0.25-mm) crack were 223 |bf (103 kN) for P18 _IlI(B)_1
and 17,244 Ibf (77 kN) for P18_llI(B)_2. After thpoint, the LVDTs were removed
from the 18-in. (46-cm) pipe specimens and no arrthkeformation data were recorded.
However, the ultimate loads at failure were 34,8%0(155 kN) for P18 IlI(B) 1 and
37,677 Ibf (168 kN) for P18_11I(B)_2.

For the 36-in. (91-cm) pipe, the initiation of ckaat invert was recorded from
the hair line crack size until the failure crackesi The results indicate that after the
occurrence of 0.01-in. (0.25-mm) crack at the ihvéire pipe was capable to support
more loads without failure. Figure 2.31 shows tbadldeformation of P36_III(B) 1.
As the applied load reached 75,722 Ibf (337 kNpjipe failed with the crack size of
0.03-in. (0.75-mm) width. The ultimate load was firdes higher than the load at the

0.01-in. (0.25-mm) crack. Figure 2.32 shows thelddaformation of P36_IlI(B)_2. As
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the applied load reached 65,229 Ibf (290 kN), a& ggled with the crack size of 0.05-
in. (1.25-mm) width. The ultimate load was 1.67d8rhigher than the load at the 0.01-
in. (0.25-mm) crack.

In the case of the 54-in. (1.37-m) pipe, crackavedrs included the shear crack
(slabbing) and the multiple cracks. The results exglained in the load-deformation
curves together with the related tables. Figur&® 28d Table 2.4 show the results of
P54 V(C)_1. The 0.01-in. (0.25-mm) crack, occurratigthe load of 81,278 Ibf (362
kN), initiated at invert and had no effect on thpepstrength. At crown, the 0.01-in.
(0.25-mm) crack occurred when the load reached785I4f (423 kN). After the load
exceeded 95,176 Ibf (423 kN), there was no chamgjeei sizes of opening cracks which
remained 0.01 in. (0.25 mm) and 0.016 in. (0.40 ratgrown and invert, respectively.
But, the shear cracks initiated at these locati@mear cracks separated the pipe wall
through the thickness so that they caused ther¢adltithe load of 127,210 Ibf (566 kN).
The load at shear crack is 1.2 times of the loadea0.01-in. (0.25-mm) crack while the
load at failure is 1.6 times of the load at 0.01h25-mm) crack.

Figure 2.34 and Table 2.5 show the results of F§@) 2. The 0.01-in. (0.25-
mm) crack at invert and crown initiated at the @aplload of 69,291 Ibf (308 kN).
Beyond the applied load of 78,920 Ibf (351 kN),réhevas no change in sizes of
opening cracks which remained 0.01 in. (0.25 mmegrt and crown, but the shear
cracks initiated at these locations. Shear craaksed the failure at the load of 85,620
Ibf (381 kN). The load at shear crack is 1.14 timméshe load at 0.01-in. (0.25-mm)

crack while the load at failure is 1.2 times of kbad at 0.01-in. (0.25-mm) crack.
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Figure 2.35 and Table 2.6 show the results of RRZ) 1. The 0.01-in. (0.25-
mm) crack initiated at the invert and crown whea #pplied load reached 51,493 Ibf
(229 kN). The shear crack started when the loadhesh 79,436 Ibf (353 kN) and
propagated until a pipe failed at the load of 188,8f (470 kN). The load at shear
crack is 1.54 times of the load at 0.01-in. (0.28)ntrack while the load at failure is
2.05 times of the load at 0.01-in. (0.25-mm) crack.

Figure 2.36 and Table 2.7 show the results of RRZ) 2. The 0.01-in. (0.25-
mm) crack initiated at the invert and crown whee #pplied load reached 48,260 Ibf
(215 kN). The pipe’s strength was changed, but as gtill capable to support the
applied load. The shear crack initiated when tlael l;eached 83,348 Ibf (371 kN) and
propagated until a pipe failed at the load of 103,&f (470 kN). The load at shear
crack is 1.7 times of the load at 0.01-in. (0.25)nenack while the load at failure is 2.2
times of the load at 0.01-in. (0.25-mm) crack.

At the springline of the 54-in. (1.37-m) pipe, tooth class-V and class-lll, the
longitudinal crack sizes were hair lines, but tlealt amount of hair line cracks
increased considerably. At failure, there were fivack lines for a class-V pipe and
four crack lines for a class-Ill pipe. Comparedhe 18-in. (46-cm) and 36-in. (91-cm)
pipes, cracks at the springline of 54-in. (1.37ppe indicate that the larger pipe size
has larger load-transferred surface areas so tlaks are able to propagate and

distribute over these regions in the forms of thatiple crack.
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Figure 2.29 Load versus deformation results atspah of P18 _III(B)_1;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.
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Figure 2.30 Load versus deformation results atspah of P18_1lI(B)_2;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.
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Figure 2.31 Load versus deformation results atspah of P36_I1I(B)_1;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.
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Figure 2.32 Load versus deformation results atspah of P36_I1I(B)_2;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.
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Figure 2.33 Load versus deformation results atspah of P54 V(C)_1;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.

Table 2.4 Crack Behaviors at Each State in Figu8 2

Statett L oad, Crack Sizes, in. (mm), and Patterns
Ibf (kN) Crown Invert Springline

1 57,505 (256) 1 x Hair Line 1 x Hair Line -

2 73,000 (325) 1 x Hair Line 2 X Hair Lines -

3 81,278 (362) 2 x 0.005 (0.125) 2 x 0.01 (0.25) X Hair Line
2 x0.01 (0.25), and 2 x 0.016 (0.40), and -

4 95,176 (423) Shear Crack Shear Crack 3 x Hair Lines
2 x0.01 (0.25), and 2 x 0.016 (0.40), and -

5 126,000 (560) Shear Crack Shear Crack 5 x Hair Lines

6 127,210 (566) 2x0.01(0.25), and 2 x0.016 (0.40), and 5 x Hair Lines

Shear Crack

Shear Crack
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Figure 2.34 Load versus deformation results atgpah of P54 _V(C)_2;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.

Table 2.5 Crack Behaviors at Each State in Figugé 2

State# L oad, Crack Sizes, in. (mm), and Patterns
Ibf (kN) Crown Invert Springline

1 46,200 (206) 1 x Hair Line 1 x Hair Line -

2 61,500 (274) 1 x Hair Line 2 x Hair Lines 1 x Haine

3 69,291 (308) 2 x 0.01 (0.25) 2 x0.01 (0.25) Hair Line
2x0.01(0.25), and 2 x0.01(0.25), and oo

4 78,920 (351) Shear Crack Shear Crack 3 xHairLines
2x0.01 (0.25),and 2 x0.01 (0.25), and oo

5 85,620 (381) Shear Crack Shear Crack 6 x Hair Lines
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Figure 2.35 Load versus deformation results atspah of P54 _11I(C)_1;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.

Table 2.6 Crack Behaviors at Each State in Figugg 2

Load Crack Sizes, in. (mm), and Patterns
Statet | —
Ibf (kN) Crown Invert Springline
1 45,743 (204) 1 x Hair Line 1 x Hair Line -
2 51,493 (229) 1x0.01 (0.25) 1x0.01 (0.25) Hair Line
3 56,889 (253) 1 x 0.016 (0.40) 1 x0.014 (0.35) X Hair Line
4 65,487 (291) 1 x 0.024 (0.60) 1 x 0.028 (0.70) X Hair Lines
1 x 0.045 (1.125), and 1 x 0.05 (1.25), and -
5 79,436 (353) Shear Crack Shear Crack 3 x Hair Lines
6 105,688 (470) 1x0.045 (1.125), and 1 x 0.05 (1.25), and 5 x Hair Lines

Shear Crack Shear Crack
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Figure 2.36 Load versus deformation results atspah of P54 _III(C)_2;
(a) vertical deformation of pipe’s cross sectiod an
(b) horizontal deformation of pipe’s cross section.

Table 2.7 Crack Behaviors at Each State in Figugé 2

Load, Crack Sizes, in. (mm), and Patterns
State#
Ibf (kN) Crown Invert Springline

1 39,000 (174) 1 x Hair Line 1 x Hair Line -

2 48,260 (215) 1x0.01 (0.25) 1x0.01 (0.25) Hair Line

3 61,018 (271) 1x0.01 (0.25) 1 x 0.02 (0.50) Rair Lines

4 71,900 (320) 1 x 0.02 (0.50) 1 x 0.024 (0.60) Rair Lines

5 76,460 (340) 1 x 0.02 (0.50) 1x0.03 (0.75) BBair Lines
1x0.02 (0.50),and 1x0.03(0.75), and o

6 83,348 (371) Sheas Crac):k Sheas Crac):k 4 x Hair Lines
1x0.02 (0.50), and 1 x0.03(0.75), and -

7 105,607 (470) Sheag Crac):k Sheag Crac):k 4 x Hair Lines
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CHAPTER 3

FINITE ELEMENT MODEL CRACK VERIFICATION

3.1 Introduction

A FEM program was used; ABAQUS version 6.8-2, to wdate the three-
dimensional models of D-Load test. Material projgsriadopted herein were based on
the experimental measurement. In the concrete pgion, the concrete brittle
cracking was applied for the plasticity behaviord amsed for the predicted crack
patterns.To simulate the post failure behavior of concretelar cracking, tension
stiffening defines the presence of reinforcementh@ concrete used for the brittle
cracking model. The scaled mass matrix is use@dch increment within the dynamic
analysis step to increase computational efficieNith regard to the element type, the
optimum mesh was conformed to the geometry of thd mstance. The models
included 3-D brick solid (C3D8R) element having gedric and material non-linearity.
The interaction areas were modeled by using nogeHtiace contact elements.

