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ABSTRACT
ON THE CONCEPT OF

SYNTHETIC FIBER REINFORCED THIN-WALLED CONCRETE PIPES

Arash Emami Saleh, PhD

The University of Texas at Arlington, 2019

Supervising Professor: Ali Abolmaali

This research investigates the structural and industrial possibility to create a new type of concrete
pipes called synthetic fiber reinforced thin-walled concrete pipes, which would be lighter, cheaper,
and more durable than what is currently in use while still providing a pipe product much less
dependent upon installation conditions than the very flexible metal and plastic pipes in the
American market. The idea is to reduce the thickness and reinforcement of the current reinforced
concrete pipes to increase their deflection before failure and control the crack formation and width
by using synthetic fibers. The flexibility of these pipes will enable them to use the passive pressure
of surrounding soil and in turn, relieves the pipe of the burden of carrying the soil load through
moment and shear in the pipe wall and allows it to perform primarily under compressive stress in
the pipe wall. To fulfill the research goal two phases of experimental investigations was performed.
The first phase was to understand the behavior of synthetic fiber reinforced TWCPs in Industrial
scale pipe production using a common industrial concrete mix design. In this phase, 44 pipes were
created and TEB test was performed on all the pipes. deformation curve for all tested specimens

was extracted and the cracking behavior of the pipes with and without using synthetic fibers was



observed. The second phase was to perform experimental study on crack development in synthetic
fiber reinforced concrete specimens. In this phase, 12 beam specimens were created using ASTM
1609 recommendations. The beams were tested in two groups of six beams under three and four-
point bending test setup. Crack width was measured using two-dimensional digital image
correlation (DIC) method. Finite element models were created to develop material model for
synthetic fiber reinforced concrete which can mimic the results of the tests. During the numerical
study a reliable crack width measurement method was introduced using the distribution of plastic
tensile strain in FE model. The last phase of numerical study was to create soil pipe interaction
models to evaluate the behavior of the pipes and their crack widths under soil backfill. A
parametric study was performed which led to development of equations to find the amount of crack

width as well as the design graphs.
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CHAPTER 1. INTRODUCTION
1.1.0verview
Sewer and water supply networks are one of the most important infrastructure systems, account
for approximately half of the investments in United States [1]. One of the key items in a reliable
infrastructure is the buried pipe system. Specific engineering requirements should be considered
during the design and installation process of the buried pipelines. These requirements vary
markedly with the rigidity or the stiffness of the material selected for the pipe, dimensions and the
shape of embedment and the mechanical properties of the embedment and bedding soil. The soil
surrounding the pipe not only induces load on the pipe but also in a soil-structure interaction
system, the pipe develops its full structural performance [2].
There are two general methods of design for the buried pipe systems considering the soil-pipe
structural interaction: that is, evaluating the pipe as a rigid pipe, or evaluating it as a flexible pipe.
Rigid and flexible pipes are distinguished by the deflection ratio or by the relative stiffness of the
pipe. Rigid pipe systems only rely on the active soil pressure, and primarily resist the loads on the
pipe by carrying moment and shear in the pipe wall and start showing signs of structural failure
before being vertically deflected up to 2 % of their inside diameter [2-3]. Flexible pipe systems
such as corrugated metal pipe (CMP), polyethylene pipe (PE) and PVC pipe carry load by
deflecting out into the soil to pick up additional passive soil pressure, which then results primarily
in compressive forces in the pipe wall. Due to their different structural behavior characteristics,
rigid and flexible pipes have different design criteria and installation method [4].
Reinforced concrete pipe (RCP) is a rigid pipe, which upon loading has a deflection level that is
too small to develop lateral pressure. The benefit of relying primarily on the pipe strength, which

is assured since the pipe is produced in a factory, is promoted by the concrete pipe industry.



Flexible pipes may sometimes be cheaper in cost but rely much more heavily on the contractor’s
ability to perform a well-quality installation in the field, which often doesn't have the same Quality
Assurance (QA) control comparing to the plant environment. The performance of pipe product is
determined by external strength in the case of rigid pipes and by normal stiffness in the case of
flexible pipes, which require different installation standards for bedding and backing.

1.2.Rigid and Flexible Pipes in Current Practice

Metal and Plastic are the pipe materials of choice for flexible pipe systems in the US. In order to
keep their cost to a minimum, the producers of these pipe materials utilize corrugated wall
structures to enhance the pipe stiffness while reducing material. A side effect of this is that these
pipe materials also tend to have less wall area than the solid wall pipe, which more commonly
utilized in the water distribution market. Additionally, even with the corrugated walls, these pipe
materials have very low pipe stiffness. They can be as low as 105 kpa (15 psi) for a 1524 mm (60
in.) plastic pipe [5-6]. Most flexible pipe standards allow up to 5 % deflection. Deflection is
limited to 2 % if the flexible pipe has a rigid lining and coating and 3 % for a rigid lining and
flexible coating [7]. Specifiers call these pipes "flexible". However, they truly are very flexible
pipes and engineers and contractors have come to accept the installation risks that come with such
very flexible pipe. As noted previously, flexible pipe deflects into the surrounding soil and
develops primarily compressive stresses. Utilizing corrugated (or profile walls) allows plastic and
metal pipe producers to reduce their wall area. However, the thin profile sections are susceptible
to local buckling within their profile as well as global buckling of the wall while under

compression.



Concrete pipe represents the predominant pipe material used for rigid pipe systems in the storm
sewer market in the US. Concrete pipe is very durable and utilizes design methods that have been
in place for decades to design a pipe product that provides a large portion of the soil-structure on
its own. However, concrete pipe is brittle in comparison to metal and plastic pipes and can
experience only minute deformation in the field before it cracks. While concrete is expected to
crack, and cracking within service load limits is acceptable, for a standard wall concrete pipe to
develop passive soil pressure from the surrounding soil, it would need to deflect to an extent that
develops crack widths beyond allowable. Such large cracks in turn have the potential to allow
corrosion of the reinforcing steel should water and enough oxygen be present in the line. Thus,
American standards limit the allowable crack width in a buried concrete pipe to 0.25 mm (0.01
in.) for the service load condition.

1.3.Thin-Walled Concrete Pipe (TWCP): A Semi-Rigid Pipe

Research has been begun at the University of Texas at Arlington to develop concrete pipes that
would be lighter, cheaper, and more durable than what is currently in use, while still providing a
pipe product much less dependent upon installation conditions than the very flexible metal and
plastic pipes in the American market. Using Synthetic fibers in concrete mix design can improve
the behavior of concrete pipe and allows more deformation before failure. These pipes are TWCP,
semi-rigid pipes.

One of the benefits of using synthetic fibers is the effect they have on the cracking properties of
the concrete. Crack control in concrete is a function of bond between the reinforcement and
concrete, crack spacing and the amount of effective concrete area around the reinforcement. By
incorporating synthetic fibers in the mix that disperse throughout the concrete pipe wall in a

random fashion, the effective area of concrete around each fiber is much smaller than when a



standard circumferential steel reinforcing cage is used. Utilizing fibers in conjunction with
standard reinforcing steel result in several much smaller cracks as opposed to the few larger cracks
that occur with standard steel wire reinforcement.

Another issue that affects the crack width is the strain at the tensile surface of the concrete. The
larger the distance from the neutral axis of the wall to the wall surface, the larger the cracks at the
surface of the wall. If the concrete material in the pipe can be made flexible enough to allow for
some deflection of the pipe, then any potential loss of strength through thinning the wall can be
regained in the soil-structure through the additional passive soil support in the soil. Thus, a more
flexible concrete matrix with thinner wall thicknesses could be of maximum benefit for circular
buried structures.

The macro effect of this is that the concrete pipe can achieve significant levels of deflection without
developing cracks large enough to jeopardize the pipes durability. In other words, the pipe
becomes ductile (flexible). The further effect resulting from this flexibility is that the pipe deflects
sufficiently to produce passive pressure from the surrounding soil. This, in turn, relieves the pipe
of the burden of carrying the soil load through moment and shear in the pipe wall (as standard
reinforced concrete pipe does) and allows it to perform primarily under compressive stress in the
pipe wall. Concrete performs most suitably in compression, and unlike existing corrugate/profile
wall pipes, there are no local elements susceptible to local buckling. Thus, some of the most
significant concerns with flexible metal and plastic storm drainpipes are eliminated if a suitable
ductile concrete pipe can be developed. Figure 1.1 shows the overview of the benefits of the

TWCP.
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Figure 1.1 Overview of the benefits and philosophy of the TWCP
1.4.Goals and objectives

The main goal of this study was to understand the behavior of a new category of concrete pipes
called thin-walled concrete pipes (TWCP). For reaching the final goal, the following sub-
objectives were investigated and their combination led to fulfilment of the initial goal:

e To perform Comprehensive three-edge bearing (TEB) tests to evaluate the behavior of the
TWCPs and ability of synthetic fibers to improve the structural performance of TWCPs in
Industrial scale pipe production using a common industrial concrete mix design.

e To evaluate the cracking of synthetic fibers reinforced concrete beams and monitor the
cracking and measure the crack width of these specimens in three-point and four-point
bending tests by Digital Image Coloration (DIC) method.

e To create three-dimensional finite element model to mimic the structural behavior of
TWCPs and using the TEB test results as verification of the models.

e To propose a method for crack width measurement using FE models created base on

experiments performed on synthetic fibers reinforced concrete beams.
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e To develop soil-pipe interaction finite element models to evaluate the structural and
cracking behavior of proposed pipes and to perform a comprehensive parametric which
can lead to design method.

With the new category of concrete pipes, there would be about fifty percent reduction in the
thickness and reinforcement of current pipes. Synthetic fiber reinforced concrete as an innovative
material will be used in these pipes to control the cracks. The results of this research will let the
industries to manufacture TWCPs with a comprehensive understanding about their structural
behavior and engineering design process.

1.5.0utline of Dissertation

Chapter 2 presents a review of the current design procedure of the concrete pipes, the theoretical
background of FEM, the nonlinear behavior of the materials, details of contact and model changes
in FE procedure used in this research and the background of synthetic fibers reinforced concrete
materials and previous studies on these fibers. The experimental investigation on TWCPs is
presented in chapter 3 and a comprehensive study of different diameter of the concrete pipes,
focused on development of TWCPs in industrial level has been presented in this chapter. To
overcome the limitations of the concrete cracking due to deflection an experimental investigation
has been described in chapter 4 contains a detail investigation of crack width measurement of
synthetic fiber reinforced concrete specimens. Chapter 5 presents the development of FEM to
mimic the experimental results and verify the material models and the procedure of crack width
measurement. By using the verified models and procedure of crack width measurement, soil-pipe
interaction finite element models are presented in chapter 6. Finally, in chapter 6, the results of the
parametric study are used to find the design equations. Chapter 7 presents a summary of the results

and conclusions.



CHAPTER 2. LITERATURE REVIEW

2.1.Design of concrete pipes

Reinforced concrete pipes (RCPs) under the pressure of soil and the live loads behave as structural
elements in which the internal forces are developed. Similar to any other reinforced concrete
elements, the RCPs should be designed in a way that these internal forces can be developed inside
the pipe without causing any failure. The details of reinforcement and thickness based on design
process should be enough to provide sufficient strength for the pipes. There are two main design
methods based on which the RCPs can be designed: Direct Design method and Indirect Design
method.

e Indirect Design method utilizes an experimental process to evaluate the strength of the
pipes by using the results of a testing method called Three Edge Bearing (TEB) test
combined with a factor called bedding factor. In this method, the strength of the pipe in
TEB test is converted to the real field strength with presence of the soil by bedding factor.
The American Society for Testing and Materials (ASTM) has developed standard
specifications for precast concrete pipe. Each specification contains design, manufacturing
and testing criteria [2]. Based on the experimental nature of indirect design method and the
fact that this method is based on observed successful past installations, it is widely used in
ASTM standards for the design of RCPs.

e Direct Design method uses the ultimate internal forces coming from the structural analysis
of the pipe under external factored loads to find the area of the reinforcement and the
thickness of the pipe. This method uses the same process named limit state design of

reinforced concrete structures which is the well-known method of design based on ACI.



2.1.1.Indirect Design method

The first step in the design process is to find the loads applied to the structure. The amount of the
loads acting on the concrete pipe is largely dependent on the installation. There are three well-
known types of installation in pipe industry: Trench, Positive Projecting Embankment (PPE), and
Negative Projecting Embankment (NPE). Pipelines are also installed by jacking or tunneling
methods where deep installations are necessary or where conventional open excavation and
backfill methods may not be feasible [2]. Figure 2.1 shows the essential features of each of these
installations. In 1933 M.G.Spangler [8] stablished a theoretical method to find the soil pressure
acting on rigid pipes. In this method, three bedding configurations were supposed and the concept
of bedding factor was introduced for the first time. The concept of bedding factor is related to a
test of strength for the concrete pipes called Three Edge Bearing (TEB) test. The basic definition
of bedding factor is that it is the ratio of maximum moment in the three-edge bearing test to the
maximum moment in the buried condition as shown in Eq. 2-1, when the vertical loads under each

condition are equal [2]:

MTEB test
B = —— Eq. 2-1
! MBuried q
In which:

B¢ : Bedding factor

Mg tese - Maximum moment in pipe wall under TEB test load

Mpyriea - Maximum moment in pipe wall under Buried condition

Spangler proposed that the bedding factor for a particular pipeline and, consequently, the
supporting strength of the buried pipe, is dependent on two installation characteristics [2]:

1. Width and quality of contact between the pipe and bedding.

2. Magnitude of lateral pressure and the portion of the vertical height of the pipe over which it acts.
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Using SPIDA, a finite element program for soil-pipe interaction analysis, American Concrete Pipe
Association (ACPA) started a research project in 1970’s and presented a method for determination
of bedding factors for the Standard Installations [2]. Since the bedding factor consists of the results
of TEB test, to have a better understanding of the indirect design method, it is important to describe
the TEB test.

The Three Edge Bearing test is a standard test, developed for evaluation the structural behavior of
RCPs and is compatible with indirect design method of RCPs. This test provides an inexpensive
way to not only to determine the service and ultimate strengths but also to control the quality of
RCP products. According to ASTM C497 “Standard Test Methods for Concrete Pipe, Manhole
Sections, or Tile” [9], the pipe is tested in a machine, designed to apply crushing load upon the
specimen in a vertical direction extending along the length of the pipe. The testing machine must
be rigid enough to prevent any deflection or yielding due to loading. Also, must support the three
edge bearing method, so that the specimen is placed between the three longitudinal parallel strips
in a form of two supports at bottom and one loading strips at the top. The machine, which is shown
in Figure 2.2, consists of a rigid plate at the top, frame load and two rigid plate at bottom as a
support. In addition to that, a layer of rubber or wood should be placed between the rigid plates
and concrete pipe. Measurement instruments should be used to measure the amount of deflection
and load at each specific time interval respectively. According to ASTM C497, The lower bearing
shall consist of wood or hard rubber strips, which should provide enough strength and shall be
straight with specified dimensions. The required rigidity for wooden strips is not greater than 1/720
of the specimen length at maximum load. In case of hard rubber strips, the durometer hardness

shall not be less than forty-five nor greater than sixty [9].
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Figure 2.2 TEB test setup
The upper bearing shall be a rigid wooden or steel beam with implementation of hard rubber. In

case of wood beam, hard rubber is not mandatory. It should be sound, straight and free of knots.
The maximum allowable deflection is 1/720 of the specimen length. The bearing face of the upper
bearing also, shall not deviate from straight from straight line by more than 1/32 in/ft. of length.
In case of hard rubber, the durometer stiffness shall not be less than forty-five and not greater than
sixty. Also its width shall be at least 2 in. and the thickness should not be less than 1 in, and nor
greater than 1.5 in. [9]. The maximum required load rate is up to 7500 pound-force per linear foot

(10.2 kN-m/m) per minute. This rate should be up to 75% of the specified design strength based.

F
F
! Spreading beam ;

, ‘ Springline | | t)

Figure 2.3 Load-deformation process in TEB test
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The concept of bedding factor will help the designer to stablish Eq. 2-2 through which the needed
amount of moment in TEB test for the pipe will be determined. A factor of safety (F.S.) is needed

to convert the calculated parameters to real structural level:

MBuyried
M =—72 XF.S. -
( TEB)needed Bedding Factor S Eq. 2-2

Using the simple linear elastic structural analysis methods, it would be possible to re-wright the

Eq 2-2 based on the applied loads only:

Weuried F.S.
D—1 — Burie X == _
( 0ad)needed Modified Bedding Factor =~ D Eqg. 2-3

TEB test total load
D —load = Eqg. 2-4
D xl1

Whuried: The amount of load on the pipe in the field.

Modified Bedding Factor : Bedding factor considering the structural analysis modifications.

D and I: Inside diameter and length of the tested pipe respectively.

To determine the amount of load on the pipe in the field (Wgyrieq) @and corresponding bedding
factor, ACPA has developed four new Standard Installations. To find the bedding factor and
loadings, researcher focused on the positive projection embankment condition, which are the
worst-case vertical load conditions for pipe, and which provide conservative results for other
embankment and trench conditions [2]. Figure 2.4 shows the new standard installation system for
the trench and embankment. The installation types have arrange from high quality materials with
high compaction effort (Type 1) to low compaction effort and low quality material (Type 4). With
this new system of installation designer can choose to design a low strength pipe with a high quality
type 1 installation or a high strength pipe with low quality type 4 installation. Type 4 installation
can be used for the conditions where a little or no control is applied on installation process. Table

2.1 illustrates the practical requirements for each type of installation.
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Table 2.1 practical requirements for each type of installation [2]

Haunch and Outer

Installation Type Bedding Thickness Bedding Lower Side
Do/24 minimum, not
- 90% Category I,
less than 75 mm (3"). If 950/2 Categori// I
Type 1 rock foundation, use 95% Category | or
Do/12 minimum not o
less than 150 mm (6"). 100% Category 11
Do/24 minimum, not 0
less than 75 mm (3"). If 90% Category | 85% Category |,
. 90% Category Il
Type 2 rock foundation, use or or
Do/12 minimum not 95% Category Il 0
less than 150 mm (6"). 95% Category 1l
Ie'gsoiﬁ:n"‘?'g'rr:r‘#?é.’?)oﬁ .| 85%Category 85% Category |,
- ' 90% Category Il 90% Category Il
Type 3 rock foundation, use or or
Do/12 minimum not 0 0
less than 150 mm (6"). 95% Category Il1 95% Category Il1
No Sigglr;gljfrt:g;lred, No compaction No compaction
ep required, Except if required, Except if
Type 4 foundation, use Do/12

minimum not less than
150 mm (6").

