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ABSTRACT 

 
 

The design of service connections to deeply buried sewers involves a number of challenges. 

In practice, the loads that develop from vertical risers can damage the Tee or Wye fitting to which 

it is connected. This thesis studies the expected loads and resistance of these connections, and 

provides some recommendations for the solution of this engineering problem. 

Laboratory tests have been performed to explore the capacities of the existing fittings both in 

air and when buried in uniform sand. A test procedure different from the standard quality control 

test methods described in ASTM F1336-02 is used to study the performance of the fittings in air. A 

special test configuration was also developed for an existing pipe test cell to explore the 

capacities of the existing PVC Tee and Wye fittings when buried in uniform sand. 

An analytical formula analogous to pile downdrag and numerical analyses have been used to 

evaluate the test results, to calculate the capacities of the buried heavy-wall fittings, and to 

explore the downdrag forces that develop along vertical risers. Through comparisons with 

experimental measurements, it was demonstrated that these methods of analysis can be used to 

estimate the downdrag forces and determine the adequacy of specific fittings to resist those 

forces. 

The major conclusions drawn for the specific fittings tested in this project are summarized as 

follows. When axially loaded in air, both Tee and Wye fittings experience plastic yield failure. 
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When buried, the Tee fitting fractures or yields only along the base of the riser part; while the Wye 

fitting itself does not fail, the riser cracks near its base where it connects to the curved pipe (450 

elbow) above the Wye. Both the capacities and stiffness of the buried fitting system (either Tee or 

Wye) are approximately linear functions of the confining stress supplied by the surrounding soil. 

The accumulated downdrag along the riser in the coarse-grained soil is much smaller than that in 

fine-grained soil. 

Various practical solutions for the vertical riser problem are then discussed and 

recommended. 
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CHAPTER 1 INTRODUCTION 
 
 

1.1 Background and Objectives 

The design of deeply buried riser connections is a challenging engineering problem that has 

received little, if any, attention from the research community. There are several current methods 

used in practice to attach sewer risers, Figure 1-1. Usually Tee or Wye fittings, Figure 1-2, are 

used to connect service lines to mainlines.  

 

 

 
 Figure 1-1 Current configurations for sewer riser connections. (From Schluter, 1988). 
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              Tee fitting                                      Wye fitting 
Figure 1-2 Fittings commonly used to connect service lines to mainlines. 
 

However, all of the methods in Figure 1-1 have shortcomings. Firstly, all of these current 

methods are designed with horizontal portions between mainlines and drop laterals, which are 

laid over disturbed materials and may experience a loss of bedding support if the foundation 

settles. This can lead to a loss of grade and shear failure in the pipes or fittings. Secondly, to 

minimize the effect of vertical force from the risers, some measures, such as sleeves and 

concrete encasement, may be designed and employed. This will obviously increase project cost. 

Finally, with the consideration of horizontal portions and the trench slope for the attachment of 

drop laterals, the excavation for service lines can become large when mainlines are deeply 

buried. This greatly adds to construction cost and time.  

Due to the shortcomings described above, contractors often connect service lines to mainlines 

using vertical risers, as shown in Figure 1-3. 
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Figure 1-3 An alternative method to connect service lines to mainlines using vertical 
risers. 
 

However, downdrag develops around the vertical riser as backfill is placed in the trench, and 

large vertical forces may then develop on the top of the Tee or Wye fittings. Even though each 

fitting from manufacturers like IPEX Inc. is clearly marked to dissuade contractors from using this 

configuration, the potential savings in excavation costs mean that contractors persist with this 

practice and failures can result. The objective of the present project is to determine the resistance 

of Tee and Wye fittings to this vertical force, and the vertical force (demand) that may occur. If 

new fittings or configurations can be developed to resist this force (or compliant fittings can be 

used to eliminate the force from the vertical riser), it may lower project cost, shorten construction 

time, save construction space, and avoid potential litigation and costly repairs when contractors 

fail to heed the moratorium on this practice. 

In the following discussion embankment conditions are always assumed either for theoretical 

solutions or laboratory tests. Current design of buried thermoplastic pipes almost always ignores 

the benefits of trench conditions (Section 12 in AASHTO, 2007), since this provides conservative 

solutions and avoids potential problems if shear stresses on the sides of the trench (i.e. the 

benefits of ‘positive arching’, Moore, 2001) do not last over the long term. 

Sewer fitting with 
mainlines

Vertical riser 

Service line
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In this research work, the reaction portion of the loads on the top of riser shown in Figure 1-4 

is not investigated. There are three reasons for this. Firstly, this load is usually small compared to 

the downdrag developed in the deeply buried riser in that the horizontal lateral is commonly 

shallow buried. Secondly, it is not difficult to ensure a well supported foundation for the horizontal 

lateral to reduce the loads transferring to the top of the vertical riser. Finally, a deep socketed 

fitting (see Fisher, 2004) can largely reduce or even entirely eliminate the loads transferred from 

the horizontal lateral to the top of the vertical riser. 

 

 
Figure 1-4 Illustration for the reaction portion of the loads on the top of riser. 
 

All the pipes and fittings studied in this research work are unwrapped - PVC - sewer products 

unless specified. PVC represents polyvinyl chloride. 

Hydrostatic water pressure is not considered in this research work, since underground water 

in the trench is usually pumped out during the installation of sewer systems. If backfill soils are 

submerged in underground water, the lateral earth pressure on the vertical riser will decrease and 

thus, the downdrag will reduce. The fitting connected to the riser is less likely to be broken. 

For convenience, the pipe zone terminology used in this thesis is shown in Figure 1-5. The 

proper soil materials used for each zone are recommended in detail in ASTM D2321-05. 

Sewer fitting with 
mainlines

Vertical riser 

Reaction force 
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Figure 1-5 Pipe zone terminology. (After IPEX, 1999). 
 

The chief objectives of this research work are: 

 To evaluate load capacities of Tee and Wye fittings when tested in isolation and when buried, 

and to assess approximate strength requirements (vertical force expected to develop on top 

of these fittings when used in service with vertical risers).  

 To make recommendations for the solution of the issues associated with the use of vertical 

risers. 

1.2 Brief Introduction for Each Chapter 

This research work includes the experiments and the numerical simulations. The experimental 

work consists of the tests conducted in the universal testing machines and the full-scale physical 

testing. The numerical calculations are based on the parameters found in the literature. Specific 

assessment to characterize the material properties of the PVC in the pipe fittings is out of scope. 
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There are a total of nine chapters in this thesis, including this introduction. Others are briefly 

described as follows. 

In Chapter 2, a literature review is carried out for vertical riser issues. Since no publication 

was found for the downdrag along vertical risers sitting on sewer fittings, a brief review of the 

downdrag for a single buried pile is carried out instead. 

In Chapter 3, testing configurations and results for Tee and Wye fittings in isolation are 

described and discussed. To probe the capacities of the fittings in isolation, these test procedures 

are different from the quality control test methods provided in ASTM F1336-02. 

In Chapter 4, a new test configuration, which was developed based on the biaxial cell at 

Queen’s University, is described and employed to investigate the capacities of the Tee and Wye 

fittings in uniform sand.  

In Chapter 5, an analytical formula analogous to the analysis for a single buried pile is 

employed to estimate the downdrag along vertical risers. To simulate more realistic conditions, a 

one-dimensional finite element program is also developed in this chapter.  

In Chapter 6, three-dimensional finite element analyses were performed using the commercial 

finite element program, ABAQUS v6.5, to study the performance of Tee and Wye fittings in 

isolation and in uniform sand. These numerical results were then evaluated using test results. 

In Chapter 7, calculations for the capacity and stiffness of the heavy-wall Tee and Wye fittings 

in isolation and in uniform sand were carried out using the three-dimensional finite element 

procedures. 

In Chapter 8, three-dimensional finite element analyses were performed to explore the 
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downdrag along vertical risers sitting on Tee and Wye fittings.  

In Chapter 9, Conclusions are drawn from this research work and recommendations are made 

for future work on this topic. 
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CHAPTER 2 LITERATURE REVIEW 
 
 

2.1 Brief Introduction 

As mentioned in Chapter 1, no literature regarding deeply-buried vertical sewer risers was 

found in the research community. On the contrary, the engineering community has paid much 

attention to this engineering problem since the 1980’s and several technical articles have been 

written to discuss the sewer riser issue in local technical bulletins (Durham, 1988; Schluter, 1988; 

Fisher 2002 & 2004) and engineering recommendations are also provided in some pipe 

construction handbooks (e.g. IPEX, 1999 and Uni-Bell, 2001).  

Even though the vertical riser problem has existed for nearly 30 years, few case studies were 

reported publicly. Shammas (1984) published a case analysis for failed PVC fittings under vertical 

risers in shallow burial conditions. This paper is reviewed in detail later in this chapter.  

To investigate the issue of deeply-buried vertical risers, both the capacity of buried sewers 

and the downdrag forces at the riser base need to be studied. So far, no publication can be found 

for the capacity of buried sewer fittings or the downdrag forces along vertical risers. ASTM 

F1336-02 provides a set of standard test methods for quality control of fittings in isolation (in air), 

but they do not actually evaluate the capacity of the fittings. Obviously, the capacity of the sewers 

in ground is very different from that in air. The downdrag forces along a single buried pile have 

been studied by many researchers (e.g. Poulos and Davis, 1975; Randolph and Wroth, 1978; and 

Kodikara et al., 1993). Some of these methods for a single pile are believed to be useful for the 
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study of downdrag forces along vertical risers and thus, are reviewed later in this chapter.  

2.2 Review of Articles in the Engineering Community 

As mentioned in Chapter 1, the design of deep risers and service connections is a challenging 

engineering problem. A number of engineers have worked to develop practical methods 

attempting to solve this problem (e.g. Schluter, 1988; Durham, 1988; and Fisher 2002 & 2004). 

These methods and ideas are now reviewed. 

Schluter (1988) discussed issues associating with deeply-buried sewer riser systems, as 

show in Figure 1-3 and pointed out the typical problem areas if the drop laterals (riser pipes) were 

poorly designed. These problems include bending and shear failure in the laterals, and 

punch-through failure in the service connections (fittings). Usually, these problems were caused 

by the settling fill, which typically produced drag down loads along the vertical risers. To prevent 

these failures, four practical measures were then provided by Schluter (1988), as shown in Figure 

1-1. Nowadays, these methods are still recommended by many handbooks of pipe design and 

construction, even though contractors often use the configuration shown in Figure 1-3 to avoid 

excessive excavation.  

Durham (1988) mentioned that his company had experience with fitting “punch through”, and 

riser breakage. He noticed that the forces developed in risers were the combined effects of 

downward movement and deflection. He also described a particular fitting to solve the riser 

problem, which was called the “Controlled Settlement Joint”. This fitting had 150mm (six inches) 

of additional travel room for risers after the drag down loads reached around 4.5kN. A detailed 

description for this fitting is now available in CSA B182.1-06. 
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Fisher (2004) provides good advice to minimize soil settlement around sewer riser systems, 

such as compacting soil in lifts and using concrete encasement. He also provided two 

configurations to minimize the adverse effects of the downdrag forces along risers. One 

configuration uses spigot-to-spigot nipples rather than spigot-to-bell connections for the steeper 

portions of the riser. Another uses a deep-socketed fitting to minimize the contact forces between 

a riser and a fitting. Good construction practices were summarized by Fisher (2004) to avoid riser 

system failure.  

2.3 A Case of Cracked Sewer Fittings in Ground 

A detailed case study of the failure of PVC sewer fittings connected to vertical risers after 

burial was published by Shammas (1984). In that case, many PVC fittings were found cracked in 

new domestic connections to the sanitary sewer system in Riyadh, Saudi Arabia. As mentioned 

by Shammas (1984), “In view of the seriousness and implications of the problem, an extensive 

program of investigations was carried out by the Authority’s engineers and adviser, the Consultant, 

the Manufacturers, a German Standard (DIN) Committee, as well as by groups of experts from 

several universities – Saudi, German and Canadian...”.  

The layout of a typical deep domestic connection in that case is shown in Figure 2-1. The Tee 

fitting placed in the street sewer was embedded within concrete encasement to avoid damage 

when deeply buried. This configuration was also employed for the house drain outlet. A vertical 

riser pipe was used to reach the required elevation to reduce the excavation work. Two Wye 

fittings and two 450 elbows were used. The minimum cover near the house end was 0.9m, while 

at the street side it was at least 1.3m. The zones of fill material are summarized in Figure 2-2.  
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Figure 2-1 Layout of a typical domestic connection in the case in Riyadh. (From 
Shammas, 1984). 

 

 

 
Figure 2-2 Fill material used in the case in Riyadh. (After Shammas, 1984). 

 

 

Final Backfill: selected borrow or excavated 
material in layers of 150 or 300mm and compacted 

Initial Backfill: uniform sand with a maximum size 
of 5mm; hand compacted 

300mm 

Bedding and Haunching: fine gravel with a size of 
4.75mm to 19.0mm; hand compacted 

>150mm 



 
 

12

Based on the careful assessment of environmental conditions and problems in Saudi Arabia 

and the availability of locally manufactured pipes at the time, pressure water pipes rather than 

gravity sewer pipes were used in this case. However, gravity sewer fittings were used, which 

were proposed by the contractor and manufacturers. The cracking problem was detected during 

the final water test. As described by Shammas (1984), “Cracks were found in wyes, couplings 

and bends at the cleanout end and at the top of the riser”. Two images of cracked sewers are 

shown in Figure 2-3. No failed Tee fittings were reported. They were probably protected well in 

the concrete encasements or their failures were not easily detected in that particular condition. 

 

  

Figure 2-3 Two images of cracked sewers in the case in Riyadh. (From Shammas, 1984). 
 

Various experiments and investigations were carried out to look into the causes of the sewer 

failures in Riyadh. After careful studies based on the evidence available, Shammas (1984) 

concluded that the major cause was that those fittings had not been designed to take the axial 
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forces and bending moments that developed in the risers.  

Finally, four options were recommended by Shammas (1984) to prevent the sewers under 

vertical risers from failure in future projects. They included using concrete encasement for risers 

and all vertical fittings (not just the Tee fittings placed in the street sewers), using alternative 

material like vitrified clay in lieu of PVC for fittings, using deep manholes, and using 

higher-standard PVC fittings. Some fitting manufacturers have already put effort into the last idea, 

like the heavy-wall fittings manufactured by IPEX Inc.. The other three options are likely not to be 

accepted by the contractors due to increased project cost. 

2.4 Downdrag Along a Single Buried Pile 

2.4.1 Brief introduction 

The downdrag, also termed “negative friction”, along a single buried pile has been extensively 

investigated by many researchers, such as Terzaghi and Peck (1967), Poulos and Davis (1975), 

Indraratna et al. (1992), and Koerner and Mukhopadhyay (1972). Various methods have been 

developed to study the negative friction forces, which may be classified into two major groups, 

analytical approaches and numerical methods. The methods which are likely helpful for the study 

of downdrag along riser pipes are now reviewed. 

2.4.2 Analytical approaches 

The most widely used analytical approach to estimate the downdrag forces was first 

described by Terzaghi and Peck (1967). This method is developed based on the following two 

basic assumptions. 

 A rigid bearing stratum beneath the tip point of the pile is assumed. 
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 The limiting (ultimate) soil-pile shear stress is employed. 

For the typical case of a single pile, the downdrag force P at any depth z is given by Poulos 

and Davis (1980), as: 

 

 τ
z

a
0

P = Cdz∫  (2.1) 

 

where, 

τa = limiting (ultimate) soil-pile shear stress; and 

C = pile perimeter. 

For sand and completely remoulded silt, the limiting soil-pile shear stress may be expressed 

as (Terzaghi et al. 1996): 

 

 τ σ δ' '
a s v= K tan  (2.2) 

 

where, 

Ks = the final coefficient of earth pressure on the pile; this may be approximated by the 

coefficient of earth pressure at rest, K0; 

σ'v = effective vertical soil stress; and 

δ’ = effective angle of friction between soil and pile. 

This approach is simple and easy to use without the need for a computer. However, this 

method cannot consider the effects of the relative movement between soil and pile, and variation 

and nonlinear soil properties. 
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2.4.3 Numerical approaches 

A number of numerical methods have been developed, particularly using finite element 

analysis. These finite element procedures include both one-dimensional and two-dimensional 

analyses. It is not necessary to use three-dimensional models to simulate a single buried pile due 

to its axisymmetric geometry. However, for the study of downdrag along pile groups, 

three-dimensional finite element analysis is likely required (e.g. Lee, et al. 2002).  

For a one-dimensional finite element procedure, the pile is divided into bar elements. A friction 

model, such as classic Coulomb friction, is employed to characterize the behaviour at the 

interface between soil and pile. The assumption of homogeneous elastic soil is prevalent in 

various one-dimensional procedures (e.g. Poulos and Davis 1975, and Wong and Teh 1995). An 

iterative procedure is usually required due to the nonlinear behaviour at the interface between soil 

and pile. The non-circular cross section piles must be transformed into equivalent circular cross 

section piles. One-dimensional procedures are relative easy to code and allow consideration of 

complexities, such as nonlinear soil behaviour, sticking and slipping status between soil and pile, 

soil consolidation effects, and a flexible bearing stratum beneath the pile base.  

As mentioned previously, a single buried pile can often be treated as an axisymmetric system 

if some simplifications and assumptions are employed. Thus, a two-dimensional finite element 

mesh can be used to investigate the skin friction along a single buried pile. Usually, quadratic 

axisymmetric rectangular or triangular element types are used. Such analyses can consider more 

complex soil properties, boundary conditions, consolidation rates, and load conditions. (Randolph 

and Wroth 1978, and Indraratna et al. 1992). 
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Numerical methods, in particular, the finite element approach can consider sophisticated 

material properties, boundary conditions and load steps. If properly used, the finite element 

method can give solutions close to more realistic conditions than the analytical approach. 

However, the numerical procedures must be performed using computer programs and the 

investigator must be proficient in the finite element analysis. It takes considerably more time to 

pre-process, analyze, and post process the numerical results than the analytical procedures. 

2.4.4 Methods to reduce downdrag 

Various methods have been investigated and developed to reduce downdrag forces along a 

single pile. These methods are summarized by Poulos and Davis (1980), and Terzaghi et al. 

(1996). They can be classified into four groups. 

 Surface coatings 

It is common to coat piles with bitumen to reduce the negative friction. The reduction can often 

reach 80% or more, depending on the property of bitumen and the degree of scraping-off during 

pile installation. 

 Use of electro-osmosis 

A reduction of 50% in downdrag along a single pile can be reached using currents of about 

4amp. However, it is not generally economically feasible to eliminate the negative friction entirely 

by the application of electro-osmosis. 

 Protection of casing 

A casing or a plastic sleeve may be used to protect the pile from skin friction or prevent the 

bitumen coat from scraping off during pile installation. 
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 Pile shapes 

With the same gross cross-sectional area, piles with different shapes attract different amounts 

of skin friction under the same conditions. For example, a circular pipe pile is more efficient in 

reducing dragdown than an H-pile (Terzaghi et al., 1996). 

2.5 Summary 

As described in the above sections, the riser issue met in the design of sewer systems has 

been discussed by various engineers for several decades. A number of engineering solutions and 

measurements have been provided for this issue. However, no detailed research study has been 

performed to investigate this issue. The failure mechanism of a buried sewer system under a 

vertical riser needs to be fully investigated and understood so that the most efficient and 

economical method can be provided to solve this problem. These are discussed and presented in 

the following chapters. 
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CHAPTER 3 PVC TEE AND WYE FITTINGS TESTED IN ISOLATION 
 
 

3.1 Introduction 

To determine the capacities of the existing fittings in isolation under vertical forces, fitting-only 

tests have been conducted in universal testing machines. The objectives of these tests on 

existing fittings in isolation include: 

 To measure the deformations and local strains at failure for the existing fittings, identifying 

zones of weakness and determining the best gauging schemes for the subsequent buried 

fitting tests; 

 To observe the failure mechanisms for existing Tee and Wye fittings in isolation;  

 To estimate the minimum capacities of the actuator and load cell needed for the buried fitting 

tests; and,  

 To facilitate subsequent comparisons between the capacities of fittings in isolation and those 

of buried fittings. 

A total of five tests were performed for both wrapped and unwrapped fittings in isolation. 

These tests include: 

 Two tests for wrapped PVC Tee fittings. Both fittings are 200mm×100mm (8”×4”) with 

fibreglass-reinforced polyester wrapped outside. One fitting was tested using a plaster base 

(plaster of Paris) and another fitting was tested using a rubber base (natural rubber, see 

Lindley, 1974). 
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 Two tests for 200mm×150mm (8”×6”), SDR35, unwrapped PVC Tee fittings. One sample 

was instrumented with strain gages and linear potentiometers (LPs), and tested in the 

Instron testing machine. A second sample was tested with no instrumentation, using the 

Riehle testing machine. 

 One test for 200mm×150mm (8”×6”), SDR35, unwrapped PVC Wye fittings. This test 

featured mainlines which were strapped to wood and rubber on the testing platform and 

450-elbow inserted. 

Wrapped Tee fitting tests were used as preliminary tests to develop effective testing 

configurations for the subsequent fitting-only tests. The primary objective of the fitting-only tests 

was to study the performance of unwrapped PVC fittings including Tee and Wye. Unless specified, 

the fittings mentioned in this report were unwrapped. The measurements for the fitting geometries 

are presented in Chapter 6. The testing machines and instrumentation are listed in Table 3-1. 

 
Table 3-1 Testing machines and instrumentation used in the fitting-only tests. 

Items Manufacturer Model Remarks 
Instron Inc. Model 1350 Hydraulic actuator Universal materials  

testing machines Riehle Inc. FS-5 Screw drive 

TRS 25 Limits: 25mm; Repeatability to 
±0.002 mm. Linear 

potentiometers 
(LPs) 

Novotechnik Inc. 
TRS 50 Limits: 50mm; Repeatability to 

±0.002 mm. 

Strain gages SHOWA Corporation N32-FA-2 
-120-11 

Rectangular, triaxial rosettes; 
Length: 2mm; Limits: ±1.6%; 
Resolution: 1microstrain. 

Data acquisition 
system 

Vishay Measurement 
Group, Inc. 

System 
5000 Software: StrainSmart 

 

IPEX (2002) describes the properties of PVC material. Major physical properties of PVC 

material are listed in Table 3-2.   
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Table 3-2 implies that in uniaxial tension or compression tests, the maximum strain of PVC 

material under working stress is 14MPa/2800MPa ≈ 0.5%; the maximum strain of PVC material at 

the yield in tension is 48MPa/2800MPa ≈ 1.7% and the maximum strain of PVC material at yield 

in compression is 62MPa/2800MPa ≈ 2.2%. The tensile and compressive strengths listed in Table 

3-2 are used as approximate failure criteria for PVC fittings.  

This chapter describes and reviews the fitting-only testing configurations, procedures and 

results. Comments and discussions then follow.  

 
Table 3-2 Primary physical properties of PVC material. (After IPEX, 2002). 
Specific gravity ASTM D 792 1.42  
Modulus of elasticity at 23℃ 2,800MPa 400,000 psi 
Poisson’s ratio 0.35 ~ 0.38  
Tensile strength at 23℃ 48MPa 7,000 psi 
Compressive strength ASTM D 695 “o” 62MPa 9,000 psi 
Working stress at 23℃ 14MPa 2,000 psi 

 

3.2 Wrapped Tee Fittings Tested in Isolation 

3.2.1 Objectives 

Two 200mm×150mm wrapped Tee fittings were tested in the universal testing machines. 

These were preliminary tests for the subsequent fitting-only tests and buried fitting tests. The 

specific objectives include: 

 Studying the performance of a rigid base support and a flexible base support (i.e. plaster 

base and rubber base, respectively); 

 Evaluating the proposed gauging scheme; and, 

 Evaluating procedures for measuring deformations. 

The fitting sitting on the plaster base was instrumented with 5 rectangular, triaxial strain 
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rosettes and two linear potentiometers. It was then tested in the Instron machine. The fitting 

sitting on a rubber base was tested without instrumentation in the Riehle machine. The testing 

configurations, procedures and results are described and reviewed in the following sections. 

3.2.2 Testing configurations and procedures 

The testing configurations for the wrapped Tee fittings are shown in Figure 3-1. Detailed 

information on the instrumentation is listed in Table 3-1. Locations of strain rosettes and linear 

potentiometers (LPs) on the instrumented fitting are shown in Figure 3-2. Five rosettes were 

attached on the wrapped Tee fittings to measure local strain response under vertical load. Two 

gages were attached inside the vertical part, on the surface of the PVC material. Another three 

gages were attached outside the fitting, on the surface of the glass reinforced polymer material. 

One LP (LPv) was oriented to measure the vertical diameter changes, and a second (LPh) was 

positioned to measure the horizontal diameter changes during the test. The limits of both LPs 

were 25mm. Detailed information for the strain gages and the LPs is listed in Table 3-1. 

 

 
Figure 3-1 Configuration of the wrapped Tee fittings tested in isolation. (Test shown 
features use of the plaster base). 

Fitting with instrumentations 

Plaster base 

Actuator head 
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  (a) Locations of strain rosettes (image)                      (b) Linear potentiometers 
 

 
 
 
(c) Locations of strain rosettes (drawings); units are mm. 
Figure 3-2 Locations of strain gage rosettes and linear potentiometers for the wrapped 
Tee fitting test. (Resting on a plaster base). 
 

For the instrumented fitting test all strain gages, LPs, the load cell and the stroke transducer 

of the actuator were connected to the data acquisition (DA) system. For the second test, load and 

stroke were recorded manually from the digital display on the test machine. Stroke (rather than 

load) control was used for both tests. For the instrumented fitting test the stroke was set to 

2.5mm/min. For the second test, the stroke was set to 5mm/min. The room temperature was 
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18±1℃ during the first test and 14±2℃ during the second test. During the instrumented fitting 

test, LPv was removed and LPh was re-positioned immediately before these instruments reached 

their deflection limits (i.e. 25mm). 

3.2.3 Testing results 

The failure modes observed during these two tests were distinctly different. For the fitting 

resting on a plaster base, a longitudinal crack developed at the 11 o’clock position (near the 

crown). For the fitting resting on rubber, a longitudinal crack developed along the invert. Both 

failure modes are shown in Figure 3-3. 

 

  
     (a) Fitting sitting on a plaster base                (b) Fitting sitting on a rubber base 
Figure 3-3 Wrapped fittings exhibit different failure modes depending on base support. 
 

The results of deformation versus load from both tests are presented in Figure 3-4. As 

indicated in Figure 3-4, the load capacity was approximately 42kN for the wrapped Tee fitting 

resting on a rigid (plaster) base, and approximately 24kN for the fitting resting on a flexible 

(rubber) base, a difference of almost a factor of two.  

Horizontal diameter changes for the instrumented wrapped Tee fitting are also presented in 

Fracture along invert 
Fracture near crown 
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Figure 3-4. Vertical diameter (LPv) decreased while horizontal diameter (LPh) increased. As 

shown in Figure 3-4, vertical diameter changes and horizontal diameter changes were almost 

equal and opposite. Following an initial delay in load response with stroke (likely due to an initial 

gap under the hydraulic ram), the gap between the magnitude of measured diameter change 

(LPv or LPh) and the stroke remains almost constant at 3mm.  
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 (a) Load versus deformation for the wrapped Tee fitting test on a rigid (plaster) base 
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 (b) Load versus stroke for the wrapped Tee fitting resting on a compressible (rubber) base 

Note: Positive loads or strokes imply compression; a positive value of LPv indicates contraction; 
while a positive value of LPh indicates expansion. 
Figure 3-4 Curves of deformations versus loads from the wrapped Tee fitting tested in 
isolation. 

 

Strains recorded by the gages attached to the fitting revealed the nature of the local response 

of the fitting as it was loaded. These data are summarized in Figure 3-6, where stroke is shown 

against strain. Each rosette features three gages (see Figure 3-5): 

 Epsilon A indicates strain in the axial direction of the pipe  

 Epsilon C indicates strain in the circumferential direction 

 Epsilon M indicates strain at 45o to the other two gages.  