3.2 Element Types

All elements used in ABAQUS relate numerical imgggpn to allow complete
generality in material behavior. A composite laykrgection can be specified with
different materials. Each cross-section of the eleincan be integrated numerically, so

that nonlinear response can be tracked preciselcrdate the model, the combination
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of elements can be used with the complete geomatraeling capability. In this study,
two types of elements: solid element and thicklsdement were used.

Solid elements used are the standard volume elsenvemich include several
regions of different materials. For the complex teoh conditions, the first-order
hexahedral (brick) elements, C3D8R, were chosen tbhe accuracy of
stress/displacement results as shown in Figure Bile aspects of an element
characterize its behaviors including with familggdees of freedom, number of nodes,
formulation, and integration (ABAQUS, 2008). Thesfiletter shows the family of
elements belonged. The degrees of freedom arerdhsldtions and rotations at each
node. For the first-order elements, nodes are éocanly at their corners. An element’s
formulation refers to the mathematical theory usediefine the element’s behavior.
Using Gaussian quadrature for most elements, ABAQ&&luates the material
response at each integration point in each elenmenthe Lagrangian, the element
deforms with the material. The numerical techniqaes used to integrate various
guantities over the volume of each element. In thaxlel, the C3D8R elements were
applied to the parts modeled for TEB machine, antiete pipes. Reduced integration

was applied to decrease running time, especialllgree dimensional models.

1% 2
Figure 3.1 The 8-noded linear brick, reduced iraggn “C3D8R”
(Re: ABAQUS version 6.8-2, 2008).
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3.3 Typical FEM Model

The typical FEM model of the D-Load test (Figure)3Bows the components
and elements in each part of the model. The TEBhinacmodel composed of upper
bearing beam and lower bearing support. Consideoad the convergence of the FEM

results, the element types were selected properlgdch region.

Upper bearing beam
(C3D8R elements)

Reinforced concrete pipe specimen
(C3D8R elements)

Lower bearing support
(C3D8R elements)
Figure 3.2 Typical FEM model for the D-Load test.
Each element of FEM model composes of a set of Inmalats located at the
corners or end points. Thus, nodes define the gegnoé element and degrees of
freedom. The total numbers of nodes and elementhhé&FEM model of D-Load test

depend on the size of pipe specimen as shown ile Bab.

72



Table 3.1 Total Numbers of Nodes and Elementshiei-Load Test Model

Pipe Internal Diameter Nodes Elements DFergreedeosrr?f
18in. (46 cm) 108,953 89,128 653,718
36 in. (91 cm) 150,316 127,064 901,896
54 in. (1.37 m) 163,878 143,074 983,268

3.4 Material Properties and Behaviors

The material library in ABAQUS provides comprehgascoverage of linear
and nonlinear behaviors. The use of numerical natémn in the elements, including
numerical integration across the cross-sectionssheflls and bricks, provides the
flexibility to analyze the most complex compositeistures.

3.4.1 Concrete Pipe Section

Obtained from the laboratory testing data, lindastc behaviors of concrete
pipe were modeled with a density of 150 pcf (2,%80m°) and Poisson’s ratio of 0.2.
The compressive strength of 4,000 psi (27.6 MPd)Yaoung's Modulus of 3,605 ksi
(24.8 MPa) were used for the class lll reinforcediatete pipe. The compressive
strength of 6,000 psi (41.4 MPa) and Young’'s Moduwtig,415 ksi (30.4 MPa) were
used for the class V reinforced concrete pipe. plasticity properties, brittle crack,
tension stiffening, shear retention, and failurdiotawere calibrated from the

experimental test results.
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3.4.2 Brittle Cracking Model

The brittle cracking model in Abaqus/Explicit is staaccurate in applications
where the brittle behavior is dominated by tensikcking and it is adequate to assume
that the material is linear in compression. Britdure criterion is available to allow
the removal of elements from a mesh. Corresponttintpe design assumptions (ACI
Committee 318, 2008), the tensile stress in theem tension fiber of a plain concrete
beam test specimen at the load that produces muptben tested in accordance with
third-point loading (ASTM C 78, 2008) or center-pdimading (ASTM C 293, 2008) is

defined as the modulus of rupture:
f,=75/f., (3.1)
where

f is the modulus of rupture of concrete, psi,

r

f. is the specified compressive strength of concpse,
In the FEM analysis,f, was considered as a concrete cracking tensile
strength f, , for the concrete brittle cracking criterion.

3.4.3 Brittle Failure Criterion

When one, two, or all three local direct crackitrgi;g components at a material
point reach the failure strain, the material faitgl all the stress components are set to
zero. If all of the material points in an elemeai,fthe element is removed from the

mesh.
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In a monotonically loaded structure whose failurechanism is expected to be
dominated by a single tensile macro-fracture, ite@sonable to use the brittle failure
criterion to remove elements. It is possible to thee brittle failure criterion in brittle
cracking elements for which rebar are also defiridtus, the brittle failure criterion
was applied to the modeling of reinforced concrgfees in this study. When such
elements fail according to the brittle failure erion, the brittle cracking contribution to
the element stress carrying capacity is removedhautebar contribution to the element
stress carrying capacity is not removed.

3.4.4 Tension Stiffening

The postfailure behavior for the strain across ksagas modeled with tension
stiffening. The strain-softening behavior was defiras postfailure stress in a function
of strain across the crack by means of a postiisitress-strain relation. The values
given for tension stiffening are very important e@spof simulations using the brittle
cracking model. The post-cracking tensile resporsehighly dependent on the
reinforcement present in the concrete. The appration of tension stiffening depends
on the density of reinforcement, the bond betwéerrébar and the concrete, the size of
concrete aggregate, and the mesh generation. FigureR3.3, after failure, the strain-
softening reduces the stress linearly to zerotata strain of about 10 times the strain
at failure which is 10 for standard concrete (ABAQUS, 2008). This par@metas

also calibrated with the D-Load test data.
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Figure 3.3 Tension stiffening model (Re: ABAQUSsien 6.8-2, 2008)

3.4.5 Shear Retention

As concrete cracks, its shear stiffness is dimetstBy ABAQUS program, this
behavior was simulated by the reduction in the simedulus as a function of the
opening strain across the crack. The new shedneds has been degraded by the
presence of the crack.

The modulus for shearing of the crack was defiregla where G is the elastic
shear modulus of the uncracked concrete and a multiplying factor. The shear
retention model assumed that the shear stiffnesp@f cracks reduces linearly to zero
as the crack opening increases:

p = (1-¢le may for € <& max (3.2)
p=0 fore > & max, (3.3)
where

¢ is the direct strain across the crack,
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€ max 1S @ user-defined value.
3.4.6 Failure Ratio

Failure ratio was used to define the shape of #dilaré surface for a concrete
model. To define the failure surface for a concreiedel, four failure ratios were
specified:
e The ratio of the ultimate biaxial compressive drés the ultimate uniaxial
compressive stress.
e The absolute value of the ratio of the uniaxialstienstress at failure to the
ultimate uniaxial compressive stress.
e The ratio of the magnitude of a principal componafplastic strain at ultimate
stress in biaxial compression to the plastic stedimltimate stress in uniaxial
compression.
e The ratio of the tensile principal stress at chagkin plane stress, when the
other principal stress is at the ultimate compxessalue, to the tensile cracking
stress under uniaxial tension.
Four values of failure ratios (mentioned abovedusehe FEM model were 1.16, 0.09,
1.28, and 0.333 respectively.
3.4.7 Steel Reinforcement Section

With the rebar behavior as the steel reinforcenteigbncrete, the steel section
properties included the Young’'s Modulus of 29,000(R90,000 MPa) and Poisson’s

ratio of 0.3. The intensity of steel reinforceméatea per linear foot of pipe wall) was
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specified by the design requirement (ASTM C 76, 200@pending on the class of
reinforced concrete pipes.
3.4.8 Hyperelastic Behavior for Elastomeric Matésia

Hard rubber sections were modeled using hyperelastaterial, which is
isotropic and nonlinear. These sections were agpjalighe load strip and supports of the
TEB model. Elastomeric materials exhibited instaataus elastic response up to large
strains. Due to finite-strain applications, the metric nonlinearity was accounted
during the analysis steps.