Category Il1, use 85%
compaction

Category Il1, use 85%
compaction
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Generic soil types based on Unified Soil Classification System (USCS) and American Association
of State Highway and Transportation Officials (AASHTO) soil classifications is used in table 2.2
to relate different categories of Standard Installations Direct Design (SIDD) to the real practical

systems.

Table 2.2 Equivalent USCS and AASHTO Soil Classifications for SIDD Soil Designations [2]

Representative soil Types Percent Compaction

SIDD soil USCS AASHTO Standard Modified Proctor

Proctor

100 95
95 90
Gravelly Sand 90 85
(Category I SW,SP,GW,GP A1,A3 g 80
80 75
61 59
100 95
GM,SM,ML, 95 90
Sandy Silt Also GC,SC A2 A4 90 85
(Category II) With less than 20% ’ 85 80
passing #200 sieve 80 75
49 46
100 90
95 85
Silty Clay 90 80
(Category 111) CLMH,GC,SC AS.AB 85 75
80 70
45 40

The type of installation affects the loads, carried by the rigid pipe. As a review of the load
calculation the soil load, applied to the pipe, in a PPE installation system is discussed here. In PPE
condition the soil the soil above the rigid pipe structure, will settle less than the soil along side of
the pipe. This process will impose additional load downward to the prism of soil directly above
the pipe. With the Standard Installations, this additional load will be considered by using a Vertical
Arching Factor, VAF, higher than 1.0. This factor is multiplied by the prism load, PL, (weight of
soil directly above the pipe) to give the total load of soil on the pipe [2]. EqQ. 2-5 shows this

calculation:
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W = VAF x PL Eq. 2-5

The Vertical Arching factor and the details of loading distribution around a rigid pipe is shown in

figure 2.5 which is based on Hegar et.al [10].

VAF l

AF b Dm =1

Figure 2.5 Arching factor and earth pressure distribution on rigid pipes [2]
The Prism load (PL) can be calculated based on Eq. 2-6:

Eq. 2-6

Dy(4 —m
PL=yS[H+°(—)lDO

8

A table can be found in ACPA concrete pipe design manual, which addresses the amount of
different load coefficient corresponding to each type of installation .There are other equations in
the design manual to calculate the earth pressure in NPE, trench and tunnel installations. The
distribution earth pressure due to live loads are discussed in details in design manual [2].

Bedding factors are described in table 2.3 for embankment condition with respect to different types
of installations. Based on Eq. 2-1 one can conclude that the bedding factor is related to the

dimensions of the pipe as well as the properties of surrounding soil. A proper bedding should
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distribute the vertical reaction of the soil in lower exterior surface of the pipe. This distribution
will reduce the stress concentration on the lower side of the pipe and will affect the distribution of
the moment in buried condition (Mg,,,ieq)- An ideal bedding would have a positive contact with
the surface of the pipe specially bellow the spring line. Since the granular soil material can provide
well positive contact when the pipe tends to settle under the loads, an ideal material to be used as
the bedding would be clean coarse sand, well-round pea gravel and well-graded crushed rock.
Table 2.3 shows that with a type 1 installation system, the amount of bedding factor would be
higher and it will be reduced when the other types of installation is used. For trench conditions,
the amount of bedding factor would be dependent to the trench width as the lateral pressure of the
soil can affect Mg,,..0q. Therefore, for trench condition the minimum bedding factor will be
determined under the condition of zero lateral pressure from soil. This would be conservative for
the design purpose. Since the amount of pipe settlement will affect the bedding factor, it would be
necessary to find different bedding factors for the live load condition and trench installation. The
full description of the bedding factors for trench and live load conditions can be found in design
manual [2]. Considering different bedding factor for live loads, it would be more clear if one

rearrange Eq. 2-3 in the following form:

Wg Wiy, F.S.

(D —load)peeded = [ ] Y Eq. 2-7

Bf BfLL

Table 2.3 Bedding factors for the embankment condition [2].

Pipe Diameter Type 1 Type 2 Type 3 Type 4
12 in. 4.4 3.2 2.5 1.7
24 in. 4.2 3.0 2.4 1.7
36.in. 4.0 2.9 2.3 1.7
72in. 3.8 2.8 2.2 1.7
144 in. 3.6 2.8 2.2 1.7
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Using Eq. 2-4, knowing the loading and bedding factor, the designer can find the needed amount
of D-load. American Society for Testing Materials (ASTM) has developed C76 standard for
reinforced concrete culvert, storm drain and sewer pipes [3]. ASTM C76 has developed five
strength classes of the concrete pipes, which are categorized based on the strength at crack width
of 0.01 in. and ultimate strength in TEB test. Since different numerous RCP sizes are currently
used the strengths of the pipes are categorized based on D-load to be independent from the diameter
and length of the pipes. The 0.01 in. crack D-load (Do.o1) is the maximum D-load in TEB test of a
RCP at the time that the maximum crack width in the pipe during the test reached to 0.01 in. width.
The ultimate D-load (Dur) is the maximum D-load supported by the RCP during TEB test process,
which is the D-load corresponding to structural failure of the RCP. Table 2.4 presents Do.o1 and
Duit for different classes of C76. By using the needed D-load, found from the design equations, the
designer can choose the proper class of the RCP. ASTM C76 has developed three levels of wall
thickness for each class of the RCP (Wall-A, Wall-B and Wall-C). All the wall types, within a
certain class, have the same amount of Do.o1 and Dui. The only difference would be the amount of
the reinforcements.

Table 2.4 Different classes in ASTM C76.

Class of the RCP D-load to produce 0.01 (in) crack (Do.o1) Ultimate D-load (Durt)
I 800 1200
I 1000 1500
1 1350 2000
v 2000 3000
\% 3000 3750
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2.1.2.Direct Design method

This method was proposed by Hegar et.al [10] along with the earth pressure distribution, discussed
in 2.1.1. Since the direct design method utilizes a limit-state design procedure, it is chosen by
AASHTO specification [11] to design RCPs. In this method using the load factors and considering
the earth pressure distribution, the internal forces of the RCP is determined. For this purpose, a
linear elastic structural analysis can be applied. The area of circumferential reinforcement will be
calculated by Eq. 2-8.the length of the pipe (b) is usually taken as 12.0 inches. In all the equations

forces are in Kips and Lengths are in inches.

_99d— Ny — Vglg(®d)? — N,(20d — h) — 2M,]

A Eq. 2-8
fy

g = 0.85bf, Eq. 2-9

In which:

A, : Area of reinforcement per length of the pipe.

fy: Yield strength of reinforcing steel

h, d : Wall thickness of the pipe, distance from compression face to centroid of tension
reinforcement.

M, , N,, : moment and thrust in pipe wall due to factored loads. Thrust is positive in compression
@ : Resistance factor for flexure according to article 12.5.5 of AASHTO specifications.

The minimum area of the reinforcement will be calculated from Eq. 2-9 and 2-10 for the inside

and outside face reinforcement respectively:

(S; + h)?
(As)min inside face = W = 0.07 Eq. 2-10
(S; + h)?
(As)minoutside face = 0.60 x W = 0.07 Eq. 2-11
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S;. Internal diameter of the pipe
In most cases, RCPs are designed without reinforcement. To control the crack in concrete because
of radial tension due to bending the AASHTO specification [10] considers a maximum area for

the reinforcement in tension based on Eq. 2-12:

0.5067; Frp\/f (Ro) Frt
fy

(As)max < Eq. 2-12

15 - Radius of inside reinforcement.
Ry: Ratio of resistance factors of radial tension and moment according to article 12.5.5 of
AASHTO specifications.
F., - 1.0 unless a higher value can be assigned based on the tests.
F:
e Forl12.0in.<S;<720in.: F,; =1+ 0.00833(72 - 5;)

_(72-5)?

e For720in.<S§;<1440in.: F, = eo00 T 0.8

e For §;>1440in.:F,, =0.8
For reinforcements in compression:

<55g’¢d

m) - 075Nu

fy

Eq. 2-13

(As)max <

g’ = bf/[0.85 — 0.05(f — 4.0)] Eq. 2-14
0.85bf, > g’ = 0.65bf, Eq. 2-15

In all the equations, the length of the pipe (b) is taken as 12.0 inches.

To control the crack width, direct design method utilizes a crack width factor (F,,.) which can be

determined as:
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For the compressive service thrust (Ng > 0):

B, MS+NS(d—ﬁ)

2
F. =
T 300dA, ij

— 0.0316Clbh2\/ﬁ] Eq. 2-16

For the tensile service thrust (N; < 0):

By

Fer = 300dA,

1.1M; — 0.6N,d — 0.0316Clbh2\/ﬁ Eq. 2-17
In which:

e
j =074+ 0.15 <09

1
L=
i
e
—M5+d h
TN, 2

1

tpSi - . . . .. .
B, = (;’—71‘)3 ,tp - the clear cover over reinforcement. n: 1.0 if the tensile reinforcement is in single

layer and 2.0 if it is in multiple layers.

C; : crack control coefficient, which is different for various types of reinforcement. The most well-
known types of the reinforcements are smooth wires and plain bars (C;=1.0) and deformed bars
(C;=1.9).

F., Indicates the probability that a crack with specified maximum width will occur:

e F., = 1.0 : The specified reinforcement is expected to produce a crack with an average

width of 0.01 in.
e [, < 1.0 : The probability of a crack with the average width of 0.01in. is reduced.

e [, > 1.0 : The probability of a crack with the average width of 0.01in. is increased.

The minimum amount of cover over the reinforcement is:
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e 0.75in.: for the wall thickness less than 2.5 in.
e 1.0in.: for the wall thickness more than 2.5 in.
Since it is very complicated in practice to put radial stirrups in RCPs, in most of the cases, RCPs

are design without using any radial stirrups. Eqg. 2-18 presents Shear design equation for these

RCPs:
V. =@V, Eq. 2-18
F,F
V, = 0.0316bdF,,/f7 (1.1 + 63p) ( ‘;’: ”) Eq. 2-19
[0}
p=15<002

F; =08+ ? < 1.3 : For the RCPs with two cages of reinforcements of elliptical one.
For the compressive ultimate thrust (N,, > 0):
Ny
o Fn =1+ m
For the tensile ultimate thrust (N,, < 0):
Ny
(] Fn =1+ a
F.=1+ zd—r In which, ris radius of the centerline of the concrete pipe wall. If the tension is inside
the pipe (crown and invert) the positive sign should be used and vice versa

F,, . A factor related to the process and material of the pipe. According to article 12.10.4.2.3 of

AASHTO specifications.
If the factored shear load (14,) is greater than V. the radial shear stirrups should be provided or the

thickness of the pipe should be increase to take the shear force.
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2.2.Synthetic Fiber Reinforced Concrete (Syn-FRC)

Steel fibers have been used for a long time in concrete mixture to reduce the brittle nature of the
concrete due to tensile stresses. In some cases, researchers proved the ability of steel fibers to be
good replacements of reinforcements in concrete. The advantages of using steel fibers in concrete
to replace the reinforcement, have led the industry and researchers to develop other kind of fibers
with different materials. The most important shortcoming of steel fibers is their low resistance with
respect to corrosion. Also using steel fibers, it would be challenging to obtain a smooth surface of
the concrete and finishabilty have been always one of the problems. Considering these problems,
fibers created from nonmetallic materials can be good replacement of steel fibers. Various types
of synthetic materials such as glass, nylon, acrylic, carbon, polyester, polyethylene, and
polypropylene have been used as fibers in concrete. Researches on synthetic fibers proved that
they would enhance the toughness and impact resistance of concrete and control the crack widths
and shrinkage effects [12]-[16].

The effect of adding synthetic fibers to the mix design of concrete has been investigated by many
researches. Particularly, the possibility of developing the synthetic fiber reinforced concrete pipes
(Syn-FRCPs) investigated by Wilson and Abolmaali [12]. They evaluated the synthetic fibers as
an alternative reinforcement in concrete pipes. They compared the mechanical behavior of dry-
cast concrete specimens reinforced with steel and synthetic fibers considering different amount of
fiber dosage. Compressive strength and cracking strength were compared and the results
demonstrated that synthetic fibers increase the impact resistance and toughness of concrete .They
did the TEB test on the concrete pipes and concluded that the synthetic fibers can be a good

alternative for reinforcement and reduce crack width and plastic shrinkage seen in concrete pipes.
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Park et al. [17] investigated the Time-Dependent Behavior of Syn-FRCPs. They tested the pipes
in a long-term loading condition both under a three-edge bearing test and in the real trench in field.
All buried pipes were pre-cracked until the first visible crack was observed. The pre-cracking was
done to evaluate the long-term performance of Syn-FRCPs in which fibers are engaged after
cracking. The strength, crack width and gradual change in vertical deformation is monitored during
the test. The total deflection of the Syn-FRCPs after 4200 hours was 2.83% and 1.61% of inside
diameter for 24 in. and 36 in. internal diameter of the pipes respectively. The addition of synthetic
fibers to the concrete mixtures of the pipes enhanced the load bearing capacity of the pipes. Figure

2.6 presents a graph of change of deflection versus time for the diameter of 24 in.
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Figure 2.6 Time-dependent behavior of 24-in [17]

De la Fuente et al. [18] developed experiments in which concrete pipes were manufactured using
macro synthetic fibers without conventional steel reinforcement. They demonstrated that the use
of macro synthetic fibers is compatible with pipe production systems, and when Syn-FRCPs
subjected to the three-edge bearing test, they will show the level of strength, which is comparable

to regular RCPs that are attractive in terms of the growth of this material in the concrete pipe
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industry. They also developed a Model for the Analysis of Pipes (MAPSs) as a tool for the design

of Syn-FRCPs. Figure 2.7 shows the MAPSs.

(a)

MS MS

Figure 2.7 (a) linear, (b) linear with cracking in R and (c) linear with cracking in Rand in S. [18]

Peyvandi et al. performed Comprehensive experimental investigations to evaluate the efficiency
of different synthetic fibers (aramid, R-glass, carbon, and polyvinyl alcohol (PVA)) at various
volume fractions. They realized that, at Industrial-scale, evaluation of concrete pipes indicates 30%
improvement in load-carrying capacity with introduction of PVA fibers. This improvement
enables industries to reduce welded wire fabric steel reinforcement layer in concrete pipes from
two to one. This will increasing the protective concrete cover thickness over steel and durability
of concrete pipes under the aggressive exposure conditions of sanitary sewers .The research
showed that by using fibers it would be possible to reduce the wall thickness of the of the pipes
and thus its overall weight , production, transportation and installation costs would be decreased
[19].

Mostafazadeh and Abolmaali performed a comprehensive experimental study on shear capacity of
Syn-FRCs. They considered two level of compressive strength for the concrete and used a dry-cast

and zero-slump mix [20]. The results of this experiments showed that the application of synthetic
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fibers in concrete yielded to significant improvement in shear strength, shear toughness and
flexural strength of the concrete.

Roesler et al. conducted a study on fiber-reinforced slabs, with steel and synthetic fibers using two
level of volume fractions. The results showed that by using less than 1% volume fraction of
synthetic fibers in concrete there is no change in flexural behavior of the slabs. However, 30%
increase in flexural strength was observed for the slabs with hooked ended steel fibers and
synthetic fibers with more than 1% of volume fraction [21].

Ghahremannejad et al performed an experimental investigation on cracks in Syn-FRC beams
reinforced with conventional steel reinforcement. The study focused on the single and multiple
cracking performance of the beams and concrete ASTM C1818 specimens. The performance of
Syn-FRC beams was compared to ones without fibers and with conventional steel reinforcement.
With Digital Image Correlation (DIC) method the width, spacing and location of the cracks was
recorded during the tests. The results showed that using synthetic fibers in 1% of volume fraction,
increased the ultimate capacity of the beams and improved its serviceability and decreased the
number and widths of the cracks [22].

The studies have shown that adding synthetic fibers to concrete will increase the ductility and
energy absorption and post cracking toughness. Synthetic fibers will bridge the cracks and tie the
surface of the crack together so they can provide a higher load capacity in specimens. Gradually
opening the cracks under the presence of tensile force in fibers will lead to higher area under load-
deformation curve as shown in figure 2.8, which is the indication of toughness. Using higher
volume fraction of fibers will provide more uniformed distribution of the fibers as well as higher

amount of them in concrete thus; bridging will tie the cracks and will lead to higher toughness.
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Figure 2.8 comparison of toughness in steel fiber reinforced specimens with different volume fraction [23]

2.3.Finite Element Analysis and material models

Several researchers tried to develop finite element models of buried concrete pipes and culverts.
In 1976, Katona et al. [24] presented a unified computer methodology, named Culvert Analysis
and Design (CANDE), for the structural design, analysis, and evaluation of buried culverts made
of corrugated steel, aluminum, reinforced concrete, and a class of plastic pipe. With the provided
software, through proper representation of soil-structure interaction, the engineer can test and
evaluate either old or new culvert design concepts. Analytical modeling features, incremental
construction and non-linear constitutive models for characterizing culvert and soil behavior was
presented for the first time in this software.