 
 
 

Fracture along invert 
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Figure 3-5 Notations for strains measured using a rectangular triaxial rosette when 
attached on a pipe (or a fitting). 
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(b) Rosette #2 
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(c) Rosette #3 
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(d) Rosette #4 
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(e) Rosette #5 
Note: Negative strains imply contraction or compression and positive values of stroke indicate 
compression. 
Figure 3-6 Local strains from the gages attached to the wrapped Tee fitting resting on a 
rigid base. 
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Three conclusions can be drawn from the results presented in Figure 3-6. First, no local 

strains from these gages reached 1.6% before the fitting cracked. Second, when the fitting 

cracked along the crown, only Epsilon C of Rosette #1 and Epsilon A of Rosette #3 kept 

increasing rapidly; all other strains reduced suddenly. This indicates that the load redistributed 

and shifted to these two zones when the fitting failed. Finally, negative strain values for Epsilon A 

of Rosettes #4 and #5 indicate that the vertical part of the fitting was in compression along the 

vertical axis. Negative values for Epsilon C of Rosette #4 indicate that the vertical part of the 

fitting was in compression in the circumferential direction in the zone around this gage, while 

positive values of Epsilon C for Rosette #5 indicate that the material around that gage was in 

tension in the circumferential direction. Clearly, the diameter of the vertical pipe must have 

decreased in one direction and increased along the corresponding perpendicular direction.  

3.2.4 Remarks 

These two wrapped Tee fitting tests were initially planned as preliminary tests for the 

subsequent isolated fitting tests. Although instrumentation such as Rosettes #4 and #5 did not 

perform well enough to capture useful information, the results still indicate the following:  

 Two tests were performed for the same type of fitting, but exhibited different load capacities 

and failure modes. The flexible (rubber) base was chosen for the subsequent fitting-only 

tests. Although the buried fitting tests reported in Chapter 4 reveal that the lower half of 

buried fittings were greatly strengthened by the surrounding soil, the rubber base is useful 

for fitting-only tests since the stiffness of the rigid base, the load distribution in the fitting, and 

the contact area between the base and fitting are unlikely to be close to the burial condition. 
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Use of a flexible base may provide conservative (low) load capacities for fittings compared to 

those experienced when buried.  

 The results from the instrumented fitting test indicated that the critical locations for strain 

gages should be close to the invert, springlines and the joint zone between the vertical pipe 

and horizontal pipe. 

 It is better to measure the pipe diameter changes than gross movement (translation) 

because of the deformation of the rubber base and the compliance of the testing machine. 

Linear potentiometers with greater deformation limits are needed to measure diameter 

changes without the need to be re-set mid-way through the test. However, it is difficult to use 

a large LP to record vertical diameter change given the limited space for installation. 

 To simulate the load condition of the fitting under the riser, all subsequent tests featured load 

applied to a small segment of riser, rather than directly on the top of the fitting.  

3.3 Tee Fittings Tested in Isolation 

3.3.1 Brief introduction 

Two tests were performed for 200mm×150mm, SDR35, unwrapped PVC Tee fittings. One 

sample was instrumented and tested in the Instron. A second was tested without instrumentation 

in the Riehle machine. Rubber bases were used for both tests. Ten rectangular, triaxial strain 

rosettes and two linear potentiometers were used for the first specimen. The second specimen 

was tested without strain gages. Detailed information of the apparatus and instrumentation is 

listed in Table 3-1. The testing configurations, procedures and results are described and reviewed 

later.  
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     (a) Fitting with instrumentation     (b) Fitting without instrumentation 
Figure 3-7 Configurations for the isolated Tee fitting tests.  
 

3.3.2 Testing configurations and procedures 

The test configurations are shown in Figure 3-7. Both samples featured load applied to short 

risers inserted in the top of the Tee, and both were placed on rubber bases. A total of 10 strain 

gage rosettes were used for the instrumented Tee fitting. Three rosettes were attached outside 

the fitting and seven were attached inside the fitting. Similar to the wrapped Tee fitting test, two 

linear potentiometers were installed inside the horizontal pipe of the fitting to measure changes in 

diameter. Locations of strain gage rosettes and LPs are shown in Figure 3-8. All gages, LPs, the 

load cell and the stroke of the actuator were recorded using a DA system. For the second test, 

load and stroke were recorded manually from the digital display on the test machine. Stroke 

control was used for both tests, with a stroke rate of 2.5mm/min. The room temperature was 15±1

℃ during the first test and 16±1℃ during the second test. The limit of LPv was 25mm and that of 

LPh was 50mm for the instrumented fitting test. Hence, LPv was removed once it reached its 

deformation limit, while LPh operated and recorded deformations throughout the whole test.  
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(a) Outside rosettes (image)    (b) Inside rosettes (image)         (c) Linear potentiometers 
 

 
 
 
(d) Locations of strain rosettes (drawings); units are mm. 
Figure 3-8 Locations of strain gage rosettes and linear potentiometers on the first 
isolated Tee fitting test.  
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     (a) Instrumented sample                      (b) Sample without instrumentation 
Figure 3-9 Failure modes for the isolated Tee fitting tests.  
 

3.3.3 Results 

Both PVC Tee fittings experienced local yield, as shown in Figure 3-9. The sample without 

instrumentation eventually cracked along the springlines, since the load was increased steadily 

after development of local yield. Deformation is plotted against load for both tests in Figure 3-10. 

As shown in Figure 3-10, both tests lead to local yield commencing at a vertical load of around 

9kN, with this followed by local plastic hardening. The slope of the initial straight line of the 

stroke-load curve is 0.27kN/mm for the instrumented Tee fitting, and 0.26kN/mm for the 

uninstrumented one. The difference is 4%. These results indicate that the test is repeatable and 

reliable prior to initial yield of the fitting. As indicated in the uninstrumented fitting test, fractures 

along the springlines developed after the vertical load was increased to 13kN. Comparison of 

Figures 3-10 and 3-4 indicates that the capacity of the wrapped, 200mm×100mm (8”×4”), Tee 

fitting was over two times that of the unwrapped, 200mm×150mm (8”×6”), Tee fitting when both 

were tested using the same rubber base support.  
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(a) From the Tee fitting test with instrumentation 
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(b) From both Tee fitting tests with and without instrumentation 

Note: Positive loads or strokes imply compression; a positive value of LPv indicates contraction; 
while a positive value of LPh indicates expansion. 
Figure 3-10 Curves of deformation versus load from Tee fittings tested in isolation. 
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In Figure 3-10, the vertical diameter (LPv) decreased and the horizontal diameter (LPh) 

increased. Vertical diameter changes and horizontal diameter changes were again almost equal 

and opposite in these fitting-only tests. A small delay occurred with LPs following the stroke. This 

was likely a result of deformations in the rubber base. 

 The strain gage data are summarized in Figure 3-11. Each shows strain as a function of 

stroke, given that stroke control was used for this test. Once again, Epsilon A represents strain 

collected from gages oriented in the axial direction of the sewer pipe, while Epsilon C represents 

strain from gages oriented in the circumferential direction (see Figure 3-5). Epsilon M was the 

intermediate value of strain, for gages oriented at 45o to the other two gages in the rosette. A 

negative strain value implies contraction or compression. While locations for Rosettes #6 and #10 

look very similar, they actually differ. Rosette #6 was attached directly under the wall of the riser 

part, while Rosette #10 was attached a small distance from the vertical pipe wall.  
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(c) Rosette #3 
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(d) Rosette #4 
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(e) Rosette #5 
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(f) Rosette #6 
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(g) Rosette #7 
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(h) Rosette #9 
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(i) Rosette #10 
 
Note: Negative strains imply contraction or compression and positive values of stroke indicate 
compression. Results for Rosette #8 are missing because it was damaged prior to testing 
Figure 3-11 Local strains from the gages attached to the Tee fitting tested in isolation. 
 
 

This gage lost function when strain exceeded 1.6%. 
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The following conclusions are drawn based on the strain gage readings presented in 

diagrams (a) to (i) of Figure 3-11 : 

 Many circumferential gages reached their limits (1.6%) and ceased to function before the 

product failed. The product experienced large local deformations before failure. 

 At each location on the horizontal part of the fitting, the axial strains were less than the 

circumferential strains. This implies that the fitting primarily deformed as a result of 

circumferential bending when supporting vertical force applied by the riser.  

 The local strains at Rosettes #2 and #10 increased the fastest. Those at Rosettes #3, #4 

and #5 increased faster than those from the remaining rosettes. This suggests that local 

yield commenced in the vicinity of Rosettes #2 and #10 (i.e. at the joint between the riser 

part and the horizontal part), and then spread to those around Rosettes #3, #4, and #5 (i.e. 

the springlines and invert).  

 The strains recorded by Rosette #6 are much smaller than the corresponding strains 

recorded by Rosette #10. This indicates that the local response under the riser’s wall is 

distinctly different from that close to the riser’s wall, and these large local strain gradients 

imply significant local bending at this location.  

 Strains from rosette pairs #2 and #10, #3 and #5, and #1 and #9 imply that the local 

responses at locations on the outside surface of the fitting were opposite to those on the 

inside fitting surface. 

IPEX (1999) recommends that the maximum long-term deflection for PVC pipe should be 

limited to 7.5% of the pipe diameter. The diameter of the horizontal pipe is 200mm. Using this 
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guideline, the recommended maximum diameter change for this product is 15mm. Local 

circumferential strains at the vertical diameter change of 15mm (or at the stroke of 18mm) are 

summarized in Figure 3-12. 

 
Figure 3-12 Summary of circumferential strains at a vertical diameter change of 15mm in 
the isolated Tee fitting test.  
 

As indicated in Figure 3-12, the circumferential strains at Rosettes #2, #3, #4, #5, and #10 (i.e. 

along the circumferential segment of the horizontal part under the riser part) are much greater 

than those at other locations. This implies that this is the weakest zone of this product. As this 

segment reaches its capacity (there are large ovaling deformations), subsequent deformation is 

resisted by axial bending where the riser connects with the crown of the sewer (strains accelerate 

at #1 and #9 after 30mm stroke).  
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Note: Major principal stresses at Rosettes #1, #2 and #5 are zero; Rosette #8 was damaged 
during the test. 
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Note: Minor principal stresses at Rosettes #3, #4, #6, #7, #9 and #10 are zero; Rosette #8 was 
damaged during the test. 

(b) Minor principal stresses 
Note: Strains at gages #2, #5 and #6 terminate once these reach the strain limit of the gages 
(1.6%) used in the test. Negative stresses imply compression while positive strokes indicate 
compression. 
Figure 3-13 Principal stresses calculated for gages during the isolated Tee fitting test.  
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For PVC material, the relation between stresses and strains is approximately linear elastic up 

to stress values of 48MPa in tension and -62MPa in compression, so the principal stresses (both 

major and minor stresses) here are calculated from the measured strains using linear elasticity 

(Hooke’s law) and summarized in Figure 3-13. Based on Table 3-2, Young’s modulus of 2800MPa 

and Poisson’s ratio of 0.38 were used for the calculations.  

As shown in Figure 3-13, the principal stresses (either major stress or minor stress) at the 

locations of Rosettes #2, #3, #4, #5, #7 and #10 increase much faster than those at other 

locations. This indicates that the circumferential segment of the horizontal part under the riser part 

is the critical area of the fitting. According to the trends of these curves, the material in the vicinity 

of Rosettes #2, #10 and #4 (at the connection and at the invert) yield first, followed by the regions 

near Rosettes #3, #5 and #7 (the springlines); finally, the areas in the vicinity of Rosettes #1 and 

#9 (the crown) yielded. Surprisingly, the material directly under the vertical wall of the riser part 

does not appear to yield (i.e. Rosette #6 does not even increase up to the gage limits).  

3.3.4 Remarks 

Two 200mm×150mm, SDR35, unwrapped Tee fittings resting on a rubber base were tested 

using the universal testing machines. The load capacity of this product in isolation was only 

around 9kN. Large ovaling deformations occurred in the tests. Measurements of local strains 

using a series of gage rosettes imply that the critical zone for this product under this loading 

condition is the circumferential segment of the horizontal part under the riser part. It appears that 

the capacity of this product could be enhanced by increasing the thickness of this circumferential 

segment of the main part under the riser part. 
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3.4 Test on the Isolated Wye Fitting  

3.4.1 Brief introduction 

A test was performed for one 200mm×150mm, SDR35, unwrapped PVC Wye fitting in a 

universal testing machine (the Riehle). To avoid rotation of the Wye fitting as a result of the 

eccentrically applied load, additional segments of sewer line were inserted into the horizontal part 

of the Wye, and these were strapped to the wood and rubber on the testing platform, Figure 3-14. 

To facilitate load application to the Wye fitting, a 450-elbow was used. The rubber base was 

placed under the fitting and wood bases were placed under the additional segments of horizontal 

sewer line inserted into the Wye fitting. The sample was instrumented with strain gages and LPs. 

Detailed information on the testing machine and the instrumentation is also listed in Table 3-1. 

The testing configurations, procedures and results are described and reviewed in the following 

sections. 

3.4.2 Testing configurations and procedures 

The configuration used for the Wye fitting tests is shown in Figure 3-14. The Wye fitting was 

connected with 200mm diameter mainlines and a 450-elbow. The data acquisition system listed in 

Table 3-1 was used to collect the strain, deformation and load data during the test.  
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Figure 3-14 Configuration of the test on the isolated Wye fitting.  

 

A total of 8 strain gage rosettes were attached to the fitting and two LPs (linear potentiometers) 

were installed inside it. Three gages were attached to the inside surface of the fitting and five 

were attached to the outside surface. The locations of the strain gage rosettes are shown in 

Figure 3-15. The limits of the linear potentiometers oriented vertically (LPv) and horizontally (LPh) 

were 25mm and 50mm, respectively. LPv was removed once it reached its deformation limit, 

while LPh operated within its maximum range and was left in place throughout the test. The 

installation positions of both LPv and LPh were similar to those in the Tee fitting test, as shown in 

Figure 3-8. Stroke control was used for this test, with a stroke rate of 2.5mm/min. Both load and 

stroke were recorded using the DA system. The room temperature was 19±2℃ during this test. 

 

Actuator head 

450-elbow 

Rubber base under fitting 

Wye fitting 

Wood base under mainline 
Straps 

Φ200mm mainline 

DA system 

Φ200mm mainline 



 
 

46

     
(a) Outside rosettes                            (b) Inside rosettes        

 

 
 
 (c) Locations of strain rosettes (drawings); units are mm. 
Note: Gage #1 and #8 were attached on the riser part. 
Figure 3-15 Locations of strain gage rosettes on the Wye fitting during the isolation test.  
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3.4.3 Results 

The PVC Wye fitting failed when local yield developed in the regions shown in Figure 3-16. 

During the test, the top of the 450-elbow moved both vertical downward, and horizontally, parallel 

to the axis of the main sewer line. At the same time, the extra sections of sewer pipe strapped 

down were pushed in the opposite direction along the pipe axis. During the test, audible noises 

occurred several times, though no visible damage was observed on the fitting. Figure 3-17 

presents deformations versus load. 

 

 
Figure 3-16 Failure mode of the PVC Wye fitting tested in isolation. 
 

As shown in Figure 3-17, the sample reached a limiting load at which point each deformation 

measurement increased steadily with no further increase in load (the load-deformation curves 

become horizontal). This implies that the Wye fitting experienced local yield at a strength value of 

14kN, stroke of 60mm, and horizontal diameter change of 32mm. This is over 1.5 times the 

capacity of the unwrapped Tee fittings. The Wye fitting test featured additional sections of pipe 

Yield zone
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inserted into the fitting, representing the main sewer line and the Tee fitting test did not. This may 

partly explain the additional load capacity of the Wye fitting.  
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Note: Same as those for Figure 3-10. 
Figure 3-17 Curves of deformations versus loads from the Wye fitting tested in isolation. 
 

The increases in horizontal pipe diameter are also shown in Figure 3-17. Once again, the 

vertical diameter changes (LPv) are essentially equal and opposite to the changes in horizontal 

diameter (LPh). A difference gradually develops between the results for LPh (or LPv) and the 

Stroke, Figure 3-17, which is distinctly different to the behaviour seen during the Tee fitting test, 

Figure 3-10. It is likely that this increasing difference results from the decreases in angle between 

the 450-riser part and the horizontal part. The deformations of the rubber base may also have 

partially contributed to this difference.  

The strains collected using the strain gages shown in Figure 3-15 are summarized in Figure 
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3-18. Once again, these are given against stroke given that stroke control mode was used for this 

test. Each rosette featured three gages, and the convention for gages Epsilon A, Epsilon C, and 

Epsilon M are those used earlier. 
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(b) Rosette #2 
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(c) Rosette #3 
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(d) Rosette #4 
 



 
 

51

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60 70 80 90
Stroke (mm)

S
tra

in
 (M

ic
ro

st
ra

in
)

Epsilon A
Epsilon M
Epsilon C

 

(e) Rosette #5 
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(f) Rosette #6 
 



 
 

52

-20000

-15000

-10000

-5000

0

5000

10000

15000

20000
0 10 20 30 40 50 60 70 80 90

Stroke (mm)

S
tra

in
 (M

ic
ro

st
ra

in
)

Epsilon A
Epsilon M
Epsilon C

 

(g) Rosette #7 
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(h) Rosette #8 
 
Note: Negative strains imply contraction or compression and positive values of stroke indicate 
compression. 
Figure 3-18 Local strains from the gages attached to the Wye fitting.  
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The diagrams (a) to (h) shown in Figure 3-18 present the local strains recorded for the Wye 

fitting during the isolated loading tests. A number of conclusions are drawn from these results: 

 Almost all circumferential gages attached to the horizontal cylinder part of the fitting reach 

their limits (1.6%) and lose function before the fitting reached failure. This implies that the 

Wye fitting failed following large local deformations. 

 At each location on the section of the fitting composed of a horizontal cylinder, the axial 

strains were less than the circumferential strains. This implies that the fitting deformed 

primarily in circumferential bending when loaded through the riser.  

 The local strains at Rosettes #2, #4, #6 and #7 increased much faster than those at other 

locations, and the zones around these rosettes are likely the weakest zones of the 

unwrapped Wye fitting. These zones include the springlines and the joint between the riser 

part and the horizontal part, as shown in Figure 3-16. The strains at Rosette #2 increased 

very fast. This indicates that a stress concentration occurs at this location. Strains at Rosette 

#3 initially increased very slowly, but did reach their limits at the end of the test. This implies 

that the load transferred to the middle part along the springlines of the fitting, as the test 

results presented earlier imply for the Tee fitting. Strains from Rosette #5 were relative small 

even though they were all in tension. This implies that this location at the crown of the main 

line is not the critical zone. 

 Strains from gages attached on the riser part (i.e. Rosettes #1 and #8) did not exceed the 

gage limits (1.6%). This may indicate that the 450-riser part remained sufficiently strong up to 

the failure point of the fitting.  
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 Curves #1, #5 and #8 are discontinuous. This may be caused by adjustment in the joints 

between the fitting and the elbow or the mainlines during the test. 

Once again considering the deflection limits recommended by IPEX (1999), (a maximum 

long-term deflection of 7.5% of the pipe diameter), the local circumferential strains at that change 

of 15mm in the vertical diameter (or at a stroke of 30mm) are summarized in Figure 3-19. 

 

 

 
Figure 3-19 Circumferential strains at the vertical diameter change of 15mm in the Wye 
fitting.  
 

As shown in Figure 3-19, the circumferential strains on the horizontal part have large 

magnitudes at Rosettes #2, #6 and #7. The PVC material in the vicinity of Rosette #2 likely 

yielded first, followed by the material at the springlines (Rosette #7) and then the invert (Rosette 

#6). The strains recorded by Rosettes #3 and #4 were still small when the vertical diameter 

change had reached 15mm.  
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Similar to Figure 3-13 the principal stresses (both major and minor stresses) before initial yield 

are summarized in Figure 3-20. For PVC material, the relationship between stresses and strains 

is approximately linear elastic before the stress reaches the initial yield point (48MPa in tension 

and -62MPa in compression). The principal stresses have again been calculated from the 

measured strains using linear elasticity with Young’s modulus of 2800MPa and Poisson’s ratio of 

0.38 (Table 3-2).  

As shown in Figure 3-20 the principal stresses at gage locations #2, #6 and #7 increased 

most rapidly, while those for Rosette #3 initially increased somewhat slower, and then 

accelerated. The zones around these gages appear critical. The equivalent stresses at Rosette 

#8 increase faster initially but suddenly stopped increasing and started decreasing. This may 

have been caused by the joint adjustment between the elbow and the fitting’s riser, or the gage 

itself may have experienced problems with adhesion. Areas around Rosettes #2, #3, #4, #6 and 

#7 (which are all on the horizontal part), would be expected eventually to yield, while the zone 

near Rosettes #1 and #8 (which are both on the 450-riser part) are not expected to yield. The 

material around Rosette #5 may reach yield, at a later stage of the loading response. It appears 

that the horizontal cylinder component in the Wye fitting is the weakest part, while the riser 

section inclined at 450 is stronger.  
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Note: Major principal stresses at Rosettes #1, #2, #4 and #7 are zero. 

(a) Major principal stress 
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Note: Minor principal stresses at Rosettes #3, #5 and #6 are zero. 

(b) Minor principal stress 
 
Note: Results for gages #2, #4 and #7 are cut off once the limits of the strain gages are reached 
(1.6%). Negative stresses imply contraction or compression while positive values of stroke 
indicate compression. 
Figure 3-20 Summary of principal stresses in the Wye fitting test.  
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3.4.4 Remarks 

One 200mm×150mm, SDR35, unwrapped Wye fitting was tested using a universal testing 

machine (the Riehle). The load capacity of this fitting with the mainlines and an elbow inserted 

was about 14kN, which is around 1.5 times that of the unwrapped Tee fitting tested in isolation. 

Due to an unsymmetrical structure for the Wye fitting, apparent horizontal movement of the fitting 

was observed during the test. The total vertical displacement included the vertical change of 

diameter and the downward deformation of the 450-riser part. The Wye fitting deforms into an 

ellipse, with this circumferential response of the horizontal cylinder section of the fitting apparently 

the weakest zone. The strength of the 450-riser part appears adequate, though it leads to a stress 

concentration where it intersects the horizontal cylinder, at the location of Rosette #2.  

3.5 Conclusions 

To acquire the preliminary understanding on the existing PVC sewer fittings, five tests were 

performed using universal testing machines. Based on the testing data it is concluded that: 

 The load capacities of the existing fittings in isolation are summarized in Table 3-3. 

 
Table 3-3 Summary of load capacities of the existing fittings in isolation. 

Fitting type Failure 
mode   Base Load 

Capacity Remarks 

200mm×150mm Tee Yield Rubber 9kN 2 tests performed 

200mm×150mm Wye Yield Rubber 14kN 1 test performed; featured mainlines 
strapped to wood and rubber 

200mm×100mm Tee 
(wrapped) Crack Plaster 42kN 1 test performed 

200mm×100mm Tee 
(wrapped) Crack Rubber 24kN 1 test performed 

 

 As indicated in Table 3-3, the base has a considerable influence on the load capacity of 

these fittings. The load capacity of the fitting resting on a rigid (plaster) base is almost double 
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that of the fitting resting on a flexible (rubber) base. In the field, the soil support for the buried 

fitting is expected to lie between the rigid and flexible base condition. The rubber base was 

chosen for most of the isolated fitting tests, because the plaster base may not be reasonable 

for certain burial depths, and soil support conditions.  

 All Tee fittings were tested without mainlines inserted. The Wye fitting was tested with the 

mainlines inserted and those strapped down to the testing platform. The load capacities 

measured for the Tee fittings may be lower than strength assessments where mainline 

sewer pipes are connected into each side of the Tee fitting. 

 The difference of less than 4% between the results of two Tee fitting tests indicates that 

these tests are repeatable. 

Load capacities of the fittings sitting on rubber are likely less than those when buried in well 

compacted soil. Although the fitting-only tests provide information on the failure mechanisms for 

the fittings, the local response of the fitting in isolation may also be different from that when buried 

in soil. Thus, the buried fitting tests have been performed and are presented in the next chapter. 
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CHAPTER 4 PVC TEE AND WYE FITTINGS TESTED IN BIAXIAL CELL 
 
 

4.1 Introduction 

The tests on the PVC fittings described in the previous chapter provide understanding of the 

behaviour of these structures when loaded without soil support. To gain further understanding and 

to evaluate the performance of the PVC structures when buried, buried fitting tests were 

performed for both Tee and Wye fittings. The objectives of buried fitting tests are: 

 To estimate the load capacities of the existing Tee and Wye fittings when buried; 

 To investigate strain distributions within the buried fittings and establish the failure locations 

or zones of weakness; and, 

 To provide preliminary guidance on the magnitude of skin friction along the vertical riser. 

To simulate deep burial conditions in the laboratory, a special testing apparatus was designed, 

adapting the biaxial cell developed by Brachman et al. (2000 & 2001). Further, to evaluate the 

axial forces that develop on the top of the buried fittings, the riser was fitted with strain gages and 

four “calibration tests” were performed prior to use in the buried fittings experiments. Finally, the 

Tee and Wye fittings were buried in uniform sand, and tested under simulated field conditions. 

The detailed information of the testing apparatus components and instrumentation used in the 

‘calibration’ tests and the buried fitting tests, which are presented in subsequent sections, are 

listed in Table 4-1. This chapter presents and reviews the procedures and results for the buried 

Tee and Wye fittings tests. 
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Table 4-1 Testing apparatus components and instrumentation used in the calibration 
tests and the buried fitting tests. 

Items Manufacturer Model Remarks 

TRS 50 Limits: 50mm; Repeatability to 
±0.002mm. Linear 

potentiometers 
(LPs) 

Novotechnik Inc. 
TRS 100 Limits: 100mm; Repeatability to 

±0.002mm. 

N11-FA-5-120-11 
Uniaxial gage; Length: 5mm; 
Limits: ±1.6%;  
Resolution: 1microstrain. 

N22-FA-2-120-11 
Rectangular, biaxial rosettes; 
Length: 2mm; Limits: ±1.6%; 
Resolution: 1microstrain. 

Strain gages 

SHOWA 
Measuring  
Instruments Co., 
Ltd. 

N32-FA-2-120-11 
Rectangular, triaxial rosettes; 
Length: 2mm; Limits: ±1.6%; 
Resolution: 1microstrain. 

Data acquisition 
system 

Vishay 
Measurement 
Group, Inc. 

System 5000 Software: StrainSmart. 

Digital camera Canon Inc. EOS Digital 
Rebel XT 

Computer remote controlling 
mode. 

Universal 
materials  testing 
machines 

Riehle Inc. FS-5 Screw mode. 

Actuator MTS system 
corporation Servoram 202.24 Load capacity: 89kN (20kip); 

Stroke: 150mm (6”). 

Load cell MTS system 
corporation 661.20A-03 

Load capacity: 100kN; 
Repeatability to 0.03% of full 
scale. 

Hydraulic power 
unit control (oil 
pump) 

MTS system 
corporation 505.20 Working pressure: 2MPa 

(3,000psi). 

Air pump Ingersoll-Rand 
Company 2340 N5 Maximum pressure: 1.2MPa  

(175psi). 

Air pressure 
sensors 

American Sensor 
Technologies, 
Inc. 

AST4000-A- 
00200-P-3- 
C-0-000 

Capacity: 1,379kPa (200psi); 
Accuracy to 0.5% of full scale. 

Pneumatic 
regulator 

Parker Hannifin 
Corporation 07R113AB Maximum Inlet: 1.7MPa (250psi).

Earth pressure 
cells Geokon, Inc. Model 4800 Capacity: 350kPa; Accuracy: 

0.5% of full scale range. 

Earth Pressure 
Readout Geokon, Inc.  Model GK-403 For Geokon earth pressure cells. 

Nuclear density 
meter 

CPN 
international, Inc. 