The mechanical behavior of rubberlike materials wagressed in terms of a
strain energy potential:

oU (F)

U =U(F), such thatS= (3.4)

where S is a stress measure afRdis a measure of deformation. Because the material
was initially isotropic, the strain energy potehtia terms of the strain invariants
l,,I,,and Jis

u=u(y,l,,J,), (3.5)
wherel, and |, are the first and second deviatoric strain invasal,, is the volume

ratio, a measure of volumetric strain.
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3.5 Load and Boundary Condition

The load and boundary condition steps were pracisghulated from the
experimental test. For the three-edge bearingREM model as shown in Figure 3.4,
the load was applied through the upper bearing bddre roller support in vertical
direction was applied at each side of the upperihgabeam such that the load
transferred to the pipe’s crown without eccentyicithe translational degree of freedom

was constrained at the bottom of two parallel lardjnal strips.

Applied Load

Roller { } Roller
Support Support

'

~
Constrained Translation

Figure 3.4 Load and boundary condition for the Cadlé-EM model.
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3.6 Typical Results for D-Load FEM Model

Analysis results were provided by the visualizatroodule in ABAQUS. The
graphical display of FEM models and results obtaimfermation from the output
database. The visualization module representedales as customized colored bands
on the model. A contour plot displayed the valukestiess at a specified step and frame.
3.6.1 Extraction of the FEM Results

The stress and displacement at each point in tbhdemwere obtained by
interpolating the unique nodal technique, using dkreraging criteria defined in the
result options dialog box. With this technique, théput results were extracted from
the active steps/frames. The positions of uniqudesowere selected from the node
labels in the FEM model.

3.6.2 Typical FEM Stress Results

As shown in Figure 3.5, the applied load producesbrapressive stress above
the neutral axis (external section) of the pipelwB&low the neutral axis (internal
section) of the pipe wall, the applied load prodleetensile stress. Along the neutral
axis, the internal stress changed from compredssidension. These stress patterns at

the pipe wall were similar for the crown and inyét opposite to those at springline.
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Figure 3.5 Typical FEM stress results; (a) stress&@Xrown and invert
and (b) stress S22 at springline.
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3.6.3 Typical FEM Deformation Results

The deformation shape of a pipe cross sectiohaws in Figure 3.6. The FEM
results showed the loss of circular shape of thee’'si cross-section which was
deformed symmetrically about the vertical centexlithe decrease in pipe’s vertical
diameter and the increase in pipe’s horizontal éi@mcaused a pipe’s cross-section to
become the oval shape.
3.6.4 Typical FEM Crack Results

The brittle model in ABAQUS showed the visualizgzening crack results. The
resulting material was brittle in tension. As autef the vertical and horizontal
deformation of a pipe’s cross-section, the craclksewocated at the pipe’s invert,
crown, and springline as shown in Figure 3.7. Reriivert and crown, the longitudinal
cracks began at the internal surface (tension zohehe pipe wall and propagated
outwardly in a radial direction to the externalfaoe (compression zone). For the
springline, the longitudinal cracks started at éx¢ernal surface (tension zone) of the
pipe wall and propagated inwardly in a radial dimt to the internal surface
(compression zone). Moreover, in case of the 544n37-m) pipe, there was the

occurrence of multiple longitudinal cracks at tpersgline.
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Figure 3.6 Typical FEM deformation results (magmifszale = 250 times);
(a) original shape before loaded and (b) defornmeghs after loaded.
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Figure 3.7 Typical FEM crack results; (a) X — Y panew
and (b) isometric view.
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3.7 FEM Results Compared with Experimental Test Resu

The results of the developed FEM analysis were coatpawith the
experimental results in forms of load-deformatiamves. The results included 36-in.
(91-cm) and 54-in. (1.37-m) pipes. The case of &inl (46-cm) pipe was not
considered in this section due to the removal oDI'¥ during the test such that no
deformation data were recorded beyond the stade0dfin. (0.25-mm) crack.

With the applied post-failure property of concrétension stiffening”, the FEM
showed an excellent agreement with the compareérigmental results as shown in
Figures 3.8 and 3.9. By the FEM results, the cradpggation was provided but not
included with the measured crack size. Figure B@vs the FEM results for a 36-in.
(91-cm) diameter pipe specimen. The tested spedirhemnd specimen# 2 were defined
as Test# 1 and Test# 2, respectively. From FEM tgsthe first crack at invert
occurred at the applied load of 44,160 Ibf (196 .kNpures 3.9 shows the results for
54-in. (1.37-m) diameter pipe specimen. The firack at invert occurred at the applied
load of 70,000 Ibf (311 kN).

The graphical displays of FEM cracking results coragawith experimental
investigations were illustrated in this section. #e ultimate load, FEM results
introduced the failure mode for each pipe size. ther18-in. (46-cm) and 36-in. (91-
cm) pipes, the opening crack occurred at invewar, and springline as shown in
Figures 3.10 and 3.11. In the case of 54-in. (I3 Pipe, the crack patterns revealed

shear cracks occurred at crown and invert as shawfigures 3.12(a) and 3.12(b),
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respectively. Additionally, at springline, therepajared multiple cracks propagated in a
large region as shown in Figure 3.12(c).
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Figure 3.8 FEM versus experimental results of thean3@1-cm) pipe specimen;
(a) vertical deformation of a pipe’s cross sectaon
(b) horizontal deformation of a pipe’s cross settio
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Figure 3.9 FEM versus experimental results of then541.37-m) pipe specimen;
(a) vertical deformation of a pipe’s cross sectou
(b) horizontal deformation of a pipe’s cross settio
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Figure 3.10 Comparison of experimental resultsaf&M model of the
crack results on the 18-in. (46-cm) pipe specinf@ncrown, (b) invert, (c) springline.
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Figure 3.11 Comparison of experimental resultsaf&M model of the
crack results on the 36-in. (91-cm) pipe specinf@ncrown, (b) invert, (c) springline.
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Figure 3.12 Comparison of experimental resultsafR&M model of the
crack results on the 54-in. (1.37-m) pipe specin@n¢rown, (b) invert, (c) springline.
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CHAPTER 4

FINITE ELEMENT COMPACTION MODELING OF
PIPE-SOIL TRENCH INSTALLATION

4.1 Introduction

In this chapter, the pipe-soil compaction was medelising a computer
program, ABAQUSversion 6.8-2 to simulate a pipeline in trenchatation under the
compaction process. The concrete brittle crackmntgrion was properly applied for the
post-failure property of a concrete pipe FEM modgeVerified by the D-Load study in
Chapter 3. The geometric dimensions of the modespeesented in Figure 4.1. The
models included 3-D brick solid (C3D8R) and 3-Damgular solid (C3D6) elements
having geometric and material non-linearity. Thérapm mesh with regard to element
type was selected by the convergence of analyssltse The pipe-soil interface,
modeled by using node-to-surface method, allowesl stress transferred between
contacting surfaces. The surrounding soil model pasitioned into specific zones so
that the related properties were distinguished. Mbar-Coulomb plasticity model was
used for analysis applications in the surroundioidy zone. The pipe-soil compaction
FEM model was created such that several interegiargmeters can be varied and
investigated. Consequently, the complete model mallused for a parametric study in

Chapter 5.
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Figure 4.1 Geometric dimensions of a trench instialh FEM model.

4.2 Typical FEM Model

The model contains two main parts: pipeline anmdosunding soils. All element
types included the first-order hexahedral elem€308R) and triangular prism element

(C3D6) as shown in Figure 4.2.

8‘ 7
L 3 ‘ v °
° 6 1 3
1 2 2
(a) (b)

Figure 4.2 Element types used in the pipe-soil cootipn model;
(a) 8-noded linear brick “C3D8R” and (b) 6-nodadrngular prism “C3D6”
(Re: ABAQUS version 6.8-2, 2008).
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4.2.1 Pipeline Model

The pipeline model (Figure 4.3) was created as gpans of an 8-ft (2.44-m)
reinforced concrete pipe section are laid and cctedetogether. At the pipe’s joint,
tongue and groove configurations were also simdlafEhe structured meshing
technique was applied using the hexagonal elenteapes The C3D8R element was

used for the concrete pipe section.

C3D8R elements

C3D8R elements

Tongue
Figure 4.3 FEM model of RC pipeline.

4.2.2 Surrounding Soil Model
The surrounding soil model was partitioned into cHjpe regions: bedding,

sidefill, and backfill soils as shown in Figure 4Fbr the mesh generation (Figure 4.4),
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the swept meshing technique was applied using ékedbminated element shape. This
technique primarily used hexahedral elements, Botved some triangular prisms in
transition regions. The C3D8R element was appletthé¢ rectangular-shape region and

the C3D6 element was applied to the small curvegbshegion.