In 1985, Hegar et al. developed Soil-Pipe Interaction Design and Analysis (SPIDA) software. This
software was to develop improved methods for determining earth loads and pressure distributions
on buried concrete pipes [25]. Since the 1980’s, SPIDA has been used for a variety of studies,

including the development of four new Standard Installations, and a simplified microcomputer
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design program, SIDD, Standard Installations Direct Design [2]. These studies were the basis of a
simple indirect design process, proposed by American Concrete Pipe Association (ACPA), for the
design of reinforced concrete pipes.

Kang et al. [26] developed finite element models to investigate the soil-pipe interaction effect in a
trench installation. They identified variables that significantly affect earth loads, as well as the
effects of bedding and side-fill treatments on RCPs and presented the optimum geometry for
imperfect trench installations.

Abolmaali and Kararam [27] developed complete nonlinear three-dimensional finite-element
models of pipe and soil to determine the effect of dynamic compaction forces on RCPs of different
sizes. They verified the results against full-scale experimental testing and predicted the crack
initiation and propagation. They also identified the effects of dynamic forces on the RCPs.

Zhang et al. [28], under various loading conditions, developed a kinematic hardening material
model for the soil to be used for soil-pipe interaction. Using calcareous sand soil, they conducted
experimental tests in the centrifuge resulted in development of a thirteen parameter soil model with
a hardening property.

Tian and Cassidy [29] modified the model developed by Zhang et al. They proposed three models
based on theory of elasticity, which can be used in numerical analysis of pipe—soil interactions. In
their research one dimensional frame elements was used to mimic the structural members in the
FE model. The pipe laying on the ocean bedding was used to observe the behavior of the newly
proposed model However Further studies should be conducted to show the efficiency of the
developed model on buried steel pipes in a trench condition, where different kind of loads are

acting on a buried pipe.
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Srivastava et al. [30] conducted several laboratory tests PVC pipe buried in trench condition to
investigate the response of the soil-pipe system in terms of load settlement. A two-dimensional
FE model was used to mimic the tests .The tests were performed on small-diameter PVC pipes
(220 mm.

Zarghamee and Tigue [31] developed a 2D FE analysis program named FLEXPIPE. Using this
FE program, to model the soil-pipe interaction, they concluded that there is significant flexural
stresses developed in steel pipes at the invert of the pipe after installation.

Suleiman et al. [32] investigated the effects of large-deflection behavior on buried plastic pipes. In
this study, the results of FE models considering the effect of | large deflections was compared to
the results of the same analysis without the capability to capture large deformation nonlinear
effects. The researchers used ANSYS for their advanced model and CANDE for the simple one.
They reported 10% difference in deflections for the pipes experiencing above 4% deflection with
respect to their diameter.

McGrath [33] conducted a study on pipe-soil interaction during the construction process. Different
backfill materials were used at different compaction levels. Several soil box tests and field tests on
steel, concrete, and plastic pipes were performed to consider the effects of different backfill
materials, trench conditions, trench widths, and bedding materials. The FEM was created
considering a point load on pipe in CANDE and “squeeze method” was applied to mimic the
horizontal effect of compaction on the pipe. The squeeze method does not take into account the
distributive effects of the compaction force on the pipe. As explained by McGrath, modeling the
soil-pipe interaction in flexible pipes without considering the effect of compaction during the
construction is not adequate so the FEM model, which does not consider the effect of compaction,

is incomplete.
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Dezfooli [34] studied the performance of large-diameter steel pipes embedded and backfilled with
compacted soil material, and installed in trench situation. This research developed A
comprehensive, robust, nonlinear finite element analysis model and the models was verified by
four experimental tests, which were conducted at the University of Texas at Arlington by Najafi
[35] in 2012. The developed FEM model considered all three nonlinear algorithms, including
geometric, material, and contact. The developed FEM model was able to considered the effect of
soil compaction which is an important force in staged construction modeling of the steel pipes.
2.3.1.Constitutive model for Concrete

Post-cracking behavior of fiber reinforced concrete can be introduced in FE analysis with different
numerical softening approaches for crack propagation among which smeared crack, cohesive crack
[36] or fictitious crack models [37] are well known. Models, which are based on cohesive crack,
need the crack path to be predefined before the analysis starts. In these models, a softening curve
for the tensile behavior of the concrete is defined to mimic the crack-unloading process. Interaction
of two surfaces of the cracks will affect the shape of this softening curve therefore; the curve would
be highly dependent to the interaction of the fibers and concrete, which creates the bridging effect.
Cohesive crack models will lead to results that are more precise if the analysis is focused on
development of single cracks in a media. One example of these models is development of the crack
in the basement of concrete embankment dams. For reinforced concrete applications, where there
are several cracks opening during the loading process, using cohesive crack models would not be
applicable. Smeared crack modeling provides a better tool for the RC applications. In this
approach, first introduced by Rashid [38], the cracks are considered to be smeared over the media.
Instead of considering cracks separately, in smeared crack method the material assumed to be

degraded because of the presence of distributed cracks so this method will apply softening
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behavior to material constitutive model. When the softening effects enter the material model, the
problem of mesh dependency would appear especially in absence of the reinforcement [39].
Hillerborg [36] was the pioneer of fictitious crack modeling. In this approach, based on energy
concepts in fracture mechanics, a stress-softening curve is defined for single fictitious crack. The
softening curve represents the bridging effect during the cracking process due to the presence of
bridging stresses on crack surface during its opening. Before the initiation of the crack, material
has a linear elastic behavior.

Concrete damage plasticity (CDP) model, used in this study, is a constitutive model, which is
categorized in smeared cracks approaches. In CDP first introduced by Lubliner [40], Simulation
of material inelastic behavior is performed by implementing an isotropic damage combined with
a plasticity model, which utilizes the tensile and compressive behavior of the concrete. The model
assumes that the cracking starts at the point with maximum principal tensile strain. Lubliner [40]
proposed a yield surface for the failure of concrete materials which later modified by Lee and

Fenves [41] as shown in Eq. 2-20:

1 ~ R ~
F= 1—a (‘7 —3ap + ﬂ(épl)(amax) - V(Gmax)) - Uc(efl) Eqg. 2-20

Where p and g are the hydrostatic pressure and VVon Mises equivalent effective stress respectively.
« IS a shape factor which is based on the ratio of biaxial (a3,) to uniaxial (o.y) compressive
strength of the concrete:
(5a) -1
a=—2—— and 0 < a < 0.5 Eq. 2-21
2 (ﬂ) -1
Oco
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In Eq. 2-20 G,,4, represents the maximum principal effective stress. Since a4, is in Macauley
bracket ((Tpqx)) When G,,4.is positive B(€PY) appears in the function: ((Gpax) = %(l&maxl +

Omax))- B affects the transition zone between the compressive and tensile:

_ 56(651)
P =@

a.(e?") and G,(eP") are the effective compressive and tensile cohesive stresses respectively. In

Eq. 2-22

1-a)—-(1+a)

the case of biaxial compression where G,,,, = 0, 8 is out of the yield surface equation. If the
stress tensor is in the form of tri-axial compression where G, iS negative, y appears:
31—k Eq. 2-23
2k, — 1
ke is the ratio between the compressive tensile meridians in deviatory plane. Figure 2.9 presents
the shape of yield function in deviatory plane which in changing from a full circle (kc=1.0) to a

semi-Rankin triangular shape (k.=2/3).

O'z‘

Figure 2.9 deviatory plane for CDP yield function [42]

Figure 2.10 shows the yield surface when the stress tensor in biaxial stress situation in which two
position can be observed. The firs position is the biaxial tensile stress and the second one is the

biaxial compressive situation. The transition between these two is governed with the § parameter.
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Two points on the horizontal and vertical axis represent the uniaxial stress states. CDP model
utilizes a non-associative flow rule in which a plastic flow potential function (G (o)) in a form

Ducker-Prager hyperbolic function is used. Eq. 2-24 shows The potential function :
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Figure 2.10 CDP yield Surface under Biaxial Stress [42]

2 5 = Eq. 2-24
G(o) = [(eo, tanp)” + g% — ptanyy
Where € is the eccentricity of the potential function and is the rate at which the asymptote is
approximated for the potential function, and oo is the uniaxial tensile stress. € is determined by the
ratio of uniaxial tension (ct0) and uniaxial compression (cco) (Figure 2.11).
The potential surface is defined in the p-g plane or meridian plane. Dilation angle or y is measured
at high confining pressure and is in the same p-q plane as the potential surface. The dilation angle

represents the rate of increasing the volumetric strain when the material is subjected to the shear

strains.
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Figure 2.11 Dilation Angle and Eccentricity in a meridian view of potential function [42]

Based on the flow rule the plastic strain increment is normal to the potential surface. When a non-

associated flow rule is used, in cases such as CDP model, the yield surface is different from the

plastic potential surface (Figure 2.12).

Yield surface
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Figure 2.12 Plastic Potential Surface and Yield Surface in the Deviatory Plane [42]

In CDP model Damage parameter controls The degradation of concrete after cracking. This

parameter, in terms of compression (dc) and tension (dc), affects the stress tensor and represent the

reduction of effective area on which the stress is calculated:

o=(-d)é=(1-d)E,(e— ePh) Eq. 2-25
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1-d)=010-s.d.)(A—s.d;) Eq. 2-26
Where s, and s, are the stiffness recovery in tension and compression. Figure 2.13 presents the
uniaxial compressive and tensile behavior of the concrete utilized by CDP model to develop the
hardening and softening effects. To prevent the numerical problems due to convergence a viscosity
parameter is introduced to the formulation of CDP. Parameter p represents the viscosity, which is

based on Duvaut-Lions approach. The viscoelastic strain rate can be obtained by the Eq. 2-27:

1 -
651 — —(Epl _ 651 Eq 2 27

R CRULY (b) .

Figure 2.13 a) uniaxial tensile and b) compressive curves and damage parameter [42]

When the softening effect appears in a material model, the FE mesh size would be one of the

factors on which the model is sensitive. It has been a challenging issue to determine the proper
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mesh size in concrete material models. To avoid the mesh sensitivity issue, Hillerborg suggested
a fracture energy approach [36]. The approach is based on fracture energy release rate in the brittle
material; it has been shown that if the material property curve is defined by stress-displacement
instead of the stress-strain the mesh sensitivity is highly decreased.

2.3.2.Constitutive model for soil

The soil constitutive models for soil material are available for different purposes in the literature.
They vary from simple to more sophisticated with respect to the information and parameters
needed for creating the model. Thus picking a proper soil constitutive model depends on the
application and the numerical aspects of the model. The most well known available constitutive
models for soil are Hooke’s law (linear elastic model), the Mohr-Coulomb, the Drucker-Prager,
the Duncan-Chang (Hyperbolic model), Cam-Clay (Modified Cam-Clay), Plaxis Soft Soil, and
Plaxis Hardening Soil models [43].

The Mohr-Coulomb model, used in this study, utilizes an elastic-plastic approach with a hardening
effect. This model has been widely used for geotechnical applications. The Mohr-Coulomb model
assumes that the failure of the material is controlled by the maximum shear stress, which depends
on normal stress. This can be represented by plotting the Mohr’s circle for the state of stress tensor
in terms of maximum and minimum principal stresses. The Mohr-Coulomb criterion would be a
line that touches all the failure Mohr’s circles. Figure 2.14 shows the process of creating the line

over the circles. The graphical view leads to Eq. 2-28:

T =c — atang Eqg. 2-28
Where 7 is the shear stress, o is the normal stress (negative in compression), ¢ is the cohesion of
the material, and ¢ is the material angle of friction [44]. From the Mohr’s circles geometrical

relationships, T and o can be represented as follow:
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T = SCos¢ Eqg. 2-29

0 = Oy + S sing Eq. 2-30

So the Mohr-Coulomb criterion can be shown in term of principal maximum stress (o;) and

minimum stress (a3):

S + oy, sing —ccosp =0 Eq. 2-31

A

Figure 2.14 Mohr-Coulomb failure criterion [44]

1
s = 5(01 — 03) Eq. 2-32

1
Om = E (0'1 + 0'3) Eq 2-33

As it is shown in the equations, Mohr-Coulomb criterion is not dependent to the intermediate

principal stress (a,). The failure of typical geotechnical materials generally includes some small
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dependence on the intermediate principal stress, but the Mohr-Coulomb model is generally
considered to be sufficiently accurate for most applications. This failure model has vertices in the
deviatoric stress plane [44].

The model, described here, is an extension of Mohr-Coulomb model. It has an isotropic cohesion
hardening/softening. The failure surface of the Mohr-Coulomb model in deviatoric plane is shown
in figure 2.15. Since the failure surface has sharp corners it would create numerical problems if it
is used as the potential function in flow rule. The flow potential has a hyperbolic shape in the
meridional stress plane and has no corners in the deviatoric stress space. This flow potential is then

completely smooth and, therefore, provides a unique definition of the direction of plastic flow [44].

Mohr-Coulomb

Drucker-Prager (Mises)

Figure 2.14 Mohr-Coulomb failure criterion in deviatoric plane [44].

Using the three invariants of stress tensor the Mohr-Coulomb criterion can be written as bellow:

F=Ry,.q—ptanp —c =0 Eqg. 2-34

1
p = gtrace (o) Eq. 2-35
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/2
q= §(S: S) Eq. 2-36

S=0+pl Eqg. 2-37
9 1
3

r= (ES'S: s) Eq. 2-38

S is the deviatoric stress and r is the third invariant of the diviatoric stress. In Eq.2-34, c is defined
to be dependent to equivalent plastic strain so we can write: c(éP!). The rate of the equivalent
plastic strain can be defined by a plastic work expression as Eq. 2-39:

céPl =g : P! Eq. 2-39
R,,.. is the Mohr-Coulomb deviatoric stress measure which can define the shape of yield criterion

in deviatoric plane:

1 T 1 T
R,..(0,¢) = Vicosd sin (@ + 5) + 3 cos (@ + 5) tan ¢ Eq. 2-39

Where 0 is the deviatoric polar angle and can be defined as:
r 3
cos(30) = (5) Eq. 2-40

The friction angle also affects the shape of the criterion in deviatoric plane. The gradual change of
the function with respect to different ¢ is shown in figure 2.15. The flow potential function (G) is

chosen as a hyperbolic function in meridian plane (p-g plane). Flow rule is defined in Eq. 2-41:

dePl oG
devt = =2 Eq. 2-41
g 0o
1 0G
—lg Eq. 2-42
9 ca do q
G = +/(eclo tan )2 + (Ryyyq)? — ptanip Eq. 2-43
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The flow potential function is smooth and continues both in deviatoric and meridian planes.
Menetrey-Willam shape corrector, R,,,,, (Eq.2-44), is used to reshape Mohr-Coulomb criterion and

create smooth corners (Figure 2-16).

R . 4(1-e?)cos?0+(2e—1)? (E ¢) Eq. 244
mw (1-e2)cos®+(2e—1)/4(1-e2)cos20+5e2—4e T \3’ Q. &

Menetrey-Willam (1/2 <e < 1)

o=on/3 O = 4n/3

Mises (e = 1)

Figure 2.16 smooth-corner flow potential function using Menetrey-Willam in deviatoric plane [44]

In Eq.2-44, e is the out-of-roundness parameter, which is dependent to the friction angle:

_3—sing

e = m Eqg. 2-45
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CHAPTER 3. EXPERIMENTAL INVESTIGATION TO DEVELOP SYNTHETIC FIBER
REINFORCED THIN-WALLED CONCRETE PIPES
Comprehensive experimental studies was conducted to evaluate the behavior of the TWCPs the
first objective of this phase of research is to understand the behavior of synthetic fiber reinforced
TWCPs in Industrial scale pipe production using a common industrial concrete mix design. The
second objective is to implement a process of crack width measurement using a Digital Image
Correlation (DIC) to find the cracking behavior of the fiber reinforced concrete materials. These
crack measurements will be useful for the next phase of the research, which is the development of
crack width measurement using FE analysis.
3.1.Experimental program in industrial level
3.1.1.Material
Synthetic fibers used in this study were produced from a blend of 100 % virgin polypropylene
resin, and complied with ASTM C1116. This was a mono-filament and embossed fiber (an
embossed depth from peak to valley: 0.005 to 0.006 mm). The fiber length was 54 mm (2.1 in.)
with a tensile strength of 586 MPa (85 ksi). Masterfiber MAC Matrix has been used in applications
such as slab-on-grade and shotcrete as a replacement for welded wire reinforcement and other
secondary reinforcement. The mechanical and geometric properties of the fibers are shown in
Table 3.1

Table 3.1 Mechanical and Geometric Properties of BASF Synthetic Fibers

Tensile Equivalent
Configuration Surface type Materials Length strength diameter
100%-virgin 54 mm. 586 MPa 0.9 mm.
Stick type Embossed
polypropylene (2.1in.) (85 ksi) (0.04 in.)
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3.1.2.Pipe Production Methods and Equipment
All pipes were produced at a Pipe and Precast Plant in Texas (U.S.) using packerhead equipment

as shown in figure 3.1

Figure 3.1 Pipe production: (a) production setup, (b) roller-head (called packerhead) (c) steel cage on the end-joint steel

ring, (d) rotation of the roller head and (e) removal of the jacket.

In this method, three-piece jackets (a metal pipe form, end-joint steel ring and steel cage in the
bottom steel ring) were placed onto the rotating table. A circular roller head (called packer-head)
rotated along the length of the pipe creating the inside diameter of the pipe, while concrete was
poured into the jacket simultaneously. The spin of the packer-head forced the concrete mixture out
circumferentially by radial compaction while the core was vibrated. The metal pipe form (pipe
jacket creating the outside diameter) was removed after concrete pouring since the dry cast method
enabled the immediate demolding of the jacket. Demolded pipes were placed in a steam curing
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chamber with a temperature of 60°C (140°F) for 12 hours and subjected to three-edge bearing tests
after 28 days of production. A low-pressure steam with high humidity and high temperature is
introduced into a chamber, which allows circulation of steam around the entire pipe. Table 3.1
describes the details of pipe specimens created for the experiments.