CPN MC-1DR-P 
PORTRAPROBE 

For sand density measurement; 
Precision: 0.004g/cm3. 

C-Clamps Armstrong Bros. 
Tools Co. 78-403 Capacity: 15kN (3,500lbs). 
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4.2 Design of the Apparatus for the Buried Fitting Tests 

4.2.1 Brief introduction 

To model field conditions in the laboratory the existing Tee and Wye fittings were buried and 

tested in the biaxial cell at the GeoEngineering laboratory at Queen’s University. Since the biaxial 

cell is only 1.6m high and this is not deep enough to simulate the loads associated with deep 

burial (of say 10m), a new testing apparatus was developed by undertaking modifications to the 

existing facilities. The final configuration is shown in Figures 4-1 and 4-2. 

Now, two types of loads will develop on the fitting system as it is buried. The first set of loads 

is associated with the earth pressures acting around the fitting. The second load is the axial force 

on the top of the fitting as a result of the downdrag force imposed on the riser. To simulate the 

actual condition in practice, both of these loads need to be applied simultaneously during the 

tests. The biaxial cell uses an air bladder to simulate overburden pressures and this generates 

vertical and horizontal earth pressures during a buried fitting test. An axial force also needs to be 

applied to the top of the fitting, and a decision was made to apply this using an MTS actuator. An 

existing reaction frame was modified and used to support the actuator above the lid of the test 

cell. Force was applied to the top of the riser using a rod protruding through a hole cut in the 

biaxial cell lid. A special steel clamp plate was designed to pinch the pressure bladder around that 

aperture. The loading rod and a rod guide plate were also fabricated to satisfy the testing and 

safety requirements. Two dozen C-clamps (detailed in Table 4-1) were used to attach the actuator 

frame to the top of the biaxial cell lid. Major parts of this apparatus are described in more detail in 

the subsequent sections.  
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← North                 South→ 

 
Figure 4-1 Configuration of the buried fitting test apparatus (image). 
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(a) North – south section view. (Unit: mm). 



 
 

64

 
(b) West – East section view. (Unit: mm). 

Figure 4-2 Configuration of the buried fitting test apparatus (drawings). 
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4.2.2 Configurations to apply axial forces 

As shown in Figures 4-1 and 4-2, an MTS hydraulic actuator (detailed in Table 4-1) was used 

to apply axial forces on the top of the PVC riser. However, the maximum clearance between the 

head of the actuator and the top of the riser was around 1.1m. Therefore, an extension system 

was designed and employed for the tests, as illustrated in Figures 4-3 and 4-4. Two extension 

rods were used. The first was a 762mm (30”) long and 51mm (2”) diameter steel rod with smooth 

outside surface. The second was 368mm (14 1/2”) long, 25mm (1”) diameter threaded steel rod.  

The guiding plate was designed to prevent the horizontal movement of the extension rods and 

to ensure that only vertical axial forces reached the top of the riser. A 25mm (1”)-thick steel plate 

with a step hole at the center was used. The 51mm (2”) diameter steel rod was able to slide 

through the hole smoothly. The guiding plate was attached to the I-beams of the cell lid using four 

C-clamps, as shown in Figure 4-2. To reduce the friction force between the extension rod and the 

guiding plate, a Teflon bushing was employed. Figures 4-3 and 4-4 illustrate details of the guiding 

plate. 

To avoid moment transfer between the riser and the extension rods, a special bearing plate 

was designed. One side of the round plate was chamfered into a right angle along the 

circumferential edge. A hemispherical joint was designed for the connection between the 25mm 

(1”) diameter extension rod and the bearing plate, Figures 4-3 and 4-4.  
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        Assembled drawing                                   Guiding plate 
 
 

  
 
Φ51mm (2”) steel rod   Φ25mm (1”) threaded steel rod           Bearing plate 
 
Note: Units are mm. UNF 14 represents 14 threads per 25mm in the Unified Thread Fine form. 
Figure 4-3 Extension system used to apply axial force to the PVC riser (drawings). 
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 Assembled image                   Φ25mm (1”) rod  Φ51mm (2”) rod 

 

 
Guiding plate and bearing plate 

Figure 4-4 Extension system used to apply axial force to the PVC riser (images). 
 

4.2.3 Modifications to the cell lid 

Since the extension rod needed to pass through the cell lid to apply axial forces on the PVC 

riser, a series of holes were cut through the steel plates of the biaxial cell lid and the rubber of the 

air bladder. To seal the bladder around this aperture, a special steel plate was designed to pinch 

the rubber of the air bladder onto the steel plate of the cell lid. Details of this configuration are 
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shown in Figure 4-5. Two 25mm (1”) diameter holes and one 51mm (2”) diameter hole were cut 

through the 19mm (3/4”)-thick steel plate attached at the base of the lid’s I-beams. Two 13mm 

(1/2”) diameter holes and one 51mm (2”) diameter hole were cut through 6mm (1/4”)-thick steel 

‘bladder plate’ which forms the back of the rubber air bladder. Four 13mm (1/2”) diameter holes 

(two were threaded and another two were not) and one 102mm (4”) diameter hole were cut 

through the steel ‘clamp plate’ used to pinch the air bladder against the bladder plate. Two 12mm 

(15/32”) diameter “clamp bolts” were used to clamp the bladder plate and the clamp plate 

together through two non-threaded holes.  

 
          Assembled drawing           Clamp plate 
Legend (Units are mm): 
1. Φ25 steel extension rod; 2. Flanges of cell lid’s I-beams; 3. 19mm-thick steel plate of cell lid; 
4. 6mm-thick steel plate;  5. Chamber for pressurized air; 6. Rubber of air bladder; 
7. Geotextile;    8.13mm-thick steel clamp plate; 9. Φ12 bolts; 
10. 100mm-long, Φ200, SDR35, PVC pipe wall;    11. Styrofoam rings; 
12. Wall of the PVC riser; 13. Uniform synthetic olivine sand; 14. Bearing steel plate 
15. One Φ102 hole in clamp plate; 16. Φ51 holes in both 19mm-thick and 6mm-thick steel pates; 
17. Two Φ25 holes in 19mm-thick steel plate; 18. Two Φ13 smooth holes in clamp plate; 
19. Two Φ13 threaded holes in clamp plate (for protection bolts).   
Figure 4-5 Modifications to the lid of the biaxial cell.  
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To avoid rupture of the pressurized air bladder, a protection tube combining a 100mm-long, 

200mm diameter SDR35 PVC pipe and two styrofoam rings coated outside was designed and 

installed to provide support for the air bladder, as shown in Figures 4-5 and 4-6. Two additional 

‘protection bolts’ were screwed into the threaded holes of the clamp plate to support the 

protection tube together with the clamp bolts. The protection tube also prevents the air bladder 

from directly contacting the PVC riser. A sheet of geotextile was used to separate the soil and the 

air bladder, protecting the air bladder. 

 

  
     Without protection tube          With protection tube 
Figure 4-6 Protection tube used to avoid rupture of the rubber air bladder. 
 

4.3 Calibration Tests 

4.3.1 Load cell concept 

In the buried fitting tests, the load applied to the fitting at the base of the riser cannot be 

directly assessed using the data from the load cell under the actuator at the top of the riser, since 

friction forces develop between the riser and the soil. It is undesirable to develop and install a 

load cell between the riser and the Tee or Wye fitting, because this could change the loading 
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characteristics and response of the system relative to a real installation. Therefore, an alternative 

method was developed to monitor the axial forces acting on the top of the buried fitting. Strain 

gages were fastened to the inside and outside surfaces of the riser, and a procedure was 

developed to establish the relationship between the axial strains in the PVC riser and the axial 

forces, prior to testing. This relationship was then employed during testing to use measured 

values of axial strain to infer axial (vertical) forces. In effect, the strain gages on the PVC riser 

were calibrated so that this element could be used as a load cell. To establish the relation 

between the axial strains and axial forces in the riser, four ‘calibration’ tests were performed on 

the riser alone, loaded along its axis in the Riehle testing machine. They are titled Calibration 

Tests One, Two, Three and Four in the following sections. Calibration Tests One and Two were 

performed for the riser pipes which were not used in the buried fitting tests. The risers were 

loaded to yield in these two calibration tests. The relation between the axial strains and axial 

forces in the riser developed from these two calibration tests were employed in Test Series No. 1 

for the buried Tee and Wye fitting. Calibration Tests Three and Four were performed for the riser 

pipes which were finally used in Test Series No. 2 for the buried Tee and Wye fitting, respectively. 

The riser pipes in Calibration Tests Three and Four were loaded up to 55kN, less than the axial 

yield force (approximately 90kN), in the Riehle testing machine. Since the later two calibration 

tests were carried out directly on the risers used in the buried fitting tests, they can reduce or 

avoid the errors caused by uncertainties in the riser dimensions (discussed in detail in Section 

6.6.1.3) and the stiffness of the glue for the strain gages. These four calibration tests are 

described in the following sections. 
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4.3.2  Calibration Test One 

4.3.2.1 Test configuration and procedure 

A segment of 300mm-long, 150mm (6”) diameter SDR35 PVC riser, the same type as that 

used in the buried fitting tests, was instrumented with two types of strain gages at the locations 

shown in Figure 4-7. The first gage type was a 2mm rectangular triaxial rosette, which was placed 

at Gage location #1. The second gage type was a 2mm rectangular biaxial rosette, and this was 

used at Gage locations #2, #3 and #4. 

 

  
 

Note: Gage #1 was attached inside the pipe at a distance 80mm from one end. Gage #2 was 
located on the outside pipe surface, and was also located 80mm from the same end. Gage #3 
was attached inside the pipe, at a distance of 20mm from the same end. Gage #4 was attached 
on the inner pipe surface, and was located in the middle of the riser, midway between both ends 
(i.e. 150mm away from one end). 
Figure 4-7 Locations of gages attached on the sample in Calibration Test One. 
 

The test configurations for Calibration Test One are illustrated in Figure 4-8. The specimen 

was placed in direct contact with the actuator head and the steel base plate, without the use of 

any friction treatment. This resulted in some hoop constraint at both ends as a result of friction.  

#3 biaxial 

#4 biaxial 

#1 triaxial 

#2 biaxial 
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Figure 4-8 Testing configuration for Calibration Test One. 
 

Stroke-control was used during the test, decreasing the distance between the two ends of the 

sample at a rate of 0.5mm/min. The room temperature was 21±1℃ during this test. 

4.3.2.2 Results 

In the compression test, the specimen was loaded to an axial force of 97kN. This load level 

represented the ultimate axial force capacity of the riser pipe, corresponding to the axial yield 

stress. A slight bulge at a distance of approximately 30mm from the bottom of the riser was 

observed. This was likely caused by the boundary constraint active between the end of the riser 

and the bottom surface of the test machine. The record of stroke versus load is shown in Figure 

4-9. The relation between stoke and load is almost linear for axial loads less than 60kN. 
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Note: Positive loads or strokes imply compression. 
Figure 4-9 Record of stroke versus load from Calibration Test One. 
 

The data collected from the strain gages are summarized in Figure 4-10. Strains are plotted 

versus axial loads, since the relation between axial strains and axial forces is being sought for the 

buried fitting test. The limits of the gages used in this test were all 1.6%. The gages lost function 

when strain exceeded 1.6%, somewhat short of the ultimate axial load capacity of the pipe shown 

on Figure 4-9. 
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Circumferential strains from Calibration Test One 

Note: Negative strains imply contraction or compression and positive loads indicate compression. 
Figure 4-10 Curves of strains against load from Calibration Test One. 
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4.3.2.3 Remarks 

Axial strains at different locations exhibit similar trends relative to loads, though there are 

differences in the measured values. Gages #1 and #2 exhibit almost the same magnitude, 

implying that axial strains equidistant from the pipe end have almost equal values on the inner 

and outer surfaces of the pipe. Axial strains from Gage #4 are less than 5% smaller than those 

from Gage #1 at load levels to 40kN. When the load is increased beyond this level, large 

differences develop between the measurements. This indicates that at large axial loads, the axial 

strains at different distances from the pipe end produce values with the difference of over 10%, 

likely due to friction constraint at the pipe end. The axial strains from Gage #3 (20mm away from 

the pipe end) and from Gage #1 (or #2) were consistently different throughout the test, indicating 

that the boundary constraint at the pipe end has some influence on the axial strains. It is 

concluded that the boundary constraint may significantly influence the resulting loads if the strain 

gages are attached too close to the pipe end.  

The measurements of circumferential strain for Gages #1 and #4 are different by less than 5% 

at load levels up to 60kN, implying that the effect of hoop constraint on the strain distribution is 

small when the gages are attached 80mm from the end of the riser pipe. The circumferential 

strains from Gage #3 are greater than those from Gage #1 and #4, implying that the boundary 

condition has some influence on the strain distribution in the zone close to the pipe end.  

4.3.3 Calibration Test Two 

4.3.3.1 Test configurations and procedures 

A segment of 200mm-long, 150mm (6”) diameter SDR35 PVC riser was used in Calibration 
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Test Two. Three types of strain gages were attached on the designated locations, all within the 

pipe, as shown in Figure 4-11. The first type was a 2mm rectangular triaxial rosette (used at Gage 

location #1). The second gage type was 2mm rectangular biaxial rosette (at Gage location #2). 

The last type was a 5mm uniaxial gage (at locations #3 and #4). 

 

 
Note: Gages #1, #2 and #3 were located at a distance of 65mm from one end of the pipe, and 
Gage #4 was attached at the middle, equidistant (i.e. 100mm) from both pipe ends.  
Figure 4-11 Gage locations within the pipe sample used in Calibration Test Two. 
 

The configuration for Calibration Test Two is shown in Figure 4-12. To establish the effect of 

end conditions on the strain distribution, this test featured treatment to reduce friction on both 

ends using rubber and grease. Stroke-control was once again used to apply the axial deformation 

at a rate of 0.2mm/min. The room temperature was 22±1℃ during this test. 

#2 biaxial 

#3 uniaxial 

#4 uniaxial 

#1 triaxial 
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Figure 4-12 Test configuration for Calibration Test Two. 
 

4.3.3.2 Results 

This specimen also yielded under compression, but no obvious bulge was observed. The 

curve of stroke versus load is shown in Figure 4-13. Without consideration of the rubber 

deformations, the relation between axial pipe deformation and axial load is again linear when the 

load is less than 60kN.  
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Note: Positive loads or strokes imply compression. 
Figure 4-13 Stroke versus load measured during Calibration Test Two. 
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Strain measurements versus load are provided in Figure 4-14. The maximum strain limits for 

the gages used in this test were all 1.6% (i.e. 16,000microstrain).  
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Circumferential strains from Calibration Test Two 

Note: Negative strains indicate contraction or compression while positive loads imply 
compression. 
Figure 4-14 Measurements of strain versus load from Calibration Test Two. 
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4.3.3.3 Remarks 

As shown in Figure 4-14, Gages #1 and #2 provide values with difference of less than 0.1%  

for both axial strains and circumferential strains at load levels up to 60kN. Gages #3 and #4 also 

yield values of axial strains with difference of less than 5%, though they were attached at different 

distances from the pipe end. The small difference of values from Gages #3 and #4 also implies 

that the influence of the boundary constraints on the strain distribution is now very small when the 

gages are located 65mm from the pipe end and friction treatment is used at the end boundary.  

However, differences between results for Gages #1 and #2, Gages #3 and #4 rise as loads 

increase. It appears that the calibration factors relating axial strain to axial force is influenced by 

the type of strain gages that have been used to instrument the PVC risers.  

4.3.4 Conclusions from Calibration Tests One and Two 

Two PVC pipe segments were tested under axial loading with different end conditions. 

Several conclusions can be drawn from these tests. 

 The hoop constraint at the pipe ends influences strain distributions at those locations. The 

zone of influence extends less than 50mm from the pipe ends, even if the pipe is placed 

directly against a rough steel plate. In the buried fitting tests, the PVC riser is inserted into 

the fitting and is in contact with the polished PVC surface of the Tee fitting at the bottom end 

(it is pushed all the way into the gasketed fitting), and it is in contact with the polished 

surface of the steel plate at the top end. Hence, it is expected that the end condition for the 

PVC risers is close to that imposed during Calibration Test Two. However, since the effect 

on strain distribution beyond 50mm from the pipe ends is negligible, any gages away from 
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the pipe ends should provide reasonable accurate values of axial force in the PVC riser prior 

to its yield stress. 

 Under identical conditions, different strain gage types, particularly those with different length, 

provide somewhat different axial strains. The calibration factor used to calculate axial force 

from strain must be consistent with the gage type. 

 The calibration factor may also be affected by the glue used for gage attachment, the lead 

wire, and variation of wall thickness of the pipe where gages are attached. The final factor is 

given further discussion later in Section 6.6.1.3. The best way to avoid these effects is to 

have the same gaged riser used in both the calibration test and the buried fitting test, as the 

buried fitting tests employing Calibration Tests Three and Four. The temperature also affects 

the calibration factor but with only 2microstrain/℃. The differences of the temperature during 

the calibration tests and the buried fitting tests were less than 5℃ . Therefore, the 

temperature effect can be ignored. 

 Axial strains from Gages #1 and #2 (located 80mm from the pipe end) in Calibration Test 

One and Gages #1 and #2 (65mm from the pipe ends) in Calibration Test Two are plotted 

against loads in Figure 4-15. The axial strains from these 2mm gages have magnitude with 

difference of less than 5% at load levels up to 60kN. Figure 4-16 and Equation(4.1) present 

a cubic polynomial to fit for all the axial strains from Gages #1 and #2 in both Calibration 

Test One and Test Two at load less than 60kN. Here Fa stands for axial forces or loads and 

εa stands for axial strains. The R-squared value (coefficient of determination) of this 

correlation, R2=0.998, is very close to 1, which indicates Equation(4.1) fits for these data 
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very well and can be used as a calibration formula for these 2mm gages. The error in this 

calibration procedure is ±3% of the calculated value using Equation(4.1). 

 

 -11 3 -7 2
a a a aF -3 10 ε  - 5 10 ε  - 0.0101 ε= × × × × ×  (4.1) 
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Note: Same as those in Figure 4-14. 
Figure 4-15 Axial strains from 2mm gages in both calibration tests. 
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Note: Same as those in Figure 4-14. 
Figure 4-16 A cubic polynomial fitting for axial strains from Gage #1 and #2 in both 
calibration tests. 

= × × ε × ×ε × ε-11 3 -7 2
a a a aF -3 10  - 5 10  - 0.0101
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 The axial strains from Gage #3 (located 65mm from the pipe end) and Gage #4 in 

Calibration Test Two are plotted against axial loads in Figure 4-17. The axial strains from 

these 5mm gages have values with difference of less than 5% throughout the test. Figure 

4-18 and Equation(4.2) present a cubic polynomial to fit for all the axial strains from Gages 

#1 and #2 in both Calibration Test One and Test Two at load less than 60kN. Here Fa stands 

for axial forces or loads and εa stands for axial strains. The R-squared value (coefficient of 

determination) of this correlation, R2=0.9977, is very close to 1, which indicates Equation(4.2) 

fits for these data very well and can be used as a calibration formula for these 5mm gages. 

The error in this calibration procedure is ±3% of the calculated value using Equation(4.2). 

 

 = × × × × ×-11 3 -7 2
a a a aF -2 10 ε  - 3 10 ε  - 0.0082 ε  (4.2) 
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Note: Same as those in Figure 4-14. 
Figure 4-17 Axial strains from 5mm gages in Calibration Test Two. 
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Note: Same as those in Figure 4-14. 
Figure 4-18 A cubic polynomial fitting for axial strains from Gage #3 and #4 in Calibration 
Test Two. 

 

4.3.5 Calibration Test Three 

4.3.5.1 Test configurations and procedures 

The test configurations and procedures for Calibration Test Three were quite similar to those 

in Calibration Test Two, except that this test was performed directly on the riser pipe which was 

used for the buried Tee fitting in Test Series No. 2. The total length of this specimen was 1115mm. 

A total of twelve 5mm uniaxial strain gages were attached on the designated locations, as shown 

in Figure 4-19. To avoid the plastic strains developing in the riser, the maximum axial force in this 

calibration test was 55kN. This test also featured friction treatment to reduce the boundary 

constraints on both top and bottom ends of the riser pipe. The test was carried out with a 

stroke-rate of 1mm/min. The room temperature was 20±1℃ during this test. 

 

11 3 7 2
a a a aF 2 10 ε   3 10 ε   0 0082 ε= × × × × ×- -- - - .
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Note: All gages were attached on interior surface and along the longitudinal axis of the riser. 
Gages #1 to #4 were located at a distance of 50mm from the top end; Gages #5 to #8 were 
located at a distance of 80mm from the bottom end; and Gages #9 to #12 were located at a 
distance of 50mm from the bottom end. Other testing configurations were same as those shown 
in Figure 4-12. 
Figure 4-19 Test configuration for Calibration Test Three. 

 

4.3.5.2 Results 

The curve of stroke versus load is shown in Figure 4-20. Without consideration of the rubber 

deformations, the relation between axial pipe deformation and axial load is linear as well. The 

average axial strain measurements from Gages #1 to #4 are plotted against loads as shown in 

Figure 4-21. The plots for the average axial strain measurements from Gages #5 to #8 and 

Gages #9 to #12 are also presented in Figure 4-21. Quadratic polynomials are used to fit for the 

data of each gage group. They are listed in Table 4-2 together with the corresponding R-squared 

values (coefficient of determination). The R-squared values here all equal unity (to four decimal 

Gage #1 to #4 

Gage #5 to #8 
Gage #9 to #12 



 
 

85

places), which implies that each quadratic polynomial fits for the corresponding data exactly. Thus, 

these polynomials can be used as calibration equations in the buried Tee fitting test. The 

calibration error is negligible when this gaged riser is used in the buried fitting test. 
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Note: Positive loads or strokes imply compression. 
Figure 4-20 Stroke versus load measured during Calibration Test Three. 
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Note: Same as those in Figure 4-14. 
Figure 4-21 Axial strains from 5mm uniaxial gages in Calibration Test Three. 
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Table 4-2 Calibration equations developed from Calibration Test Three. 
 Quadratic Polynomials R-squared Values 

From Gages #1~#4 Fa = -10-8εa
2 - 0.0073εa 1.0000 

From Gages #5~#8 Fa = -3×10-8εa
2 - 0.0073εa 1.0000 

From Gages #9~*12 Fa = -5×10-8εa
2 - 0.0073εa 1.0000 

Note: Fa is the calibrated axial force (kN); and εa is the average value of the axial strain 
measurements (microstrain). 

 

4.3.6 Calibration Test Four 

4.3.6.1 Test configurations and procedures 

The test configurations and procedures for Calibration Test Four were the same as those in 

Calibration Test Three, except that the total specimen length was 865mm instead of 1115mm. 

This riser was used for the buried Wye fitting in Test Series No. 2. A total of twelve 5mm uniaxial 

gages were attached on the same locations as those shown in Figure 4-19. The load limit of 55kN 

was also employed to avoid the riser experiencing yielding in the calibration test. The same 

friction treatments as those in Calibration Test Three were also applied. The test was also 

performed with a stroke-rate of 1mm/min. The room temperature was 20±1℃ during this test 

4.3.6.2 Results 

The curve of stroke versus load is shown in Figure 4-22. Similarly, the relation between axial 

pipe deformation and axial load is also linear without considering the rubber deformation. The 

average axial strain measurements from Gages #1 to #4, Gages #5 to #8 and Gages #9 to #12 

are plotted in Figure 4-23. Quadratic polynomials are also used to fit for the data recorded from 

each gage group. Table 4-3 summarizes these equations and the corresponding R-squared 

values (coefficient of determination). Each quadratic polynomial fits for the corresponding data 

very well in terms of the R-squared value of one. Thus, these polynomials can be used as 
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calibration equations to get good correlations for axial forces in buried Wye fitting tests. The 

calibration error is negligible when this gaged riser is used in the buried fitting test. 
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Note: Positive loads or strokes imply compression. 
Figure 4-22 Stroke versus load measured during Calibration Test Four. 
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Note: Same as those in Figure 4-14. 
Figure 4-23 Axial strains from 5mm uniaxial gages in Calibration Test Four. 
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Table 4-3 Calibration equations developed from Calibration Test Four. 
 Quadratic Polynomials R-squared Values 

From Gages #1~#4 Fa = -6×10-8εa
2 - 0.0069εa 1.0000 

From Gages #5~#8 Fa = -6×10-8εa
2 - 0.007εa 1.0000 

From Gages #9~#12 Fa = -5×10-8εa
2 - 0.0071εa 1.0000 

Note: Same as those in Table 4-2. 
 

4.4 Buried PVC Tee Fitting Tests 

4.4.1 Introduction and fittings tested 

Buried fitting tests were performed using the test apparatus described in Section 4.2. Two test 

series were performed for buried Tee fitting systems. Test Series No. 1 was carried out to study 

the performance of a Tee fitting system in deep-burial conditions (with overburden pressure), and 

Test Series No. 2 was conducted for Tee in shallow-burial conditions (without overburden 

pressure). The test specimens for each test series were the same and include: 

 One 200mm×150mm (8”×6”), SDR35, PVC Tee fitting; 

 One 1115mm-long, 150mm (6”), SDR35 PVC pipe to act as the PVC riser, with an effective 

length in contact with the backfill of 1000mm; 

 Two 200mm (8”), SDR35 PVC pipes inserted within the Tee to form the mainlines; one pipe 

had length of 650mm, and the other length of 1120mm.  

These specimens were assembled and buried in uniform sand (synthetic olivine, Lapos and 

Moore, 2002). The laboratory apparatus and the instrumentation used in the buried Tee fitting 

tests are listed in Table 4-1. Details of the test installation, instrumentation used, and results are 

presented in the following subsections. 
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4.4.2 Installation 

4.4.2.1 Brief introduction 

Three test stages were performed in Test Series No. 1; while two in Test Series No. 2. In Test 

Series No. 1, the fitting system was buried in the biaxial cell at Stage 1, tested with overburden 

pressure at Stage 2 and loaded to failure in prestressed soil without overburden pressure at 

Stage 3. In Test Series No. 2, the fitting system was buried in the biaxial cell at Stage 1 and 

loaded to failure without overburden pressure at Stage 2. Load control was used in Test Series 

No. 1; while stroke control (at the rate 1mm/min) was employed in Test Series No. 2. Since the 

installation procedures for Test Series No. 1 and No. 2 were quite similar, those for the former are 

described in detail below. 

4.4.2.2 Stage 1 – Backfilling 

Test Series No. 1 for the buried Tee fitting system was conducted in three stages. Stage 1 

involved preparation of the test cell including use of side wall friction treatment for the biaxial cell, 

assembly and placement of the PVC sewer and riser components, backfilling and compaction of 

the sand, installation of settlement plates and earth pressure cells, recording of initial strains from 

all gages, and installation of the cell lid and the steel reaction frame.  

Friction treatment was applied to the sides of the biaxial cell before sand placement. The 

friction treatment consists of two layers of polyethylene sheets lubricated with silicon grease in 

between. A piece of geotextile sheet was then used to cover the polyethylene sheets. Tognon et 

al. (1999) and Brachman et al. (2000) provide details of this friction treatment. 

The approach for control of soil density was to use a compaction procedure and a nuclear 
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density meter to determine what density was attained. All backfill sand was compacted using a 

250mmx250mm (10”x10”), 5.4kg (12 lb) hand tamping tool freely dropped from 150mm (6”) 

height. A 250mm-thick layer of bedding sand was prepared directly under the invert of the fitting, 

and a further 200mm of compacted sand was placed above the invert of the fitting, so the fitting 

was surrounded by dense granular material. This total depth of 450mm, was placed in three 

layers, and compacted with three passes of the compaction tool for each of the 150mm thick lifts. 