C3D8R element

Backfill <

Side-fill<

Bedding—t

C3D6 element

Figure 4.4 FEM model of pipe-soil interaction (trenastallation).

4.2.3 Nodes and Elements
Total nodes and elements for the FEM pipe-soil adtton model depend on the
pipe sizes, reinforcement and backfill heights. Bigger size of pipe, the more nodes

and elements required. Total numbers of nodes lendeats are shown in Table 4.1.

94



Table 4.1 Total Numbers of Nodes and Elementsi®@iGompaction Model

Pipe Internal | g il Height | Nodes Elements| Dc9rees of
Diameter Freedom
6 in. (15 cm) 146,228 123,016 877,368
24in. (61 cm) 12 |n (31 cm) 154,060 130,063 924,360
' 18in. (46 cm) 163,916 139,546 983,496
24in. (61 cm) | 173,684 148,942 1,042,104
6 in. (15 cm) 184,170 153,528 1,105,020
36 in. (91 cm) 12 in. (31 cm) 187,030 156,216 1,122,180
' 18 in. (46 cm) 192,295 161,272 1,153,770
24 in. (61 cm) 197,690 166,456 1,186,140
6 in. (15 cm) 193,004 165,229 1,158,024
48 in. (1.22 m) 12 |n (31 cm) 199,916 171,844 1,199,496
A 18 in. (46 cm) 206,700 178,396 1,240,200
24 in. (61 cm) 213,484 184,948 1,280,904
6 in. (15 cm) 224,269 195,952 1,345,614
54in. (1.37 m) 12 in. (31 cm) 226,523 198,112 1,359,138
T 18 in. (46 cm) 231,129 202,528 1,386,774
24 in. (61 cm) 233,432 204,736 1,400,592

4.3 Material Properties and Behaviors

The material manager in ABAQUS was used to defigenbaterial properties of
the section, and associate these properties watlseltion assignment. For the section
with combined properties, such as surrounding zmikes, the partition cell was created
to divide the corresponding regions.

4.3.1 Pipeline Section

For the pipeline model (Figure 4.3), the brittl@aaking criterion in ABAQUS
was applied for the concrete behavior beyond thstiel range. To define the brittle
cracking behavior, concrete properties were appledconjunction with tension

stiffening, shear retention, and failure ratios described in chapter 3. The
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homogeneous solid section was used for the consestigon property associated with
the solid elements.

The steel reinforcement was also defined in thecieda pipe section by means
of tension stiffening property in ABAQUS. As mentexd in Chapter 3, after cracking,
concrete continued to carry tensile stress betwesrks by the transfer of forces from
the tensile reinforcement to the concrete througidb This contribution of the tensile
concrete is known as tension stiffening and it@ffehe pipe’s stiffness after cracking.
The tension stiffening was defined as the straimltitnate is 10 times the strain at
failure.

4.3.2 Surrounding Soil Section

The Mohr-Coulomb plasticity model was used for asiglyapplications in the
surrounding soil zone. The model used the classitcdir-Coulomb yield criterion: a
straight line in the meridional plane and an irtaghexagonal section in the deviatoric
plane (Figure 4.5). Soil properties (Selig, 1998¢diin the FEM model are shown in
Chapter 5.

The Mohr-Coulomb model is based on the maximum amdnmam principal
stresses at failure. The failure occurs when tleaisktress on any point reaches a value
that depends linearly on the normal stress in #raesplane. The failure line is the

straight line that touches these Mohr’s circles (Feg.6).
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Figure 4.5 Mohr-Coulomb yield surfaces in meridioaatl deviatoric planes
(Re: ABAQUS version 6.8-2, 2008).
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Figure 4.6 Mohr-Coulomb failure model (Re: ABAQUSsien 6.8-2, 2008).

Therefore, the Mohr-Coulomb model is defined by
T=C+otang, (4.1)

wherec is the cohesive strength, agdis the friction angle.
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For the maximum shear stres$, and average stress,,, they are defined as:
1
S:E(O'l —0'3) (4.2)

o I%(Gl +0'3), (4.3)

where o, and o, are the maximum and minimum principal stressgseessely.

4.4 Explicit Dynamic Analysis

The explicit dynamic analysis performs a large hamof small time
increments. The use of small increments is advaotagbecause it allows the solution
to proceed without iterations and without tangeiftn@ss matrices. It also simplifies
the treatment of contact conditions and uses ad{degjormation theory (ABAQUS,
2008). Thus, the explicit dynamic method is appedprfor the FEM model of pipe-soil
compaction which composes of small meshing elementseasing dynamic forces,
and complex pipe-soil interaction surfaces.

An explicit central-difference time integration eulis used so that each
increment is relatively reduced. The explicit cahtifference operator satisfies the
dynamic equilibrium equations at the beginning e increment,, the accelerations
calculated at time are used to advance the velocity solution to timet /2 and the
displacement solution to timé+ At . The method is, therefore, computationally
attractive for problems where the total dynamipogse time.

The explicit dynamics analysis procedure is bagsmhiuthe implementation of

an explicit integration rule together with the udediagonal (“lumped”) element mass

98



matrices. The equations of motion for the bodyiategrated using the explicit central-

difference integration rule:

ug) (4.4)
Uy = Ug) + At(i+1)u[’\: ) : (4.5)
where

u™ is a degree of freedom (a displacement or rotatnponent),

i is the increment number in an explicit dynamigste
The use of diagonal element mass matrices leadheocomputational efficiency

because the accelerations at the beginning ohttrement are computed by

uty =M™ (RY -17), (4.6)

where

M ™ is the mass matrix,

P’ is the applied load vector,

| ? is the internal force vector.
A lumped mass matrix is used because the vectdiptcdtion of the mass inverse by
the inertial force requires onlg operations, wher@ is the number of degrees of
freedom in the model. The explicit procedure reegiino iterations and no tangent

stiffness matrix. The internal force vectbt, is assembled from contributions from the

individual elements such that a global stiffnessrix@eed not be formed.
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4.4.1 Nodal Mass and Inertia

The explicit integration scheme in ABAQUS/Explicgquires nodal mass or
inertia to exist at all activated degrees of freedmless constraints are applied using
boundary conditions. A nonzero nodal mass must exiess all activated translational
degrees of freedom are constrained and nonzeroyrotartia must exist unless all
activated rotational degrees of freedom are consitla When degrees of freedom at a
node are activated by elements with a nonzero uhassity (e.g., solid, beam) or mass
and inertia elements, a nonzero nodal mass orianedcurs naturally from the
assemblage of lumped mass contributions.
4.4.2 Estimating the Stable Time Increment

In general, the actual stable time increment chbogeABAQUS/Explicit will be
less than this estimate by a factor betw#ef2and 1 in a 2-D model and between

1/\/§ and 1 in a 3-D model. The time increment choserABAQUS/Explicit also

accounts for any stiffness behavior in a model @ased with penalty contact.
The computer time involved in running a simulatioging explicit time
integration with a given mesh is proportional te tme period of the event. The time

increment based on the element-by-element stak#itynate can be rewritten (ignoring

Atgmin(Lc/ P ] 4.7)
A+2u

L. is a characteristic length associated with an efgm

damping) in the form

where
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p is the density of the material in the element,

A and u are the effective Lamé constants for the materitiie element.
The number of increments,, required isn=T/Atif Atremains constant, whefe is
the time period of the event being simulated. Eviie element-by-element
approximation ofAt will not remain constant in general, since elendistortion will

changeL_and nonlinear material response will change thecéffe Lamé constants.

But the assumption is sufficiently accurate for plaeposes of this discussion. Thus,

nsza{i /“2“) (4.8)
L. P

Artificially increasing the material densityy, by a factor f “reducesn ton/f .

4.4.3 Mass Scaling

This concept (ABAQUS, 2008), called “mass scalingguces the ratio of the event
time to the time for wave propagation across ametd while leaving the event time
fixed. The rate-dependent behavior is includedh@adnalysis. Mass scaling has exactly
the same effect on inertia forces as speeding @ pirtie of simulation. It is often used
for computational efficiency in dynamic analyseattbontain a few very small elements
that control the stable time increment.

Since the mass density influences the stabilitytlionder some circumstances
scaling the mass density can potentially incre&se efficiency of an analysis. For
example, due to the complex discretization of mangdels, there are regions
containing very small or poorly shaped elements$ toatrol the stability limit. These

controlling elements are often few in numbers araly raxist in localized areas. By
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increasing the mass of only these controlling el@sjethe stability limit can be
increased significantly, while the effect on thee@ll dynamic behavior of the model
may be negligible.

In the pipe-soil compaction model, there compodechany regions containing
very small elements and complex interaction. Masdirsg was used for the process of
scaling the element’s mass simulations to adjwstithe step. Fixed mass scaling factor
was applied to all elements in the model at begigoif the analysis steps.