It should be noted that all pipes in table 3.1 have at least 25 mm (1.0 in. ) concrete cover except
760 mm (36 in.) pipe-series. Forty four test series with the inside diameter ranged from 760 (30
in.) to 3050 mm (120 in.) (pipe length: 2450 mm = 8ft) were created with a combination of the
reduced steel reinforcement (cage reinforcement) and synthetic fibers (Polypropylene fibers). The
three variables are: (1) pipe diameter, (2) the steel reinforcement areas per linear length; and (3)
fiber dosage. Based on the test variables, the nomenclature of test specimens is as follow. The first
number represents the inside diameter of pipes. The second and third characters, “2-0.09” or “8-
0.18”, are the applied fiber dosage and amount of the steel reinforcement. For example, 30-8-0.18
represents that 760 mm (30 in.) inside diameter pipe with 4.8 kg/m? (8 Ib/yd®) and the steel
reinforcement of 3.8 cm?/linear m (0.18 in/linear ft.) of pipe wall. Based on the evaluation criteria
of concrete pipes with BASF synthetic fiber and reduced traditional steel cage, a test protocol has
been identified. Testing includes 760 mm (30 in.), 920 mm (36 in.), 1370 mm (54 in.), 1520 mm
(60 in.), 1830 mm (72 in.), 2130 mm (84 in.) and 3050 mm (120 in.) diameter pipes, and each test
was repeated two times. First, the reduced circular circumferential steel was designed for flexure
only and synthetic fiber concrete was used to produce the “hybrid” pipes with the above mentioned
large diameter pipes. Next, for each pipe diameter the conventional pipes were produced as
“control” test specimens. Conventional pipes with equal dimension and circular circumferential

steel cages of double layers were tested for comparison.
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Table 3.1 Details of SynFR-TWCP specimens for experimental program

Series  Inside Dia. ~ Wall Thickness Fiber Dosage St o1
eel cage cm?/linear m
No. mm (inch) mm (inch) kg/m?3 (Ib/yd?3) (in?/ linear ft)
0.0 (0)
1.2(2) 1.9(0.09)
1 760 (30) 45 (1.75) 2.4 (4)
3.6 (6) 3.8(0.18)
4.8 (8)
0.0 (0)
2 910 (36) 57 (2.25) 3.6 (6) 3.0(0.14)
4.8 (8)
0.0 (0) 4.9 (0.23)
3 1370 (54) 70 (2.75) 3.6 (6)
4.8 (8) 9.7 (0.46)
0.0 (0)
4 1520 (60) 64 (2.50) 3.6 (6) 5.7 (0.27)
4.8 (8)
108 (4.25) g'g Eg; 8.9 (042)
i R 89 (3.50 489 9.7 (046)
(3.50) 9.0 (15)
0.0 (0)
133 (5.25) 3.6 (6) 8.9 (042)
6 2130 (84) 4.8 (8)
9.0 (15) 10.8 (0.51)
114 (4.50) 14.4 (24)
0.0 (0) 13.3 (0.63)
7 3050 (120) 165 (6.50) 4.8 (8) 17.7 (0.84)
9.0 (15) 19.4 (0.92)
00-0-

0-N
I Production site
Steel cage (in?/ft)
Fiber dosage (Ib/yd®)
Inside diameter of pipe (inch)

Once the behavior of the hybrid pipes is compared with control pipes, the reduced pipe sections
was determined based on experimental results. Finally, the next series of tests was conducted on
the reduced pipe sections. The total number of the specimens was 44. Figure 3.2 presents the
comparison between a traditional rigid concrete pipe and a proposed flexible one with a same

inside diameter of 1520 mm (60 in.).
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Figure 3.2 Comparison between RCP and TW pipe (ID: 1520mm=60in.)
3.1.3.TEB tests and observations

As shown in Fig. 3.3 (b), in conventional reinforced concrete pipe the initial crack (first visible
cracks) will be developed when the circumferential tensile stress due to bending in pipe exceeds
the concrete modulus of rupture. This will activate the tensile effect of reinforcement to carry the
load on the tension face of the pipe wall. The D-load corresponding to service load cracks is
designated as Do .3 (Do.o1: U.S. unit) with a crack width of 0.3 mm (0.01 in.). The steel strength and
its development length within the pipe wall give the pipe the capability to carry additional load
until it reaches ultimate (Dur), at which failure will happen due to the crushing of the concrete in
compressive part of the wall thickness. When FRCP is loaded to ultimate capacity, however, it has
a larger drop in its load capacity than a conventional RCP of similar ultimate load capacity.
Moreover, as fiber dosages are increased, FRCP may experience a regain in strength after the
observation of the initial cracks (a double peak response with second peak at the post-cracking

stage). Load class is not a directly applicable term for flexible pipes. Installation load carrying
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capability is dependent on the pipe stiffness. Flexible pipe products are tested for pipe stiffness, a
function of the amount of force in the pipe per unit length per unit of deformation, N/m/m, or kPa
(psi). The test apparatus used for such pipe is known as a parallel plate test. As with the three-
edge bearing test, this test is appropriately named, since it consists of horizontal plates that are

parallel, whereby the top plate applies the load and the bottom plate provides as the reaction as

shown in figure 3.4.
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E D-LOAD
a
A
LOAD .
LOADING STRIP First peak
— Dur * RCP
S B Second peak
\ FRCP
v} Dcrack | (High fiber-dosage)
SPRINGLINE ) Dos(Do.od)
é’ (SERVICE)
FRCP
(Low fiber-dosage)
RUBBER sﬁu? """" >
] DEFLECTION
(a) (b)

Figure 3.3 (a) Three edge bearing test setup and (b) conceptual design philosophy of RCP and FRCP

TEB and parallel plate tests are similar in the application of load to the pipe and the support
provided. Because of the curvature of the pipe, the tests apply a point load at the top regardless of

whether a beam or a plate applies the load. Additionally, in both cases the pipe experiences a

relatively concentrated reaction at the bottom.
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Figure 3.4 Parallel Plate Test
The pipe produced with synthetic fibers was tested in the same TEB test apparatus used for

standard steel hoop reinforced pipe. The ultimate strength of the pipe and corresponding vertical
deflection for the pipe stiffness were measured using load cell and cable typed displacement
sensors. Under external loads, pipes first develop vertical cracks on interior surfaces (crown and
invert), and then horizontal cracks on mid-height exterior surface (spring-line). In the case of the
crack pattern for fiber reinforced concrete pipes without steel reinforcement, the most frequent
failure type for the pipe test follows a main single-crack pattern in the crown, invert and spring-
line of the specimens. However, the inclusion of the reduced steel cage in SynFR-TWCPs led to
more distributed crack patterns for all of these specimens up to failure (No single-line crack pattern
in TW pipes) as shown in Figure 3.5.

Standard reinforced concrete pipes (RCPs) and TWCPs initially develops cracks when the
modulus of rupture of concrete is exceeded, which result in the reinforcing steel carrying the load
on the tension face of the pipe wall. The steel strength and its development length within the pipe

wall provide the pipe the capability to carry additional load until it reaches ultimate.
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Figure 3.5 Comparison the crack distribution: 1370 mm (54 in.) and 1520 mm (60 in.)

Moreover, similar to the failure mode of the RCP, circumferential cracks, shear cracks due to radial
tension, and de-bonding type cracks were observed in all of the TWCP specimens (Figures 3.6 and
3.7). Figure 3.6 shows the fundamental crack formations associated with stresses in the pipe wall.
The first crack resulting from flexure appears near the crown or invert of the pipe. As the load
increases, this crack becomes visible all the way to the neutral axis of the pipe wall (indicated as
2" crack in Figure 3.6). The third crack runs diagonally to the point of load application (or the

reaction if the invert crack is considered). This crack forms as a result of the shear force (diagonal
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tension) at this location of the pipe. The fourth crack runs along the reinforcement cage. It is a

result of the bending tension in the pipe wall making the circular steel cage come to straighten out.

L2157 CRACK
at Crown
(Flexure crack)

a0

15T CRACK
atCr
(Flexure

RCP-910mm(36in.)

Figure 3.6 Crack development of TW pipes: 910 mm (36in.) and 3050 mm (120 in.)

This is a limit state known as radial tension, and is experienced in highly loaded standard
reinforced concrete pipe as well. Since in TWCPCc a single cage of reinforcement is placed in the
center of the wall, the cracks due to radial tension runs at the center of the pipe. Diagonal tension
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and radial tension both occur as the load increases. The order of the diagonal tension and radial
tension crack depends upon the wall thickness, amount of flexural steel reinforcement, and its

location in the wall.

»

TW 910mm(36in.)-8 Ibs/yd?

Figure 3.7 Comparison of circumferential cracks in FRCP (w/o a cage) and TW pipes (W/ a cage)

Figure 3.7 shows the wall of fiber reinforced concrete pipe without reinforcement at the top of the
figure. In these pipes a single-line crack and without diagonal tension cracks will be produced in

the pipe walls. Without a steel reinforcement cage, there is no radial tension force. Moreover, there
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is no continuous reinforcement to distribute the flexural cracking in a uniform fashion. In the lower
part of the figures 3.7, the force in the steel reinforcement causes radial tension cracking at the
locations in the pipe with the highest bending moments. The addition of fibers improves the tension
capacity of the concrete pipe wall in all directions. This includes both diagonal tension and radial
tension.

While the use of 8 Ibs/yd?® of fibers improved the strength of the pipe with respect to the radial
tension the final failure was still radial tension. The higher amount of fibers used in the pipe
resulted in higher resistance to radial tension and prevented the formation of diagonal tension while

reduced the crack widths (figure 3.8).

\\\

Shear cracks from 12200 IbSEl Shear cracks from 13000 Ibsjill Shear cracks from 17500 Ibs
(305 Ib/ft/ft) (325 1b/ft/ft) (437 Ib/ft/ft)

Figure 3.8 Crack comparison of 3050 mm (120 in.) TW pipes.
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3.1.4.Load deformation curves

Load-deflection curves were obtained for the majority of the tested Pipes, which described the
vertical deflection of the pipe due to the load being applied along its length. Except 3050 mm (120
in.) thin walled specimens, all specimens were tested to reach over 5 % deflection of the pipe
diameter. The comparisons of the load-deflection plots for the pipes with synthetic fiber
reinforcement are shown and summarized in figure 3.9 to figure 3.11 and Table 3-2. The change

in geometry and reinforcement of the pipes is described in a combined parameter of Diameter,
. . D . . .
thickness and reinforcement area: A In load-deflection curves as the reinforcement increases

the initial stiffness of the pipes increases. Consequently, the pipe strength increased with an
increase in the steel reinforcement. For the pipe thickness, same results were observed. The
stiffness of the pipe before the first crack and the pipe strength increased with an increase of the
pipe thickness. The addition of fiber dosage led the increase of the pipe strength. This might be
attributed to the crack holding capacity by bridging shear cracks at the top and bottom of the pipes.
As the fiber dosage increased, the strength of the pipes increased as well. Most TWCPs maintained
bending stiffness up to 3% deflection of inside diameter. A summary of load deflection curves are

presented in figures 3.12 and 3.13.
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Figure 3.9 Load-deflection curve for (a) TWCP 30 in. (760 mm), (b) TWCP 36 in. (9120 mm)
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Figure 3.10 Load-deflection curve for (2) TWCP 54 in. (1370 mm), (b) TWCP 72in. (1830 mm)
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Figure 3.11 Load-deflection curve for (2) TWCP 84 in. (2130 mm), (b) TWCP 120in. (3050 mm)
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Table 3-2 the results of TW pipes tests

Fiber D/(t*As) Stiff./length
Dia. (D) Area (As) Length  Thick. (t) AuLt
No Pipe kg/m? 1/cm? kN/m/m
mm (in.) cm? (in?) m(in.)  mm(in.) /Az%
(Ib/yd3) 1/in?) (Ibs/in/in)

1 30-0-009-S 760 (30) 0.00 (0) 0.58 (0.09) 2.4 (96) 44 (L75) 29.9(191) 780 (113) 1.24
2 30-2-0.09-S 760 (30) 1.19 (2) 0.58 (0.09) 2.4 (96) 44 (L75) 29.9(191) 874 (127) 1.45
3 30-4-0.09-S 760 (30) 2.37 (4) 0.58 (0.09) 2.4(96) 44(1.75) 29.9(191) 1033 (149)  1.43
4 30-6-0.09-S 760 (30) 3.56 (6) 0.58 (0.09) 2.4(96) 44(1.75) 29.9(191)  1139(165) 156
5  30-8-0.09-S 760 (30) 4.75 (8) 058 (0.09) 2.4(96) 44(1.75) 29.9(191) 1095 (159)  1.72
6  30-0-0.18-S 760 (30) 0.00 (0) 1.16 (0.18) 2.4(9) 44(1.75) 14.9(95) 1021 (148) 1.72
7 30-6-0.18-S 760 (30) 3.56 (6) 1.16 (0.18) 2.4 (96) 44(1.75)  14.9(95) 1005 (159)  2.21
8  30-8-0.18-S 760 (30) 4.75 (8) 1.16 (0.18) 2.4 (96) 44(1.75)  14.9(95) 1211 (176)  2.64
9  36-6-0.14-S 910 (36) 3.56 (6) 0.90 (0.14) 2.4(96) 57(2.25) 17.9(114) 1691 (245)  1.47
10  36-8-0.14-S 910 (36) 4.75 (8) 0.90(0.14) 2.4(9) 57(2.25) 17.9(114) 1343 (195)  2.32
11 54-0-023-S  1370(54)  0.00(0) 1.48(0.23) 2.4(9%) 51(200) 182(117) 703 (102) 1.33
12 54-6-023-S  1370(54)  3.56 (6) 148 (0.23) 2.4(9) 51(200) 182(117) 730 (106) 1.81
13 54-8-023-S 1370 (54)  4.75(8) 1.48(0.23) 2.4(9) 51(200) 18.2(117) 779 (113) 2.10
14  54-6-046-S 1370 (54)  3.56 (6) 297 (0.46) 2.4(96) 51(200) 9.1(59) 1146 (166)  2.29
15  60-0-027-S  1520(60)  0.00 (0) 1.74(0.27) 2.4(9) 64(250) 13.7(89) 786 (114) 0.87
16  60-6-0.27-S 1520 (60)  3.56 (6) 1.74(0.27) 2.4(9) 64(2.50) 13.7 (89) 8.3 (117) 1.77
17  60-8-027-S 1520 (60)  4.75(8) 1.74(0.27) 2.4(9) 64(2.50) 13.7 (89) 992 (144) 1.97
18 72-0-042-S  1830(72)  0.00(0) 271(042) 24(9) 108 (4.25) 6.2 (40) 641 (93) 0.78
19 72-8-0.42-S  1830(72)  4.75(8) 2.71(0.42) 2.4(96) 108 (4.25) 6.2 (40) 1054 (153)  1.70
20 72-15-0.42-S  1830(72)  8.90 (15) 2.71(0.42) 2.4(96) 108 (4.25) 6.2 (40) 1098 (159)  1.82
21 72-0-046-S  1830(72)  0.00 (0) 2.97(0.46) 2.4(9) 89(3.50) 6.9 (45) 517 (75) 0.89
22 72-6-046-S  1830(72)  3.56 (6) 2.97 (0.46) 2.4(96) 89 (3.50) 6.9 (45) 673 (98) 2.00
23 72-8-046-S  1830(72)  4.75(8) 2.97 (0.46) 2.4(96) 89 (3.50) 6.9 (45) 837 (121) 2.09
24 72-15-0.46-S  1830(72)  8.90 (15) 2.97 (0.46) 2.4(96) 89(3.50) 6.9 (45) 1331 (193)  2.06
25 84-0-042-S  2130(84)  0.00 (0) 271(0.42) 2.4(9) 114(450) 6.9 (44) 319 (46) 0.64
26 84-6-042-S 2130 (84)  3.56 (6) 271(042) 2.4(9) 114 (4.50) 6.9 (44) 581 (84) 0.90
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Table 3-2 the results of TW pipes tests (Continued)

Fiber D/(t*As) Stiff./length
Dia. (D) Area (As) Length  Thick. (t) AuLt
No Pipe kg/m3 1/cm? kN/m/m
mm (in.) cm? (in?) m(in.)  mm(in.) /A3%
(Ibfyd3) (U/in?) (Ibs/in/in)

27 84-8-042-S  2130(84)  4.75(8) 2.71(0.42) 2.4(9) 114(450) 6.9 (44) 795 (115) 1.13
28  84-15-0.42-S  2130(84)  8.90 (15) 2.71(0.42) 2.4(9) 114 (450) 6.9 (44) 678 (98) 1.65
29  84-24-042-S  2130(84)  14.24(24) 2.71(0.42) 2.4(9) 114 (4.50) 6.9 (44) 1141 (165) 171
30 84-0-0.42-S*  2130(84)  0.00 (0) 271(0.42) 2.4(9) 114(450) 6.9 (44) 606 (88) 0.82
31  84-8-042-S*  2130(84)  4.75(8) 2.71(0.42) 2.4(9) 114 (4.50) 6.9 (44) 599 (87) 1.16
32 84-15-0.42-S* 2130 (84)  8.90 (15) 2.71(0.42) 2.4(9) 114 (4.50) 6.9 (44) 695 (101) 1.38
33 84-0-051-S  2130(84)  0.00(0) 329 (0.51) 2.4(9) 133(5.25) 4.9(31) 563 (82) 0.77
34 84-8-051-S  2130(84)  4.75(8) 3.29(0.51) 2.4(9) 133(5.25) 4.9 (31) 1121 (163) 151
35 84-15-0.51-S 2130 (84)  8.90 (15) 329 (051) 2.4(9) 133(5.25) 4.9 (31) 1308 (190)  1.74
36 120-0-0.63-E 3050 (120)  0.00 (0) 4.06 (0.63) 1.2(48) 165(6.50) 4.5 (29) 656 (95) 0.60
37 120-8-0.63-E 3050 (120)  4.75 (8) 4.06 (0.63) 1.2(48) 165 (6.50) 4.5 (29) 1205 (175)  0.69
38 120-15-0.63-E 3050 (120)  8.90 (15) 406 (0.63) 1.2(48) 165 (6.50) 4.5 (29) 1222 (177)  0.97
39 120-0-0.84-D 3050 (120)  0.00 (0) 542 (0.84) 1.2(48) 165 (6.50) 3.4 (22) 1405 (204) 0.9
40  120-8-0.84-D 3050 (120)  4.75 (8) 542 (0.84) 1.2(48) 165(6.50) 3.4 (22) 1102 (160)  1.47
41 120-15-0.84-D 3050 (120)  8.90 (15) 542 (0.84) 1.2(48) 165(6.50) 3.4(22) 1507 (219)  1.60
42 120-0-0.92-S 3050 (120) 0.0 (0) 5.94(0.92) 1.2(48) 165(6.50) 3.1(20) 413 (60) 0.97
43 120-8-0.92-S 3050 (120)  4.75 (8) 594 (0.92) 1.2(48) 165 (6.50) 3.1 (20) 841 (122) 1.01
44 120-15-0.92-S 3050 (120)  8.90 (15) 594 (0.92) 1.2(48) 165(6.50) 3.1(20) 835 (121) 1.29

*Note: S: single circular steel cage / D : double circular steel cage / E : single Elliptical cage / *: poor production
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3.1.5.0bservations on stiffness

The primary difference between rigid and flexible pipes is in their design requirements. Rigid pipes
are designed based on structural strength while the flexible pipes are designed based on their
stiffness. These terms are not interchangeable: the differences between them are significant and
technical in nature. Concrete pipe is a rigid pipe that has significant structural strength. This is best
demonstrated through the traditional method for measuring pipe strength, TEB test. The load
carrying capacity of this rigid pipe will be increased at least two-fold, because of active soil
pressure increases when installed. Furthermore, the structural strength of concrete pipe can be
adjusted through several means, most notably by varying the wall thickness, concrete strength, or
the amount and shape of the reinforcing steel.