The average total unit weight of the sand was 15.1kN/m3 (14.8kN/m3 in Test Series No. 2) at an 

average water content of 1.5% (1.0% in Test Series No. 2). The maximum and minimum dry unit 

weights of this sand are 12.8kN/m3 and 16.4kN/m3 (see Krushelnitzky, 2006). Therefore, the 

relative density of the sand was 64% (59% in Test Series No.2). The remaining backfill, 1100mm 

deep, was placed around the PVC riser in six layers 150mm thick, and one layer of 200mm 

thickness. Each layer was compacted with one pass of the compaction tool. The average total 

unit weight of this soil was 14.4kN/m3 (also 14.4kN/m3 in Test Series No. 2) at an average water 

content of 3.5% (1.1% in Test Series No. 2). The relative density of the sand was 38% (47% in 

Test Series No.2). A nuclear density meter was used to measure the unit weight and water 

content of soil at four designated locations (half meter away from cell walls) after completion of 

each lift. While a bedding thickness of 150mm would have been sufficient, a 250mm-thick 

bedding layer was used given the presence of the rigid cell base below. 

After the bedding sand was placed and compacted, the PVC pipe components were 

assembled and placed on the bedding. Both ends of mainlines were blocked using styrofoam and 

duct tape so that sand could not flow into the ends. To keep the PVC riser vertical during 
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backfilling, a wooden plug and a wooden support system were designed (illustrated in Figure 

4-24). The circumferential surface of the wooden plug in contact with the PVC riser was smooth 

and lubricated with silicon grease. With this support system, the PVC riser was only able to move 

vertically, thus guaranteeing that the PVC riser would remain aligned with the aperture in the cell 

lid after backfilling, without affecting the friction forces that developed along the PVC riser. After 

completion of backfill, a 50mm-deep groove was cut in the sand around the top end of the riser to 

accommodate the protection tube shown in Figure 4-6. Thus, the effective (buried) length of the 

riser was 1050mm prior to the groove cutting and 1000mm afterwards. 

 

 
Figure 4-24 Setup of the buried Tee fitting system.  
 

Two settlement plates and four earth pressure cells were also installed during sand filling. A 

detailed description of this instrumentation is given in Section 4.4.3. During backfilling, the data 

acquisition system was set to automatically record the strains, deformations and soil pressures.  

After backfilling, the bearing plate and cell lid were placed in position. The reaction frame was 

Wooden support system 
C-clamp 

Styrofoam end block 

Uniform olivine sand 
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Side wall friction treatment 
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then mounted on the top of the cell lid. Oil lines, signal cables and air lines were then connected.  

4.4.2.3 Stage 2 – Testing with surface pressure and actuator loads  

During Stage 2, the air bladder was used to apply overburden pressure and the actuator was 

used to apply axial force to the riser. The air bladder applied pressures up to 173kPa, equivalent 

to the vertical earth pressure of 12m of the uniform sand. Given that the Tee fitting was buried 1m 

below the lid of the cell, the total equivalent depth was 13m. With a constant overburden pressure 

of 173kPa, the MTS actuator was used to apply axial force to the top of the PVC riser up to 50kN. 

Load was increased at a rate of 0.5kN/min in load control mode.  

4.4.2.4 Stage 3 – Test of the PVC fitting to failure 

Analysis of the data from Stage 2 indicated that the Tee fitting responded elastically 

throughout Stage 2. All loads were then released to allow the PVC sewer and fittings to fully 

recover. One week later, Stage 3 testing was performed. Zero overburden pressure was applied, 

and loads were increased on the top of the riser until the PVC Tee fitting reached its load capacity. 

The axial load was increased at a rate of 5kN/min in load control mode until the fitting failed. The 

final load applied by the MTS actuator was 48.8kN.  

The sand temperature was 19±3℃ during backfilling and 21±2℃ during Stages 2 and 3 in 

Test Series No. 1; and it was 24±1℃ in Stage 1 and 23±1℃ in Stage 2 during Test Series No. 2. 

4.4.3 Instrumentation 

Five types of instrumentation were used to collect data for the buried Tee fitting tests. They 

include strain gages, linear potentiometers (LPs), a digital camera, settlement plates, and earth 

pressure cells. 
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In Test Series No. 1, ten 2mm-rectangular-triaxial strain rosettes were attached to the Tee 

fitting to measure the local strains; while in Test Series No.2, no gages were used for the Tee 

fitting. In Test Series No. 1, four 2mm-rectangular-triaxial strain rosettes, seven 2mm- 

rectangular-biaxial strain rosettes and three 5mm-uniaxial strain gages were attached to the PVC 

riser as shown in Figure 4-25; in Test Series No.2, twelve 5mm-uniaxial strain gages were 

fastened on the inner wall surface of the riser at the designated locations shown in Figure 4-19. 

These gages were used to interpret the axial forces that developed in the riser. 

Four linear potentiometers (LPs) were used for each test series. Two were attached under the 

settlement plates to measure the settlement of certain points in the soil. Another two were 

attached inside the fitting to measure changes in pipe diameter, Figure 4-26. A digital camera was 

also used to capture details of the deformations of the horizontal cylinder section of the fitting, 

Figure 4-1. A foam ring was attached inside the fitting to act as a camera target, Figure 4-26. 

   

Four triaxial rosettes on the fitting exterior       Six triaxial rosettes on the fitting interior 
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Locations of strain rosettes on the fitting (drawings); units are mm. 
 

  
Note: Top Gages #5 and #6 were attached 65mm from the top end of the riser; bottom Gages #1 
to #4 were attached inside the riser, 65mm from the bottom end; bottom (outside) Gages #11 to 
#14 were attached 80mm from the bottom of the riser; middle Gages #7 to #10 were located 
midway between the two ends. Gages #1, #4, #5 and #6 were 2mm, rectangular triaxial rosettes; 
Gages #2, #7 to #11, and #13 were 2mm, rectangular biaxial rosettes; Gage #3, #12 and #14 
were 5mm uniaxial gages. Even though the outside gages were attempted here, they did not give 
proper readings due to the skin friction along the riser. 
Figure 4-25 Gage placement on the PVC components in Test Series No.1. 
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Note: LPv denotes the linear potentiometer measuring vertical diameter change, and LPh 
denotes the linear potentiometer measuring the horizontal diameter change. 
Figure 4-26 Linear potentiometers and digital camera target (foam ring). 
 

Two settlement plates were installed in the backfill. One was placed 250mm above the cell 

base plate, which was the same elevation as the bottom of the fitting. This settlement plate was 

used to obtain data that can be used to establish the stiffness of the bedding. A second settlement 

plate was located 500mm above the cell base. This plate was installed to study the stiffness of 

the sand surrounding the fitting. Each settlement plate was attached to one LP under the cell 

bottom plate. Figure 4-27 provides further details of their positions. 

Four 350kPa earth pressure cells were buried in the sand to measure the soil pressures. Two 

were buried 500mm above the cell base to measure the horizontal and the vertical soil pressure, 

respectively. Another two were buried 1200mm above the cell base to record pressures at that 

location. Figure 4-27 provides further details on the location of these pressure cells.  
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Note: S denotes settlement plates; P denotes earth pressure cells. 
Figure 4-27 Placement of settlement plates and earth pressure cells. 
 

The earth pressure cells were used to monitor the soil pressures during the tests and these 

were used to calculate the constrained soil modulus (see Brachman et al. 2001 for further details). 

Analysis using the data acquired from the settlement plates and the earth pressure cells indicates 

that the initial constrained modulus (Ms) of the bedding sand was 11.8MPa (10.5MPa in Test 

Series No. 2) and that of the sand around the fitting was 11.3MPa (10.3MPa in Test Series No. 2). 

4.4.4 Results of the buried Tee fitting tests 

4.4.4.1 Brief introduction 

As stated previously, the objectives of the buried fitting tests are to explore the capacity (or 

strength) of the Tee fittings, to study the local response and failure mechanism of the buried 

fittings, and to study the friction forces that develop along the PVC risers. These issues are 

discussed in the following sections.  
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4.4.4.2 Strength of the buried Tee fitting 

During Stage 2 in Test Series No. 1, with overburden pressure at a constant value of 173kPa, 

the fitting did not fail even though actuator load reached 50kN. From the measurements of axial 

strain at the riser base, the axial force reaching the top of the fitting was observed to be 

33kN(±1kN) at that actuator load of 50kN. This reveals that the total skin friction between the 

1m-riser and the sand was 17kN(±1kN), acting upwards on the riser. The test was terminated at 

this actuator load of 50kN, since it was the maximum safe working load of the actuator support 

system.  

The decision was therefore made to reload the buried fitting during test Stage 3 in Test Series 

No. 1, to bring it to failure. Without overburden pressure, smaller lateral pressures develop in the 

sand and the skin friction acting along the riser is small. Almost all of the axial force applied by the 

actuator at the top of the riser reached the fitting, which failed at an actuator load of 48.8kN. The 

axial force on the top of the fitting, calculated using the axial strains measured at the bottom of 

the riser was 44kN(±1kN) at that actuator load of 48.8kN. The accumulated skin friction force 

along the 1m section of riser in the sand was therefore 4.8kN(±1kN), acting upward. This friction 

force of 4.8kN (without consideration of calibration errors) implies a secant residual horizontal 

(lateral) earth pressure of 23.5kPa around the 1m-riser after removal of the maximum overburden 

pressure of 173kPa, assuming the friction coefficient of 0.44 between PVC and uniform sand, El 

Chazli et al. (2005). Tests performed by Law and Moore (2007) indicate that the coefficient of the 

lateral earth pressure at rest for the synthetic Olivine is 0.51 at an overburden pressure of 150kPa. 

Hence, the residual lateral earth pressure at Stage 3 is equivalent to 25.5% of that estimated to 
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have been presented during Stage 2 (i.e. 23.5kPa/ [(173kPa+15.1kN/m3 ×1m/2)×0.51]=25.5%). 

This would have increased the capacity of the 1m-deep buried Tee fitting relative to that which 

would have been measured if the fitting were tested under this loading condition without having 

first conducted Stage 2, since the density and stiffness of the surrounding soil would have been 

increased. Further discussion on the friction forces along the vertical riser is presented in Section 

4.4.4.6.  

In Test Series No. 2, no overburden pressure was used at Stage 2. The Tee fitting failed at an 

actuator load of 38.4kN. The axial force on the top of the fitting, calculated using the axial strains 

measured at the riser base was 37.6kN at that actuator load of 38.4kN. Please note that the 

calibration errors were ignored since the same gaged riser was used in both the calibration test 

and the buried fitting test. The accumulated skin friction force along the 1m section of riser in the 

sand was therefore 0.8kN, acting upward. Based on Equation (5.1), the skin friction force of 

0.8kN implies that Kμ=0.22, where K is coefficient of lateral earth pressure and μ is interface 

friction coefficient between the riser and the surrounding backfill. 

The results of the buried Tee fitting experiment are summarized in Figure 4-28. Results for the 

isolated Tee fitting test are included in this figure for comparison purposes.  
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Figure 4-28 Axial force versus vertical diameter change recorded during Tee fitting tests. 
 

Curve #1 in Figure 4-28 presents the results for the fitting-only test described earlier. The 

vertical load on the fitting was around 9kN at initial yield, when the change in horizontal diameter 

was approximately 25mm. The maximum load was around 10.7kN. Curve #2 and #3 are the test 

results from Test Series No. 1 for Tee fittings. Curve #2 presents the results from the test where 

overburden pressure and axial force were increased simultaneously during the first stages of the 

test. After the overburden reached 173kPa, bladder pressure was kept at this level while the 

actuator load continued to increase the axial force applied to the top of the riser up to 50kN. 

Curve #3 presents the results for the final load test, which lead to the buried Tee fitting cracking at 

an actuator load of 48.8kN at zero overburden pressure, but with the soil prestressed under 
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173kPa at test Stage 2. Vertical diameter change recorded in the fitting was around 4mm at the 

initial yield point, and it reached 15mm at the point where the fitting cracked. Curve #4 shows the 

test results from Stage 2 in Test Series No. 2. No bladder pressure was used and the buried Tee 

fitting yielded at an actuator load of 38.4kN. Stroke control was used in this test. The Tee fitting 

yielded along the joint between the riser part and the horizontal part, but did not fracture even 

when the vertical diameter change reached over 25mm. This failure mechanism is quite different 

from that (fracture) observed at Stage 3 in Test Series No. 1, where load control was employed. 

As shown in Figure 4-28, the slope of the response line was 8.8kN/mm during test Stage 2, 

and 8.0kN/mm during test Stage 3 in Test Series No. 1; while it was 7.0kN/mm at test Stage 2 in 

Test Series No. 2. The testing condition for Curve #2 was equivalent to fitting burial at 13m depth, 

and the testing condition during Stage 3 (Curve #3) was equivalent to fitting burial by 

approximately 25.5% of 13m or 3.3m, calculated on the assumption that the lateral stresses in the 

sand are considerably more important in relation to fitting support than are the vertical earth 

pressures. The testing condition for Curve #4 was equivalent to fitting burial at around 1m depth. 

These slopes imply the stiffness of the buried Tee fittings under vertical compression loads. The 

three-dimensional finite element analyses, which are presented later in Section 6.4.3, indicate 

that buried Tee fitting stiffness is approximately linearly proportional to confining stress.  

It is concluded that the strength of the Tee fitting buried at 1m depth in uniform sand is 38kN. 

Results from test Stage 3 in Test Series No. 1 indicate that the strength of the Tee fitting buried in 

dense sand backfill (prestressed under an overburden pressure of 173kPa) is 44kN(±1kN), an 

increase of more than 4 times relative to that for the fitting loaded in isolation.  
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4.4.4.3 Local response and failure mode 

Data collected from ten strain rosettes attached to the Tee fitting in Test Series No. 1 are 

summarized in Figure 4-29. Strain magnitudes are shown relative to the axial forces applied to 

the top of the Tee fitting, which have been calculated from the axial strains at the bottom of the 

riser. These strains were collected during test Stages 2 and 3 in Test Series No. 1. Epsilon a and 

Epsilon A represent strains collected from gage oriented in the axial direction of the pipe; Epsilon 

c and Epsilon C represent strains collected from gages oriented in the circumferential direction; 

Epsilon m and Epsilon M represent strains collected from gages at 45o to these two directions 

(similar to those shown in Figure 3-5). Lower case designations represent strains collected during 

Stage 2, and upper case designations represent values from Stage 3. A negative value implies 

contraction or compression. The limits of the gages are 1.6% or 16,000microstain. 
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Note: The circumferential gage was inoperative during both Stage 2 and Stage 3. 

(b) Rosette #2 
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(c) Rosette #3 
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Note: The circumferential gage was inoperative during both test stages, and the axial gage was 
inoperative during Stage 2. 

(d) Rosette #4 
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(e) Rosette #5 
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Note: The circumferential gage worked abnormally during Stage 2.  

(f) Rosette #6 
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(g) Rosette #7 
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(h) Rosette #8 
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(i) Rosette #9 
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(j) Rosette #10 
Note: Epsilon a, m and c denote strains recorded during Stage 2; Epsilon A, M and C denote 
strains recorded during Stage 3. Negative strain implies contraction or compression while positive 
axial forces indicate compression. 
Figure 4-29 Local strain readings for the buried Tee fitting during Stages 2 and 3 in Test 
Series No. 1. 
 

Figure 4-29 provides local strain readings during test Stages 2 and 3 in Test Series No. 1 for 

the buried Tee fitting. Based on these results, the following conclusions are drawn: 

 Local responses during both test stages (Stages 2 and 3) are similar, both in relation to 

pattern and magnitudes. This implies that the overburden pressure had little influence on the 

local response of the buried fitting. 

 A comparison to strains recorded during the fitting-only test (Section 3.3) indicates that most 

local strains before failure in the buried condition are relatively small. Only the strains 

recorded directly at the joint, Rosettes #2, #7 and #9, were large. This indicates that the 

fitting failed at a relatively small local deformation and that the stress or load concentrated at 
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the joint between the riser part and the horizontal part of the Tee. 

 Circumferential strains were generally greater than axial strains except at Rosette #9. This 

implies that the Tee fitting deformations were primarily associated with circumferential 

bending, for this buried condition. 

 The circumferential strains in the top half of the fitting, such as those at Rosettes #1, #2, #7, 

and #9, were generally greater than those in the bottom half (like those at Rosette #5). This 

implies that the deformations were much higher in the top half of the fitting than in the bottom 

half. 

To study further the local response of Tee fittings under the different loading conditions, the 

local strains (both circumferential and axial) at a specified axial force (5kN) and at a specified 

vertical pipe diameter change (3mm) are collected together in Tables 4-4 to 4-7. These are 

illustrated in Figures 4-30 to 4-33, respectively. The gage locations used in the buried Tee fitting 

test differed slightly from those in the fitting-only test, as described in these tables and figures. 

4.4.4.4 Local strains at an axial force of 5kN 

Table 4-4 and Figure 4-30 present the local circumferential strains at a vertical force of 5kN 

applied by the riser at the top of the Tee fitting for both the fitting-only and buried test conditions. 

The corresponding local axial strains are recorded in Table 4-5 and Figure 4-31. When the axial 

riser force on the top of the Tee fitting reached 5kN in the fitting-only test, the vertical pipe 

diameter change was 13mm; this change in diameter was just 0.6mm in the buried fitting test for 

overburden pressure of 173kPa (Stage 2 in Test Series No. 1). 
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Table 4-4 Local circumferential strains at an axial riser force of 5kN applied to the Tee 
fittings. 

Fitting-only test Buried fitting test with overburden pressure of 173kPa 
(Stage 2 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

#1 -0.09 #1/#4 +0.00  /  Damaged 
#2 -1.31 #2 Damaged 
#3 0.56 #3 0.03 
#4 0.94 #5 -0.01 
#5 -0.71 #6/#10 -0.20  /  -0.18 
#6 0.43 #7 0.15 
#7 0.05 #8 -0.13 
#8 Damaged #9 -0.06 
#9 0.08 N/A N/A 
#10 0.76 N/A N/A 

Note: Refer to Figures 3-8 and 4-25 for gage locations. Gage numbers at the same row in the 
table indicate that these gages were at the same or similar locations on the fittings. A negative 
value implies contraction or compression. N/A stands for ‘not applicable’.  
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From the buried fitting test (Stage 2 in Test Series No. 1) 
Figure 4-30 Local circumferential strains at an axial riser force of 5kN applied to the Tee 
fittings. 

 
 

Table 4-5 Local axial strains at an axial riser force of 5kN applied to the Tee fittings. 

Fitting-only test Buried fitting test with overburden pressure of 173kPa 
(Stage 2 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

#1 -0.13 #1/#4 -0.04  /  -0.06 
#2 -0 #2 -0.03 
#3 0.16 #3 0.02 
#4 0.01 #5 0.02 
#5 0.10 #6/#10 0.02  /  0.05 
#6 0.03 #7 0.05 
#7 -0.02 #8 -0.01 
#8 0.07 #9 0.10 
#9 0.16 N/A N/A 
#10 0.04 N/A N/A 

Note: Same as those in Table 4-4. 
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From the fitting-only test 

 

 
 

From the buried fitting test (Stage 2 in Test Series No. 1) 
Figure 4-31 Local axial strains at an axial riser force of 5kN applied to the Tee fittings. 
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As shown in Tables 4-4 and 4-5 and Figures 4-30 and 4-31, the local responses of the fitting 

in isolation and when buried were very different at these same levels of axial riser load. Firstly, the 

local circumferential strains in the fitting-only test were generally greater than those in the buried 

fitting test. Secondly, in both the fitting-only test and the buried fitting test, the circumferential 

strains were generally greater than the axial strains except those at the crown, such as those 

from Gage #1. This implies that the fitting deformed primarily through circumferential bending in 

both tests. Finally, in the fitting-only test the local strains in the upper half of the structure had 

magnitudes close to those at the corresponding locations in the lower half. In contrast, the buried 

fitting test featured local strains in the upper half that were generally much greater than those at 

the corresponding locations in the lower half. Soil support for the buried fitting is considered to be 

the major factor causing this difference, and provided the fitting enjoys the benefits of soil support, 

the strengthening of the buried Tee fitting could be focused in the upper region. 

4.4.4.5 Local strains at a vertical pipe diameter change of 3mm 

Table 4-6 and Figure 4-32 present the local circumferential strains at a vertical diameter 

change of 3mm in the horizontal cylindrical section of the fitting. The corresponding local axial 

strains are recorded in Table 4-7 and Figure 4-33. When the vertical diameter change of the 

horizontal pipe reached 3mm in the fitting-only test, the axial riser force applied to the fitting was 

1.1kN; this vertical force from the riser had magnitude of 27kN in the buried fitting test (test Stage 

2 in Test Series No. 1). 
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Table 4-6 Local circumferential strains at a change in vertical diameter of 3mm. 

Fitting-only test Buried fitting test with overburden pressure of 173kPa 
(Stage 2 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

#1 -0.03 #1/#4 -0.19  /  Damaged 
#2 -0.23 #2 Damaged 
#3 0.12 #3 0.24 
#4 0.25 #5 0.01 
#5 -0.16 #6/#10 (Likely -0.60)  /  -0.55 
#6 0.09 #7 0.97 
#7 0.09 #8 -0.47 
#8 Damaged #9 -0.12 
#9 0.03 N/A N/A 
#10 0.14 N/A N/A 

Note: Note: Same as those in Table 4-4. 
 

 
From the fitting-only test 

 

Front View Side View 

-0.03% #1 -0.03% #1 

0.03% #9 

#2 -0.23% 

#3 0.12% 

-0.23% #2 

0.12% #3 

#8 Damaged 
0.09% #7 

0.09% #6 

-0.16% #5 

0.25% #4 

Outside gages Inside gages 

0.25% #4 

#5 -0.16% 

#6/#7 
#8 #9 

0.14% #10 

Horizontal part 

Riser part 

Horizontal part 

Riser part 



 
 

113

 
 

From the buried fitting test (Stage 2 in Test Series No. 1) 
Figure 4-32 Local circumferential strains at a change in vertical diameter of 3mm. 

 
 

Table 4-7 Local axial strains at a change in vertical diameter of 3mm. 
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From the fitting-only test 

 
 

 
 

From the buried fitting test (Stage 2 in Test Series No. 1) 
Figure 4-33 Local axial strains at a change in vertical diameter of 3mm. 
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At a decrease in vertical diameter of 3mm within the fitting, the local strains for the buried test 

condition were generally greater than those recorded when the fitting was tested in isolation, as 

shown in Tables 4-6 and 4-7 and Figures 4-32 and 4-33. This is opposite to the conclusions 

implied from the fittings at a vertical fitting force of 5kN acting on the Tee fitting. Other differences 

in the local response are consistent with those seen for the fittings under axial riser force of 5kN. 

As described in Chapter 3, for PVC material, the relationship between stresses and strains is 

approximately linear and elastic at stress levels below the initial yield points (48MPa in tension 

and -62MPa in compression, Table 3-2). Therefore, principal stresses prior to yield during the 

Stage 3 in Test Series No. 1 have been calculated from the measured strains using linear 

elasticity (Hooke’s law) and plotted against the vertical pipe diameter changes in Figure 4-34. 

Young’s modulus of 2800MPa and Poisson’s ratio of 0.38 were used for PVC (see Table 3-2). 
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Note: Minor principal stresses at Rosettes #5, #7 and #9 are zero; Rosettes #2 and #4 were 
damaged. 

(b) Minor principal stress 
Note: Positive stresses indicate contraction or compression; while positive diameter changes 
correspond to contraction. 
Figure 4-34 Calculated values of principal stresses in the buried Tee fitting test (Stage 3 
in Test Series No. 1, zero overburden pressure). 
 

As shown in Figure 4-34, Curve #7 (from Rosette #7) increases the fastest against the vertical 

diameter change. If Rosette #2 had not been damaged, Curve #2 would likely have exhibited the 

same trend. This implies that the buried Tee fitting likely failed starting from the zone around 

Rosettes #2 and #7 (the lowest section of the connection between the horizontal part and the 

riser part, somewhat above the springlines of the horizontal part). This is similar to that seen in 

the fitting-only test described earlier in Section 3.3.3.  

Curves #8 and #9 increase at the next fastest rate. The material around these two rosettes 

likely failed directly after the failure near Rosettes #2 and #7. The strains at the springlines 

(Rosettes #3, #6 and #10) and at the invert (Rosette #5) increased relatively slowly, a very 

different response to that seen in the isolated-fitting test. This indicates that the lower part of the 
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Tee fitting would not likely fail when buried, provided that good soil support exists beside and 

under the fitting.  

Although Curve #1 (and likely #4) increase relative slowly, the crown is still vulnerable to 

failure, since the load appears to shift to this position once failure occurs in the material around 

the connection between the riser part and the horizontal part. Again, it appears that the top half of 

the fitting is the weakest zone, where strengthening is most important.  

Fitting deformations for both the fitting-only and buried fitting tests are shown in Figure 4-35; 

this distortion of the vertical plane through the section of fitting which is formed from a horizontal 

cylinder is key to understand the local response and fitting failure. 

 

  

   From the fitting-only test    From the buried fitting test Series No. 1 
Figure 4-35 Deformed shapes of the horizontal cylinder sections of the Tee fittings during 
tests. 
 

The images in Figure 4-35 were recorded directly before fitting failure during these tests. In 

the fitting-only test, the large deformations indicate post-yield response, while the buried fitting 

exhibited a fracture or yield in upper half of Tee at relatively small deformation. The magnitudes of 
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the horizontal pipe deformations in both tests are summarized in Figure 4-36. Here the axial force 

on the buried fitting was 38kN and that on the fitting in isolation was 8.4kN. In the fitting-only test, 

the transverse section of the horizontal cylinder deformed uniformly like an ellipse. However, in 

the buried fitting test the deformed shape of the horizontal pipe was different. The deformation 

was no longer simple ovaling. Instead, the upper half of the fitting deformed much more than the 

lower half, implying that the upper half is more vulnerable to failure, while the lower half receives 

the benefit of considerable support from the dense compacted sand adjacent to and under the 

fitting.  

 

 
Note: The deformed shape of the buried fitting is from Stage 3 in Test Series No.1. Unit is mm. 
Figure 4-36 Summary of deformed shapes of the horizontal pipes in the Tee fitting tests. 
 

The failure modes of the Tee fitting loaded when buried and when tested in isolation are 

distinctly different. As discussed earlier in Section 3.3.3, the Tee fitting yielded along both the 

springlines and the joint between the riser part and the horizontal part, when tested in a universal 

testing machine. When buried, a fracture developed when load control was used, as shown in 
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Figure 4-37; or the fitting yielded only along the joint between the riser part and the horizontal part 

when stroke control was employed, Figure 4-38.  

 

  
    With the riser        Without the riser 
Figure 4-37 Failure mode of the buried Tee fitting tested in uniform sand at Stage 3 in 
Test Series No. 1. 
 
 

  
   During the test       After exhumation 
Figure 4-38 Failure mode of the buried Tee fitting tested in uniform sand at Stage 2 in 
Test Series No. 2. 
 

As shown in Figure 4-37, the PVC riser punched through the horizontal pipe section of the 

fitting, fracturing around the intersection line between the vertical and horizontal cylinders when 

load control was used. No fracture was observed in the bottom half of the fitting. When stroke 

control was used, the Tee fitting yielded along the joint between the vertical and the horizontal 

parts, but no yielded zones were observed in the lower half of the fitting, as shown in Figure 4-38. 
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These observations coincide with the zones of maximum local strain discussed earlier.   

4.4.4.6 Friction forces along the vertical riser 

The data collected at each stage in Test Series No. 1 also provided useful information about 

the interface friction between soil and the riser. The measurements of total friction force along the 

vertical riser above the Tee fitting are available for review and discussion. 

 Stage 1 – Backfill placement 

During Stage 1 in Test Series No. 1, downdrag developed on the 1.05m-long PVC riser as the 

sand backfill was placed. The total downdrag force along the 1.05m-long riser is equal to the 

difference between the axial force calculated at the base of the riser after backfill placement and 

the axial force calculated before backfill placement. As discussed earlier, the vertical force at the 

base of the riser is calculated from the axial strains measured using the gages attached to the 

bottom end of the riser. The data acquisition system was used to set all data to zero before 

backfilling commenced, so the total downdrag force is the axial force calculated from the final 

axial strain readings at the base of the riser, 0.66kN(±0.02kN).  