4.5 Load and Boundary Condition

The dynamic forces from HC 920 hydraulic-compaatwaichine (hoe pack)
including with the weight of backhoe were usech@ EEM compaction model. The HC
920 has an impulse force of 16,000 Ibf (71 kN) detivers 2,200 cycles per minute.
With a 28-in. (0.7-m) by 40-in. (1-m) plate, thepuise force was applied in a form of

force per unit area%: 14.3 psi (98.5 kN/f), as shown in Figure 4.7. Moreover,
X
the load from backhoe’s weight itself was simulatedramp condition as shown in

Figure 4.8.
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Figure 4.7 Simulated dynamic forces from hoe pack.
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Figure 4.8 Simulated forces from backhoe’s weight.

The compaction forces were applied to the back(ill zone above the pipeline
as shown in Figure 4.9. The loading area was qooreting to the dimension of a

compacting plate of hoe pack. The applied compadboces were also varied for four
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different locations to investigate the most criticegion on the pipeline system. The

total load cases will be explained in the pararoetudy in chapter 5.

Applying Load

Figure 4.9 Typical load application for pipe-soi model.

The boundary conditions were used to simulate ttteiah constraints that
represent the effect of the surrounding soil inttkach installation. As shown in Figure
4.10, the roller support in vertical direction wagsplied at all four sides of a trench wall.
The translation degree of freedom was constraihéuesbottom of the bedding zone. In
this case, every node above the bottom of the bhgddbone can be freely displaced

downward in vertical direction (Y-direction).
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Figure 4.10 Boundary conditions for pipe-soil FEMdab

4.6 Typical Results for FEM Model

With the visualization module, the output resudis ppipe-soil FEM model were
shown by stress components, spatial displacemadtceck behavior. The graphical
display expressed the stress intensity by disdyatels of the colored contour. At the
interesting position, the set of specific nodes w@ated as a tabular form to plot the
stress and displacement curve. The display groupaga in ABAQUS allowed
selecting separate parts of the model to show #mawor in each region. The crack

propagation was also observed by the graphicalajisi each step/frame.
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4.6.1 Typical FEM Stress Results

The dynamic forces were applied through the bdckéill above the pipe and
induced the stresses on pipe’s wall. Figure 4.1lvskthe stress transferring in backfill
soil layers. As shown in Figure 4.12, the stressilte on pipe’s wall were indicated as
S11 and S22. According to the coordinate axis, &ktribed the stress results at crown
and invert. S22 described the stress results ahgiime. At crown and invert, a
compressive stress occurred at the external seofiguipe’s wall and a tensile stress
occurred at the internal section of the pipe’s wdil contrary, at springline, a
compressive stress occurred at the internal secdtigripe’s wall and a tensile stress
occurred at the external section of the pipe’s.wall
4.6.2 Typical FEM Deformation Results

Pipe’s cross section was compressed verticallyextended horizontally. The
values can be observed by the change in verticghlhanzontal diameters. Depending
on the properties of sidefill zone, the deformatstrape was shown in Figure 4.13. As
properties of two sidefill zones were identicalpgideformed symmetrically about the
vertical centerline. In contrast, difference inpedies of two sidefill zones affected the

symmetrical deformation.
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Figure 4.11 Typical stresses transferring in thekbith soil layers;
(a) 6-in. (15-cm) backfill sail, (b) 12-in. (31-crbpackfill soil,
(c) 18-in. (46-cm) backfill soil, (d) 24-in. (61-grbackfill soil.
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Figure 4.12 Typical FEM stress results on pipe;
(a) stress S11 at crown and invert and (b) str@g@saspringline.

108



Original Shape

Deformed Shape

ODB: REcone_R24_Snd0 & c

Sren; Sen-l
Incremenc 977 ScenTime - 2,023

Deafoemad Wad U Deformschon Soake Faloos -2 0008
St WA STATUS

Original Shape

Deformed Shape

ODB: PScom_R2a_5 13]_5_cl.odh Pz lon5.2-2 Bl Jun 25 12:22: 22 Canceal Duyligg

Sren; Sen-l
Incremenc 2 ScepTime - LSIT
Cforraad War: U Daformackon Soaks Faonae: ¥ - G, 33
St WA STATUS

(b)

Figure 4.13 Typical FEM deformation results (maigmifscale = 250 times);
(a) identical side-fill zones and (b) differenteidl zones.
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4.6.3 Typical FEM Crack Results

As the concrete brittle property in ABAQUS was ligigh the element in FEM
pipe-soil model was automatically removed whenfaiture strength in tension was
reached. This behavior precisely simulated thekcpagpagation on the buried concrete
pipe’s wall. However, the actual sizes of crack tividan not be verified through the
FEM results due to the element size corresponditiget@nalytical run time. The length
and shape of crack are provided. In this modelicafdongitudinal cracks started at
crown, invert, and springline respectively. Crafikstly occurred at tension surface and
then propagated to the compression surface as showigure 4.14. Moreover, the
circumferential crack occurred at the joint of pipe system for the case of a 24-in.

(61-cm) pipe with the backfill height of 6 in. (£&n) as shown in Figure 4.15.

Longitudinal Crack at Crown

Longitudinal Crack
at Springline

ODB: PScone_P2a_5ma0_5_r L.

Longitudinal Crack at Invert

Figure 4.14 Typical FEM crack results in cross-eeat view.
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Figure 4.15 Typical FEM crack results in longitualiniew;
(a) cracking on a 2-span pipeline model and (bjtjdetail.
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CHAPTER 5

PARAMETRIC STUDY

5.1 Introduction

Parametric studies of pipe-soil compaction modedceke the analysis with
different sets of input parameters as shown in &&bl. In this parametric study, the
executions composed of 128 analysis cases whicllucbnto the effects of the
compaction force on the underground pipeline. Th@nnobjective is to specify the
minimum backfill soil covered above the pipe sucattthere is no damage occurred on
the pipeline during the compaction process. Ther@sting parameters included with
the pipe sizes, backfill heights, side-fill maté&jaand loading locations on the RC
pipeline compaction process. For all analysis casedding thickness was 3 in. (7.62
cm). Also, Sn90 was applied for bedding and backdil materials.

5.2 Details of Reinforced Concrete Pipe

Different pipe sizes were studied for investigating various behaviors of
induced stresses, deformations, and cracking patten the pipe wall. Four different
sizes composed of 24-in. (61-cm), 36-in. (91-cn@)irt (1.22-m), and 54-in. (1.37-m)
diameters as shown in Table 5.2. The concrete gitienwall thickness, and

reinforcement details were corresponding to thégdegquirement (ACPA, 2007).
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Table 5.1 Total 128 Cases in Parametric Study

. : Backfill Side-fill L oading
Pipe Diameter Height Material Locations
6 in. (15 cm) L1
. 12 in. (31 cm) Sn90/Sn90 L2
241in. (61 cm) 18 in. (46 cm) Sn90/Siss L3
24 in. (61 cm) L4
6 in. (15 cm) L1
. 12 in. (31 cm) Sn90/Sn90 L2
36in. (91 cm) 18 in. (46 cm) Sn9o/Sigs L3
24 in. (61 cm) L4
6 in. (15 cm) L1
. 12 in. (31 cm) Sn90/Sn90 L2
481in. (1.22:m) 18 in. (46 cm) SNn90/Siss L3
24 in. (61 cm) L4
6in. (15 cm) L1
. 12 in. (31 cm) Sn90/Sn90 L2
541in. (1.37:m) 18 in. (46 cm) Sn90/Siss L3
24 in. (61 cm) L4

Table 5.2 Reinforced Concrete Pipe Properties

. Wl Concrete Reinfor cement,
. . in2/li ft of pi all
Pipe Diameter wall Thickness Strength e B
Inner Cage Outer Cage
3in. 4,000 psi
e (7.62 cm) (28 MPa) 007 '
24 in. (61 cm) e 3% in. 4,000 psi 0.07 .
(28 MPa) '
(9.38 cm)
41in. 4,000 psi
/B (10 cm) (28 MPa) ot '
36in. (91 cm) . 4% in. 4,000 psi 0.08 .
(28 MPa) '
(12 cm)
5in. 4,000 psi
e (13 cm) (28 MPa) o2 o
48 in. (1.22 m) e 5% in. 4,000 psi 0.16 0.10
(28 MPa) ' '
(15 cm)
5 in. 6,000 psi
V/B (ZZC[“) (41 MPa) 082 049
54 in. (1.37 m) }/
6 in. 6,000 psi
viC 4 (41 MPa) 0.58 035
(16 cm)
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5.3 Backfill Soil Zone

Backfill height was increased from 6 in. (15 cm)24 in. (61 cm) above the
pipe’s crown level as shown in Figure 5.1. Commactiorces were applied at every
increment of the backfill soil layers. The 6-in5¢(&m) backfill height simulated the
most critical case of the pipe compaction when libekfill covering was deficient.
Backfill height was then increased until there wascracking occurred on a buried pipe
under the applied compaction force. Material prapertor backfill soil for all analysis
cases were Sn90, gravelly sand at 90% of standaotiop density (ASTM D 698, 2005;
and AASHTO T 99, 2005). The properties of Sn90described as follows: soil unit
weight = 135 Ib/ft (2,163 kg/m), Young’s modulus = 1,300 psi (9 MPa), Poisson’s
ratio = 0.35, cohesion vyield stress = 0.145 pgktR4a), friction angle = 42 degree, and
dilation angle = 12 degree (Selig, 1990).