However, flexible pipes rely upon pipe stiffness, rather than strength, because of their structural
integrity. This is reflected by the parallel plate test, the accepted method for measuring pipe
stiffness, which measures the force required to achieve a given deflection. Under soil pressure the
pipe deflects, developing passive soil support at the sides of the pipe. The load carrying capacity
of this flexible pipe is derived almost exclusively from the strength of the embedment soil.

Based on the AASHTO M294-10 [45] (standard specification for Corrugated Polyethylene Pipe
300-1500mm (12 to 60 in) diameter), ASTM D2412-11 [46] (Standard test method for
Determination of External loading characteristics of plastic pipe by parallel-plate loading), pipe
stiffness can be calculated as shown below.

F(Ibf /in)

Pipe Stiffness: PS = -
Ay(in)

(Where F is applied load during parallel plate teat or three edge bearing test / y is vertical

deflection)
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The HDPE pipe shall have minimum pipe stiffness at 5 % deflection as shown in Table 3.3. The
stiffness curves of both very-flexible pipe and two series of TWCPs (TW60 and TW50) are shown
in Figure 3.14. HDPE pipes (I.D.:1520 mm=60 in. and 1200 mm=48 in.) and CMPs (1.D.: 1680
mm=66 in.) have a stiffness of approximately 50 psi at 1 % deflection of inside diameter and 20
psi at 5 % deflection of inside diameter. However, in cases of TWCPs (910 mm=36 in. and 1370
mm=>54 in.), the pipe stiffness was still over 80 psi at 5 % deflection of inside diameter.

Table 3.3 Minimum required stiffness for HDPE pipes at 5% deflection

(AASHTO M294-10) [46]

Diameter, mm (in.) Pipe stiffness, kPa (psi)
675(27) 205(30)
750(30) 200(29)
900(36) 155(22.5)

500 1 To 1 o -0- CMP (54in.)
| . .
‘ I HDPE (54 in.
\\ 3% of54in] ! 5% of 54in. ~o~ HDPE {541n)
= 400 =16inj1 | =27in. ~—HDPE (60in.)
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= |
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Figure 3.14 Comparison of pipe stiffness between flexible and thin walled pipes
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Among forty-four specimens tested, thirty-eight TW pipes (84 % of test pipes) satisfy minimum
stiffness of 100 psi before adding the synthetic fiber in concrete mixture. However, based on the
consideration of the inclusion of synthetic fibers into TWCPs, only one pipe (86-6-0.42) failed to
satisfy the minimum pipe stiffness of 100 psi among thirty-four TWCPs with synthetic fibers. That
is, 97 % of tested TW pipes with fibers passed the minimum pipe stiffness of 100 psi. Compared
with the minimum pipe stiffness of flexible pipes by AASHTO M294-11 [45] and ASTM F405
[46], TECPs showed superior stiffness than flexible pipes such as HDPE pipes and CMPs.
3.1.6.Conclusions of the TWCP tests

The innovative TW concrete pipe system, known as flexible concrete pipe, has the advantages of
thinner pipe wall and lighter weight. The concept and philosophy to reach the above objectives is
the fact that discrete synthetic fibers increase the shear capacity of concrete, delaying the shear
failure mode, and significantly enhancing the pipe’s load carrying capacity with the use of reduced
steel reinforcement. This allows a reduction in wall thickness for a specified stiffness. The
reductions in pipe thickness in these experiments were in the ranges of 35% and 50% for small
and large diameter concrete pipe, respectively.

The capability of the TW pipe for Deformation toward the surrounding soil is considered as the
key factor to behave as a flexible concrete pipe. To fulfill this capability the TW pipe should have
enough deflection (more than 3%) as well as a minimum stiffness. To have a guideline it is set for
TW pipes to have a minimum stiffness of 690 kPa (100 psi) at 3 % deflection. Among thirty-four
tested TW pipes with synthetic fibers, thirty-two TW pipes (97 %) satisfied the suggested
minimum pipe stiffness (100 psi) at 3% deflection. with the large amount of deformation in TW
pipes the method of crack control is very important in the design process. A reliable design should

be able to control the cracks of the pipes because of large deflections and should have a well

60



stablished definition of the acceptable level of crack width in TW pipes. The results of the TWCP

tests is used in chapter 3 to verify the FE models of TEB tests.
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CHAPTER 4. EXPERIMENTAL PROCESS OF CRACK WIDTH MEASUREMENT
4.1.Experimental program on crack measurement in SynFR specimens
As discussed in section 3.1 the synthetic fibers help to reduce the crack widths and improve the
flexibility of the pipes. The possibility of producing SynFR-TWCPs depends on the capability of
fibers to hold the cracks. An experimental program is designed to evaluate the cracking behavior
of SynFR specimens. The results of this experiments are used to verify the method of crack width
measurement using FE models in chapter 5.
4.1.1.Experimental methods for crack width measurement
The crack width in concrete specimens conventionally can be measured with two methods: manual
or automatic. To perform the Manual methods, researcher or technician, should monitor the crack
opening using measurement tools such as a graduated scale. An example of graduated scale or

crack comparator is shown in figure 4.1.

Figure 4.1 graduated scale (cracks’ comparator)

Difficulty of use during the test, dependency to personal judgment and low precision are some of
the problems, researchers will face during crack width measurement with manual methods. These

problems can lead unreliable and inaccurate measurements. Continuous crack measurement is
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another challenge while using the manual methods. The rate of crack width change will make the
real-time manual measurement impossible so the load-crack width relationship or stress-crack
displacement relationship cannot be obtained. Clip gauges or LVDTs are the most common

methods being used for automated and continuous crack monitoring (Figure 4.2)

Figure 4.2 Clip Gauge crack measurement

The clip gauges can measure crack widths in specific points. Therefore, the cracking point and
pattern shod be predefined to apply the clip gauges. Other limitations includes limited range, and
scaling difficulties. Researchers have tried to replace this method with advanced and
comprehensive methods to be able of looking for cracks in the whole body of specimen rather than
to be focused on specific points.

Several advanced crack measurement techniques have been introduced which are able to assess
the wide area of specimens and measure possible cracks. Some of these technics, well known in
the field of fracture mechanics, are: Holographic interferometry, dye penetration, scanning

electron microscopy, and acoustic emission and image processing [47]. Methods, which are based
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on image processing, are more accurate compared to other methods and easy to apply. Digital
Image Correlation (DIC) has been proven to be one of the most reliable methods for full body
crack measurement [48]. In this study, the DIC method was utilized for experimental measurement
of crack width. Digital Image Correlation (DIC) is an image processing metrology method, works
based on comparison successive images taken during different stages of loading of a specimen.
The comparison between images will lead to obtain full displacement field. The displacement field
can be obtained even in range of plastic deformation of the body. DIC can be used for both static
and dynamic test programs. The analysis is performed in a post-processing software which can
correlate the images taken from the body in a sequence. Figure 4.3 presents a general view how

Two-dimensional DIC works.

Loading system

L)

Planar

Specimen —
?;/' / CCD camera

— White Light Soutce

£ 78

Computer

Figure 4.3 setup for two-dimensional DIC crack measurement [48]

A random gray intensity distribution or speckle pattern should cover the surface of the specimen.
This pattern can be made using black and white spray paints. An image of the surface must be
taken before and after loading. A region of interest (ROI) should be specified on the reference
image, which is the first image of the surface before applying any load. This region should be
divided into a squared-grid area. A subset, which is a single smaller patch on the intersection of

grids, is used to track the deformation of intersection points (grid points). The vector of
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displacement will be calculated at each grid point by analyzing the step by step change of the
pattern in loading steps. The full field deformation can be obtained by implementing a proper shape

function on the area using the displacements at grid points as its nodal values. (Figure 4.4).

subset

Figure 4.4 Reference Image: The yellow squares are the subsets

As presented in figure 4.5, Displacement of point P (Xo, Yo) can be calculated by choosing a
reference subset with center point of P. DIC models are using the probabilistic methods to find the
displacement of point P, using distribution functions over the variations of gray intensity level in
square subset. Since the method considers all the variations in subset, a higher variation of gray

intensity leads to better identification of the same subset in all images [48].

o ) P (xo. yo) : E Displacement vector

P'(xo". vo")

Reference subset Qxy)

Reference image Deformed image

Figure 4.5 Schematic scheme of Reference Subset and Deformed Subset to find the deformation at P [48]

The process of displacement calculation using DIC, can be found in a paper of Lu et al. [49].
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4.1.2.Details of experimental program

Two series of flexural specimens were casted with a dry-cast mix design, using two volume
fractions of synthetic fibers. Synthetic fibers with volume fractions of 0.54% (8.3 pound per cubic
yard (PCY)) and 1.04% (16 PCY) were used. The total number of flexural specimens were 12, 6
specimens with each volume fraction of fibers.

Using ASTM standard specimens, the uniaxial compression test was performed to obtain the
maximum compressive capacity of the synthetic FRC specimens. Two series of tests were
designed for the Flexural specimens: Three-point bending of notched beams and four-point
bending of unnotched beams.

based on the recommendation of RILEM TC 162TDF [50] for fiber reinforced concrete, a test
setup was designed and loading process was performed on three-point bending specimens.
Recommendations of ASTM C1609/C 1609M — 12 [51] were used to perform the four-point
bending tests. The Loading history and mid-span deflection were recorded during the flexural tests.
The surface deformation and crack propagation of the specimens was obtained using two-
dimensional DIC technique. A set of preliminary verification experiments proved the accuracy of
two-dimensional DIC technique by using three-point bending test with clip gauges. In these
experiments Crack mouth opening displacement (CMOD) of the notched beam specimens,
obtained with a clip gauge transducer during the tests, were compared with the results of two-
dimensional DIC method. After verification process the load-crack width curves were derived for
all the tests specimens using DIC method.

Three-point bending tests were performed on beams 6 inches wide and 6 inches deep, and 20

inches long (6x6x20 in) with notch of 1-inch depth and less than 0.2 inches width. The notch was
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created using a water-cooled concrete saw. Figure 4.6 shows a schematic view of the test

arrangement.
CASTING SURFACE lF
‘ NOTCH SUPPORT LOADING DEVICE
I
I =,
I |
| : A
] -
! A ~
n 51 2 SUPPORT
. =y
CROSS — SECTION SPECIMEN L

Figure 4.6 Schematic View of three-point bending test setup based on RILEM TC 162-TDF [50]
A displacement transducer (LVDT) was used on a rectangular jig to record the midspan deflection

of the specimens. The rectangular jig was used to ensure that the deflection, recorded at the mid-
span, was not affected by the effects of seating or twisting the specimen on its supports (figures

4.7 and 4.8).

Figure 4.7 the rectangular jig to obtain the net deflection
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Figure 4.8 Three-Point Bending Test Setup covered by gray pattern for DIC method
The four-point bending tests were based on the recommendation of ASTM C1609/C 1609M — 12

[51], performed on the beams with 6 inches by 6 inches section dimensions and a length of 20 in
(6x6x20 in). The setup arrangement for recommendations of ASTM C1609 is described by ASTM

C78-10 [52] (Figures 4.9 and 4.10)

Steel Ball (Not required
when spherically seated
bearing block is used)

Steel
Rod

Head of Testing

Steel Machine

Loading  Ball P
Block

225mm 225 mm

Y Rigid Support
| Structure
Span Length, L |

Testing Machine
Bed

Elevation End View

Figure 4.9 four-point bending test setup as per ASTM C78-10 [52]
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Same as Three-point bending tests, mid-span net deflection of the beams was recorded during the
test, using a displacement transducer (LVVDT) mounted to a rectangular jig (Figure 4.10 and

4.11).

Figure 4.11 Test Setup for 4-Point Bending Test
During both kind of tests a MTS machine was used to insert displacement-control loading. The

loading rate was kept constant for all the beam specimens at a rate of 0.2 mm/min (0.0079 in/min).
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Using a clip gauge extensometer (Figure 4.12), with the capacity of 5 mm (0.2 in.), the crack mouth

opening (CMOD) was measured during the three-point at the bottom of notch.

Figure 4.12 Clip Gauge (UB-5A)
The surface of the specimen in one side painted using a black and white paint spray which created

a uniform distribution of random spackle pattern for DIC method. This process usually needs
several attempts to reach an acceptable pattern. The random gray pattern in shown in figure 4.13

in a detailed view for one of the three-point bending test specimens.

P e
W R, 7 by Y
Speckle Pattern

Random Grey Level

Figure 4.13 development of random gray pattern for DIC
To perform a two-dimensional DIC technique a single camera is required. The optical axis of the

camera needs to be perpendicular to the specimen’s surface. A Nikon D3200 DSLR (Digital single-

lens reflex) camera with a sensor resolution of 24.2 MPA was used for this experiment. The DIC
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process should be done in a minimum amount of vibration. Images were captured every five second
with a resolution of 6016x4000 pixels throughout the test. Figure 4.14 presents the position of

camera and the specimen during the test.

Figure 4.14 the setting of the camera for DIC process

4.1.3.Results of experiments and DIC crack measurement
The load-Deflection response of Three-point bending tests of notched beams with two fractions of

fiber volume are shown in Figures 4.15 and 4.16
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Figure 4.15 Load - Deflection curves of three-Point bending test for 8PCY of fibers (VF=0.54%)
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Figure 4.16 Load - Deflection curves of three-Point bending test for 16PCY of fibers (VF=1.04%)

The load-deflection response of four-point bending tests on un-notched beams with two fractions

of fiber volume are shown in Figures 4.17 and 4.18
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Figure 4.17 Load - Deflection curves of four-Point bending test for 8PCY of fibers (VF=1.04%)
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Figure 4.18 Load - Deflection curves of four-Point bending test for 16PCY of fibers (VF=1.04%)
Experimental results demonstrate that the flexural post-crack behavior of the synthetic FRC

specimens are controlled by the bridging effect of fibers. In higher volume fraction of fibers this
effect will lead to regaining strength for the specimens. As presented in figure 4.18, for a volume
fraction of 16PCY (1.04%) the second peak of strength, represented the after-crack behavior, is
almost in the same level of the first one.

2D GOM Correlate software [53] was used to perform Two-dimensional DIC analysis. The region
of interest was chosen based on the location of the crack. Before the analysis the pattern quality of
the surface was controlled to ensure the sufficiency of grey level intensity. Figure 4.19 presents
the region of interest and grey intensity level of the surface pattern for a typical Three-point
bending test. In figure 4.19, the green area represents the acceptable quality of gray pattern in the

region of interest.
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Figure 4.19 the quality control for the region of interest in DIC method using 2D GOM Correlate software

Using the software, based on DIC process, The deformation field for the horizontal displacement
was calculated for the purpose of crack measurement. The deformation field at the onset of

cracking for the one of the three-point bending tests is shown in Figure 4.20.
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Figure 4.20 Deformation Field at the Onset of Cracking for one of three-Point Bending Tests
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The relative horizontal displacement of points across the crack surface can be a good measure for
the crack width since plastic strain in concrete material is significantly small. By utilizing the 2D
DIC method, crack width and the region of crack development can be obtained at any stage of the
experiment. Figure 4.21 presents the crack development and the field of horizontal displacement
in one of three-point bending tests. Since the crack position is known in three-point bending tests,
it is possible to compare the results of software based on DIC process and the clip gauge results

for the crack width.

1.500

Figure 4.21 Horizontal Displacement of the Points across the Crack Surface

A comparison of the crack width results obtained by clip gauge with the results of DIC process,
using two different software, is presented in figures 4.22. Crack mouth opening displacements
(CMOD) calculated by 2D DIC showed a good compatibility with the trend and rate of the crack
opening when compared to the clip gauge results. Crack width was also measured with a crack

ruler for some of the tested specimens as shown in figure 4.23.
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Figure 4.22 Comparison of crack width measurement with different methods for 8PCY specimen (VF=0.54%)
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Figure 4.23 crack width measurement: comparison between ruler and DIC results.
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The crack pattern of three-point bending tests are shown in figure 4.24 and 4.25. The test was
performed on two sets with 8PCY (0.54%) and 16PCY (1.04%) respectively and each set included

three specimens.