Assume that one way, fully mobilized skin friction was developed at every point along the riser 

during Stage 1. Equation (5.1) can then be used to evaluate the total down drag force at Stage 1 

(see Section 5.2 later in the thesis). The values for the parameters used in Equation (5.1) are 

listed below.  

Buried length of the riser, H, is 1.05m; coefficient of the lateral earth pressure, K for the 

synthetic olivine sand used in this test is set to 0.48 for the overburden pressure of 25kPa (Law 

and Moore, 2007); unit weight of backfill, γ  is assumed to be 14.4kN/m3; friction coefficient, μ is 
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0.44 for an interface between the PVC riser and the uniform sand, as described by El Chazli et al. 

(2005) and El Chazli (2005); and outer riser circumference C=πdo=3.14×0.16=0.5024m. 

Substituting the above values into Equation (5.1) provides a theoretical calculation of 

accumulated downdrag force along this 1.05m-deep buried PVC riser equal to 0.84kN. This is 24 

to 31% greater than the value obtained from the laboratory test, 0.66kN(±0.02kN). The reason 

causing the difference between the theoretical calculation and the test measurement will be 

discussed in Chapter 5. 

 Stage 2 – Overburden pressure of 173kPa 

As described in Section 4.4.4.2, the difference between the axial force at the bottom and at 

the top of the PVC riser was calculated as 17kN(±1kN) during Stage 2 in Test Series No. 1. The 

test condition for Stage 2 represents burial to depth of 13m. During Stage 2, the PVC riser was 

pushed down past the surrounding soil, so skin friction acts up the PVC riser. The skin friction 

along the interface under this condition is believed to be equivalent to that developing along the 

bottom 1m of the riser when buried a total depth of 13m. The accumulated skin friction along the 

bottom 1m of the riser then represents the difference in accumulated skin friction at 13m and at 

12m. 

The accumulated skin friction force at depth of 12m and 13m can be acquired from Equation 

(5.1) as follows: 

Buried length of the riser, H, is12m and 13m; coefficient of the lateral earth pressure, K for the 

synthetic olivine sand is 0.51 for the overburden pressure of 150kPa as measured by Law and 

Moore (2007); unit weight of backfill, γ is 15.1kN/m3; friction coefficient, μ is set to 0.44 for the 
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interface between the PVC riser and the uniform sand, (El Chazli et al., 2005 and El Chazli, 2005); 

and, outer circumference of the riser, C=πdo=3.14×0.16=0.5024m. 

This theoretical calculation produces an accumulated skin friction force at depth of 12m of 

125.5kN, and an accumulated skin friction force at depth of 13m of 147.3kN. The difference 

between these values is 21.8kN. This calculated value is 4.8kN(±1kN) or 22 to 34% greater than 

the test measurement, 17kN(±1kN). 

 Stage 3 – In prestressed soil but without overburden pressure 

The analysis presented in Section 4.4.4.2 shows the accumulated skin friction force during 

Stage 3 as 4.8kN(±1kN). Since the soil was pre-stressed during Stage 2, the theoretical solution 

can be calculated using Equation (5.1) and the same values as those used at Stage 2 but with 

H=1m. This results in an accumulated skin friction force of 0.87kN. This is approximately 

one-sixth of the value observed during the test, no doubt as a result of horizontal stresses 

locked-in due to overconsolidation. If K is assumed to be 3 and other parameters are kept 

unchanged, the axial force calculated is 5.1kN, which is close to the calibrated value of 4.8kN in 

the test (without consideration of calibration errors).  

The accumulated skin friction forces along the 1m-riser at each test stage are summarized in 

Table 4-8, together with the corresponding theoretical calculations described above. 
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Table 4-8 Accumulated skin friction along a 1m-long1 riser sitting on a Tee fitting. 
Test 

stage 
Equivalent 
burial depth  

Theoretical 
calculation 

Value observed in 
laboratory test  Difference2 Friction 

direction3 
One 0 to1.05m 0.84kN 0.66±0.02kN 24 to 31% downward 
Two 12m to 13m 21.8kN 17±1kN 22 to 34% upward 

Three 0 to 1m 0.87kN 4.8±1kN N/A upward 
Note: 1) The effective (buried) length of the riser was 1.05m prior to the groove cutting and 1m 
after that, as described in Section 4.4.2.2. 2) If theoretical solution is greater than the result from 
the laboratory test, the difference is given a positive sign. 3) When the riser moves up relative to 
the surrounding soil, shaft friction acts down on the sides of the riser. 
 

4.4.5 Conclusions from tests on buried Tee  

In Test Series No. 1, one Tee fitting with mainlines and a vertical riser was buried in uniform 

synthetic olivine sand and tested in three stages; In Test Series No. 2, another buried Tee fitting 

system was tested in two stages. The tests indicate that the strength of the Tee fitting (resistance 

to vertical force applied by the riser) ranges between 38kN and 45kN when the fitting is buried 

less than 13m. The local response of the buried Tee fitting was very different from that of the 

fitting tested in isolation. The test data collected using strain gages, LPs and a digital camera 

demonstrate that the upper half of the horizontal cylinder section of the Tee deforms more than 

the bottom half, and is more vulnerable to failure when well supported by surrounding soil. This 

upper half of the fitting should be strengthened to increase capacity when well supported with 

good backfill, though the whole of the horizontal cylinder under the riser needs strengthening if 

the backfill does not provide good support besides and under the fitting. 

The tests also provide useful information regarding the friction that develops between the riser 

and the surrounding soil. Further investigation for the load on the fitting (the vertical force that 

develops as a result of shear down the sides of the riser) is needed, considering field-scale tests 

and numerical simulations.  
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4.5 Buried PVC Wye Fitting Tests 

4.5.1 Introduction and fittings tested 

Performance tests were also undertaken on the buried PVC Wye fitting using the test 

apparatus described earlier in Section 4.2. Two test series were performed for the buried Wye 

fitting systems. Test Series No. 1 was carried out to study the performance of the buried Wye 

fitting system in deep-burial conditions (with overburden pressure), and Test Series No. 2 was 

performed to investigate its behaviour in shallow-burial conditions (without overburden pressure). 

The specimens used in each test series for the buried Wye fitting were the same and as follows: 

 One 200mmx150mm (8”×6”), SDR35, PVC Wye fitting; 

 One 150mm (6”), SDR35, 45°, M-F, PVC elbow; 

 One 865mm-long, 150mm (6”), SDR35 PVC pipe as the PVC riser; with an effective length 

in contact with the backfill of 750mm; 

 Two 200mm (8”), SDR35 pipes as mainlines, one 760mm long and the other 930mm long.  

These specimens were assembled together and then buried in uniform sand. The apparatus 

and instrumentation for the buried Wye fitting tests were similar to those in the buried Tee fitting 

tests, listed in Table 4-1.The details of the test installations, instrumentations, and results are 

described and reviewed in the subsequent sections. 

4.5.2 Installation 

4.5.2.1 Brief introduction 

In Test Stage No. 1, a total of four test stages were performed to study the behaviour of the 

buried Wye fitting system. In Test Series No. 2 (shallow burial conditions), the fitting system was 
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buried in the sand at Stage 1 and loaded to failure without overburden at Stage 2. Since the test 

procedures for Test Series No. 1 and No. 2 were quite similar, only those for the former are 

described below. Stroke control was used for both test series. 

4.5.2.2 Stage 1 – Backfilling 

The first test stage for the buried Wye fitting test was similar to that for the buried Tee fitting 

(see Section 4.4.2.2). This included side wall friction treatment for the biaxial cell, assembling and 

setting up the PVC sewer specimens, backfilling and tamping the sand, installation of settlement 

plates and earth pressure cells, recording of all strains from gages and all deformations from 

linear potentiometers, and installation of the cell lid and the steel reaction frame. Specific 

differences from the earlier tests on the buried Tee fitting are described below. 

A different tamping tool was used to compact the backfill for both Test Series No. 1 and No. 2. 

This was a 254mm×254mm (10”×10”), 7.3kg (16 lb) hand tamping tool with 150mm-high (i.e. 

6”-high) free drop. A 250mm-thick layer of bedding sand was placed under the invert of the pipe 

system, and a 200mm-thick layer of sand was placed adjacent to and over the fitting. These were 

placed in three layers, and compacted with three passes of the hand compact tool for every 

150mm-lift. The average total unit weight was 15.0kN/m3 (14.9kN/m3 in Test Series No. 2 ) at an 

average water content of 2.4% (1.1% in Test Series No. 2). The relative density of the sand was 

58% (61% in Test Series No.2). The remaining backfill, 1100mm deep, was placed around the 

PVC riser in six layers 150mm thick, and one layer of 200mm thickness. Each layer was 

compacted with one pass of the compaction tool. The average total unit weight of this soil was 

14.4kN/m3 (14.5kN/m3 in Test Series No. 2) at an average water content of 2.5% (1.5% in Test 
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Series No. 2 ). The relative density of the sand was 42% (48% in Test Series No.2). Again, a 

nuclear density meter was used to measure the unit weight and water content of soil at four 

designated locations (half meter away from cell walls) after completion of each lift. While bedding 

thickness of 150mm should be sufficient, a 250mm-thick bedding was used to ensure that any 

untoward effect of the rigid base of the pipe test cell was eliminated. 

The geometrical configuration of the Wye fitting system within the biaxial cell is presented in 

Figure 4-39.  

All data including strains and deformations were recorded automatically using the data 

acquisition system during the whole backfilling procedure. 

After placement of the backfill, a 50mm-deep groove was cut in the sand around the top end 

of the riser to accommodate the protection tube shown in Figure 4-6. Thus, the effective (buried) 

length of the riser was 800mm prior to the groove cutting and 750mm afterwards. The bearing 

plate and the cell lid were placed in position. The steel reaction frame was then mounted on top 

of the cell lid. Oil lines, signal cables, and air lines were then connected. 
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Figure 4-39 Configuration of the buried Wye fitting system. 
 

4.5.2.3 Stage 2 – Application of overburden pressure up to 50kPa 

During test Stage 2, pressures were applied to the air bladder over the top of the soil, rising to 

a value of 50kPa (the equivalent of vertical earth pressures associated with burial by 3.5m in this 

backfill). The actual burial depth of the Wye fitting under this condition was equivalent to 4.5m, 

given that the crown of the 200mm diameter mainlines was 1m below the air bladder at the top of 

the pipe test cell. Once the overburden pressure reached 50kPa, it was held constant while the 

actuator applied axial forces increasing up to 40kN. After two minutes under the axial force, the 

load applied by the MTS actuator was reduced to zero. Stroke (i.e. displacement) control was 

used to compress the riser at a rate of 1mm/min, and increase axial force in the riser. 

4.5.2.4 Stage 3 – Testing up to overburden pressure of 100kPa 

Fifteen minutes after the end of test Stage 2, the overburden pressure was increased from 

50kPa to 100kPa, and then held at this level. The actuator load was increased to bring the axial 
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force at the top of the riser to 40kN, and after two minutes this load was released (reduced to 

zero). Stroke control was again employed at the rate of 1mm/min. 

4.5.2.5 Stage 4– Testing up to overburden pressure of 150kPa 

The test procedure during the fourth stage of the experiment was similar to that during Stages 

2 and 3. Fifteen minutes after the end of test Stage 3, the overburden pressure was increased 

from 100kPa to 150kPa and held at this level. Actuator load was then increased using stroke 

control at the rate of 1mm/min until the buried PVC sewer system failed. The final actuator load at 

failure was 43kN.  

The sand temperature was 21±3℃during test Stages 1, 2, 3 and 4 in Test Series No. 1; and it 

was 21±2℃ during both Stages 1 and 2 in Test Series No. 2. 

4.5.3 Instrumentation 

The instrumentation used for the buried Wye fitting tests was the same as that used during 

the Tee fitting tests, as described in Section 4.4.3. 

In Test Series No. 1, eleven 2mm - rectangular - triaxial strain rosettes were attached on the 

Wye fitting to measure the local response. Six 2mm - rectangular - biaxial strain rosettes, one 

2mm - rectangular - triaxial strain rosette, and one 5mm - uniaxial strain rosettes were attached to 

the PVC riser (gage types are provided earlier in Table 4-1). These gages were used to measure 

the axial strains in the riser, so that axial (vertical) forces could be calculated. The locations of 

these strain gages on the specimens are illustrated in Figure 4-40. 

In Test Series No. 2, eleven 2mm - rectangular - triaxial strain rosettes were attached at the 

same locations on the Wye fitting as those in Test Series No. 1. Twelve 5mm - uniaxial strain 
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gages were attached on the PVC riser at the same locations as those shown in Figure 4-19.  

A total of four linear potentiometers (LPs) were used during each test series for the buried 

Wye fitting. Two were attached under the settlement plates to measure the deformation 

(settlement) of the soil. Another pair was attached inside the Wye fitting to measure the changes 

in horizontal and vertical diameter within the horizontal sewer pipe, Figure 4-41. 

Two settlement plates were installed at the same positions as those used in the buried Tee 

fitting tests, Figure 4-27. Four 350kPa earth pressure cells were also buried in the sand with the 

same positions as those for the buried Tee fitting tests, Figure 4-27. The data acquired from the 

settlement plates and the earth pressure cells imply that the initial constrained modulus (Ms) of 

the bedding sand was 11.3MPa (12.1MPa in Test Series No. 2) and that of the sand around the 

Wye fitting was 8.6MPa (9.1MPa in Test Series No. 2).  
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Note: All gages were attached on the horizontal part of the fitting; units are mm. 

Locations of strain rosettes on the fitting (drawings). 
 

             

Note: Top gages #1 to #4 were attached at a distance of 65mm from the top; bottom gages #5 to 
#8 were attached at a distance of 80mm from the base. Gages #2, #4, #5, #6, #7, and #8 were 
2mm, rectangular, biaxial strain rosettes; Gage #1 was a 2mm, rectangular, triaxial strain rosette; 
Gage #3 was a 5mm-uniaxial strain gage. 
Figure 4-40 Strain gages used to instrument the buried Wye fitting in Test Series No. 1. 
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Note: LPv stands for the linear potentiometer measuring the vertical diameter change and LPh 
stands for the linear potentiometer measuring the horizontal diameter change. 
Figure 4-41 Linear potentiometers and digital camera target (foam ring). 

 

4.5.4 Results of buried Wye fitting tests 

4.5.4.1 Brief introduction 

The capacity (strength), the local response, and the failure mechanism of the Wye fitting when 

buried were investigated using these tests. The results are reviewed as follows.  

4.5.4.2 Strength of the buried Wye fitting 

During test Stage 2 in Test Series No. 1, actuator load was increased to 40kN at an 

overburden pressure of 50kPa. The axial force on the top of the fitting (actually on the top of the 

450 elbow), which was calculated from the axial strains at the riser bottom end, was 35kN(±1kN) 

at the actuator load of 40kN and the Wye fitting system did not fail. The difference between the 

axial force at the riser bottom end and that at the riser top end implies that the accumulated skin 

friction force along this 0.75m-long riser was around 5kN(±1kN).  
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During test Stage 3 in Test Series No. 1, the actuator load was increased up to 40kN while the 

overburden pressure was set to 100kPa. The axial force on the top of the fitting (actually on the 

top of the 450 elbow), calculated from the axial strains measured at the base of the riser, is 

33kN(±1kN) for an actuator load of 40kN. Again, the Wye fitting was not observed to fail. The 

difference between the axial forces at both ends of the riser indicates that the accumulating skin 

friction force along this 0.75m-long riser was 7kN(±1kN) at an overburden pressure of 100kPa.  

During test Stage 4 in Test Series No. 1, the overburden pressure was increased from 100kPa 

to 150kPa, and was then maintained at that level. The actuator load was increased until the 

sewers failed. The maximum actuator load at failure was 43kN. The maximum axial force on the 

top of the fitting (actually on the top of the 450 elbow), which was calibrated from the axial strains 

at the riser base, was 33kN(±1kN) at an actuator load of 43kN. The difference between the axial 

forces at the two ends of the riser indicates that the accumulated skin friction along this 

0.75m-long riser was 10kN(±1kN). 

During Stage 2 in Test Series No. 2, the buried Wye fitting system was tested without 

overburden pressure and loaded to failure. The maximum actuator load at failure was 24.3kN. 

The axial force on the top of the 450 elbow, which was also calibrated from axial strains at the 

riser base, was 21kN. Note that the calibration errors were ignored since the same gaged riser 

was used in both the calibration test and the buried fitting test (see Section 4.3.6). The difference 

between the axial forces at the two ends of the riser indicates that the accumulated skin friction 

along this 0.8m-long riser was 3.3kN. This is 7 times the theoretical solution listed later in Table 

4-13, 0.48kN. This is likely caused by the high normal soil pressure on the riser pipe due to its 
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large lateral movement or lateral bend. 

As shown later in Figure 4-51, the failure mechanism of the buried Wye fitting system is quite 

different from that of the buried Tee fitting system. The Wye fitting did not fail in either of Test 

Series No. 1 or No. 2, while the riser base yielded and finally cracked due to the stress 

concentration and the lateral bend. Thus, the capacity of the buried Wye fitting system 

significantly depends on the ability of the riser base to resist the stress concentration and the 

lateral bend. The stress concentration is caused by the eccentric loading due to the 

unsymmetrical structure geometry. The lateral bend at the riser base is induced by the lateral 

movement of the top part of the 450 elbow. This lateral movement is influenced by the stiffness of 

the elbow, the riser part of the Wye fitting and the surrounding soil. Therefore, the failure of the 

buried Wye fitting system is affected by more factors than the buried Tee fitting system. The 

combined effects of these factors produced some surprising results in the tests as follows. 

In Test Series No. 1, the axial force on the fitting at failure for an overburden pressure of 

150kPa was slightly smaller than those experienced at overburden pressures of 100kPa and 

150kPa during Stages 2 and 3, respectively. Furthermore, the axial force on the fitting at failure 

for a zero overburden pressure in Test Series No. 2 was 21kN, 63% of that for an overburden 

pressure of 150kPa in Test Series No. 1, 33kN (without consideration of calibration errors).  

The results of the buried Wye fitting tests are summarized in Figure 4-42. The result of the 

fitting-only test on the Wye is also included in this diagram for comparison.  
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Note: A positive value of axial force or change of vertical diameter of the horizontal part of the 
Wye fitting implies compression or contraction here. Letter ‘p’ stands for overburden pressure. 
Horizontal instead of vertical diameter changes are actually used for Curve #1 (see Section 3.4 
for the reason why not vertical diameter changes are used here). 
Figure 4-42 Axial forces versus vertical diameter change recorded during Wye fitting 
tests. 
 

In Test Series No. 1, neither the axial forces introduced due to overburden pressures at the 

beginning of each test stage nor the corresponding changes in vertical diameter are explicitly 

presented in Figure 4-42. Therefore, curves #2, #3, and #4 do not start at the origin of the plot. 

For overburden pressure of 50kPa during test Stage 1, the axial force calculated to act on top of 

the fitting was 1.34kN, and the corresponding change in vertical diameter was 1.9mm. For 

overburden pressure of 100kPa during test Stage 2, the axial force calculated is 1.45kN and the 

corresponding vertical diameter change was 3.3mm. For overburden pressure of 150kPa, the 

axial force is calculated from strains to be 2.4kN, at a vertical diameter change of 4.2mm. In each 

case, the vertical diameter changes and the calibrated axial forces at the base of the riser 
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increase with increasing vertical soil pressure.  

At the beginning of Curve #2, the axial forces on the fitting continue increasing to 

approximately 7kN but nearly without change in vertical diameter. This implies that this first 7kN 

caused deformation or translation of the 450-riser part of the Wye fitting and the 450-elbow, 

without producing deformation in the horizontal part of the Wye fitting.  

As shown in Figure 4-42, the average slope of Curve #2 is 5.2kN/mm, that of Curve #3 is 

5.7kN/mm, that of Curve #4 is 6.2kN/mm and that of Curve #5 is 1.9kN/mm. The average slope of 

Curve #1 before the fitting yielded is 0.5kN/mm. The experimental conditions for Curves #2, #3, 

#4 and #5 are equivalent to field conditions for fitting buried in the test sand at depths of 4.1m, 

7.45m, 10.8m and 1m, respectively. However, unlike buried Tee fittings, the slope here is not 

equivalent to the stiffness of the buried Wye fitting system at the corresponding depth. The 

vertical diameter change of the horizontal part of the Wye fitting was one component or even one 

small component of the deformation caused by the axial force acting down on the top of the 450 

elbow. The vertical displacements of the 450 elbow and the riser part of Wye fitting could be the 

largest component of that deformation. Therefore, the stiffness of a buried Wye fitting system 

should be expressed using the ratio between axial force and vertical displacement at the riser 

base. However, it is hard to measure the vertical displacement at the riser base. A numerical 

approach to estimate stiffness of a buried Wye fitting system is presented in Chapter 6 and 

Chapter 7.  

Curve #4 shows that an axial force of 33kN is followed by a sudden decrease in load capacity, 

and a small increase in vertical diameter. The buried Wye fitting did not fracture like the Tee fitting 
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presented in Section 4.4.4.3. However, the riser base suddenly fractured circumferentially. 

Similarly, a rapid decrease in load capacity occurred at an axial force of 21kN in Curve #5 (Test 

Series No. 2). The Wye fitting did not fracture either, but the riser base fractured longitudinally 

and bulged circumferentially at the zone close to the riser base. It is likely relative hard to 

estimate the capacity of a buried Wye fitting system due to many the uncertainties as described 

earlier, compared to that for a buried Tee fitting system. Based on the above tests, the load 

capacity of the tested Wye fitting system is around 21kN at a depth of 1m and around 33kN at a 

depth of 10.8m. 

4.5.4.3 Local response and failure mode 

Strains collected from eleven rosettes attached to the Wye fitting in both Test Series No. 1 and 

No. 2 are summarized in Figure 4-43. These plot strains against the axial forces at the top of the 

450 elbow, calculated from the axial strains at the riser base. These strains were collected from 

test Stages 2, 3 and 4 in Test Series No. 1, and Stage 2 in Test Series No. 2. Similar to those 

shown in Figure 3-5, Epsilon a, aa, A and AA represent the strains collected from the gages 

oriented in the axial direction of the pipe; Epsilon c, cc, C and CC represent the strain from gages 

oriented in the circumferential direction. Epsilon m, mm, M and MM represent strains at 45o from 

the axial and circumferential directions. Epsilon a, m, and c were collected from test Stage 2 in 

Test Series No. 1, while Epsilon aa, mm, and cc were collected during test Stage 3 in Test Series 

No. 1. Epsilon A, M, and C were all collected during test Stage 4 in Test Series No. 1. Epsilon AA, 

MM, and CC were collected during test Stage 2 in Test Series No. 2. Negative strains are 

compressive. The gage limits were 1.6% or 16,000microstrain.  
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Note: Neither axial nor circumferential gages operated during Test Series No. 1. 

(a) Rosette #1 
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Note: The circumferencial gages were inoperative during Test Series No. 1. 

(c) Rosette #3 
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Note: Axial gages were inoperative during Test Series No. 1. 

(d) Rosette #4 
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(e) Rosette #5 
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(f) Rosette #6 
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(g) Rosette #7 
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(h) Rosette #8 
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Note: All circumferential gages were inoperative in Test Series No. 1. Strain Rosette #9 in Test 
Series No. 2 was exactly at the crown inside the fitting, which was slightly different from that in 
Test Series No. 1.  

(i) Rosette #9 
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(j) Rosette #10 
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Note: All circumferential gages were inoperative in Test Series No. 2. 
(k) Rosette #11 

Note: 1) Epsilon a, m, and c correspond to strains recorded during test Stage 2 in Test Series No. 
1; Epsilon aa, mm, and cc are strains recorded during test Stage 3 in Test Series No. 1; Epsilon A, 
M, and C are strains recorded during Stage 4 in Test Series No. 1; Epsilon AA, MM, and CC are 
strains recorded during Stage 2 in Test Series No.2. 2) Negative strains indicate contraction or 
compression while positive axial forces imply compression. 
Figure 4-43 Local strains from gage measurements during the buried Wye fitting tests.  
 

The diagrams shown in Figure 4-43 present the local strains in the buried Wye fitting during 

test Stages 2, 3, 4 in Test Series No. 1 and test Stage 2 in Test Series No. 2. The conclusions 

drawn from these results are: 

 In Test Series No. 1, at equal levels of axial force applied by the riser to the fitting, the 

magnitudes of local strains at lower overburden pressure (e.g. during Stage 2, 50kPa) were 

less than those at higher stresses like Stage 3 (overburden pressure of 100kPa), and Stage 

4 (overburden equals 150kPa). However, local strains during test Stage 3 were very close to 
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those during test Stage 4. This likely indicates that the overburden pressure had a greater 

influence on local response of the Wye when at shallow burial than when deeply buried. It 

seems that the local response of the Wye fitting results from both the overburden pressures 

and the axial forces, while at shallow cover the axial forces provide the dominant loading. 

During Test Series No. 2 (without overburden), the strains were generally less than those at 

Test Series No. 1 (with overburden). This is consistent with the above conclusion. However, 

at Gage #7 (at the fitting’s invert), the strains increased much faster and even greater than 

those in Test Series No. 1. This indicates that the lower part of the buried fitting is more 

sensitive to the riser for shallow burial conditions than for deep burial conditions.  

 Comparisons between the buried fitting tests (Figure 4-43) and the fitting-only results (Figure 

2-18) indicate that the local responses in both tests were similar around the crown (Rosettes 

#1 and #5 in Figure 4-43) and the shoulder (Rosettes #2 and #4 in Figure 4-43). However, 

local responses were very different at the invert (Rosette #7, Figure 4-43) and the 

springlines (Rosettes #3 and #8 in Figure 4-43). Smaller deformations occurred in the buried 

fitting because soil support is likely the primary cause of local strains, which were generally 

smaller than those seen in the fitting-only test. 

 The local response at the invert (Gage #7) and springlines (Gage #6 and #8) of the buried 

Wye during Stage 2 in Test Series No. 2 was much more significant than that for Stage 2 (or 

Stage 3 or 4) in Test Series No. 1. 

 The magnitudes of the circumferential strains were generally greater than those of the axial 

strains except at Rosette #5 in Figure 4-43. This likely implies that, like the Tee fitting, the 
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buried Wye deforms primarily as a result of circumferential bending. 

 The local strains at the end of the Wye fitting under the vertical riser, such as those at 

Rosette #1, were greater than those at the far end, Rosette #5. This indicates that the 

unsymmetrical structure leads to load concentration. 

To study the local response of this type of Wye fitting under different loading conditions, the 

local strains (both circumferential and axial) at a specified axial force (14kN) and a specified 

vertical pipe diameter change (8mm) are compared in Tables 4-9 to 4-12, and in Figures 4-43 to 

4-47, respectively based on the results from Stage 4 in Test Series No. 1. Gage numbering in the 

buried Wye fitting test was slightly different to that used in the fitting-only test. Tables 4-9 to 4-12, 

and Figures 4-43 to 4-47 provide details. 

 
Table 4-9 Local circumferential strains in the Wye fitting at an axial riser force of 14kN.  

Fitting-only test Buried fitting test with overburden pressure of 150kPa 
(Stage 4 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

N/A N/A #1 Damaged 
#2 Over 1.6 #2 -1.62 
#3 0.75 #3 Damaged 
#4 -1.44 #4 -0.80 
#5 0.31 #5 0.10 
N/A N/A #6 -0.40 
#6 1.36 #7 0.18 
#7 Over -1.6 #8 -0.54 
N/A N/A #9 Damaged 
N/A N/A #10 0.46 
N/A N/A #11 -0.38 

Note: Refer to Figures 3-15 and 4-40 for gage locations. Gage numbers at the same row in the 
table indicate that these gages were at the same or similar locations on the fitting. Since Rosettes 
#1 and #8 were attached on the riser in the fitting-only test, the results from these two rosettes 
are not useful for comparison purposes and are not presented. Negative strains correspond to 
contraction or compression. 
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From the fitting-only test 

 

 

 
From the buried fitting test (Stage 4 in Test Series No.1) 

 
Figure 4-44 Local circumferential strains in the Wye fitting at an axial force of 14kN.  
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Table 4-10 Local axial strains on the Wye fitting at an axial riser force of 14kN.  