5.4 Side-fill Soil Zone

Side-fill soil was separated into two cases wheth [sides were identical and
uneven properties. The first case simulated a gmdrol of sidefill compaction as
shown in Figure 5.2(a), while another case simdldtee lack of controlled sidefill
compaction in the construction as shown in Figu€l®. Materials used for sidefill soll
zone were Sn90, gravelly sand at 90% of standarckqr density, and Si85, sandy silt
at 85% of standard proctor density (ASTM D 698, 20&d AASHTO T 99, 2005).
For Sn90, properties compose of soil unit weightt35 Ib/ft (2,163 kg/m), Young's
modulus = 1,300 psi (9 MPa), Poisson’s ratio = Oc®@hesion yield stress = 0.145 psi

(1 kPa), friction angle = 42 degrees, and dilatemmgle = 12 degrees. For Si85,
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properties compose of soil unit weight = 114 fb(f,826 kg/m), Young’s modulus =
360 psi (2.5 MPa), Poisson’s ratio = 0.37, cohegietd stress = 0.145 psi (1 kPa),
friction angle = 30 degrees, and dilation anglede@ree (Selig, 1990).

5.5 Loading Locations

The effect of compacting locations on the behawbia buried pipeline was
evaluated. To indicate the most critical zone i@ tdompaction process, the dynamic
force was applied at four different locations: L2, L3, and L4 as shown in Figure 5.3.
L1 simulated the compaction at the pipeline’s joir#t simulated the compaction at the
pipe’s edge. Consequently, L3 simulated the connpacat a pipe’s middle span.
Finally, L4 simulated the compaction on the sidepgie’s middle span. The total
magnitude of applied force (Chapter 4) was idehtioa all analysis cases. Also, all
loading locations were applied during every incretmef 6-in. (15-cm) backfill soll
layer in order to investigate the effect of badkigight on the reduction of compacting

force.
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(b)

() (d)

Figure 5.1 Increment of backfill soil layers; (ajr6 (15-cm) backfill height, (b) 12-in. (31-cm)didill height,
(c) 18-in. (46-cm) backfill height, (d) 24-in. (6&Im) backfill height.



(b)

Figure 5.2 Side-fill soil applications; (a) idergticside-fill (Sn90/Sn90) and
(b) different side-fill (Sn90/Si85).
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5.6 Discussion on Parametric Study

The parametric study results described the inflaesicbackfill heights on the
stresses induced on the pipe wall, the deformatonarred, and the crack propagation.
The results were shown in forms of the deformatiersus backfill height, stress versus
deformation, and decrease in tensile stresses iffareht pipe sizes, as shown in
Figures B.1 through B.20.

5.6.1 Deformation versus Backfill Height

As shown in Figures B.1 through B.8, the resultswslthat, for all pipe sizes,
the increase in backfill height decreases the d&ition of pipe’s cross section in both
vertical and horizontal directions. The most catidocation of loading is at L2
(compaction at joint of pipeline) and the leastical location of loading is at L4
(compaction at side of pipeline).

The application of lower compacted soil on one sitléhe sidefill (Sn90/Si85)
yields higher pipe’s deformation than identicallgntrolled compaction of the sidefill
(Sn90/Sn90). For an example of 24-in. (61-cm) pifd 6-in. (15-cm) backfill height
under the L2 loading location, the vertical defotioma is 0.38 in. (9.65 mm) for
Sn90/Sn90 while the vertical deformation becomds8 . (12.19 mm) for Sn90/Si85
as shown in Figure B.1 (a). Also, for the horizbmteformation, the result values are
0.25 in. (6.35 mm) for Sn90/Sn90 and 0.32 in. (8riB) for Sn90/Si85, respectively as
shown in Figure B.1 (b).

Moreover, the effect of backfill height on pipe’s fal@enations becomes

minimized as pipe size increases. The results afedse in pipe’s deformation with the
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increase in backfill height under L2 loading looati Sn90/Sn90 sidefill soil for all pipe
sizes are shown in Table 5.3, corresponding toreg.1, B.3, B.5, and B.7. The
results of decrease in pipe’s deformation with itterease in backfill height under L2
loading location, Sn90/Sn90 sidefill soil for alipp sizes are shown in Table 5.4,
corresponding to Figures B.2, B.4, B.6, and B.8.

Table 5.3 Decrease in Effect of Backfill Height kvltarger Pipe Sizes
under Sn90/Sn90 Side-fill Condition

Pipe Diameter Increa_sein Decrgasein Deform.ations
Backfill Soil Layers Vertical Horizontal
24 in. (61 cm) 6 in. (15 cm) to 24 in. (61 cm) 92 % 87 %
36in. (91 cm) 6 in. (15 cm) to 24 in. (61 cm) 91 % 85 %
48 in. (1.22 m) 6 in. (15 cm) to 24 in. (61 cm) 63 % 56 %
54 in. (1.37 m) 6 in. (15 cm) to 24 in. (61 cm) 47 % 46 %

Table 5.4 Decrease in Effect of Backfill Height kvltarger Pipe Sizes
under Sn90/Si85 Side-fill Condition

Pipe Diameter Ir_1crea_sein Decrgasein Deform.ations
Backfill Soil Layers Vertical Horizontal
24 in. (61 cm) 6 in. (15 cm) to 24 in. (61 cm) 93 % 90 %
36in. (91 cm) 6 in. (15 cm) to 24 in. (61 cm) 91 % 90 %
48in. (1.22 m) 6 in. (15 cm) to 24 in. (61 cm) 69 % 65 %
54 in. (1.37 m) 6 in. (15 cm) to 24 in. (61 cm) 58 % 54 %

5.6.2 Stress versus Deformation

Figures B.9 through B.20 show the stress-deformatigve at the most critical
location of loading, L2, on the pipeline. The résuhcluded all tensile and compressive
stresses at crown, invert, and springline withittoeeasing backfill heights of 6 in. (15

cm), 12 in. (31 cm), 18 in. (46 cm), and 24 in. (@) above the pipe’s crown. The
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vertical deformation of pipe cross section was wered. Under compacting force, the
use of 6-in. (15-cm) backfill height yielded the sharitical condition, while the 24 in.
(61 cm) backfill height conducted the safest caaditThe higher the backfill soil, the
more alleviation in the effect of compacting foresd the less crack occurred on the
pipe wall. When the cracking tensile strefsss 7.5,/ f. , was reached, the first crack
initiated. For the 24-in. (61-cm) pipe, 36-in. (&) pipe, and 48-in. (1.22-m) pipe,
f,=75/f, =474 psi (3.3 MPa). For the 54-in. (1.37-m)epify = 75,/f, = 581 psi

(4 MPa). Cracks propagated at crown, invert, anohglime respectively.

In the 24-in. (61-cm) pipe, cracking at crown ocedr when the vertical
deformation was 0.013 in. (0.33 mm) as shown inufggB.9. Cracking at invert
occurred when the vertical deformation was 0.018@%5 mm) as shown in Figure
B.10. Cracking at springline occurred when theigaltdeformation was 0.02 in. (0.5
mm) as shown in Figure B.11. All cracks occurrethwhe use of 6-in. (15-cm) up to
18-in. (46-cm) backfill height. However, there was sign of cracking at all locations
of crown, invert, and springline when backfill heigvas 24 in. (61 cm) above the
pipe’s crown.

In the 36-in. (91-cm), cracks occurred at crown anekrt only. There was no
crack happened at springline. Cracking at crownuwed when the vertical deformation
was 0.02 in. (0.5 mm) as shown in Figure B.12. Kiregat invert occurred when the
vertical deformation was 0.03 in. (0.75 mm) as smawFigure B.13. Also, there was

no crack occurred for the case of 24-in. (61-cnckbk height above the pipe’s crown.
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In the 48-in. (1.22-m), Cracking at crown occurreéhen the vertical
deformation was 0.029 in. (0.73 mm) as shown inufggB.15. Cracking at invert
occurred when the vertical deformation was 0.043(1r08 mm) as shown in Figure
B.16. Under the 12-in. (31-cm) backfill height, dkang occurred at crown only. There
was no crack at invert and springline. Then, urtter24-in. (61-cm) backfill height,
there was no crack occurred at any locations od&i@. (1.22-m) pipe.

In the case of 54-in. (1.37-m) pipe, under the cactipg force, there was no
crack appeared on the pipe wall for all backfilights from 6 in. (15 cm) to 24 in. (61
cm). As shown in Figures B.18 through B.20, atladlations of crown, invert, and
springline, induced tensile stresses on the piplé dich not reach the cracking tensile
stressf, = 75,/f, = 581 psi (4 MPa).