Figure 4.25 Crack Propagation in three-Point Bending Test of VF=1.04%: (a) Test 1 (b) Test 2 () Test 3
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The load-CMOD curves of the three-point bending tests are shown in figures 4.26 and 4.27. the

crack width (CMOD) was found with 2D GOM Correlate software [53].
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Figure 4.26 Load-CMOD for three-point bending test 8PCY specimens — VF=0.54%
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Figure 4.27 Load-CMOD for three-point bending test 16PCY specimens — VVF=1.04%
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The crack pattern of four -point bending tests are shown in figure 4.28 and 4.29. the test was
performed on two sets with 8PCY (0.54%) and 16PCY (1.04%) respectively and each set included

three specimens.

Figure 4.28 Crack Propagation in four-Point Bending Test of VF=0.54%: (a) Test 1 (b) Test 2 () Test 3

|

(a) ®

Figure 4.29 Crack Propagation in four-Point Bending Test of VF=1.04%: (a) Test 1 (b) Test 2 (c) Test 3
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The load-CMOD curves of the four-point bending tests are shown in figures 4.30 and 4.31. the

crack width (CMOD) was found with 2D GOM Correlate software [53].
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Figure 4.30 Load-CMOD for four-point bending test 8PCY specimens — VF=0.54%
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Figure 4.31 Load-CMOD for four-point bending test 16PCY specimens — VF=1.04%
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4.1.4.Conclusions of the crack width measurement tests

The crack width measurement was performed for two different type of bending tests. The results
of these tests can be used to verify the crack width measurement procedure with FE models which
will be described in chapter 4 of this research. DIC method was successfully adopted and calibrated
to measure the crack width and has been proven to be a reliable method to do this. Since the
position of the crack in four-point bending tests is not predefined by the notch, they will be a good
verification for the performance of FE crack width measurement method.

By using 1% volume fraction of synthetic fibers, it has been shown that the behavior of bending
specimens will be drastically change and the bridging effect will act to overcome the increasing of
crack width. The post-processing capability of the 2D DIC method makes it possible to find the
location of the crack from the last image and then calculate the deformation of the points across

the crack section from the beginning of the test.
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CHAPTER 5. FINITE ELEMENT SIMULATIONS OF THE TESTS
Finite element models have been proved a reliable approach to investigate the behavior of
structural systems. Three-dimensional finite element models have been developed using ABAQUS
software [54], to simulate the behavior of TWCPs. Figure 5.1 shows the diagram of the different
phases of finite element simulations to investigate the concept of TWCPs. In the present chapter
and chapter 6 of this research the details of the diagram will be described, and the results of

experimental investigations has been used to verify the results of finite element models.

FINITE ELEMENT SIMULATIONS

' '

DEVELOPMENT OF FE
MODELS FOR BENDING DEVELOPMENT OF FE
SPECIMENS MODELS FOR TEB TEST
CRACK WIDTH DEVELOPMENT OF FE
MEASUREMENT APPROACH > MODELS FOR SOIL-PIPE

INTERACTION SYSTEM

¢

PARAMETRIC STUDY

Figure 5.1 Different phases of finite element simulations

5.1.Development of FE models for bending specimens

The first phase of FE modeling is to mimic the behavior of bending test specimens to find a method
with which the crack widths can be measured using a FE approach. In this phase three-dimensional
FE models has been created to simulate the three-point and four-point bending tests, mentioned in

chapter 4 of this research.
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5.1.1.Geometry and FE mesh

The same dimensions of the tested specimens were used to create the geometry of the FE models
for Notched beams under three-point and unnotched beams under four-point loadings. Figure 5.2
presents the general view of the. A plate, with the dimension of 1 in width, 6 inches length and 0.2
inches thickness, was used as the loading strip and the supports (figure 5.2). the plates modeled to
be rigid using the rigid body constrain with a reference point which represents all the free degree
of freedom of the plates. A surface to surface contact was enforced between the plates and the
concrete specimens to ensure the rigidity against penetration and a penalty friction between steel
and concrete was assumed. Displacement control analysis was chosen to apply a constant rate of
deflection over the loading plates. The real roller support condition was created using a

combination of restrains over the support reference points.

-

o,
Figure 5.2 Geometry Beam Models for three-point and four-point bending tests

The 8-noded linear brick element with reduced integration was used to generate the FE mesh

(figure 5.3). Lower-order integration of the stiffness matrix is used in reduced integration elements,

to alleviate the effect of unrealistic higher amount of stiffness in model due to the finite element

approximation. Hourglass control was also used to prevent the zero energy modes of mesh

detorsion due to large deformation.
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face 4

Figure 5.3 Schematic of 8-noded linear brick element

This type of element has the capability of high convergence and reduces the computation time. For
the notched beams, the existence of the notch on the tension surface of the beam was enough to
initiate the crack formation from this point. In order to have enough number of elements around
the notch area, it is chosen to have at least two elements in the width of the notch. The mesh size
of 0.1 inches was used to ensure the acceptable formation of the elements around notched area. To
reduce the computational time, the dimension of elements is gradually increased form 0.1 inches
to 0.3 inches toward the outer surface of the beams. For the un-notched beams, a uniform

distribution of element with the dimension of 0.3 inches was used (figure 5.4 and 5.5)

Figure 5.4 Typical mesh configuration in notched beam model
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N
Figure 5.5 Typical mesh configuration in un-notched beam model

5.1.2.Material model
Synthetic fiber reinforced concrete (Syn-FRC) was modeled using the concrete damage plasticity
(CDP) material model. table 5.1 presents the plasticity parameters, used to model the concrete.
The formulation of CDP model is discussed in chapter 2. Wu et al. [55] and Voyiadjis and
Tagieddin [56] proposed a range of 31 to 42 degrees for the dilation angle. In this study dilation
angle is assumed to be 36 degrees. Since the behavior of the concrete, when reinforced with fibers,

is less brittle, in this study the Damage parameters were set to zero for both compression and

tension.
Table 5.1 Plasticity Parameters for CDP model
Dilation Angle Eccentricity O Viscosity
Oho Ke
1/ € P u
36 0.1 0.667 1.16 5x 10716
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As suggested by Genikomsou and Polak [57], the Hognestad parabola was used to model the
compression behavior of the concrete. Figure 5.6 present the compressive stress-strain curve of the

concrete for the post elastic range of its behavior. The compressive strength of the concrete

assumed to be 5000 psi.
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Figure 5.6 uniaxial compressive behavior of the concrete

The uniaxial tensile behavior of the Syn-FRC depends on the bridging effect of the fibers. Some

studies have shown that this effect can be modeled using a constant stress state after a sudden drop

due to initial cracking [58] as shown in figure 5.7.
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Figure 5.7 the effect of fibers on uniaxial tensile behavior of concrete [58]
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Based on this concept a three-phase curve was used to mimic the uniaxial tensile behavior (figure
5.8) which represents three steps of the tensile behavior. At the first step the initial crack is
developed in material and there is a sudden drop due to cracking. The second step presents the
effect of bridging in fibers which includes a sinusoidal form. And the last step is a softening drop
line which represents the pull out of fibers or their fracture. These three phases are presented in
Eq. 5-1.

(h—fde ™ +f, , w<w,

o(w) = (fa — f3) sin [g(W_Wl)]‘l'fs ) w; <Ww=w, Eq. 5-1
o5 (s = 1) c0s [ Gy = w)| W = wy) + (fi = ) sin [ G, = w)| + £, w > wy

G-.IL

h

e R 5

Y

wy W2 cow

Figure 5.8 Schematic stress-crack width curve of uniaxial tensile behavior for Syn-FRC

In Eq.5-1, w presents the tensile displacement of the uniaxially loaded member after crack.
Therefore, w can be assumed to be the crack width. The parameters of the curve can be found with
an inverse analysis of the test results and fit the finite element results with the results obtained

from the tests. Table 5.2 presents the parameters of the curve found by inverse analysis.
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Table 5.2 parameters of uniaxial tensile behavior of Syn-FRC

Volume Fraction
fi f2 a f3 fa d w1 W, c
of fibers (%)
0.54 3325 | 40 740 40 60 0.15 0.017 0.15 1
1.04 359 50 800 60 91 0.165 0.017 0.182 1

Figure 5.9 presents the uniaxial tensile stress-crack width curve for volume fractions of 0.54%

(8PCY) and 1.04% (16 PCY) based on the parameters shown in table 5.2.
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Figure 5.9 Stress-crack width curve of uniaxial tensile behavior for Syn-FRC with different VVFs

5.1.3.Crack width measurement process, results and conclusion

Load-displacement curves was obtained from the FE models for both three-point and four-point
bending tests. As presented in figures 5.10 to 5.13, the comparison between FE results and
experimental shows a good agreement.

FEM modeling, based on the CDP model, has been performed considering all tensile inelastic

strains of the concrete as cracking strain. From this assumption it can be concluded that the region
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with tensile plastic strains are the region of potential cracks. All of the displacement outside of the

region that undergoes tensile plastic deformation can be assumed as crack width.
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Figure 5.10 Experimental vs FEM Load- Deflection for three-Point Bending — Syn-FRC, VF= 0.54%
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Figure 5.11 Experimental vs FEM Load- Deflection for three-Point Bending — Syn-FRC, VF= 1.04%.
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Figure 5.12 Experimental vs FEM Load- Deflection for four-Point Bending — Syn-FRC, VF= 0.54%
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Figure 5.13 Experimental vs FEM Load- Deflection for four-Point Bending — Syn-FRC, VF=1.04%

Figures 5.14 and 5.15 presents the typical tensile plastic strain development in FE models for both

three-point and four-point bending tests respectively. The pattern of the tensile plastic strain can

be assumed to be the region of the cracks. By assuming the plastic strain region as the cracked
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region, the crack width can be obtained by calculating the relative horizontal displacement of two

nodes adjacent and across the plastic zone (figure 5.16). The same method was used in chapter 4

for calculation of the experimental crack width with the DIC method.

Figure 5.14 Typical Plastic Strain Distribution in a three-Point Bending Model

Figure 5.15 Typical Plastic Strain Distribution in a three-Point Bending Model

Figure 5.16 Typical horizontal displacement contour-Relative displacement of two points can be considered as crack

width
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Based on this the crack width measurement method, the FEM load-CMOD responses were
calculated from the models and compared with experimental load-CMOD results for both 0.54%
and 1.04% fiber volume fractions. The results of this process are summarized in figures 5.17 to

5.20.
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Figure 5.17 Experimental vs FEM Load-CMOD for three-Point Bending — Syn-FRC, VF= 0.54%
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Figure 5.18 Experimental vs FEM Load-CMOD for three-Point Bending — Syn-FRC, VF= 1.04%
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Figure 5.19 Experimental vs FEM Load-CMOD for four-Point Bending — Syn-FRC, VF=0.54%
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Figure 5.20 Experimental vs FEM Load-CMOD for four-Point Bending — Syn-FRC, VF=1.04%
A comparison of the classical crack width measurement technique and the 2D DIC method
suggests a good compatibility between the results of both techniques. The two-dimensional DIC
method can provide full field deformation with high accuracy, which can be used to investigate

the cracking behavior of concrete materials.
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Implementation of the suggested tensile-softening behavior, in terms of stress-crack width into
three-dimensional nonlinear FEM modeling based on the concrete damage plasticity, provided a
good approximation of the synthetic FRC material behavior. Numerical crack width was
calculated, considering the relative displacement of the nodes across the plastic strain band. This
band was assumed to correspond to the crack surface. The FE results were in good agreement with
the experimental results of load-crack width for beams under three-point and four-point bending.
The proposed method of crack measurement using FEM can be used as a tool to measure the crack
width of any other structural member.

5.2.Development of FE models for Three-Edge Bearing (TEB) tests

The second phase of FE simulations was to create models to mimic the behavior of TWCPs under
TEB test. This phase helped to find the bests tensile stress softening curve for the Syn-FRC, used
in industry. As mentioned in chapter 3, the TWCPs were created using a dry mixed concrete using
a packerhead equipment. The effect of industrial process on the material property of the Syn-FRC
was evaluated in this phase as well as the capability of FE modeling to mimic the TEB tests.
5.2.1.Geometry and FE mesh

Figure 5.21 presents the geometry of FE model for a typical TEB test. Because of the symmetricity
of the model along the length of the pipe, TWCP was modeled in a 12 in. length to reduce the
number of elements needed for the analysis and corresponding time. In a typica industrial practice
the three circles of circumferential reinforcement are used per foot of the pipe length. The distance
between the circles is 3.0 in. (figure 5.21). the Area of circumferential reinforcement is given in
table 5.3. supports were modeled using two robber pads with 1.5 in. width and 2.0 in length

rectangular cross section. the loading plate assumed to be a rigid beam with the rectangular cross
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section on the top of a robber pad with the same geometry and material of the supports. The
distance between two robber supports was calculated based on the internal diameter of the pipe.

Table5.3 Geometry properties of simulated pipes

Specimen Internal Diameter (in.) | Thickness (in.) As (in?/ft.)
TW36 36 2.25 0.14
TW54 54 2.0 0.23
TW60 60 2.5 0.20
TW72 72 3.5 0.46
TW84 84 4.5 0.42

Rigid Loading Beam

Spacing: 3.0in. 4«

Rubber

Figure 5.21 Typical geometry of FE models for TEB tests

The boundary conditions of the TEB test were defined to simulate the same conditions as in the
experimental tests. In the FE modeling, movement of the two bottom supports in all directions was

prevented. Moreover, due to the weight of concrete pipes, the supports could not be rotated.
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Boundary conditions of rotating around all axes were prevented as well. In the step defined, the
downward displacement acted on the top loading plate to apply the load.

The contact between the pipe and the supports were modeled by defining a surface-based contact
interaction with suitable coefficients. The contact provided a rigid property to prevent the normal
to surface penetration and a friction between rubber and concrete. When two surfaces touch each
other, a normal force acts on the two bodies, stress is transmitted to both surfaces, and contact
pressure is generated. The FE discretization applied to the geometry to create the elements. The

three-dimensional 8-noded linear brick element was used to generate the FE mesh (figure 5.3).

Figure 5.22 Typical FE mesh for TEB tests

Two-node linear 3D truss elements were used for the circumferential and longitudinal steel cages.
Truss elements are one-dimensional bars or rods that are assumed to deform by axial stretching
only. Truss elements are pin jointed at their nodes, and so only translational displacements and the
initial position vector at each node are used in the discretization. To catch the distribution of strain

in the thickness of the pipe 5 element was used (figure 5.22).
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5.2.2.Material model

Concrete damage plasticity (CDP) model was used to model the concrete body of the pipes. For
the uniaxial compression behavior, the graph shown in figure 5.6 is used which is a Hognestad
parabola with the maximum compressive strength of 5,000 psi. An inverse analysis was performed
to find the tension softening curve which can best mimic the concrete uniaxial tensile stress. The
piecewise function of Eq 5-1 was considered as the tension softening base curve. The results of
the inverse analysis for different parameters of Eq 5-1 are shown in table 5.4.

Table5.4 parameters of uniaxial tensile curve

Volume Fraction
fi f2 a f3 fa d wy W ¢
of fibers (%)
0.54 275 50 750 50 | 100 0.014 0.006 0.02 1
300
250 —TWCP
——Three-Phase Equation
= 200
v
&
b
& 150
<
§ 100
=~

Extension due to
50 bridging effect

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Crack width (in)

Figure 5.23 uniaxial tensile behavior of Syn-FRC in pipes

The parameters, presented in table 5.4, are creating the graph shown with red color in figure 5.23.
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An extension in second phase of the curve was considered to mimic the real bridging behavior of
the fibers.

An elastic- plastic model with hardening effect used to model the behavior of the reinforcements.
the material model utilizes a Von-Mises failure function with an associated flow rule and kinematic
hardening. Modulus of elasticity and yielding strength of steel materials were 29,000 ksi and 65
ksi, respectively. Figure 5.24 presents the uniaxial stress-strain curve of the reinforcement.
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Tensile Stress (ksi)

Figure 5.24 uniaxial stress-strain curve of steel reinforcement materials

5.2.3.Results and conclusions

The comparison between experimental and numerical results of TEB tests for five TWCPs have
been presented in figures 5.25 to 5.29. The comparison shows a good agreement between the
numerical and experimental results. In all cases FE model was able to catch the initial stiffness, as
well as the first crack and ultimate strength of the pipes. The FE model was able to show the

deflection of the pipes at each step of the loading and the cracking pattern of the pipes as well.
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Figure 5.25 Results of TEB test modeling for TW36
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Figure 5.26 Results of TEB test modeling for TW54
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Figure 5.27 Results of TEB test modeling for TW60
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Figure 5.28 Results of TEB test modeling for TW72
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Figure 5.29 Results of TEB test modeling for TW84
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Figure 5.30 Comparison of crack patterns in FE analysis and test for TW84
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Figure 5.30 presents the development of cracks in the crown of a TWCP of 84 in. diameter. The
crack pattern can be obtained by looking at plastic tensile strain contours. At different stages of
loading the development of cracks have been shown and it will reach to the final stage (number 3
in figure 5.30) in which a diagonal tensile crack has been developed. The experimental crack
pattern at the final stage has a good agreement with the results of FE models. The uniaxial tensile
behavior of the concrete, shown in figure 5.23, have been proved to be useful for FE modeling of
TWCPs, produced with industrial equipment, which was the main goal of second phase of FE
simulations (TEB tests simulations)

5.3.Summary and conclusions

Different phases of the FE simulations are described in figure 5.1 two phases of which has been
addressed in chapter 5. The first phase was to develop a FE model for three and four-point bending
tests to show the capability of FE analysis to simulate the behavior of the Syn-FRC. A modification
of uniaxial tensile behavior of the concrete using CDP material model was used to consider the
effect of fiber bridging and it has been proved to be capable of simulating the experimental results.
Using the tensile plastic strain field from FE results a method is introduced to calculate the crack
width in specimens and the results of this calculations shows a good agreement with experimental
crack width measurements using DIC method. The proposed FE crack width measurement method
will be used in chapter 6 to measure the crack width of TWCPs in interaction and under the loads
of the soil as the third phase of FE simulations.