Fitting-only test Buried fitting test with overburden pressure of 150kPa 
(Stage 4 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

N/A N/A #1 Damaged 
#2 0.19 #2 0.12 
#3 1.44 #3 0.41 
#4 -0.15 #4 0.85 
#5 0.17 #5 0.21 
N/A N/A #6 -0.05 
#6 0.54 #7 -0.04 
#7 0.98 #8 -0.01 
N/A N/A #9 0.01 
N/A N/A #10 -0.13 
N/A N/A #11 0.14 

Note: Same as those in Table 4-9. 
 
 
 

 

 
From the fitting-only test 
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From the buried fitting test (Stage 4 in Test Series No.1) 

 
Figure 4-45 Local axial strains on the Wye fittings at an axial force of 14kN.  
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reached 14kN in the fitting-only test, the vertical diameter change was 30mm; it was just 6.2mm 

in the buried fitting test with overburden pressure of 150kPa (Stage 4 in Test Series No. 1). 

As presented in Tables 4-9 and 4-10 and Figures 4-43 and 4-45, the local responses of a Wye 

fitting in isolation and a Wye fitting buried in soil were quite different. Firstly, both the local 
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the buried fitting test the circumferential strains were generally greater than the axial strains. This 

implies that the fitting mainly deformed around the circumference in both tests. Thirdly, in the 

fitting-only test local strains in the upper half had magnitudes close to those at the corresponding 

locations in the lower half. However, in the buried fitting test local strains in the upper half were 

generally much greater than those at the corresponding locations in the lower half, particularly the 

zone close to the 450-riser. Soil support for the buried fitting is considered to be the major factor 

causing this difference. Finally, in tests under both conditions, the side of the fitting closer to the 

450-riser part deformed more than the side further from the riser part, reflecting the influence of 

the unsymmetrical geometry of the Wye fitting. This appears to be the principal disadvantage of 

the Wye fitting. 

 Local Strains at Change in Vertical Diameter of 8mm 

Table 4-11 and Figure 4-46 present the local circumferential strains at one specific change in 

vertical diameter for both the fitting-only and the buried test conditions. The corresponding local 

axial strains are reported also in Table 4-12 and Figure 4-47. When the change in vertical 

diameter reached 8mm in the fitting-only test, the axial riser force on the Wye fitting (actually on 

the 450 elbow) was 5.2kN; the axial riser was 27.6kN in the buried fitting test with overburden 

pressure of 150kPa (Stage 4 in Test Series No. 1). 
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Table 4-11 Local circumferential strains at change in vertical diameter of 8mm. 

Fitting-only test Buried fitting test with overburden pressure of 150kPa 
(Stage 4 in Test Series No. 1) 

Gage No. Strains (%) Gage No. Strains (%) 

N/A N/A #1 Damaged 
#2 -0.79 #2 Over -1.6 
#3 0.14 #3 Damaged 
#4 -0.27 #4 -1.29 
#5 0.10 #5 0.12 
N/A N/A #6 -0.44 
#6 0.39 #7 0.18 
#7 -0.65 #8 -0.60 
N/A N/A #9 Damaged 
N/A N/A #10 0.68 
N/A N/A #11 -0.47 

Note: Same as those in Table 4-9. 
 
 

 

 
From the fitting-only test 
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From the buried fitting test (Stage 4 in Test Series No.1) 

Figure 4-46 Local circumferential strains on the Wye fitting at change in vertical diameter 
of 8mm. 

 
 

Table 4-12 Local axial strains at change in vertical diameter of 8mm. 
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From the fitting-only test 

 

 

 
 

From the buried fitting test (Stage 4 in Test Series No.1) 
 

Figure 4-47 Local axial strains on the Wye fitting at change in vertical diameter of 8mm. 
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At the change in vertical diameter of 8mm, the local strains in the top part of the buried Wye 

fitting were generally greater than those observed on the fitting tested in isolation, as shown in 

Tables 4-11 and 4-12 and Figures 4-46 and 4-47. Strains in the lower half of the buried fitting 

were smaller than those observed in the fitting-only test, such as those at Rosettes #6 and #7 in 

the fitting-only test compared to those observed at Rosettes #7 and #8 in the buried fitting test. 

This occurs as a result of stiffness differences for the buried and isolated fittings tests. When 

buried in soil, the fitting stiffness is high and strains and deformations are lower at axial riser force 

of 14kN. This stiffness difference also explains the relative magnitude of the local strains 

observed at the same level of decrease in vertical diameter; the higher stiffness for the buried 

fitting will lead to much higher axial riser forces to achieve the same diameter decrease. 

The principal stresses before yield can be calculated from the strains using linear elasticity 

(Hooke’s law). Based on Table 3-2, Young’s modulus of 2800MPa and Poisson’s ratio of 0.38 

were used for the calculations. The major and minor principal stresses are plotted versus change 

in vertical diameter in Figure 4-48, for the buried fitting test with overburden pressure of 150kPa. 
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Note: Major principal stresses at Rosettes #2, #6, #8 and #11 are zero; Rosettes #1, #3, #4 and 
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Note: Minor principal stresses at Rosettes #5, #7 and #10 are zero; Rosettes #1, #3, #4 and #9 
were damaged. 

(b) Minor principal stress 
Note: Positive stresses correspond to contraction or compression; diameter decreases are 
positive. 
Figure 4-48 Calculated values of principal stresses in the buried Wye fitting test (Stage 4 
in Test Series No. 1, overburden pressure of 150kPa). 
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The principal stresses shown in Figure 4-48 imply that only the material close to Rosette #2 

reached its yield limit and the zones at other rosettes that remained operative were not close to 

yield. This indicates that failure of the buried Wye fitting was likely associated with the load 

concentration in the zone close to the 450-riser part. Stresses concentrated near the left crown 

and left shoulders shown in the front view in Figures 4-46 and 4-47. The slopes of the curves in 

Figure 4-48 indicate similar information. The slope of Curve #2 is highest, indicating that stresses 

near this rosette were greatly influenced by change in vertical diameter under riser loads. The 

slope of Curve #10 is also relative high. The remaining rosettes, those presented in Curves #5 to 

#8, were relatively unresponsive, indicating that the zones near these rosettes received much 

less load when this Wye fitting is buried. However, the final failure location of the buried Wye 

system was at the riser base (not the Wye fitting itself), as described later in Figure 4-51 and the 

corresponding description. 

The deformed shape of the horizontal sewer line at the end close to the 450-riser part of the 

Wye, recorded during the buried fitting test at Stage 4 in Test Series No. 1, is shown in Figure 

4-49. Images from the fitting-only test do not show the deformed shape clearly enough to present 

them here.  
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Figure 4-49 Deformed shape of the buried Wye fitting (Stage 4 in Test Series No. 1).  

 

The image shown in Figure 4-49 recorded when the axial riser force applied above the fitting 

reached 29kN. The buried Wye did not finally fracture or bulge on the upper half like the buried 

Tee. Instead, failure was associated with cracking at the riser base due to the large stress 

concentration and local bending. The deformation magnitudes in the horizontal part of Wye (the 

end close to the 450-riser part of the Wye) are summarized in Figure 4-50, from both the 

fitting-only test and the buried fitting test at Stage 4 in Test Series No. 1 (overburden pressure of 

150kPa). Here the axial riser force on the buried fitting was 29kN and that on the fitting tested in 

isolation was 14kN. In the fitting-only test, the horizontal part of Wye deformed into an ellipse. 

However, in the buried fitting test, the deformations no longer resembled an ellipse. Instead, the 

upper half deformed considerably more than the lower half. This implies that the upper half is 

more vulnerable to failure, while the lower half is well supported by the surrounding soils, given 

that the elbow and the riser are sufficient strong.  
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Note: The deformed shape of the buried fitting is from Stage 4 in Test Series No.1. Unit is mm. 
Figure 4-50 Deformed shapes of the mainline (horizontal cylinder) from the Wye test. 

 

However, the failure mode of the buried Wye fitting system was surprisingly different from the 

buried Tee fitting or the Wye fitting tested in isolation. As shown in Figure 4-51, the Wye fitting 

itself and the elbow were not found to crack or yield, while the riser base fractured 

circumferentially along one side at Stage 4 in Test Series No. 1. At Stage 2 in Test Series No. 2, 

the riser fractured longitudinally at the bottom end and bulged at the zone close to the bottom end. 

This fracture is believed to be caused by the stress concentration and local bending at the riser 

base due to the unsymmetrical geometry of the Wye fitting and the horizontal movement of the 

450 elbow. The riser bulged along the crack in Test Series No. 1. It likely experienced high 

compression yield before it cracked. This reveals a significant disadvantage in use of the Wye 

fitting under a vertical riser in deep burial, since the riser may be vulnerable to failure due to its 

unsymmetrical geometry.  
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    With elbow and fitting         Only the riser 
Figure 4-51 Failure mode of the buried Wye fitting tested in uniform sand at Stage 4 in 
Test Series No. 1. 
 
 

   

         Fracture locations        Bulge zones 

   

    Close-up for Fracture 1      Close-up for Fracture 2 
Note: Fracture locations and bulge zones were at the same side. 
Figure 4-52 Failure mode of the buried Wye fitting tested in uniform sand at Stage 2 in 
Test Series No. 2. 
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4.5.4.4 Friction forces along the vertical riser 

The test data collected at each stage in Test Series No. 1 for the buried Wye fitting provides 

further useful information regarding the response across the interface between the vertical riser 

and the soil, and this is now reviewed and discussed. 

 Stage 1 – Backfill placement 

During Stage 1, backfill is placed around the fitting and some downdrag develops along the 

0.8m-long PVC riser. The total downdrag force along this 0.8m-long riser is calculated as the 

difference between the axial forces calculated from strains measured at the base of the riser 

before and after backfill placement. The data acquisition system was zeroed right before backfill 

placement, so that the total downdrag force (i.e. the total axial riser force) is calculated directly 

from the final strain readings from the axial gages on the base of the PVC riser to be 

0.37kN(±0.01kN).  

Assume that one, fully mobilized skin friction was developed at every point along the riser 

during Stage 1. Equation (5.1) may then be used to estimate this total downdrag force during test 

Stage 1, using the following parameters: 

Buried length of the riser, H is 0.8m; coefficient of the lateral earth pressure, K for the test 

sand is set to 0.48 for an overburden pressure of 25kPa (Law and Moore, 2007); unit weight of 

backfill, γ is 14.4kN/m3; friction coefficient, μ is assumed to be 0.44 based on the test results of El 

Chazli et al. (2005) and El Chazli (2005); and, the outer circumference of the riser, 

C=πdo=3.14×0.16=0.5024m. 

Equation (5.1) produces an estimate of downdrag force of 0.48kN, which is 26 to 33% 
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greater than the value observed during the laboratory test, 0.37kN(±0.01kN). 

 Stage 2 – Overburden pressure of 50kPa 

As described in Section 4.5.4.2, the difference between axial force at the base and the top of 

the PVC riser was 5kN(±1kN)  during test Stage 2. Test Stage 2 models burial to 4.1m. During 

test Stage 2, the PVC riser was pushed down, so the skin friction developing upwards at the 

interface to support the riser. Assuming that the shear strength is fully mobilized, the accumulated 

skin friction force at the base of the 0.75m-long riser for 4.1m burial depth is equal to the 

difference in skin friction for riser depth of 4.1m and that for riser depth of 3.35m. 

The accumulated skin friction force at 3.35m and 4.1m has been calculated using Equation 

(5.1) and the following parameters: 

Buried length of the riser, H is 3.35m and 4.1m; coefficient of the lateral earth pressure, K for 

the sand is set to 0.49 for the overburden pressure of 50kPa (Law and Moore, 2007); unit weight 

of backfill, γ of 15.0kN/m3; friction coefficient, μ of 0.44 for the interface between the riser and the 

backfill (based on measurements of El Chazli et al., 2005, and El Chazli, 2005); and, the outer 

circumference of the riser, C=πdo=3.14×0.16=0.5024m. 

The skin friction calculated for 3.35m depth is 9.3kN, while the skin friction calculated for 4.1m 

depth is 13.9kN. The difference between these values is 4.6kN, which is 0.6kN (1.4kN) or 53% 

(34%) greater (smaller) than the value calculated from strains measured in the test, 5kN(±1kN). 

 Stage 3 – Overburden pressure of 100kPa 

The data analysis discussed earlier in Section 4.5.4.2 indicates that the accumulated skin 

friction force was 7kN(±1kN) along the 0.75m-long riser. The theoretical calculated value was 
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based on Equation (5.1) using the same parameters as those provided above for test Stage 2 

(except for K of 0.50, and H values of 7.45m and 6.7m). The skin friction calculated for depth of 

7.45m is 46.7kN, and the skin friction calculated for depth of 6.7m is 37.8kN. The difference 

between these is 8.9kN, which is 2.9kN (0.9kN) or 48% (11%) higher than the value acquired 

from the laboratory test, 7kN(±1kN). 

  Stage 4 – Overburden pressure of 150kPa 

The data analysis discussed in Section 4.5.4.2 indicates that skin friction force was 

10kN(±1kN) along the 0.75m-long riser. Calculations using Equation (5.1) and the same 

parameters as those used for Stage 2 (except for K of 0.51 and H values of 10.78m and 10.03m), 

produced skin friction at 10.78m of 97.9kN, and skin friction at 10.03m of 84.8kN. The difference 

between these is 13.1kN, which is 4.1kN (2.1kN) or 46% (19%) greater than the test value, 

10kN(±1kN). 

The skin friction forces along the 0.75m-long riser are summarized in Table 4-13 together with 

the corresponding theoretical estimates. 

 
Table 4-13 Accumulated skin friction along a 0.75m-long1 riser above the Wye fitting in 
Test Series No. 1. 

Test 
stage 

Equivalent 
burial depth Theoretical solution Value obtained from 

laboratory test   Difference2 Friction 
direction3 

One 0~0.8m 0.48kN 0.37±0.01kN 26 to 33% downward
Two 3.35m~4.1m 4.6kN 5±1kN -34 to 53% upward 

Three 6.7m~7.45m 8.9kN 7±1kN 11 to 48% upward 
Four 10.03m~10.78m 13.1kN 10±1kN 19 to 46% upward 

Note: 1) The effective (buried) length of the riser was 800mm prior to the groove cutting and 
750mm after that, as described in Section 4.5.2.2. 2) If the value from Equation (3.3) is greater 
than the value obtained from the test, the difference is denoted as positive. 3) When the riser 
moves upwards relative to the surrounding soil, the friction acts downwards. 
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4.5.5 Summary of buried Wye fitting tests 

 Buried Wye fitting tests were conducted in four stages in Test Series No. 1 and two stages in 

Test Series No. 2. The test observations imply that the Wye fitting itself did not experience failure 

but the riser base was vulnerable to fracture, as a result of the stress concentration at the riser 

base and the lateral movement of the 450-riser of the Wye fitting and the elbow due to their 

unsymmetrical structure, particularly at shallow burial with low lateral constraints. The riser base 

fractured at an axial force of 33kN(±1kN), during the test conducted at an overburden pressure of 

150kN in Test Series No. 1. During Stage 2 in Test Series No. 2, the Wye fitting system was 

tested without overburden pressure and the riser base fractured at an axial force of 21kN. The 

test results indicate that the unsymmetrical structure of the Wye fitting introduces much higher 

load concentration on the Wye than on the Tee (which is symmetric). Perhaps this makes the Tee 

fitting more suitable for use in accommodating vertical risers in deep burial. 

The skin friction between the riser and the soil has been investigated, and the laboratory tests 

provide useful information for the friction that develops along the riser in uniform sand. Further 

discussions on downdrag along the vertical riser will be given in Chapters 5 and 8. 

4.6 Conclusions 

To explore the performance of deeply buried PVC sewers under vertical risers a new 

laboratory testing configuration and procedure was developed based on the existing testing 

facilities at the GeoEngineering laboratory at Queen’s University. Both PVC Tee and Wye fittings 

were tested using this new laboratory facility. It can be used to perform tests in a 1.6m-high cell to 

explore the capacity of PVC fittings when simulating over 10m-burial. 
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Two test series were performed for each fitting type, Tee and Wye. The test results indicate 

that when the existing Tee fitting is buried less than 10m deep in uniform olivine sand, its load 

capacity ranges from 38kN to 45kN, which is over 3.5 times that of the Tee fitting in isolation. Due 

to the unsymmetrical geometry, the existing Wye fitting itself did not fail even at a burial depth of 

11m. The capacity of the Tee fitting to resist the axial force on the fitting’s top slightly increases in 

buried depth, while the capacity of the buried Wye fitting system significantly depends on the riser 

base to resist the stress concentration and the lateral bending. The buried Wye fitting tests 

indicate that the riser base failed at an axial force of 21kN in 1m-deep uniform sand and fractured 

at an axial force of 33kN(±1kN) in 11m-deep uniform sand. 

The test data collected from the strain gages, LPs and a digital camera indicate that the upper 

half of the horizontal pipe is much more vulnerable to cracking or yield either for a Tee fitting or for 

a Wye fitting. The lower half of the fitting is much stronger when it is supported by well-compacted 

soil surrounding it. The testing results indicate that the Tee fitting became much more rigid when 

buried compared to that tested in isolation. 

The difference between the actuator loads and the axial forces calibrated using the axial 

strains in the riser bottom end indicate the magnitude of upward skin friction along the riser. 

Theoretical calculations using a pile-analogy formula were performed for skin frictions that 

developed during each test stages. Differences exist between the analytical solutions and the test 

measurements. Finite element analyses have been performed to study downdrag along the 

vertical riser in the ground, and these are presented in Chapters 5 and 8. 

It would be valuable to repeat the buried fitting tests. However, due to the cost limitations, it 
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was not possible to repeat any of the buried fitting tests. Two identical Tee fittings were tested in 

air to assess the repeatability and reliability of the tests on these fittings, as discussed in Section 

3.4.3. 
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CHAPTER 5 PILE-ANALOGY FOR USE IN ESTIMATING DOWNDRAG 
FORCES ON VERTICAL RISERS 

 
 

5.1 Introduction 

The interface friction that develops as a result of interaction between soil and a vertical sewer 

riser is similar in many ways to that which develops between soil and a single pile. This implies 

that the theories and analytical methods developed for single piles might also be used to estimate 

downdrag forces along vertical risers.  

There exist numerous approaches, including analytical methods and numerical methods, to 

estimate downdrag forces developing along a single buried pile, though each method is based on 

particular assumptions, and has its own advantages and limitations. A simple formula and a 

numerical procedure, which originated from two of these single pile analyses, are modified and 

employed here to undertake preliminary evaluations of downdrag forces along a vertical riser. 

Although precise calculations are unlikely if only these calculations are performed, the results 

from these calculations should still be useful for quick estimate of the skin friction forces along the 

riser and to facilitate the selection of the fitting types (regular or heavy-wall fittings) and the 

measures to reduce the downdrag at the preliminary sewer design stage.  

5.2 Analytical Method 

Based on the following assumptions, conservative estimates of downdrag forces along 

vertical risers can be obtained using techniques adapted from pile analysis. 

 A rigid base beneath the riser is assumed, which neglects the influence of deformation of the 
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flexible fittings. 

 One way, fully mobilized (ultimate) skin friction is developed at every point along the riser. 

 Mean values or weighted mean values are used for material properties, such as coefficient 

of lateral earth pressure, interface friction coefficient and unit weight of soil. 

Integrating along the riser, accumulated downdrag force, F at the base is given by. 

 

 γ γ
H 2

0

1F (K z C μ)dz H K C μ
2

= × × × × = × × × × ×∫  (5.1) 

where, 

 H – Buried (effective) length of the riser; 

 K – Coefficient of lateral earth pressure; 

 γ – Unit weight of backfill; 

 C – External circumference of the riser; C=πdo; where, do is outer diameter of the riser. 

and,  

 μ – Interface friction coefficient between the riser and the surrounding backfill. 

This formula provides a simple way to estimate the load developing along a riser, but the 

approach is likely over simplistic. Therefore, this equation is recommended for use only during 

preliminary analyses. More precise calculations can be obtained by using numerical modeling, 

which is capable of considering more realistic material properties, soil-structure interaction, and 

boundary conditions (as examined later in Section 5.3 and Chapter 8). 

Equation(5.1) was already used for the evaluations of the laboratory test results in Sections 

4.4.4.6 and 4.5.4.4. These evaluations were summarized in Tables 4-8 and 4-13. The theoretical 
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solutions, with the interface properties from the laboratory tests performed by El Chazli et al. 

(2005), were generally greater than the test results at both shallow and deep burials. The 

differences between the theoretical solution and the test results range from -34% to 53%, as 

indicated in Tables 4-8 and 4-13. This implies that Equation (5.1) is capable of providing useful 

approximations for the accumulated friction force along a vertical riser, even though the fitting 

under the vertical riser does not provide a rigid support.  

However, the solution from this equation only provides approximate values of the loads to be 

supported by the fitting. In an actual condition, the fitting under a vertical riser is not rigid and the 

skin friction does not always act one way down the vertical riser. As presented later in this chapter, 

the skin friction may act upwards along the bottom part of the vertical riser and act downwards 

along the upper part of the vertical riser. To consider these factors, a one-dimensional numerical 

method is developed and described in the next section. 

5.3 One-dimensional Numerical Solution 

5.3.1 Brief introduction and basic assumptions 

A more detailed one-dimensional numerical approach is now developed based on the 

following assumptions. 

 The fitting (Tee or Wye) connected to the riser is simulated using a base spring to model the 

movement of the base of the riser results from fitting deformation. The spring stiffness is 

determined using the data acquired in the buried fitting tests, which were described in 

Chapter 4, and the finite element models presented in Chapter 6 and Chapter 7.  

 The riser is assumed to be a linear elastic, one-dimensional column without explicit 
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consideration of lateral deformation. 

 As stated previously in Chapter 1, embankment conditions instead of trench conditions in 

practice are assumed here. This implies that the stresses in backfill are not attenuated by 

trench aching. 

 The soil is simulated using Janbu's hypoelastic model (Janbu, 1963). Means values or 

weighted mean values are used for material properties, such as coefficient of lateral earth 

pressure, interface friction coefficient and unit weight of soil. 

 A choice of three friction models modified from the classic Coulomb friction model is used for 

the friction interaction between the soil and the riser: a) the bilinear friction model, b) the 

arctangent friction model, and c) the hyperbolic friction model (modified from Wong and Teh, 

1995). 

Based on the assumptions stated above, a one-dimensional numerical program named 

RiserDDF is developed as described in the subsequent sections. A full description of the program, 

RiserDDF, is presented in Appendix A. The list of the core code, which is written in FORTRAN77, 

is attached in Appendix B. 

5.3.2 Basic idea of the one-dimensional numerical simulation 

 The vertical riser is divided into a finite number of linear bar elements. The fitting is simulated 

using a spring and the soil-riser interaction is modeled using a group of springs. For example, if 

the whole vertical riser is divided into five elements, five backfill lifts plus one embedment lift are 

simulated. A total of five load steps are then analyzed. The general procedure is illustrated in 

Figure 5-1.  
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To explore the effect of the thickness of the backfill lift on the axial force that develops on the 

fitting, the code is written to have capability to deal with various thicknesses for the backfill layers. 

The thickness of each backfill layer is set equal to some multiple of the size of one riser element. 

For example, assume that one bar element size is 50mm and the total number of elements is 15. 

The common divisors of 15 are 1, 3, 5 and 15. Therefore, the thickness of each backfill lift can be 

set to 50mm, 150mm, 250mm or 750mm. Obviously an alternative approach is to change the 

thickness of each backfill lift by changing the size of the bar element.  

 

  
  
Figure 5-1 Illustration for the one dimensional numerical simulation. 
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5.3.3 Description of the interface skin friction models 

5.3.3.1 Coulomb friction model 

Coulomb friction is a common friction model used to describe shear strength at a 

soil-structure interface. The model uses only one parameter, the coefficient of friction (μ). The 

basic form of the Coulomb friction model (also called ideal Coulomb friction) is illustrated in Figure 

5-2. The maximum or critical friction force, fcrit depends on normal force, P, as illustrated in Figure 

5-2b and Equation(5.2). In this ideal Coulomb friction model, the friction force is indeterminate 

prior to reaching the critical friction force. To incorporate the Coulomb friction model into 

numerical simulations, the ideal friction behaviour needs to be modified. The modified forms of 

the Coulomb friction model will be introduced in the subsequent sections. 

 
 = ×critf μ P  (5.2) 

 

 

Figure 5-2 Diagrams illustrating the basic form of Coulomb friction model (after 
ABAQUS, 2004). 
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5.3.3.2  Bilinear friction model 

To clearly illustrate this model, Figure 5-2a is revised and shown in Figure 5-3. The 

relationship of friction force versus slip in this model includes two straight lines. One line has a 

slope (denoted the soil-structure spring stiffness), k1>0, and the subsequent response has zero 

slope, k2=0. A parameter called “elastic slip”, wel, is introduced in this model. When slip is less 

than wel, the relative motion between contact surfaces is small. The shear stress at this state is 

equal to the product of k1 and the relative motion between surfaces. Once the relative motion is 

greater than wel, the friction force reaches its critical value, fcrit =μP. In the commercial program, 

ABAQUS (2004) this bilinear model is called the modified Coulomb friction model. 

 
Figure 5-3 Illustration for bilinear friction model (after ABAQUS, 2004). 
 

5.3.3.3  Arctangent friction model 

Due to the sudden change of the slope in the bilinear friction model, it may be difficult to 

obtain good convergence for some problems. To smooth the relationship of shear stress versus 

slip in the Coulomb friction model, an arctangent function is introduced in the numerical 

simulation. The complete relationship between friction force and slip can then be expressed as: 
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π πcrit

0 0

2 w 2 wf f arctan( ) μ P arctan( )
w w

= × × = × × ×  (5.3) 

 

In Equation(5.3), w0 is a shape factor with the same units as w. Figure 5-4 shows the curves 

of friction force versus slip with various w0 values in the arctangent friction model. As the w0 

becomes smaller, the arctangent friction model approaches ideal Coulomb friction. However, very 

small values of w0 may result in convergence difficulties. Hence, w0=2/π is used in the subsequent 

discussion. 

There is no explicit “elastic slip” in this model. The slope (spring stiffness), k of this curve 

varies with the slip magnitude. At any given relative motion, the tangent to the curve, ks is: 

 

 
πs

2

df 1k μ P
dw 1 ( w)

2

= = × ×
+ ×

 (5.4) 

 
 

 

Figure 5-4 Diagram illustrating arctangent friction model. 
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5.3.3.4  Hyperbolic friction model 

Wong and Teh (1995) introduce a hyperbolic function based on the Coulomb friction model. 

This model is also implemented in the program, RiserDDF:  

 

 
si

u

wf k w1
w

= ×
+

 (5.5) 

where, wu=fcrit/ksi and ksi is the initial soil-structure interface spring stiffness. Based on Randolph 

and Wroth (1978), Wong and Teh (1995) derive an equation for ksi for a pile in an isotropic, 

homogenous, elastic soil medium:  

 
 πsi i i m ok 2 G l / ln(r / r )= × × ×  (5.6) 

 

where, Gi = soil shear modulus at pile (riser) element i; li = length of the bar element i; ro = pile 

radius (here, the riser outer radius); and rm = limit radius, calculated using: 

 

 ν '
m sr 2 ρ (1 ) L= × × − ×  (5.7) 

 

for L= buried pile length (here, buried riser length); νs
’ = Poisson’s ratio of the soil; and ρ=GL/2/GL. 

Here, the terms GL/2and GL are the soil shear modulus at the mid-depth and at the bottom end of 

the pile (riser), respectively. 