5.6.3 Effect of Backfill Height on Decreased TenSiresses for Different Pipe Sizes

According to the most critical region, the diseosscenters on the tensile
stresses at pipe’s crown. The highest tensilessgeat each backfill height were plotted
for all pipe sizes. In this case, for the 24-inlL-@n) pipe, 36-in. (91-cm) pipe, and 48-
in. (1.22-m) pipe, maximum tensile stresses reathedracking stress for all backfill
heights, except for the 24-in. (61-cm) backfill gigi However, there was no crack
occurred for the 54-in. (1.37-m) pipe and the maximtensile stress was below the
cracking stress. Figure 5.4 shows the effect okidabeight on the change in tensile
stress reduction for different pipe sizes. Backidight has the greatest effect on the

reduction of tensile stresses for the 24-in. (6)-pipe and it has the smallest effect for
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the 54-in. (1.37-m) pipe. The bigger pipe size,ldss effect of backfill height involves
in the stress reduction.

However, in the case of the 36-in. (91-cm) pipe, isults show the small effect
of backfill height on the stress reduction. Althauge backfill height of 24 in. (61 cm)
was used, the maximum tensile stress on the 3@1acm) pipe was still high as close
as the cracking stress level. This aspect led @octinsideration of the ratio between
pipe’s internal diameter (D) and wall thickness, @3lled the “D/T ratio”, as well as the
density of reinforcement. The higher value of th@& Eatio indicates the lower stiffness
of a pipe because when a pipe is increased in dentee wall thickness must have a
proportional depth. As shown in Table 5.5, the Edfio of a 36-in. (91-cm) pipe is the
second highest next to that of a 48-in. (1.22-npepiBut, a 36-in. (91-cm) pipe
composes of only one layer of a steel reinforcemadmceh is much lighter if compared
with double-layer reinforcement in a 48-in. (1.224pipe. Thus, a 36-in. (91-cm) pipe
is the weakest pipe in this FEM study and the marintensile stresses induced on the

pipe wall are also high even modeled under then246il-cm) backfill height.
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Figure 5.4 Tensile stresses at crown for diffepgpé sizes under
increased backfill heights.
Table 5.5 Pipe’s D/T Ratio and Reinforcement Dgnsit
_ Reinforcement,
_ Pipe Clasy wall DT in.2/ linear ft of pipewall
Diameter, D Wall Thickness, T Ratio
Inner Cage Outer Cage
/B 3in. (7.62 cm) 8 0.07 -
24 in. (61 cm) _
e | 33 in.(9.38cm)| 6.4 0.07 ]
/B 4 in. (10 cm) 9 0.17 -
36in. (91 cm)
e | 43 in.(12cm) | 7.58 0.08 i
/B 5in. (13 cm) 9.6 0.24 0.14
48 in. (1.22 m)
e | 53, in.(a5cm) | 835 0.16 0.10
viB | 5% in.(14cm) | 9.81 0.51 0.31
54 in. (1.37 m)
vic | 6% in.(16cm) | 8.64 0.58 0.35
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CHAPTER 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
6.1 Summary

The behavior of concrete pipe was investigated ix@atally and analytically.
The overall work included the D-Load test and pgmmpaction under the heavy
machine. Properties of all pipe specimens: concsétength, wall thickness, and
reinforcement details were corresponding to theoar Pipe Design Requirement
ASTM C76 — 08.

Firstly, a full-scale pipeline installation test svperformed. The 24-in. (61-cm)
diameter pipes were installed in the Type-B tremmshallation, defined by the Concrete
Pipe Technology Handbook. Two spans of interespipg specimens were equipped
with instruments: strain gauges, earth pressuis aed inspection camera so that the
test data were recorded during the test. The ilgagin was made for both sidefill
(lateral sides of pipe) compaction and backfilldied pipe) compaction. According to
the real construction, compaction forces were appéit every increment of 6-in. (15-
cm) layer of backfilling soil. In the sidefill comaption state, lateral soil at both sides of
pipeline was compacted using the backhoe’s buekeping. In the backfill compaction
state, backfill soil above the pipeline was comedctising hoe pack including the

weight of backhoe. Experimental test results inetlthe induced pressure on the pipe
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wall, strain results, and the failure mode. Al$® most critical region of pipeline under
the compaction process was revealed.

However, the results from an experimental pipeboepaction test could not
be perfectly obtained and verified with the anabtimethod due to many disturbing
variables as pipes were buried underground andactexd by the surrounding soil. This
concern led to the study of concrete pipes undeshing force, called “D-Load” test. In
this controlled-situation test, a pipe specimen wasup in the standard three-edge
bearing (TEB) machine, specified by the ASTM C 4Bilere was no surrounding soil
related. TEB machine provided two lower strips &1 supports and upper bearing to
apply crushing force to a pipe at center line thgfothe pipe’s length. Test specimen
sizes included 18-in. (46-cm), 36-in. (91-cm), &4din. (1.37-m) diameter pipes. The
instrumentations included strain gauges and linaagable displacement transducers to
measure the strain and pipe’s deformation. Theieghpbad steps were controlled by
using the TEB machine. For each pipe size, thdteeshiowed the crack widths, crack
patterns, and failure modes corresponding to thd-tbeformation curves so that the
pipe behaviors were could be continuously investidgaNot only were the results used
for understanding concrete pipe behaviors, but @iserify the analytical model using
the finite element (FEM) analysis.

Thereatfter, the three-dimensional (3-D) FEM modélshe D-Load test were
created using computer program, ABAQUS versionZ.&he 8-noded brick element
was used with the mesh convergence to model atpgted in the TEB machine. All

pipe sizes were the same as those in the expeamests. The TEB machine model
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was composed of two support strips and upper bgasinp. Contact regions were

modeled as hard contact. During the dynamic arglggiplied loads were simulated as
increment steps and mass scaling was considergatriease the analytical efficiency.

The property of concrete brittle criteria was apglito the pipe section so that the
postfailure behavior of concrete was defined. Whtis concept, the tension stiffening

played a major role introducing strain across ttaelc on concrete. Consequently, the
value of strain at ultimate by strain at crackingswerified using compared results
from the experimental D-Load tests.

Finally, a parametric study was conducted to ptethe effect of dynamic
compaction forces on the buried pipeline underttbech installation. The 3-D FEM
model composed of two spans of a concrete pipesan@unding soils. All standard
pipe sizes included 24-in. (61-cm), 36-in. (91-cAB;in. (1.22-m), and 54-in. (1.37-m)
diameter pipes. The concrete pipe properties fabbwhe Concrete Pipe Design
Requirement ASTM C76 — 08. Based on the maximumnaindnum principal stresses
at failure, the Mohr-Coulomb criterion was used $sign the properties of surrounding
soil models. The elements used were 8-noded brark tiie concrete pipe and
surrounding soil sections. Also, 6-noded triangydasm was used to fit the small
curved regions between pipe and soil. At the iat®$ between the pipe-soil regions,
all surfaces were in contact and transmitted sheawell as normal forces across their
interfaces. The converged mesh generation was n&otaiusing energy based
convergence criteria. In the dynamic analysis stBp, magnitude and vibration of

applied forces were simulated from the hoe packidiog with the back hoe’s weight.
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The scaled mass matrix was used for each increwitmh the dynamic analysis step to
increase computational efficiency. A parametricdgtuesults showed the effect of
backfill height on the stress and deformation réidacwvhen varying the pipe sizes, soll
material, and loading locations.

The related variables used in a parametric studyuded the effects of
geometry, material, and loading location. The gdomeelated variables of concrete
pipe were evaluated by using four standard sizesérete pipe: 24-in. (61-cm), 36-in.
(91-cm), 48-in. (1.22-m), and 54-in. (1.37-m) didemnepipes. Also, geometric related
variables of surrounding soil were centered orbénekfill soil heights, increased from 6
in. (15 cm) to 24 in. (61 cm). The material relatediables simulated the compaction
control at the sidefill soil zone. Materials involvéhe gravelly sand (Sn90) and sandy
silt (Si85). Two cases of sidefill compaction welefined as Sn90/Sn90 and Sn90/Si85.
The Sn90/Sn90 case indicated the perfectly coettatompaction on both sides. The
Sn90/Si85 case indicated the lack in controlled maction for each side. The loading
location related variables simulated four differéodations of dynamic forces applied
on buried pipeline to observe the most criticaioagunder compaction. Four locations
included the pipe’s joint, pipe’s edge next to jbiat, pipe’s middle span, and sidefill
compaction. All four loading locations were modebdevery 6-in. (15-cm) increment

of backfill soil.