The second phase was to develop a FE model to mimic the behavior of TWCPs under TEB tests.
In this phase a modification of uniaxial tensile curve was introduced considering the model,
proposed in first phase of FE analysis. The results show a good agreement with the tests both in

load-displacement curves and the crack patterns.
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CHAPTER 6. FINITE ELEMENT SIMULATIONS OF SOIL-PIPE INTERACTION AND
PARAMETRIC STUDY

The first two phases of FE simulations help to develop the soil-pipe interaction models. Using the
FE simulation of bending tests, a reliable method has been developed to measure crack width of a
concrete specimen by FE models. The tensile behavior of Syn-FRC for industrial mixtures is
developed in second phase and can be used to mimic the real pipe behavior inside soil. For flexible
pipes Inside the soil, when the pipe is under the backfill load, there is a large tendency for bending
outside toward the surrounding soil. The surrounding soil will react to this action of pipe system
by applying the normal force to the body of the pipe. These forces will help the pipe to have more
capacity to resist the backfill loads. The reduction of wall thickness and adding the fiber to the
concrete mixture of the TWCPs make them more flexible and at the same time reduces their
strengths comparing to the rigid RCPs. As it mentioned in chapter 1, the flexibility of these pipes
can help them to use the capacity of the surrounding soil to help them take the backfill loads.
Therefore, interaction of pipe with the soil has a great impact on structural behavior of TWCP
systems and it is not possible to evaluate the performance of these pipes without the simulation of
their interaction with soil. In his chapter, a FE model soil-pipe interaction has been developed to
simulate the behavior of TWCPs under step by step increasing loads of the soil backfill.
6.1.Geometry and FE mesh

The soil-pipe system was modeled with four main parts: TWCP, bedding, hunch and backfill
(figure 6.1). TWCPs was used in the model with the same details mentioned in section 5.2.1 and
the same FE mesh used to mimic the exact behavior of TEB tests in the soil-pipe system. The
model had a dimension of 12 feet in the length of the pipe to mimic. In the section, the width of

the model was dependent to the diameter of the pipe to mimic the positive embankment
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installation. The positive embankment installation was used because in this type of installation the

backfill would apply the maximum pressure on the pipe.

Backfill

Hunch

Bedding

Figure 6.1 the typical geometry of the soil-pipe interaction models
The depth of the bedding chose to be the same as the diameter of the pipe to ensure enough distance

from the bottom of the pipe to develop the stress in soil. The boundary condition chose to mimic
the positive embankment installation. For this purpose, the two sides of the model restrained for
the displacement in x direction to prevent the normal movement. the bottom of the model restrained
for the displacement in all directions (X, y, z). the front and back of the model restrained for the
displacement in z direction. Figure 6.2 shows the front, right side and bottom surfaces of the model
on which the boundary conditions applied. The same surface at the back and left side with the

same boundary conditions were used.
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(a)

Figure 6.2 (a) front, (b) right side, (c) bottom surfaces of the model to apply boundary conditions
In section 2.1.1 a general view of soil pipe installation has been described (see figure 2.4). part of

the model, directly under the pipe, considered to have a loosely material to mimic the uncompacted

part of the hunch. In figure 6.3 this part has been shown with the width of one third of the diameter.

D/3

Figure 6.3 Loosely placed bedding under the pipe according to real installation details
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The three-dimensional 8-noded linear brick element was used to generate the FE mesh of the soil
and pipe. The reinforcement of the pipe was modeled using the two-dimensional truss element as

mentioned in section 6.2.1. figure 6.4 presents the general FE mesh of the model.

T T
T

1111111

Figure 6.4 General FE mesh of the soil-pipe interaction models
Three surfaces of interaction were defined in the model to mimic the interaction between backfill

and hunch, hunch and pipe, hunch and bedding. The contacts were assumed to be surface to surface
with the normal and tangential interaction behaviors. For the normal behavior a zero-penetration
constrained and for the tangential a friction between two surfaces were applied.

6.2.Staged loading and model change

The total stiffness of the backfill cannot be presented in the model during the analysis. Since the
construction of the system is in staged format, A staged loading was modeled identical to the
installation procedure. The initial analysis step was the placement of the pipe on the bedding

surrounding with the hunch. The first step was to apply the first part of the backfill. Each part of
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backfill assumed to have 4 feet depth and the total number of the backfill parts considered to be
10. Therefore, the model is capable to apply a 40 feet depth of the soil on the pipe in 10 steps of
the loading. Each of the soil layers were added to the system in separate analysis steps. In each

step, gravity loads due to the placing of a new layer were applied to the model (figure 6.5).

(step 2) (step 3)

Figure 6.5 Step by Step increasing the backfill height

All the parts were introduced and assembled in the initial stage of the modeling when the parts
were in their un-deformed shape. Using a model change approach during the analysis at each step
only part of the FE mesh is active. When each layer was activated, its geometry was corrected to
fit and accommodate with the previous deformed layer. The stiffness matrices of the deactivated
parts, i.e. Layer n+1 and the layers after that when Layers 1 through n were active, were not
assembled in the total stiffness matrix of the system, so their effects were eliminated from the
model. The FE algorithms were introduced to the model such that each deactivated part was able

to map its new geometry after activation based on the deformation of the previous parts caused by
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the loads applied to the soil-hunch system. This will enable the model to be updated be adding
more soil as backfill.

6.3.Material model

Concrete and reinforcements of the TWCPs were modeled using the same properties described in
section 6.2.2. Backfill, hunch and bedding were modeled using the Mohr-Coulomb material model
for soils described in chapter 2. Based a research performed by Selig in 1990 the properties of the
soil, which can be used in Mohr-Coulomb model, is related to the level of the compaction and the
depth of the soil [59]. Using the parameters recommended in Selig’s research, table 6.1 to 6.3
presents the properties of the soil using in this research and the soil type is matched with the known
category of soil based on USCS and AASHTO. The specific gravity of all soils considered to be

120 pound per cubic feet.

Table 6.1 Mechanical properties of bedding

Soil Type Compaction Level ¢ |c(psi)| E(psi) v
Categoryl
(SW,SP,GW,GP) 95% 38.0 0 6000 0.24
(A1,A3)

Table 6.2 Mechanical properties of backfill

Soil Type Compaction Level ¢ |c(psi)| E(psi) v
Category III
(CL,MH) 80% 200 | 3.0 700 0.3
(A5,A6)

Table 6.3 Mechanical properties of loosely placed bedding

Soil Type Compaction Level ¢ | c(psi)| E (psi) v
Category III
(CL.,MH) 50% 10.0 6.0 300 0.35
(A5,A6)
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Three categories of soil, with level of compaction of 85%, were considered for the hunch to
evaluate the behavior of the pipes with different types of surrounding soil. the compaction level
was chosen to be matched with the real installation process of rigid pipes and to avoid the needs
of a high-quality installation. The more the compaction level is the more restriction on quality
control during the installation will be needed which will increase the price of using TWCPs
compared to regular RCPs. The properties of the hunch are presented in table 6.4.

Table 6.4 Mechanical properties of hunch

Soil Type Compaction Level ¢ |c(psi)| E(psi) v

Category |
(SW,SP,GW,GP) 85% 38.0 0 2600 0.25
(A1,A3)

Category 11
(GM, SM, GC, SC) 85% 30.0 3.0 800 0.3
(A2, A4)

Category III
(CL, MH) 85% 20.0 6.0 400 0.35
(AS, A6)

6.4.Parameters of the model

Structural performance of soil-pipe system was evaluated by creating FE models by changing the
geometrical and material parameters. Table 6.5 presents the parameters considered in this study.
Diameter and thickness of the pipe were the most important parameter, since they represent the
main structural features of the pipe. As mentioned in chapter 2, Based on ASTM C76 [3], there
are five classes of RCPs which are currently produced in industry. Among these classes, class 111-
wall B has the most usage while being considered in most of infrastructural projects. Using design

tables of ASTM C76 the geometry of the pipes was determined to be used in parametric study.
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Table 6.5 Essential parameters of parametric study

Diameter (in.)

Thickness (in.)

Reinforcement

Hunch

30

1.75

2.25

2.75

36

2.00

2.50

3.00

48

2.50

3.00

3.50

54

2.75

50% of designed
reinforcement according
to ASTM C76 for class

I11- wall B

Category |
(SW,SP,GW,GP)
(A1,A3)
85% compaction

3.25

3.75

60

3.00

3.50

4.00

72

3.50

4.00

4.50

84

4.00

4.50

75% of designed
reinforcement according
to ASTM C76 for class

- wall B

Category Il
(GM, SM, GC, SC)
(A2, Ad)
85% compaction

5.00

96

4.50

5.00

5.50

108

5.00

5.50

6.00

120

6.00

6.50

7.00

Without reinforcement

Category III
(CL, MH)
(A5, A6)
85% compaction

Total number of models created for parametric study: 270
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In table 6.5, each diameter with its corresponding thicknesses is presented. Ten diameters were
considered for the study with three different thickness for each of them. These thirty combinations
of diameter-thickness, then combined with three levels of reinforcement. Two levels reinforcement
were 50% and 75% of which presented in details of designed pipes for class I11-Wall B according
to ASTM C76 [3]. To evaluate the behavior of the pipes without reinforcement the option of no-
reinforcement was added to these levels. The combination of diameter, thickness and
reinforcements will create ninety different geometry for the pipes used in parametric study. Effect
of surrounding soil was added to this combination by three levels of soil properties for the hunch
presented in table 6.4. The total number of models created for parametric study was 270 models.
6.5.Crack width measurement method

Crack width measurement approach, mentioned in section 4.1.3, can be applied to the TWCPs in
soil-pipe interaction models. To calculate the crack width, at each step of loading the elongation
between nodes for inside and outside surface of the pipe was calculated. Figure 6.6 (a) presents a
contour of plastic tensile strain in a TWCP with the diameter of 60.0 inches and the thickness of
3.00 inches as an example of results at the final step of loading. The crown and invert of the pipe
is shown in figure 6.6 (b) in a more focused view. As it mentioned in section 4.1.3, the distribution
of plastic strain represents the cracking pattern of the concrete body to measure the crack width,
the relative displacement of each two nodes of the FE model was calculated at the end of loading

in each step of load application using Eq. 6-1 to 6-3 (see figure 6.7).

sinf = Q Eq. 6-1
x. —_— x _

cosf = ll ] Eq. 6-2

displacement = (u; — u;) cos@ + (v; — v;) sinf Eq. 6-3

In which [ is the length between two nodes
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(a) (b)

Figure 6.6 Example plastic tensile strain contours for a TWCP at final step of loading

Figure 6.7 presents a two-dimensional view of an element in section of pipe in which, one can find

the details used in Eq. 6-1 to 6-3

v

Node i ‘_.u

Node j

Figure 6.7 General two-dimensional view of an element in section of the pipe

Using the equations for all circumferential nodes, inside and outside of the pipe surface, the results
would be similar to the graphs shown in figures 6.8 and 6.9 for inside and outside surface of the
pipe respectively. The graphs were extracted from the results of the TWCP shown in figure 6.6 as
an example to show the process. The horizontal axis of the graphs shows the angle of the position
measured counterclockwise from the horizontal orientation. Using the distribution of the tensile

plastic strain and the positions of the jumps in relative displacement graphs, one can add the
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relative displacements and find the crack widths. To do this, the relative displacements inside the

tensile plastic zone should be added.
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Figure 6.8 Relative displacements of the nodes of inside pipe circumference
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Figure 6.9 Relative displacements of the nodes of outside pipe circumference
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This process was performed using a computer code for all the models created for parametric study
and the maximum crack width of the TWCPs at each step of the loading was calculated.

6.6. Results

As mentioned in table 6.5 two categories of soil-pipe models were created: first category consisted
of the pipes with reinforcement and the second one without reinforcement. Effects of changing the
parameters on each categories of models are presented in sections 6.6.1 and 6.6.2.
6.6.1.Reinforced TWCPs

Deflection of TWCPs are restricted by the surrounding soil. The effect of the hunch level of
compaction is the one of the most important effects on behavior of these pipes. The effect of the
level of compaction of the soil on different diameters of the pipes by changing the height of the

soil on the system is evaluated in figures 6.10 to 6.19.

0.003
* Category III- Es=400 psi
0.0025 * Category 1I- Es=800 psi .
* Category I- Es=2600 psi
~ 0.002 s . . !
g :
E S
-E 0.0015 - . : :
=4 . . .
[®] [ o ™
: . ¢ |8 ! .
© o001 o - . : - .
0.0005 ** : . ® f * ’ :
. § ¢ ‘8
0 20 40 60 80 100 120 140

Pipe Diameter (in.)

Figure 6.10 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 4 ft
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Figure 6.11 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 8 ft
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Figure 6.13 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 16 ft

0.08

0.07

0.06

bt
=
T

Crack width (in.)
2 B

0.02

0.01

» Category III- Es=400 psi .
* Category II- Es=800 psi
* Category I- Es=2600 psi e
L]
.
L] e L]
. . ¢ [
SN RS,
' ' g °* L .
A A
: . : 3 : :
L] s E . |
20 40 60 80

Pipe Diameter (in.)

*

100

(L L L] L2

ee o e

120

140

Figure 6.14 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 20 ft
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Figure 6.15 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 24 ft
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Figure 6.16 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 28 ft
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Figure 6.17 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 32 ft
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Figure 6.19 crack width in reinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 40 ft

In figures 6.10 to 6.19, Each graph represents 18 data for each diameter of the pipe which makes
the total data on each graph 180. For each category of the hunch soil, 6 point are presented in the
graphs representing the change in thickness and reinforcement of the pipes.

With increasing the soil height, the effect of compaction level of the hunch is better presented in
graphs and the separation of the black, red and blue point are more obvious. This is due to the
confining effect of the hunch on pipe with increasing its deflection. Once the deflection of the pipe
increases, the surrounding soil will apply more confining pressure on it and prevents the opening
of the cracks. For each diameter of the reinforced TWCPs, the effect of soil height on crack widths
is also evaluated and presented in appendix A, which can be used for the design purpose.
6.6.2.Unreinforced TWCPs

The effect of the level of compaction of the soil on different diameters of the pipes by changing
the height of the soil on the system is evaluated in figures 6.20 to 6.29.
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Figure 6.20 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 4 ft
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Figure 6.21 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 8 ft
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Figure 6.22 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 12 ft
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Figure 6.23 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 16 ft
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Figure 6.24 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 20 ft
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Figure 6.25 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 24 ft
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Figure 6.26 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 28 ft
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Figure 6.27 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 32 ft
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Figure 6.29 crack width in unreinforced TWCPs in different diameters by changing Hunch soil. Height of soil: 40 ft
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In figures 6.20 to 6.29, Each graph represents 9 data for each diameter of the pipe which makes
the total data on each graph 90. For each category of the hunch soil, 3 point are presented in the
graphs representing the change in thickness of the pipes. For each diameter of the unreinforced
TWCPs, the effect of soil height on crack widths is also evaluated and presented in appendix B,
which can be used for the design purpose.

6.7.Regression analysis

Regression equations were developed from the results of FEM analyses conducted, to determine
the values of the crack width (C,,) as the dependent parameter for predetermined values of

independent parameters. Table 6.6 presents the independent parameters of the regression analysis.

Table 6.6 Independent parameters of regression analysis

Independent Variable Description
D Internal diameter of the pipe
T Wall Thickness of the pipe
2 Area of circumferential reinforcement of the pipe per feet of the
s pipe length
Ecoir Modulus of elasticity for the hunch soil
Hgpit Height of the soil embankment over the pipe

Linear logarithmic equation was considered in the format shown in Eq. 6-4.

log Gy = log(Bo) + B1log (D) + B log (T) + Bz log (As) + Bylog (Esoir) Eq. 6-4
+ ,85 lOg (Hsoil)

which can be written as an alternative following format:
Cw = (10)Po(D)P1(T)P2(Ag)P2 (Egour) P+ (Hyoi) P Eq. 6-5

For the unreinforced TWCPs, A, will not be considered as independent variable in section 6.7.2.
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6.7.1.Regression analysis for reinforced TWCPs

As shown in Eq. 6-4, the logarithm of independent variables and crack width as dependent variable
were calculated and considered as the variables of a simple linear regression analysis. Initial
regression analysis was performed on 1800 data. table 6.7 and 6.8 show the ANOVA for training
data and coefficients of multilinear regression analysis respectively. ANOVA shows the total
regression analysis was significant.

Table 6.7 ANOVA for training data -Reinforced TWCPs

Source DF Sum of Squares ~ Mean Squares F Pr>F
Model 5 673.5547 134.7109 2687.908 <0.0001
Error 1794 89.9106 0.050117

Total 1799 763.4653

Table 6.8 Coefficients of the model -Reinforced TWCPs

Coefficients Stgr:;j;rd t Pr>t LO\EV;;(Q ;’md Up?ggﬁ ;:md
Intercept -6.572 0.191 -34.337 <0.0001 -6.948 -6.197
D 2.304 0.092 26.057 <0.0001 2.124 2.485
T -1.126 0.114 -9.845 <0.0001 -1.350 -0.901
Ag -0.422 0.058 -7.293 <0.0001 -0.536 -0.309
Eoil -0.503 0.016 -32.018 <0.0001 -0.534 -0.473
Hg,i 1.858 0.017 106.370 <0.0001 1.824 1.893

Equations 6-6 and 6-7 present the regression results for the initial crack width:
log(C,,); = log(—6.572) + 2.3041log (D) — 1.126log (T)

Eq. 6-6
—0.4221og (Ag) —0.5031log (Esy;) + 1.8581log (Hgpir)

(Cw)l — (10)—6.572 (D)2.304(T)—1.126(AS)—0.422 (ESO”)—O.SOS(HSOil)l.SSS Eq 6'7
Figure 6.30 presents the comparison of FE and predicted crack width in logarithmic axis which

shows an acceptable correlation between them.
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Figure 6.30 Comparison between FEM and predicted crack width in logarithmic scale for reinforced TWCPs

As shown in figure 6.30, there is a difference in data dispersion between two parts of the graph.
The separator of these two parts is (C,,); = 0.003 in. This indicates that the behavior of the pipes
for the crack widths under 0.003 in. is different than its behavior for the crack widths higher than
0.003 in. Data can be sorted based on (C,,); by using Eq 6-7.