The curve of friction force versus slip in this model is similar to that in the arctangent friction 

model, shown in Figure 5-5. The tangent stiffness at any given slip value is: 

 

 
s si

2

u

df 1k k wdw (1 )
w

= = ×
+

 (5.8) 
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Figure 5-5 Diagram illustrating the hyperbolic friction model. 
 

5.3.4 Description of the Janbu material model 

To consider the influence of confining stresses on the soil modulus, Janbu’s hypoelastic 

(tangent) modulus, Ms (Janbu 1963) is employed, as given by: 

 

 
α

3
s a

a

σM m P
P

⎛ ⎞
= × × ⎜ ⎟

⎝ ⎠
 (5.9) 

 

where, 

Ms=Janbu’s hypoelastic modulus (constrained soil modulus representing soil stiffness under 

zero lateral strain). The compacted soil is assumed to behave like preconsolidated soil. Janbu 

(1963) described that for stresses below the preconsolidation stress, the value of Ms is practically 

constant. Thus, a lower bound value for soil modulus needs to be set for the compacted soil when 

this material model is used. 
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m, α=Janbu’s deformation parameters which can be acquired from oedometer or triaxial tests.  

σ3=minor principal stress or confining pressure 

Pa=atmospheric pressure (set to 101.3kPa). 

5.3.5 Choice of coefficient of lateral earth pressure 

There are two ways to assign values to the coefficient of lateral earth pressure (denoted K) in 

the program, RiserDDF v1.0. The most recommended way is to directly input a value for K. 

Another method is to input a value for the parameter, soil Poisson’s ratio (νs). The following 

equation, which is developed based on linear elastic theory, is then used to calculate the 

coefficient of lateral earth pressure, K.  

 ν
ν
s

s

K
1

=
−

 (5.10) 

 

To ensure that an appropriate value is computed for K using Equation(5.10), the input value 

for soil Poisson’s ratio (νs) should be an imaginary value, which is computed based on linear 

elastic theory and the measured K (see Law and Moore, 2007).  

5.3.6 Descriptions of the base spring stiffness 

Since the stiffness of the buried fittings varies with the soil modulus and the confining stresses, 

a nonlinear base spring is used to model the vertical stiffness of these fittings. As discussed in  

Chapter 6 and Chapter 7, the relationship between the stiffness of the buried fittings (denoted KB) 

and the confining stresses (σ3) is approximated as a linear relationship 

 

 σKB 3 KBKB A B= × +  (5.11) 
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where the coefficients, AKB and BKB can be acquired through the buried fitting tests or finite 

element models, as presented in Chapter 6 and Chapter 7. To consider the effect of compaction, 

a lower bound for KB, denoted KBmin, can be set during the analysis. If both AKB and BKB equal 

zero, the base spring stiffness, KB is set to KBmin. 

5.3.7 Description of the capacity function for the base spring 

Elastic behaviour of the base spring, which is used to model the behaviour of the buried fitting 

(Tee or Wye) connected to the riser, is one of the basic assumptions of the program. Therefore, 

this program is not capable of estimating the capacity of the buried fitting. However, if the capacity 

of the buried fitting is already known via other methods (such as buried fitting tests or finite 

element models), this program is able to estimate the maximum allowable buried depth for the 

fitting. The tests described in Chapter 4 and the three-dimensional models presented later in 

Chapter 6 and Chapter 7 reveal that the capacities of the buried fittings are approximately linearly 

proportional to the confining pressure (σ3). Thus, a linear function for base capacity is written into 

the code, as 

 

 σCAP 3 CAPCAP A B= × +  (5.12) 

 

where CAP represents the fitting capacity; Acap and Bcap are the coefficients of the linear function, 

which can be acquired using the laboratory tests described in Chapter 4 or the finite element 

models described later in Chapter 6 and Chapter 7. A lower bound value for the fitting capacity 

named CAPmin can be set as well. For both SDR35 and SDR26 fittings (Tee and Wye), the values 

for Acap, Bcap and CAPmin are correlated and presented later in Chapter 6 and Chapter 7.  
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Using the known fitting capacity, the maximum allowable burial depth is then calculated. Note 

that the fitting capacity has no effect on the computation of the downdrag forces along the riser 

since the fitting ( the base spring) is assumed to be purely elastic. 

5.3.8 Applications of RiserDDF for analyses of Tee and Wye fittings 

5.3.8.1 Brief introduction 

A total of six cases were studied for downdrag developing along risers using the program, 

RiserDDF. Three were performed for vertical risers sitting on Tee fittings, and another three for 

those sitting on Wye fittings. As required by the fitting supplier, the range of fitting buried depth of 

interest is to 10m. Therefore, the downdrag developing along a 10m-long riser was studied in the 

following simulations. Parameters were found in the literature. More detailed assessment to 

characterize the material properties for these fittings may be valuable in the future, but was out of 

the scope of the current research project.  

5.3.8.2 Case 1 - vertical risers sitting on SDR35 Tee fittings in 1.05m uniform sand fill 

The test condition corresponding to Stage 1 of Test Series No. 1 for the buried Tee fitting, as 

described in Section 4.4.2.2, is simulated using RiserDDF version 1.0 to explore the downdrag 

along the 1.05m-long riser in uniform sand. The fitting type is an 200mmx150mm - SDR35 Tee. 

The input data are summarized in Table 5-1. Simulations have been performed for both the 

SDR35 Tee fittings with the upper bound and lower bound of the measured dimensions as 

defined later in Table 6-2.  
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Table 5-1 Input data for Case 1. 
Soil (including embedment and fill) Data sources 

Janbu’s parameter for fill, KKFILL 340 Lapos and Moore (2002) 
Janbu’s parameter for fill, NNFILL 0.81 Lapos and Moore (2002) 
Lower bound of fill soil modulus, ESFILL 3.0MPa Law and Moore (2007) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 11.3MPa Measured 

Poisson’s ratio of fill, VS 0.32 Law and Moore (2007) 
Coefficient of lateral earth pressure, K 0.48 Law and Moore (2007) 
Unit weight of Fill. YSFILL 1.44×10-5N/mm3  Measured 
Unit weight of Embedment, YSBED 1.51×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 Measured 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 1050.0mm As required 

Virtual Base  
Base stiffness coefficient, KBA 57517N/mm/MPa Section 6.4.3 
Base stiffness coefficient, KBB 3363N/mm Section 6.4.3 
Lower bound of base stiffness, KBMIN 3000N/mm Section 6.4.3 
Base capacity coefficient, CAPAA 159346N/MPa Section 6.4.3 
Base capacity coefficient, CAPBB 42330N Section 6.4.3 
Lower bound of base capacity, CAPMIN 35000N Section 6.4.3 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 1000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: The virtual base property in the above table is based on SDR35 Tee fittings with upper 
bound geometry as described in Table 6-2. For SDR35 Tee fittings with lower bound geometry, 
KBA=51809, KBB=3199, KBMIN=3000, CAPAA=141009, CAPBB=38507 and CAPMIN=35000. 
Units and data sources are the same as those in the table. The number of the significant figures 
is given by the references. 
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The accumulated skin friction forces along this 1.05m-long riser, which is equivalent to the 

axial force acting down on the virtual base, after the completion of backfilling are summarized in 

Tables 5-2 and 5-3. The difference between the results for the fittings with lower bound 

dimensions and those with upper bound dimensions is less than 1.5%. In general, the bilinear 

friction model gives the largest (most conservative) accumulated friction force. Laboratory test 

results described in Table 4-8 of Section 4.4 indicated that the accumulated friction forces along 

the buried 1.05m-long riser sitting on the Tee fitting was 0.66kN(±0.02kN). The result given by the 

arctangent friction model is the closest to the test measurement, 0.66kN(±0.02kN).  

 
Table 5-2 Accumulated friction forces along a 1.05m-long riser sitting on an SDR35 Tee 
fitting with upper bound geometry after the completion of backfill. (Unit: kN). 

Friction models Numerical Calculation Difference (%) 
Bilinear friction model 0.83 22 to 30 
Arctangent friction model 0.66 -3 to 3 
Hyperbolic friction model 0.72 6 to 13 
Note: If the numerical calculation is greater than the result from the laboratory test, the difference 
is given a positive sign. 
 
Table 5-3 Accumulated friction forces along a 1.05m-long riser sitting on an SDR35 Tee 
fitting with lower bound geometry after the completion of backfill. (Unit: kN). 

Friction models Numerical Calculation Difference (%) 
Bilinear friction model 0.82 21 to 28 
Arctangent friction model 0.66 -3 to 3 
Hyperbolic friction model 0.72 6 to 13 
Note: Same as those in Table 5-2. 
 

Figure 5-6 gives some results after the completion of backfill placement based on these 

interface friction models for the fittings with lower bound geometry. The least conservative 

solution is given by the arctangent model, while the most conservative result is obtained using the 

bilinear friction model. 
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Note: Positive values for axial forces imply compression; positive values for riser displacements indicate downwards movement; and positive 
values for skin friction imply friction acting downwards along risers. Same sign conventions are used for the subsequent plots in this section. 
Figure 5-6 Results from the models for a 1.05m-long riser sitting on an SDR35 Tee fitting in uniform sand (a) distribution of skin 
friction stress along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 
 

(a) (b) (c) 
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5.3.8.3 Case 2 - sewer risers sitting on SDR35 Tee fittings in 10m silt fill 

The fitting type connected to the risers is also an 200mmx150mm - SDR35 Tee fitting. The 

embedment material is uniform sand with the same properties as those in the buried Tee fitting 

tests. The fill material is clayey silt. The input data are listed in the table below. 

 
Table 5-4 Input data for Case 2. 

Soil (including embedment and fill) Data sources 
Janbu’s parameter for fill, KKFILL 40 CGS (1992) 
Janbu’s parameter for fill, NNFILL 1 CGS (1992) 
Lower bound of fill soil modulus, ESFILL 1.0MPa McGrath et al. (1999) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 11.3MPa Measured 

Poisson’s ratio of fill, VS 0.35 Das (1998) 
Coefficient of lateral earth pressure, K 0.54 Lambe & Whitman(1969) 
Unit weight of Fill. YSFILL 2.06×10-5N/mm3  Das (1998) 
Unit weight of Embedment, YSBED 1.51×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 IPEX (1999) 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 10000.0mm As required 

Virtual Base  
Base stiffness coefficient, KBA 57517N/mm/MPa Section 6.4.3 
Base stiffness coefficient, KBB 3363N/mm Section 6.4.3 
Lower bound of base stiffness, KBMIN 3000N/mm Section 6.4.3 
Base capacity coefficient, CAPAA 159346N/MPa Section 6.4.3 
Base capacity coefficient, CAPBB 42330N Section 6.4.3 
Lower bound of base capacity, CAPMIN 35000N Section 6.4.3 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 5000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: Same as those in Table 5-1. 
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Axial forces acting down on the virtual base after placement of all 10m of the backfill are 

summarized in Table 5-5. Note that these results are computed based on the assumptions of a 

linear elastic riser and a nonlinear elastic virtual base. The maximum allowable buried depths for 

SDR35 Tee fittings under the clayey silt fill are calculated and listed in Table 5-6. 

 
Table 5-5 Accumulated friction forces along 10m-long risers sitting on SDR35 Tee 
fittings after the completion of backfill. (Unit: kN). 

Friction models Lower bound Upper bound 
Bilinear friction model 106.3 106.3 
Arctangent friction model 106.0 106.6 
Hyperbolic friction model 98.8 99.9 
Note: The terms “lower bound” and “upper bound” stand for the numerical results for the fittings 
with a lower bound dimension and an upper bound dimension, respectively, in Table 6-2. 
 
Table 5-6 Maximum allowable buried depths for SDR35 Tee under silt fill. (Unit: m). 

Friction models Lower bound Upper bound 
Bilinear friction model 6.36 6.75 
Arctangent friction model 6.36 6.75 
Hyperbolic friction model 6.75 7.14 
Note: The term “buried depth” is defined as the distance from the ground to the top of the virtual 
base (i.e. the top of the Tee fitting); other notes are the same as those in Table 5-5 

As shown in Tables 5-5 and 5-6, the calculations using bilinear friction model and arctangent 

friction model are quite close and give larger values of riser force than that of hyperbolic friction 

modeling does. As indicated in Table 5-5, the difference between the accumulated friction forces 

along the riser sitting on the fittings with lower bound dimensions and those with upper bound 

dimensions is less than 1%. However, the fittings with thicker wall are capable of 6% deeper 

burial. Hence, the maximum allowable buried depth under clayey silt fill for SDR35 Tee fittings is 

estimated to be 6.36m. The numerical results at the final fill layer for the fittings with lower bound 

geometry are summarized in Figure 5-7. In general, the results from these models are consistent 

with each other.  
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Figure 5-7 Results from the simulations for a 10m-long vertical riser sitting on an SDR35 Tee fitting under silt fill (a) skin friction 
distribution along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 

(a) (b) (c)
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5.3.8.4 Case 3 - sewer risers sitting on SDR26 Tee fittings in 10m silt fill 

 
Table 5-7 Input data for Case 3. 

Soil (including embedment and fill) Data sources 
Janbu’s parameter for fill, KKFILL 40 CGS (1992) 
Janbu’s parameter for fill, NNFILL 1 CGS (1992) 
Lower bound of fill soil modulus, ESFILL 1.0MPa McGrath et al. (1999) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 11.3MPa Measured 

Poisson’s ratio of fill, VS 0.35 Das (1998) 
Coefficient of lateral earth pressure, K 0.54 Lambe & Whitman(1969) 
Unit weight of Fill. YSFILL 2.06×10-5N/mm3  Das (1998) 
Unit weight of Embedment, YSBED 1.51×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 IPEX (1999) 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 10000.0mm As required 

Virtual Base  
Base stiffness coefficient, KBA 71168N/mm/MPa Section 7.4.2 
Base stiffness coefficient, KBB 3947N/mm Section 7.4.2 
Lower bound of base stiffness, KBMIN 3500N/mm Section 7.4.2 
Base capacity coefficient, CAPAA 217170N/MPa Section 7.4.2 
Base capacity coefficient, CAPBB 65258N Section 7.4.2 
Lower bound of base capacity, CAPMIN 60000N Section 7.4.2 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 5000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: The virtual base property in the above table is based on SDR26 Tee fittings with upper 
bound geometry as described in Table 7-2. For SDR26 Tee fittings with lower bound geometry, 
KBA=67852, KBB=3610, KBMIN=3500, CAPAA=212564, CAPBB=60220 and CAPMIN=60000. 
Units and data sources are the same as those in the table. The number of the significant figures 
is given by the references. 
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The simulations have been performed for the riser sitting on an 200mmx150mm - SDR26 Tee 

buried under 10m deep silt fill. Embedment soil is uniform sand, the same as that used in the 

buried fitting tests. Fill is assumed to be clayey silt. The model inputs are listed in Table 5-7.  

The axial forces acting down on the virtual base after placement of all 10m backfill are 

summarized in Table 5-8. Note again that these results are computed based on the assumptions 

of a linear elastic riser and a nonlinear elastic virtual base. The maximum allowable buried depths 

for SDR26 Tee fittings under clayey silt fill are listed in Table 5-9. 

As indicated in Tables 5-8 and 5-9, the numerical results calculated using the bilinear friction 

model and the arctangent friction model are quite close and both greater than that using the 

hyperbolic friction model. As indicated in Table 5-8, the difference between the accumulated 

friction forces along the riser sitting on the fittings with lower bound dimensions and those with 

upper bound dimensions is less than 2%. However, the fittings with thicker wall are capable to be 

buried 5% deeper, as shown in Table 5-9, even though their higher stiffness means they also 

attract about 2% more downdrag forces. In addition, the riser sitting on a heavy-wall (SDR26) Tee 

attracts only 3% more downdrag force than that on a regular (SDR35) Tee (based on a 

comparison of Tables 5-5 and 5-8). The estimated maximum allowable buried depths for the 

heavy-wall (SDR26) Wye fittings are 30% greater than those for the regular (SDR35) Wye fittings 

(based on a comparison of Tables 5-6 and 5-9). The maximum allowable buried depth under silt 

fill for SDR26 Tee fittings is estimated to be 8.12m based on these numerical results. 

The results after the completion of all 10m backfill for fittings with lower bound geometry are 

summarized in Figure 5-8. In general, the results from these models are quite consistent.  
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Figure 5-8 Results from the simulations for a 10m-long vertical riser sitting on an SDR26 Tee fitting under silt fill (a) skin friction 
distribution along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 

(a) (b) (c)
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Table 5-8 Accumulated friction forces along a 10m-long riser sitting on an SDR26 Tee 
fitting after the completion of backfill. (Unit: kN). 

Friction models Lower bound Upper bound 
Bilinear friction model 107.4 109.1 
Arctangent friction model 107.7 108.9 
Hyperbolic friction model 100.8 101.4 
Note: Same as those in Table 5-5 
 
Table 5-9 Maximum allowable buried depths for SDR26 Tee under silt fill. (Unit: m). 

Friction models Lower bound Upper bound 
Bilinear friction model 8.12 8.51 
Arctangent friction model 8.31 8.51 
Hyperbolic friction model 8.71 9.10 
Note: Same as those in Table 5-6 
 

5.3.8.5 Case 4 - sewer risers sitting on SDR35 Wye fittings in 0.80m uniform sand fill 

As discussed previously in Section 4.5 and described later in Section 6.5, the failure mode of 

the buried Wye fitting system was very different from that of the buried Tee fitting system. When 

receiving axial loads, the riser base fractured prior to the failure of the Wye fitting itself. Therefore, 

the capacity of the buried Wye fitting system significantly depends on the ability of the riser base 

to resist both the stress concentration and the lateral bending. Hence, the capacity of the buried 

Wye fitting mentioned in this chapter is defined as the maximum axial force at the riser base prior 

to its initial yield, as described in Section 4.5. In addition, the confining pressures around the riser 

are assumed not to be effected by the lateral movement of the elbow and the riser part of the 

Wye fitting, which likely increases the lateral pressures on the riser, as illustrated in Section 6.5. 

Based on these additional assumptions, the program, RiserDDF v1.0 may then be used to 

estimate the downdrag forces in a riser sitting on a Wye fitting. 

This section presents the analyses for a 0.80m-long riser sitting on an 200mmx150mm - 

SDR35 Wye fitting. The input values are listed in Table 5-10.  
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Table 5-10 Input data for Case 4. 
Soil (including embedment and fill) Data sources 

Janbu’s parameter for fill, KKFILL 340 Lapos and Moore (2002) 
Janbu’s parameter for fill, NNFILL 0.81 Lapos and Moore (2002) 
Lower bound of fill soil modulus, ESFILL 3.0MPa Law and Moore (2007) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 8.6MPa Measured 

Poisson’s ratio of fill, VS 0.32 Law and Moore (2007) 
Coefficient of lateral earth pressure, K 0.48 Law and Moore (2007) 
Unit weight of Fill. YSFILL 1.44×10-5N/mm3  Measured 
Unit weight of Embedment, YSBED 1.50×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 Measured 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 800mm As required 

Virtual Base  
Base stiffness coefficient, KBA 35344N/mm/MPa Section 6.5.3 
Base stiffness coefficient, KBB 2454N/mm Section 6.5.3 
Lower bound of base stiffness, KBMIN 2000N/mm Section 6.5.3 
Base capacity coefficient, CAPAA 72908N/MPa Section 6.5.3 
Base capacity coefficient, CAPBB 36228N Section 6.5.3 
Lower bound of base capacity, CAPMIN 35000N Section 6.5.3 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 1000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: The virtual base property in the table is for SDR35 Wye fittings with upper bound geometry 
as described in Table 6-5. For SDR35 Wye fittings with lower bound geometry, KBA=34768, 
KBB=2314, KBMIN=2000, CAPAA=69672, CAPBB=36062 and CAPMIN=35000. Units and data 
sources are the same as those in the table. The number of the significant figures is given by the 
references. 
 

The downdrag forces at the riser base after the completion of backfill placement are 

summarized in Tables 5-11 and 5-12. As seen for the Tee fittings, the difference between the 
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results for the fittings with lower bound dimensions and those with upper bound dimensions is 

negligible. The numerical calculations are generally greater than the test measurement 

(0.37±0.01kN). The largest (most conservative) accumulated friction force at the riser base is 

again given by the bilinear friction model. The result given by the arctangent friction model (0.37) 

is the closest value to the test measurement (0.37±0.01kN) as shown in Table 4-13 of Section 

4.5.4. 

 
Table 5-11 Accumulated friction forces along a 0.80m-long riser sitting on an SDR35 
Wye fitting with upper bound geometry after the completion of backfill. (Unit: kN). 

Friction models Numerical Calculation Difference (%) 
Bilinear friction model 0.48 26 to 33 
Arctangent friction model 0.37 -3 to 3 
Hyperbolic friction model 0.42 11 to 17 
Note: If the numerical calculation is greater than the result from the laboratory test, the difference 
is given a positive sign. 
 
Table 5-12 Accumulated friction forces along a 0.80m-long riser sitting on an SDR35 
Wye fitting with lower bound geometry after the completion of backfill. (Unit: kN). 

Friction models Numerical Calculation Difference (%) 
Bilinear friction model 0.48 26 to 33 
Arctangent friction model 0.37 -3 to 3 
Hyperbolic friction model 0.42 11 to 17 
Note: Same as those in Table 5-11. 
 

The results from the analyses for fittings with lower bound geometry are shown in Figure 5-9. 

As before, the arctangent model gives the lowest (least conservative) solution, while the bilinear 

model gives the highest (most conservative) result. 
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Figure 5-9 Results from the models for a 0.80m-long riser sitting on an SDR35 Wye fitting in uniform sand (a) distribution of skin 
friction stress along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 

(a) (b) (c) 
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5.3.8.6 Case 5 - sewer risers sitting on SDR35 Wye fittings in 10m silt fill 

Based on the same assumptions as those described in Section 5.3.8.5, RiserDDF v1.0 is 

again used to estimate downdrag along a 10m-long riser sitting on an SDR35 Wye fitting.  The 

embedment material is assumed to be uniform sand with the same properties as those 

considered in the buried Wye fitting tests. Fill material is assumed to be clayey silt. Analysis 

inputs are listed in Table 5-13. 

The numerical calculations for the axial forces acting down on the virtual bases after the 

placement of all 10m backfill are summarized in Table 5-14. The calculated values for the 

maximum allowable buried depths for SDR35 Wye fitting systems under the silt fill are presented 

in Table 5-15. 

As indicated in Tables 5-14 and 5-15, the calculations from the former two friction models are 

quite close and both are greater than that obtained using the hyperbolic friction model. The wall 

thickness of the fittings has little effect on both the accumulated friction force at the riser base and 

the maximum allowable burial depth. The calculated accumulated friction forces at the riser base 

in Table 5-14 are generally 20% less than those in Table 5-5. This again implies that a more 

flexible base (a Wye fitting system) attracts less downdrag forces acting down on the fitting than 

that of a Tee fitting system. However, the calculated maximum allowable buried depths for SDR35 

Tee and Wye fittings are quite close (less than 3% difference). As mentioned previously, the 

capacity of a buried Wye fitting system, which is defined as the capacity of the riser base resisting 

both the stress concentration and the lateral bending that occur, is generally lower than that of a 

Tee fitting system. This is likely the reason why the maximum allowable buried depth of an 
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SDR35 Wye fitting system is close to that of an SDR35 Tee fitting system, even though the 

accumulated friction force at the riser base sitting on the Wye fitting is much lower than that on 

the Tee fitting. The maximum allowable buried depth under the silt fill for an SDR35 Wye fitting 

system is estimated to be 6.56m based on these numerical results. 

 
Table 5-13 Input data for Case 5. 

Soil (including embedment and fill) Data sources 
Janbu’s parameter for fill, KKFILL 40 CGS (1992) 
Janbu’s parameter for fill, NNFILL 1 CGS (1992) 
Lower bound of fill soil modulus, ESFILL 1.0MPa McGrath et al. (1999) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 8.6MPa Measured 

Poisson’s ratio of fill, VS 0.35 Das (1998) 
Coefficient of lateral earth pressure, K 0.54 Lambe & Whitman(1969) 
Unit weight of Fill. YSFILL 2.06×10-5N/mm3  Das (1998) 
Unit weight of Embedment, YSBED 1.50×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 IPEX (1999) 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 10000.0mm As required 

Virtual Base  
Base stiffness coefficient, KBA 35344N/mm/MPa Section 6.5.3 
Base stiffness coefficient, KBB 2454N/mm Section 6.5.3 
Lower bound of base stiffness, KBMIN 2000N/mm Section 6.5.3 
Base capacity coefficient, CAPAA 72908N/MPa Section 6.5.3 
Base capacity coefficient, CAPBB 36228N Section 6.5.3 
Lower bound of base capacity, CAPMIN 35000N Section 6.5.3 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 5000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: Same as those in Table 5-10. 
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Table 5-14 Accumulated friction forces along a 10m-long riser sitting on an SDR35 Wye 
fitting after the completion of backfill. (Unit: kN). 

Friction models Lower bound Upper bound 
Bilinear friction model 84.7 84.8 
Arctangent friction model 84.3 84.4 
Hyperbolic friction model 79.6 79.9 
Note: Same as those in Table 5-11. 
 
Table 5-15 Maximum allowable buried depths for SDR35 Wye fittings with upper bound 
geometry under silt fill. (Unit: m). 

Friction models Lower bound Upper bound 
Bilinear friction model 6.56 6.56 
Arctangent friction model 6.56 6.75 
Hyperbolic friction model 6.95 6.95 
Note: The term “buried depth” is defined as the distance from the ground to the top of the virtual 
base (i.e. the top of the 450-elbow); other notes are the same as those in Table 5-11. 
 

The results after the completion of backfill placement from the simulations for fittings with 

lower bound geometry are summarized in Figure 5-10. Simulations using different friction models 

give quite close results. 
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Figure 5-10 Results from the simulations for a 10m-long vertical riser sitting on an SDR35 Wye fitting under silt fill (a) skin friction 
distribution along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 

(a) (b) (c)
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5.3.8.7 Case 6 - sewer risers sitting on SDR26 Wye fittings in 10m silt fill 

 
Table 5-16 Input data for Case 6. 

Soil (including embedment and fill) Data sources 
Janbu’s parameter for fill, KKFILL 40 CGS (1992) 
Janbu’s parameter for fill, NNFILL 1 CGS (1992) 
Lower bound of fill soil modulus, ESFILL 1.0MPa McGrath et al. (1999) 
Janbu’s parameter for embedment soil, KKBED 340 Lapos and Moore (2002) 
Janbu’s parameter for embedment soil, NNBED 0.81 Lapos and Moore (2002) 
Lower bound of embedment soil modulus, 
ESBED 8.6MPa Measured 

Poisson’s ratio of fill, VS 0.35 Das (1998) 
Coefficient of lateral earth pressure, K 0.54 Lambe & Whitman(1969) 
Unit weight of Fill. YSFILL 2.06×10-5N/mm3  Das (1998) 
Unit weight of Embedment, YSBED 1.50×10-5N/mm3  Measured 
Initial thickness of embedment soil, TBED 550.0 IPEX (1999) 

Riser  
Young’s modulus, EP 2800MPa IPEX (2002) 
Poisson’s ratio, VP 0.38 IPEX (2002) 
Outer radius, RO 80.0mm Measured 
Inner radius, RI 75.2mm Measured 
Length of riser, LPIPE 10000.0mm As required 

Virtual Base  
Base stiffness coefficient, KBA 51569N/mm/MPa Section 7.5.2 
Base stiffness coefficient, KBB 2770N/mm Section 7.5.2 
Lower bound of base stiffness, KBMIN 2500N/mm Section 7.5.2 
Base capacity coefficient, CAPAA 55904N/MPa Section 7.5.2 
Base capacity coefficient, CAPBB 38092N Section 7.5.2 
Lower bound of base capacity, CAPMIN 35000N Section 7.5.2 

Interface Properties between Soil and Riser  
Cohesion, C0 0.0  
Friction coefficient, MU 0.44 El Chazli et al. (2005) 
Elastic slip in bilinear friction model, ESLIP 1.0mm Defined by user 

Solver Controls  
Number of bar elements having the same length 
as one fill lift, NFILL 1 As required 

Load increments at each fill lift, NINC 5000 Defined by user 
Maximum allowable iterations, NINC 20 Defined by user 
Convergence tolerance, TOL 0.01mm Defined by user 
Options for skin friction models, OPTKSP 1 or 2 or 3 Defined by user 
Print total stiffness matrix or not, PSTT True or False Defined by user 
Print right hand vector of {K}[u]=[F] or not, PRH True or False Defined by user 
Note: The virtual base property in the table is for SDR26 Wye fittings with upper bound geometry 
as described in Table 7-4. For SDR26 Wye fittings with lower bound geometry, KBA=51693, 
KBB=2640, KBMIN=2500, CAPAA=58614, CAPBB=37757 and CAPMIN=35000. Units and data 
sources are the same as those in the table. The number of the significant figures is given by the 
references. 
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This section presents numerical calculations for the downdrag along a 10m-long riser sitting 

on an SDR26 Wye. Embedment soil is uniform sand with the same properties as those in the 

buried fitting tests. Fill is assumed to be clayey silt. Model inputs are listed in the above table. 