128



6.2 Conclusions

The conclusion of this study proposes in the follmpforefront:

e The sidefill compaction process does not causeptpeline’s failure. In this
process, the vertical compaction force is latertlnsferred by the surrounding soil
(sidefill zone) to the lateral side of a pipeliiée total impacting force, recorded by the
earth pressure cell at pipe’s springline, is muess Ithan that recorded by the earth
pressure cell at pipe’s crown from the backfill gamtion process.

e The backfill compaction is a crucial process cagisire failure on pipeline. This
is because the vertical compaction force is digettinsferred to the pipe at crown.
Depending on the depth of backfill cover above plpe, the compaction force can be
alleviated. However, in this study, the compactiorce is applied to every 6-in. (15-
cm) increment of a backfill soil layer. Thus, tlaédire occurs during the compaction of
pipeline under the first backfill depth.

e The effect of applied compaction force is predomiret the location of pipe’s
joint. This indicates the weakest position on aepie when performing the backfill
compaction process. At the joint, two pipes areneated with tongue and groove parts
and the thickness for each part is only a halthef thickness of a pipe wall. Thus, the
stiffness at the pipe’s joint is small, comparethwihe pipe’s body.

e The FEM verification from D-Load tests shows an dece¢ agreement for the
concrete brittle model. In forms of load-deformaticurve, the compared FEM results
with experimental test results demonstrate the @tiipity in pipe’s strength as well as

the crack occurrence. The applied force advandieditst crack in the FEM model is
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close to the applied force causing the 0.01-i25@nm) crack in the experimental test
result.

e The insignificance of the 0.01-in. (0.25-mm) crack affirmed. All pipe
specimens can support more load after the occugrehthe 0.01-in. (0.25-mm) crack
until failed at the ultimate load. The load at mi#te is approximately 1.8 times the load
at the 0.01-in. (0.25-mm) crack.

e The crack sequence of occurrence initiates at cr@wernal wall), invert
(internal wall), and springline (external wall) spectively. This is showed by the pipe
compaction FEM results for all sizes of pipe specismdéecause a pipe is subjected to
applied compaction force from the top, pipe’s crawmhe first location to support the
applied force. Then, it transfers to at the suppmration which is pipe’s invert. After
pipe deforms, the induced force in pipe’s wall rensferred to springline. Moreover,
cracking occurs at the tensile surface of pipe’ ad propagates to the compressive
surface.

e Different pipe diameter exhibited different failuneodes. In the 18-in. (46-cm)
and 36-in. (91-cm) diameter pipes, the failure mizdfexural and pipes fail with the
opening crack occurred at crown, invert, and spineg For the 54-in. (1.37-m)
diameter pipe, the failure mode is shear and pipiésvith the shear crack occurred at
crown and invert. Also, at the lateral side of pepithe multiple cracks occupy above
and below the location of pipe’s springline.

e Compaction of backfill height has greater effectaosmall pipe size. Due to the

compaction force, stress and deformation inducesimall pipes are higher than those
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induced in larger pipes. Moreover, small pipes amremsensitive to the backfill
increment than larger pipes. In this case, theemse in backfill height remarkably
decreases stress and deformation in small pipentrast, the significance of backfill
increment becomes vanished in larger pipes.

6.3 Recommendations

The appropriate compaction and geometry of sudimgnsoil are the important
factors for a pipeline installation. The backfidrapaction process in this study mainly
focuses on the heavy compaction machine to simtietanost critical situation. The
backfill soil covering above the pipe has majoeef§ on the stress distribution in the
pipe.

Before the compaction process is started, the numnbackfill height for the
24-in. (61-cm) diameter pipe shall be 24-in. (61)dmaight for wall-B and 18-in. (46-
cm) height for wall-C. The minimum backfill heightr the 36-in. (91-cm) diameter
pipe shall be 24-in. (61-cm) height for both walleBd wall-C. The minimum backfill
height for the 48-in. (1.22-m) diameter pipe shwdl 24-in. (61-cm) height for wall-B
and 18-in. (46-cm) height for wall-C. The minimurackfill height for the 54-in. (1.37-
m) diameter pipe shall be 12-in. (31-cm) height &xd. (15-cm) height for wall-B and
wall-C, respectively.

The soil zones at lateral sides of a pipe also say@ficant effects on the stress
and deformation of a buried pipeline. Pipe-soiltsys has more stiffness when both

sides of lateral soil zones are well-compactedabse these zones provide the lateral
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support for a pipe. Thus, the care should alsodmeearned for the material used and

compaction level at the sidefill soil zones.
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APPENDIX A

EXPERIMENTAL PIPE COMPACTION RESULTS
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Figure A.9 Strain results at CRN_MS1_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cped + 1320 sec, (d) at 1320 — 1654 sec.



14

6

Strain, x10" in./in.

Strain, x10° in./in.

25 25
20 1 20
15 1 2151
10 1 £ 10 1
51 o 51
-
0 ; 0
-5 1 E -5 1
-10 A 5-1() b
-15 A -15 A
20 . . . . . . . . 20 . . . . . . . .
0 60 120 180 240 300 360 420 480 500 560 620 680 740 800 860 920 980
Time, sec Time, sec
(a) (b)
25 25
20 A 20 A
15 4 § 15 4
10 1 £ 10 -
5 1 T 54
—
0 ; 0
-5 4 '§ -5 4
-10 1 2 -10 A
-15 A -15 A
-20 | | | | T -20 | | . T T
1000 1060 1120 1180 1240 1300 1320 1380 1440 1500 1560 1620
Time, (sec) Time, sec
(c) (d)
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Figure A.12 Strain results at INV_JT1_ SC;
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Figure A.13 Strain results at SPL_JT2_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cped + 1320 sec, (d) at 1320 — 1654 sec.
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Figure A.14 Strain results at INV_JT2_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cped + 1320 sec, (d) at 1320 — 1654 sec.
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Figure A.15 Strain results at CRN_MS2_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cp@d + 1320 sec, (d) at 1320 — 1654 sec.
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Figure A.16 Strain results at SPL_MS2_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cped + 1320 sec, (d) at 1320 — 1654 sec.
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Figure A.17 Strain results at INV_MS2_SC;
(a) at 0 — 500 sec, (b) at 500 — 1000 sec, (cped + 1320 sec, (d) at 1320 — 1654 sec.
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Figure A.19 Strain results at SPL_MS1 BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.20 Strain results at SPL_JT1 BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.21 Strain results at INV_JT1_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.22 Strain results at SPL_JT2_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.23 Strain results at INV_JT2_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.24 Strain results at CRN_MS2_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.25 Strain results at SPL_MS2_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure A.26 Strain results at INV_MS2_BC;
(a) at 0 — 600 sec, (b) at 600 — 1200 sec, (c2@f + 1700 sec, (d) at 1700 — 2187 sec.
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Figure B.1 Deformation versus backfill height FENuks for P24 under the
side-fill Sn90/Sn90; (a) vertical deformation abdl ljorizontal deformation.
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Figure B.2 Deformation versus backfill height FENukls for P24 under the
side-fill Sn90/Si85; (a) vertical deformation arj biorizontal deformation.
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Figure B.3 Deformation versus backfill height FENMuks for P36 under the
side-fill Sn90/Sn90; (a) vertical deformation abdl ljorizontal deformation.
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Figure B.4 Deformation versus backfill height FENMuks for P36 under the
side-fill Sn90/Si85; (a) vertical deformation arij biorizontal deformation.
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Figure B.5 Deformation versus backfill height FENuks for P48 under the
side-fill Sn90/Sn90; (a) vertical deformation abdl ljorizontal deformation.
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Figure B.6 Deformation versus backfill height FENuks for P48 under the
side-fill Sn90/Si85; (a) vertical deformation arj biorizontal deformation.
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Figure B.7 Deformation versus backfill height FENMuks for P54 under the
side-fill Sn90/Sn90; (a) vertical deformation abdl ljorizontal deformation.
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Figure B.8 Deformation versus backfill height FENuks for P54 under the
side-fill Sn90/Si85; (a) vertical deformation arij biorizontal deformation.
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Figure B.9 Stress-deformation curve FEM result@4 CRN_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.10 Stress-deformation curve FEM result4 INV_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jp@ssive stress.
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Figure B.11 Stress-deformation curve FEM result4 SPL_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.12 Stress-deformation curve FEM result$f@8 CRN_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpE@ssive stress.
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Figure B.13 Stress-deformation curve FEM result$f@@ INV_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jp@ssive stress.
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Figure B.14 Stress-deformation curve FEM result$f@8 SPL_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.15 Stress-deformation curve FEM result$#8 CRN_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpE@ssive stress.
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Figure B.16 Stress-deformation curve FEM result$#8 INV_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jp@ssive stress.
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Figure B.17 Stress-deformation curve FEM result$#8 SPL _JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.18 Stress-deformation curve FEM result$fot CRN_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.19 Stress-deformation curve FEM resultfe4 INV_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jpa@ssive stress.
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Figure B.20 Stress-deformation curve FEM resultfet INV_JT under the
side-fill Sn90/Sn90; (a) tensile stress and (b) jp@ssive stress.
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