6.7.1.1 Regression for (C,,); < 0.003 in.

Regression analysis was repeated for 343 data, for which the initial crack width was less than 0.003
in. Table 6.9 and 6.10 show the ANOVA for training data and coefficients of multilinear regression
analysis respectively. ANOVA shows the total regression analysis was significant.

Table 6.9 ANOVA for training data -Reinforced TWCPs ((C,); < 0.003 in.)

Source DF Sum of Squares ~ Mean Squares F Pr>F
Model 5 41.49441 8.298883 260.5527 <0.0001
Error 338 10.76566 0.031851

Total 343 52.26008
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Table 6.10 Coefficients of the model -Reinforced TWCPs ((C,,); < 0.003 in.)

Coefficients Stg?f;rrd t Pr>t '-O‘Evgesr(yt(’);"”d Upg’gsro;’)")“”d
Intercept -8.726 0.348 25104  <0.0001 -9.410 -8.042
D 2.850 0.165 17.291  <0.0001 2.525 3.174
T -2.387 0.201 -11.896  <0.0001 -2.782 -1.992
Ag 0.093 0.105 0.882  0.38>0.05 -0.114 0.300
Eoil 0.300 0.031 9.727 <0.0001 0.240 0.361
Hoi1 1.396 0.056 25.018  <0.0001 1.286 1.506

Analysis of significance for each variable indicated that the area of reinforcement is not a
significant variable for multilinear regression. Before cracks reach to the reinforcement, it has no
role to control the crack width and this is a well-known phenomenon in reinforced concrete design.
For the final version of the regression in this level of crack width, A was removed from the list of
variables. Equations 6-8 and 6-9 present the regression results for the crack width less than 0.003
in.
log(C,,) = log(—8.726) + 2.850log (D) — 2.387log (T) + 0.3log (Esyi;)
Eq. 6-8
+ 1.396 log (Hspi1)

(Cw) = (10)_8'726(1))2'850(T)_2'387(Esoil)0'3(Hsoil)ls% Eg. 6-9

6.7.1.2 Regression for (C,,); > 0.003 in.
Regression analysis was repeated for 1456 data, for which the initial crack width was greater than
0.003 in. Table 6.11 and 6.12 show the ANOVA for training data and coefficients of multilinear

regression analysis respectively. ANOVA shows the total regression analysis was significant.
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Table 6.11 ANOVA for training data -Reinforced TWCPs ((C,,); > 0.003 in.)

Source DF Sum of Squares Mean Squares F Pr>F
Model 5 136.9466 27.38932 2403.685 <0.0001
Error 1450 16.52234 0.011395

Total 1455 153.4689

Table 6.12 Coefficients of the model -Reinforced TWCPs ((C,,); > 0.003 in.)

Coefficients Sté?rd;rd t Pr>t LO\?gsr(;) ;’md Up?ggoz ;;md
Intercept -4.508 0.105 42776 <0.0001 -4.715 -4.301
D 1.420 0.051 27778 <0.0001 1.320 1.520
T -0.228 0.062 -3.662 <0.0001 -0.350 -0.106
A -0.507 0.031 16511 <0.0001 -0.568 -0.447
Eir -0.594 0.009 -69.828  <0.0001 -0.610 0577
Hgoi 1.330 0.015 g9.947  <0.0001 1.301 1.359

The effect of area of reinforcement is significant as shown in table 6.12. Equations 6-10 and 6-11
present the regression results for the crack width greater than 0.003 in.
log(C,,) = log(—4.508) + 1.4201log (D) — 0.2281log (T) — 0.507 log (Ay)

Eq. 6-10
—0.594 lOg (Esoil) + 1.330 lOg (Hsoil) |

(Cu) = (10) 508 (D)H20(T) 0228 (A) 037 (Eg) 05" (Hypu) % Eq. 6-11

As shown in figure 6.31, with the new system of equations, there is better correlation between
FEM and predicted results. Figure 6.32 presents the correlation between predicted and FEM crack

widths.
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Figure 6.31 Comparison between FEM and predicted crack width using new equations in logarithmic scale for
reinforced TWCPs
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Figure 6.32 Comparison between FEM and predicted crack width using new equations for reinforced TWCPs
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6.7.2.Regression analysis for unreinforced TWCPs
Initial regression analysis was performed on 900 data. Table 6.13 and 6.14 show the ANOVA for
training data and coefficients of multilinear regression analysis respectively. ANOVA shows the

total regression analysis was significant.

Table 6.13 ANOVA for training data -Unreinforced TWCPs

Source DF Sum of Squares ~ Mean Squares F Pr>F
Model 4 690.4733 172.6183 1733.79 <0.0001
Error 895 89.10734 0.099561

Total 899 779.5806

Table 6.14 Coefficients of the model -Unreinforced TWCPs

Coefficients Stgr:;j;rd t Pr>t LO\EV;;Q ;’md Upgggtz ;:md
Intercept -4.688 0.208 -22.537 <0.0001 -6.948 -6.197
D 1.986 0.155 12.831 <0.0001 2.124 2.485
T -0.881 0.193 -4.557 <0.0001 -1.350 -0.901
Eoil -1.029 0.031 -32.819 <0.0001 -0.534 -0.473
Hg,i 2.525 0.035 72.490 <0.0001 1.824 1.893

Equations 6-12 and 6-13 present the regression results for the initial crack width:
log(C,,); = log(—4.688) + 1.986log (D) — 0.8811log (T)

Eq. 6-12
- 102910g (Esoil) + 252510g (Hsoil)

(Cw)i = (10)_4.688(D)1-986(T)_0'881(Esoil)_llozg(Hsoil)zszs Eq 6-13
Figure 6.33 presents the comparison of FE and predicted crack width in logarithmic axis, which

shows an acceptable correlation between them.
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Figure 6.33 Comparison between FEM and predicted crack width in logarithmic scale for unreinforced TWCPs

As shown in figure 6.33, there is a difference in data dispersion between two parts of the graph.
The separator of these two parts is(C,,); = 0.01 in. This indicates that the behavior of the pipes
for the crack widths under 0.01 in. is different from its behavior for the crack widths higher than
0.01 in. Data can be sorted based on (C,,); by using Eq 6-12.

6.7.2.1 Regression for (C,,); < 0.01 in.

Regression analysis was repeated for 192 data, for which the initial crack width was less than 0.01
in. Tables 6.15 and 6.16 show the ANOVA for training data and coefficients of multilinear
regression analysis respectively. ANOVA shows the total regression analysis was significant.

Table 6.15 ANOVA for training data -Unreinforced TWCPs ((C,,); < 0.01 in.)

Source DF Sum of Squares ~ Mean Squares F Pr>F
Model 4 28.52094 7.130235 102.4525 <0.0001
Error 187 13.01436 0.069596

Total 191 41.5353
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Table 6.16 Coefficients of the model -Unreinforced TWCPs ((C,); < 0.01 in.)

Coefficients Stg?f;rd t Pr>t Lm;v;:g(yt; ;md UpE)SSrOZ z):md
Intercept -8.448 0.342 -24.723 <0.0001 -9.123 -1.774
D 2.803 0.260 10.772 <0.0001 2.289 3.316
T -2.346 0.325 -7.210 <0.0001 -2.988 -1.704
E il 0.141 0.065 2.169 <0.0001 0.013 0.269
Hg,i 1.588 0.103 15.450 <0.0001 1.385 1.791

Equations 6-14 and 6-15 present the regression results for the crack width less than 0.01 in.

log(C,,) = log(—8.448) + 2.803log (D) — 2.3461log (T) + 0.141log (Espi1)

+ 1.588 lOg (HSOil)

(Cu) = (10)048(D)>503 () 2340 (B, ;) 141 (Hy) 5%

6.7.2.2 Regression for (C,,); > 0.01 in.

Eq. 6-14

Eq. 6-15

Regression analysis was repeated for 708 data, for which the initial crack width was greater than

0.01 in. Tables 6.17 and 6.18 show the ANOVA for training data and coefficients of multilinear

regression analysis respectively. ANOVA shows the total regression analysis was significant.

Table 6.17 ANOVA for training data -Unreinforced TWCPs ((C,,); > 0.01 in.)

Source DF Sum of Squares Mean Squares Pr>F
Model 4 123.8577 30.96444 5802.026  <0.0001
Error 703 3.751793 0.005337
Total 707 127.6095

132



Table 6.18 Coefficients of the model - Unreinforced TWCPs ((C,,); > 0.01 in.)

Coftons VIO oo Lo Ol
Intercept -1.425 0060  -23.878  <0.0001 1542 1307
D 0.646 0.043 15055  <0.0001 0.562 0.730
T 0.389 0.052 7.420  <0.0001 0.286 0.492
Egil -1.053 0.009  -122.348  <0.0001 1,070 1036
Hg,; 1.492 0015 100447  <0.0001 1463 L520

Equations 6-16 and 6-17 present the regression results for the crack width greater than 0.003 in.
log(C,,) = log(—1.425) + 0.6461og (D) + 0.3891og (T) — 1.053log (Espi1)

Eq. 6-16
+ 1.492log (Hspi1) 1

(Cu) = (10)7H425(D)0S46(T)O3% () 959 ()42 Eq. 6-17

As shown in figure 6.34, with the new system of equations, there is better correlation between

FEM and predicted results.
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Figure 6.34 Comparison between FEM and predicted crack width using new equations in logarithmic scale for
unreinforced TWCPs
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Figure 6.35 presents the correlation between predicted and FEM crack widths.
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Figure 6.35 Comparison between FEM and predicted crack width using new equations for unreinforced TWCPs
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CHAPTER 7. SUMMARY AND CONCLUSIONS
7.1.Summary
Buried pipe systems have been designed based on two general methods considering the soil-pipe
structural interaction: that is, evaluating the pipe as a rigid pipe, or evaluating it as a flexible pipe.
Rigid and flexible pipes are distinguished by the deflection ratio or by the relative stiffness of the
pipe. Rigid pipe systems only rely on the active soil pressure, and primarily resist the loads on the
pipe by carrying moment and shear in the pipe wall and start showing signs of structural failure
before being vertically deflected up to 2 % of their inside diameter. Flexible pipe systems carry
load by deflecting out into the soil to pick up additional passive soil pressure, which then results
primarily in compressive forces in the pipe wall.
Flexible pipes, made from metal and plastic, have lower material price compare to rigid ones but
the installation of these pipes needs more soil compaction effort and thus results in higher
construction price. With restricted specifications of design and installation of flexible pipes,
engineers and contractors need to accept the installation risks, which come with them. Concrete
pipe represents the predominant pipe material used for rigid pipe systems in the storm sewer
market in the US. Concrete pipe is very durable and utilizes design methods that have been in
place for decades to design a pipe product, which ensures that concrete pipe can take a large portion
of the soil backfill load on its own. This enables the pipe to be independent from the reaction of
the surrounding soil and thus reduces the compaction efforts during the construction process.
The main goal of this research was to evaluate the concept of thin-walled concrete pipe (TWCP)
as a Semi-Rigid Pipe. The idea was to reduce the thickness and reinforcement of the current
reinforced concrete pipes to increase their deflection before failure and control the crack formation

and width by using synthetic fibers. The flexibility of these pipes will enable them to use the
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passive pressure of surrounding soil and in turn, relieves the pipe of the burden of carrying the soil
load through moment and shear in the pipe wall (as standard reinforced concrete pipe does) and
allows it to perform primarily under compressive stress in the pipe wall. In addition, the risk of
uncompact soil during installation process will be minimized in these pipes having a minimum
required self-rigidity. This This type of concrete pipe would be lighter, cheaper, and more durable
than what is currently in use while still providing a pipe product much less dependent upon
installation conditions than the very flexible metal and plastic pipes in the American market.

The following steps were taken to investigate the concept of TWCPs:

e Comprehensive experimental investigations were conducted in two phases:

o The first phase was to understand the behavior of synthetic fiber reinforced TWCPs in
Industrial scale pipe production using a common industrial concrete mix design. In this
phase, 44 pipes were created and TEB test was performed on all the pipes. The load-
deformation curve for all tested specimens was extracted and the cracking behavior of
the pipes with and without using synthetic fibers was observed.

o The second phase was to perform experimental study on crack development in
synthetic fiber reinforced concrete specimens. In this phase, 12 beam specimens were
created using ASTM 1609 recommendations. The beams were tested in two groups of
six beams under three and four- point bending test setup. Crack width was measured
using two-dimensional digital image correlation (DIC) method.

e Finite element modeling was performed in three phases:

o  The first phase of FE modeling was to mimic the behavior of bending test specimens

to find a method with which the crack widths can be measured using a FE approach. In

this phase three-dimensional FE models has been created to simulate the three-point
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and four-point bending tests. By using a three-phase uniaxial tensile curve for Syn-
FRC, the load-deflection curves of the tests specimens were obtained and matched with
the tests results. A crack width measurement method with FE was proposed

o The second phase of FE modeling was to create models to mimic the behavior of
TWCPs under TEB test. This phase helped to find the bests tensile stress softening
curve for the Syn-FRC, used in industry. The TWCPs in industrial level are created
using a dry mixed concrete using a packer head equipment. The effect of industrial
process on the material property of the Syn-FRC was evaluated in this phase as well as
the capability of FE modeling to mimic the TEB tests.

o Since interaction of pipe with the soil has a great impact on structural behavior of
TWCP systems in third phase of FE modeling, a soil-pipe interaction was developed to
simulate the behavior of TWCPs under step by step increasing loads of the soil backfill.
A model change method was utilized to mimic staged loading of the backfill on the
soil-pipe system. The FE crack width measurement, already proved to be reliable in
first phase of FE modeling, was used to measure the crack width in TWCPs inside the
soil.

Parametric study was conducted on soil-pipe interaction FE models. 180 models with
reinforced and 90 models with unreinforced TWCPs were created and during ten steps of
loading (each of which with four feet soil of backfill) the crack width calculated. The results
were presented in different design graphs.

Multi variate regression analysis was performed on two sets of data for reinforced and

unreinforced TWCPs and the results were presented in form of crack width equations.
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7.2.Conclusion remarks

Following remarks can be concluded from TEB tests performed on TWCPs:

o Discrete synthetic fibers increased the shear capacity of concrete, delayed shear
failure mode, and significantly enhanced the capacity of pipe to carry the loads with
the use of reduced steel reinforcement.

o The reductions in pipe thickness in the experiments were in the ranges of 35% and
50% for small and large diameter concrete pipe, respectively. This reduction
increased the flexibility of the pipes to reach 3% of deflection before its ultimate
load. This will let the pipe deform toward the surrounding soil to utilize the passive
soil pressure.

o To have a guideline it was set for TW pipes to have a minimum stiffness of 690
kPa (100 psi) at 3 % deflection. Among thirty-four tested TW pipes with synthetic
fibers, thirty-two TW pipes (97 %) satisfied the suggested minimum pipe stiffness
(100 psi) at 3% deflection.

DIC method was successfully adopted and calibrated to measure the crack width and has been
proven to be a reliable method to do this. By using 1% volume fraction of synthetic fibers, it
has been shown that the behavior of bending specimens will be drastically change and the
bridging effect will act to overcome the increasing of crack width.

The three-phase uniaxial tensile model was used successfully to mimic the behavior of bending
specimens and TEB test of the TWCPs. The crack patterns observed in TEB tests could be
detected in FE models. Comparison between the experimental crack measurement data with

those measured by FE proved the method to be reliable.
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e From parametric study on the crack width of TWCPs in soil-pipe interaction models, design
graphs were produced. Following remarks are the most important conclusions form the graphs:

o The effect of level of compaction for hunch is not significant if the depth of backfill
IS up to 4 ft for both reinforced and unreinforced TWCPs

o Itis possible to design all diameters of reinforced TWCPs to withstand 8 ft of soil
pressure with a crack with less than 0.01 in. by using all categories of soil for hunch.

o Itis possible to design all diameters of reinforced TWCPs to withstand 12 ft of soil
pressure with a crack with less than 0.01 in. using soils in category I and Il for
hunch.

o Using soils in category | for hunch, it is possible to design all diameters of
reinforced TWCPs to withstand up to 24 ft of soil pressure with a crack with less
than 0.01 in.

o It is possible to design all diameters of unreinforced TWCPs to withstand 8 ft of
soil pressure with a crack with less than 0.01 in. by using soils in category | for
hunch.

e Multi variate regression analysis showed that there is a boundary at crack width of 0.003 in.
and 0.01 in. for reinforced and unreinforced TWCPs respectively. To calculate crack width

above and below this boundary different equations should be used.

7.3.Suggested future studies
TWCPs are the new category of concrete pipes and this research began to investigate the possibility
of production and structural concepts of these pipes on which more investigations needed. Some

suggestions for future studies of this research are:
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The effect of using the soils with different parameters in backfill and bedding should be

studied by creating more FE models

Trench installation should be investigated to see the effect of native soil and trench with

on the behavior of the pipes.
Long term deflection should be considered to investigate the effect of time on crack width.

The effect of traffic loads on the cracks of TWCPs buried under less than 4 ft of soil should

be investigated.
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APPENDIX A. GRAPHS OF CRACK WIDTH FOR REINFORCED TWCPs
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APPENDIX B. GRAPHS OF CRACK WIDTH FOR UNREINFORCED TWCPs
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