The axial forces acting down on the virtual bases after the placement of all 10m of the backfill 

are summarized in Table 5-17. The maximum allowable buried depths for SDR26 Wye fitting 

systems under the silt fill are calculated and summarized in Table 5-18. 

 
Table 5-17 Accumulated friction forces along a 10m-long riser sitting on an SDR26 Wye 
fitting after the completion of backfill. (Unit: kN). 

Friction models Lower bound Upper bound 
Bilinear friction model 85.9 86.2 
Arctangent friction model 86.1 86.3 
Hyperbolic friction model 82.0 82.2 
Note: Same as those in Table 5-11 
 
Table 5-18 Maximum allowable buried depths for SDR26 Wye under silt fill. (Unit: m). 

Friction models Lower bound Upper bound 
Bilinear friction model 6.76 6.76 
Arctangent friction model 6.76 6.76 
Hyperbolic friction model 6.96 6.96 
Note: Same as those in Table 5-15 
 

Similar conclusions as those presented in Section 5.3.8.6 may be drawn from the above 

results. The numerical calculations from the simulations using the first two friction models are very 

close and both are greater than that from the simulation using the hyperbolic friction model. The 

fitting wall thickness has little effect on both the accumulated friction force at the riser base and 

the maximum allowable burial depth.  

In addition, the riser sitting on a heavy-wall (SDR26) Wye attracts 3% more downdrag force 

than that on a regular (SDR35) Wye (based on a comparison of Tables 5-14 and 5-17). The 
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estimated maximum allowable buried depths for the heavy-wall (SDR26) Wye fittings are 3% 

greater than those for the regular (SDR35) Wye fittings (based on a comparison of Tables 5-15 

and 5-18). The maximum allowable burial depth under silt fill for SDR26 Wye fitting systems is 

estimated to be 6.76m based on these numerical results. 

The results after the completion of backfill placement calculated using simulations for fittings 

with lower bound geometry are summarized in the following figures. These plots are almost the 

same as those for the SDR35 Wye fitting systems presented in Figure 5-10. 
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Figure 5-11 Results from the simulations for a 10m-long vertical riser sitting on an SDR26 Wye fitting under silt fill (a) skin friction 
distribution along the riser; (b) axial forces in riser bar elements along the riser; (c) vertical riser displacements. 

(a) (b) (c)
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5.3.9 Investigation on the effects of base spring stiffness on downdrag along a riser 

To investigate the effects of the base spring stiffness (i.e. the stiffness of the buried fitting 

system connected to the riser) on the downdrag force that develops along the riser, a set of 

numerical simulations using RiserDDF v1.0 are reported. These simulations have the same 

configurations and material properties as those for the SDR35 Tee fitting with lower bound 

geometry in Case 2 in Section 5.3.8.3, except that a linear instead of nonlinear base spring is 

assumed. In these analyses, base parameters AKB = 0, BKB = 0, and KBmin is given any value 

between 0 and 10kN/mm to ensure that a constant base stiffness is employed in the program.  

Figure 5-12 shows the relationship between axial force at the riser base and the base spring 

stiffness, calculated using simulations employing the bilinear friction model. 
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Note: A positive value of axial force implies compression.  
Figure 5-12 Axial force versus base spring stiffness during the simulations for a riser 
sitting on a virtual base under silt fill. 

 

As indicated in Figure 5-12, the base stiffness has a significant effect on the downdrag when 

stiffness is low (less than 1kN/mm in the current simulated condition); while downdrag is less 
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sensitive to base stiffness when stiffness is high (greater than 2kN/mm in the current simulated 

condition). Thus, if a special fitting with sufficiently low axial compression stiffness can be 

developed and installed in between the fitting system and the riser, the accumulated downdrag 

force acting down on the fitting system may then be significantly decreased. This could prevent 

the fitting system from failure caused by “punch through” of the riser. A fitting named “Controlled 

Settlement Joint” described by Durham (1988) is one application of this concept. This joint is also 

recommended to permit axial movement of a riser in CSA B182.1 - 06. Further discussions on the 

“Controlled Settlement Joint” are presented in Section 8.5. 

In Figure 5-12, the particular condition is the case with zero base stiffness, which produces 

zero axial force at the riser base or no axial force acting down on the fitting system connected to 

the riser. The distributions of the skin friction along the riser, axial forces in the riser, and the riser 

displacements after the placement of all 10m backfill are plotted in Figure 5-13. 

As shown in Figure 5-13, the acting direction of the skin friction reverses at a position 4m 

above the riser base. The accumulated downward skin friction forces along the top part of the 

riser are then completely balanced by the accumulated upward skin friction forces along the 

bottom part of the riser. The displacement at the riser base to achieve this zero load condition is 

close to 125mm. 
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Figure 5-13 Results from the simulations for a 10m-long vertical riser sitting on a virtual base with zero stiffness under silt fill (a) skin 
friction distribution along the riser; (b) axial force in the riser; (c) vertical riser displacements. 

(a) (b) (c)
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The degree of the effects of base spring stiffness on the downdrag along the riser is greatly 

dependent on the backfill property. To demonstrate this, four groups of numerical simulations 

using RiserDDF v1.0 are performed and presented for the four different types of backfill in Table 

5-19. These numerical analyses have the same settings as those for Figure 5-12, except the 

values selected for soil properties and base spring stiffness. Based on the test results in Chapter 

4 and numerical results in Chapter 6 and Chapter 7, the stiffness of a buried fitting is usually less 

than 10kN/mm. Thus, assume KBmin = 0 for the extreme flexible base spring and KBmin = 20 for 

very rigid base spring. Base parameters AKB = 0, BKB = 0, and KBmin is given any value between 0 

and 20kN/mm in these numerical computations. The rest input data for these simulations are 

same as those in Case 2 in Section 5.3.8.3. 

 
Table 5-19 Values selected for the properties of four different types of backfill. 

Variable Clay Silt Sand Gravel Data sources 
Janbu’s parameter for fill, KKFILL 10 40 200 400 CGS (1992) 
Janbu’s parameter for fill, NNFILL 1 1 0.5 0.5 CGS (1992) 

Lower bound of fill soil modulus, ESFILL 1 1 10 20 McGrath et al. 
(1999) 

Unit weight of Fill. YSFILL  (kN/mm3) 18 20.6 20.9 19 Das (1998) 

Coefficient of lateral earth pressure, K 0.54 0.54 0.5 0.5 Lambe and 
Whitman(1969) 

Soil-riser interface friction coefficient, MU 0.35 0.44 0.44 0.44 El Chazli et al. 
(2005) 

Note : Refer to Table A-1 in Appendix A for the corresponding parameters to the above variables. 
Practical construction issues, such as compaction of clay from clumps, were neglected in the 
simulations. The number of the significant figures is given by the references. 
 

The numerical results, calculated using simulations employing the bilinear friction model, are 

summarized in Figure 5-14. The computed axial forces at the riser base are normalized by the 

calculations using the analytical formula, Equation(5.1).  
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Note: Fn is the axial force at the riser base computed using RiserDDF v1.0; while Fa is that 
calculated using the analytical method, Equation(5.1).  
Figure 5-14 Axial force versus base spring stiffness during the simulations for a riser 
sitting on a virtual base under different types of fill. 

 

As indicated in Figure 5-14, the following conclusions may be drawn. 

 As stated previously, the effect of base stiffness on the downdrag is significant when 

stiffness is low; while downdrag is less sensitive to base stiffness when stiffness is high. 

 Comparing to the riser in sand and gravel, the downdrag along the riser in clay and silt fill is 

more greatly influenced by base stiffness when stiffness is low; while less affected by the 

base stiffness when stiffness is high. 

 Numerical solutions are general smaller than analytical calculations (rigid bases assumed). 
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5.3.10 Investigation on the effects of lift thickness on downdrag along a riser 

5.3.10.1 Introduction 

To investigate the effects of the lift thickness on the downdrag forces that develop along the 

riser, two additional groups of numerical simulations using RiserDDF v1.0 have been performed 

respectively for a 10m-deep buried SDR35 Tee fitting system and a 10m-deep buried SDR35 

Wye fitting system. Three different lift thicknesses were simulated for each group as follows.  

5.3.10.2 10m-long risers sitting on SDR35 Tee fittings under silt fill 

All numerical configurations and input values in this group are the same as those described in 

Section 5.3.8.3 and Table 5-4, except the value for the parameter, NFILL in Table 5-4. As 

described in Section 5.3.2, the lift thickness can be controlled by assigning different values to the 

parameter, NFILL. In Section 5.3.8.3, the total length of the riser was 10m and the total number of 

riser bar elements is 50. Thus, each bar element length is 0.2m. The value assigned to NFILL 

was 1 and hence, the lift thickness in that case was 0.2m. By this means, by setting NFILL=10 

and 50 in two additional simulations gives, respectively, lift thickness of 2m (totally five lifts for 

10m-thick backfill) and 10m (all 10m-thick backfill dumped at one time). The numerical 

calculations for the accumulated downdrag after placement of all three fill thickness cases for this 

total of 10m burial for the SDR35 Tee fittings with lower bound geometry are listed in Table 5-20.  

 
Table 5-20 Accumulated friction forces along a 10m-long riser sitting on an SDR35 Tee 
fitting with lower bound geometry after the completion of backfill. (Unit: kN). 

Friction models Lift thickness=0.2m Lift thickness=2m Lift thickness=10m 
Bilinear friction model 106.3 106.7 107.4 
Arctangent friction model 106.0 106.5 107.1 
Hyperbolic friction model 98.8 99.3 99.9 
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Figure 5-15  Results from the simulations employing various lift thicknesses for a 10m-long vertical riser sitting on an SDR35 Tee fitting 
under silt fill (a) skin friction distribution along the riser; (b) axial force in the riser; (c) vertical riser displacements. 

(a) (b) (c)
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The distributions of the skin friction along the riser, axial forces in the riser, and the riser 

displacements after the placement of all backfill are plotted in Figure 5-15. The bilinear friction 

model was used in these simulations. 

As indicated in Table 5-20 and Figure 5-15, the effects of the lift thickness on the numerical 

results are negligible, since the differences are less than 1%. In other words, whether the backfill 

is placed layer by layer or all at one time, the final downdrag forces developed along the riser 

sitting on a Tee fitting are not affected. 

5.3.10.3 For 10m-long risers sitting on SDR35 Wye fittings under silt fill 

This section presents another group of numerical simulations but for SDR35 Wye fitting 

systems. The input values in this group are the same as those described in Section 5.3.8.6 and 

Table 5-13, except the value for the parameter, NFILL. The numerical results employing lift 

thickness=0.2m has already presented in Section 5.3.8.6. Two additional simulations were carried 

out by setting the lift thickness to 2m (totally five lifts for 10m-thick backfill) and 10m (all 10m-thick 

backfill dumped at one time). The numerical calculations for the accumulated friction forces at the 

riser base after the final lift for the SDR35 Wye fittings with lower bound geometry are 

summarized in Table 5-21.  

 
Table 5-21 Accumulated friction forces along a 10m-long riser sitting on an SDR35 Wye 
fitting with lower bound geometry after the completion of backfill. (Unit: kN). 

Friction models Lift thickness=0.2m Lift thickness=2m Lift thickness=10m 
Bilinear friction model 84.7 85.1 85.5 
Arctangent friction model 84.3 84.6 85.0 
Hyperbolic friction model 79.6 80.0 80.4 
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Figure 5-16 Results from the simulations employing various lift thicknesses for a 10m-long vertical riser sitting on an SDR35 Wye 
fitting under silt (a) skin friction distribution along the riser; (b) axial force in the riser; (c) vertical riser displacements. 

(a) (b) (c) 
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The distributions of skin frictions, axial forces and riser displacements after the placement of 

all backfill are plotted in Figure 5-16. The bilinear friction model was used in these simulations. 

The same conclusion as that drawn for the Tee fitting is drawn based on these results. 

Whether the backfill is placed layer by layer or all at one time, the differences of the final 

downdrag forces that develop along the riser sitting on a Wye fitting are less than 1%.  

The above conclusion is not surprisingly but reasonable. Based on the experiments done by 

El Chazli (2005), the magnitude of the relative movement between the soil and the PVC pipe 

needed to trigger ultimate skin friction is less than a few millimetres. Therefore, only a small zone 

along the whole riser does not reach its skin friction limit. The skin friction along the most part of 

the riser reaches its ultimate value. Thus, the skin friction forces are approximately linear to the 

lateral confining stress (normal stress) on the outer surface of the riser. The lateral confining 

stress is linear proportional to the vertical soil stress if the soil overburden pressure is beyond the 

residual stress caused by compaction. Therefore, the skin fiction along the vertical riser depends 

only on the overburden stress, independent on the procedure of the backfill. 

5.4 Summary and Conclusions 

Two theoretical approaches were developed in this chapter: a simple downdrag model based 

on integration of full friction, and a numerical model considering pipe and fitting compression. 

Solutions obtained from these two procedures were compared to the buried fitting test results 

described in Chapter 4. It appears that these theoretical solutions are capable of providing good 

estimates for the accumulated skin friction forces along vertical risers. 

It is efficient and simple to use either or both of these two methods to undertake a preliminary 
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evaluation for a vertical riser. The one-dimensional program, RiserDDF v1.0 developed here is 

also capable of simulating the interaction between soils and risers. RiserDDF v1.0 can consider 

nonlinear soil modulus and three different types of interface behaviour between the riser and the 

surrounding soil. The numerical results calculated using this program indicate as the fitting under 

the riser becomes more flexible, downdrag forces that develops are reduced.  

The limitations of these two methods are obvious. They are unable to consider complex 

material properties, possible failure mechanisms of buried fitting systems under vertical risers, 

and different boundary conditions. Particularly, the failure of the riser base associated with a 

buried Wye fitting system is unlikely to be investigated successfully using these two approaches. 

Even though the program, RiserDDF v1.0 is capable of dealing with a flexible base, it can 

compute the deformation of the base (the fitting system) only caused by the axial load from the 

riser, and not capable of considering the deformation caused by the overburden (or earth load). 

To simulate more realistic conditions, three-dimensional finite element analyses performed using 

ABAQUS are presented in the subsequent chapters. 
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CHAPTER 6 DEVELOPMENT OF THREE-DIMENSIONAL FINITE ELEMENT 

ANALYSES AND EVALUATION USING TEST RESULTS 
 
 

6.1 Introduction 

6.1.1 Brief description 

In Chapter 3 and Chapter 4, a laboratory procedure is described and reviewed to investigate 

the performance of SDR35 PVC sewer fittings (both Tee and Wye) in isolation and when buried. 

Heavy-wall (SDR26) PVC sewer fittings or newly-developed PVC sewer fittings may also be 

evaluated using the same laboratory procedure. However, the laboratory tests are both costly and 

time-consuming. An alternative, more economical approach is to evaluate these fittings using the 

finite element procedures.  

In this chapter, a large number of three-dimensional finite element models are presented 

simulating the test conditions described in Chapter 3 and Chapter 4. The objectives of these 

simulations are: 

 To evaluate the load capacities of Tee and Wye fittings in isolation and when buried; 

 To study local response of the fittings in both conditions; 

 To investigate weak zones and failure mechanism of the fittings in both conditions; and, 

 To make a comparison between the numerical solutions and the test results and to evaluate 

the boundary conditions in the tests using numerical simulations. 

The commercial finite element program, ABAQUS 6.5, is used for the subsequent numerical 

simulations. A geometrically nonlinear analysis is active for all the following simulations because 
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all of them are involved with contact interactions and large deformations. The models performed 

in this chapter include: 

 200mmx150mm (8”×6”), SDR35, Tee fittings in isolation; 

 200mmx150mm (8”×6”), SDR35, Wye fittings in isolation; 

 200mmx150mm (8”×6”), SDR35, Tee fittings when buried in uniform sand; and, 

 200mmx150mm (8”×6”), SDR35, Wye fittings when buried in uniform sand. 

Firstly, the modeling approach is described in detail. Next the numerical results will be 

compared with the corresponding test results. Comments and discussions then follow.  

6.1.2 Modeling configurations for fittings in isolation 

6.1.2.1 Brief introduction 

To effectively simulate the test conditions described previously in Chapter 3, each model was 

carefully created and analyzed. The gaskets are believed to have little effect on the strength and 

stiffness of fittings, and thus they are not considered in the following models. Since different 

testing setups were used respectively for the fitting-only tests of the Tee and Wye fittings, different 

modeling configurations were chosen for the Tees and Wyes as per the following descriptions. 

6.1.2.2 Tee fittings in isolation 

As shown previously in Figure 3-7, unwrapped Tee fittings were supported using rubber and 

tested in universal testing machines. A short segment of 150mm (6”)-pipe (riser) was inserted into 

the top of each fitting. Since the whole system was symmetrical in two vertical orthogonal planes, 

one quarter of the system was modeled. Four components were modeled: the steel actuator head, 

a short segment of riser, a Tee fitting, and the rubber foundation pad. The interface behaviours 



 

 
 211

between these parts were simulated using a master-slave contact scheme in ABAQUS.  

Slight simplifications for the problem geometry were adopted. For example, as shown in 

Figure 6-1, the measured geometry in diagram (a) was simplified into diagram (b) for an 

200mmx150mm - SDR35 Tee fitting. It is assumed that the pipe wall thickness is uniform. These 

simplifications are believed to have little influence on the objectives of these numerical 

simulations stated in Section 6.1.1. 

Three material properties were used for each model. A linear elastic - perfectly plastic material 

model was used for the PVC riser and the fitting with a yield stress of 48MPa, Young’s modulus of 

2800MPa and Poisson’s ratio of 0.38, as listed previously in Table 3-2. An elastic material model 

was used for the steel actuator head with Young’s modulus of 200GPa and Poisson’s ratio of 0.28. 

A Mooney - Rivlin hyperelastic material model was adopted for the rubber pad. More discussions 

on this material model will be given later in Section 6.6.1.2.  

Quadratic tetrahedral elements were chosen for the whole model due to the complex shape of 

the fittings. The 10-node modified tetrahedral elements (denoted C3D10M in ABAQUS, 2004) are 

highly recommended for contact problems by ABAQUS due to their excellent contact properties. 

This element was used to mesh the parts Actuator Head, Riser and Fit (see Figure 6-2). The part, 

Rubber is almost incompressible and thus, hybrid 10-node modified tetrahedral elements 

(C3D10MH in ABAQUS) were used for the mesh. Convergence testing was performed to find an 

appropriate mesh scheme for the model (see Appendix C).  
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Figure 6-1 Problem geometry simplification in the modeling, (a) measured geometry; (b) 
modeled geometry. (Unit: mm). 
 

Since the universal testing machine was used in stroke control mode for all of the fitting-only 

tests, displacement-controlled loads were applied vertically down on the top of the actuator head 

during these simulations. 

Boundary conditions imposed on the testing samples were simulated as precisely as possible. 

Since interface tangential behaviour has little effect on the strength and local response of the 

isolated Tee fittings, smooth contacts were assumed for all the fittings in isolation. 

Typical modeling configurations for a Tee fitting tested in isolation are shown in Figure 6-2. 

 
 
 
 
 
 
 
 

    
             (a)                                          (b) 
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Figure 6-2 Typical modeling configurations for a Tee fitting tested in isolation. 
 

6.1.2.3 Wye fittings in isolation 

In general, models for Wye fittings in isolation were quite similar to those for Tee fittings in 

isolation with respect to modeling geometry simplification procedures, selection of element types, 

mesh schemes, material properties, loads, boundary conditions, and contacts. One major 

difference was that Wye fittings in isolation featured a 450-elbow inserted instead of a riser, and 

mainlines (200mm diameter pipes) inserted, as shown previously in Figure 3-14. Another major 

difference was that half the Wye fitting system was modeled because Wye fittings are only 

symmetrical with respect to one vertical plane. Typical modeling configurations for a Wye fitting in 

isolation are shown Figure 6-3. 
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Figure 6-3 Typical modeling configurations for a Wye fitting tested in isolation. 

 

6.1.3 Modeling configurations for fittings buried in the biaxial cell 

6.1.3.1 Brief introduction 

Chapter 4 provides detailed descriptions and discussions on the laboratory procedures to 

explore the strength of Tee and Wye fittings when buried in uniform sand within the biaxial cell at 

Queen’s University. In this chapter, the finite element procedures are used to study the test 

results and to investigate the boundary effects of the laboratory facility.  

6.1.3.2 Tee fittings buried in the biaxial cell 

The testing conditions and procedures previously given in Section 4.4 are evaluated using 
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numerical models in this chapter. Different boundary conditions and loading procedures were 

simulated. Numerical results were then compared with the test results. The whole test 

configurations for Tee fittings were approximately symmetrical about one vertical plane. Hence, 

half the system was simulated. Some considerations regarding these numerical models are 

summarized as follows. 

The simplified geometry of the Tee fittings shown previously in Figure 6-1 was again used. 

The measured dimensions featured 150mm-diameter risers and 200mm-diameter mainlines. Five 

parts were created for each model: the Steel Plate, the Riser, the Fitting, the Mainline and the Soil, 

respectively (see Figure 6-4). The part, Soil, was partitioned into two zones, denoted the Fill and 

the Embedment. 

Similar to the unburied fitting models, a material model with linear elastic - perfectly plastic 

behaviour was used for the Steel Plate, the Riser, the Fitting and the Mainline. Elastic property is 

assumed for the fill soil and a Janbu’s hypoelastic material model was adopted for the soil. The 

Janbu material model is discussed in more detail later in Section 6.6.1.6.  

Quadratic tetrahedral elements were again used for each component due to the complex 

problem geometry. To avoid numerical convergence problems, displacement-controlled loads 

were used for all models. Different boundary conditions were examined to evaluate the laboratory 

procedures presented previously in Chapter 4.  

Figure 6-4 illustrates typical configurations for a Tee fitting system tested in the biaxial cell.  
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Note: Smooth boundary constraints were employed on the side surfaces of the Soil and the outer 
ends of the Mainlines to simulate the friction-treated interface between the soil and the cell wall. 
The bottom soil surface was constrained only in the vertical direction. Symmetrical constraints 
were applied along the symmetrical sections. Contact constraints were used between parts. 
Friction contact was set for the interaction between the soil and the pipes (the riser, mainlines and 
the fitting). Smooth contact was used at the interfaces between the pipes and that between the 
steel plate and the top of the riser. Uniform displacement controlled loads were applied on Steel 
Plate in the simulations. 
Figure 6-4 Typical modeling configurations for a Tee fitting system tested in the biaxial 
cell. 
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Note: Same as those in Figure 6-4. 
Figure 6-5 Typical modeling configurations for a Wye fitting system tested in the biaxial 
cell. 

 

6.1.3.3 Wye fittings buried in the biaxial cell 

The testing conditions and laboratory procedures for Wye fittings in the biaxial cell were quite 

similar to those for Tee fittings tested in the biaxial cell. Therefore, the modeling approach for the 

buried Wye fittings was almost the same as that used for the buried Tee fittings. Figure 6-5 
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illustrates typical modeling configurations for a Wye fitting system tested in the biaxial cell. 

Boundary conditions are the same as those imposed on the models for the buried Tee fitting 

systems.  

6.2 Numerical Simulations for Tee Fittings in Isolation 

6.2.1 Brief descriptions for isolated Tee fitting modeling 

A laboratory procedure was described in Section 3.3 to explore the strength and local 

response of Tee fittings tested in isolation (in air). This section presents a numerical procedure to 

study the test results for the isolated Tee fittings. To precisely simulate the testing configurations, 

the testing specimens were measured and the dimensions are summarized in Table 6-1. 

 
Table 6-1 Measured dimensions of 200mmx150mm - SDR35 Tee fittings and 150mm - 
SDR35 risers. 

 Main horizontal part of Tee  Main riser part of Tee Riser pipe   
  t I.D. t I.D. t I.D. 

Mean 6.1  201.8  6.2  160.0  4.8  149.9  
Min. 5.9  202.2  6.0  159.8  4.7  148.3  
Max. 6.3  201.4  6.5  160.3  4.9  151.4  

Note: t=pipe wall thickness; I.D.= pipe inner diameter; Mean = statistical mean value; Min. and 
Max. = lower and upper bounds of the range enclosing 95% of the measured data. Units are mm. 

 

In terms of the measured geometry listed in Table 6-1, two models were created respectively 

with the lower and upper bounds of the range enclosing 95% of the measured data. The 

dimensions of these two models are summarized in Table 6-2 and Figure 6-6. To ensure an 

effective interface interaction between the fitting and the riser, both the outer diameter of the riser 

and the inner diameter of the riser part of the Tee fitting were set to 160mm. Since the dimensions 

of the riser have little effect on the strength and local response of the fittings, the mean thickness 
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(i.e. 4.8mm) was used for both models. The geometry of the rubber pad in the tests was also 

measured and the mean dimensions were used for the models. As described later in Section 

6.6.1.2, the material property of the rubber pad has little effect on the strength and local response 

of the fittings tested in isolation. The smooth contact algorithm was employed for all interface 

interactions between the modeled bodies (called instances in ABAQUS). 

 
Table 6-2 Modeled dimensions of 200mmx150mm - SDR35 Tee fittings and 150mm -  
SDR35 risers in isolation. 

Main horizontal part of Tee Main riser part of Tee Riser pipe   
  t I.D. t I.D. t I.D. 

Model 6.2-1 5.9 202.2 6.0 160.0 4.8  150.4 
Model 6.2-2. 6.3 201.4 6.5 160.0 4.8 150.4 
Note: Same as those in Table 6-1. 
 

     
   (a) Model 6.2-1 (t=5.9mm)     (b) Model 6.2-2 (t=6.3mm) 
Note : Units are mm. 
Figure 6-6 Geometry of two models for SDR35 Tee fittings in isolation. 

 

A typical modeling mesh for a Tee fitting in isolation is shown previously in Figure 6-2. The 

material properties, element types and boundary conditions are the same as those described 

previously in Section 6.1.2. 
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6.2.2 Modeling results for isolated Tee fittings 

6.2.2.1 Brief description 

Two finite element models were analyzed for the isolated Tee fittings with different fitting wall 

thicknesses (t=5.9mm and t=6.3mm, respectively), as shown in Figure 6-6. The load-deformation 

curve for each model is plotted together with the test results in Section 3.3.3. The circumferential 

strains calculated at a vertical diameter change of 15mm are presented together with the test 

measurements. Contour plots include deformed shapes, principal stresses, and yielding zones. 

6.2.2.2 Load-deformation curves 

Due to the limitations of the installation space for the linear potentiometer used in the 

laboratory tests, the vertical diameter changes of the horizontal portion of the Tee fittings have not 

been recorded through the whole tests, as illustrated previously in Figure 3-10. However, the 

horizontal diameter changes were less than 1% smaller than the vertical diameter changes prior 

to initial yield in the tests, as indicated in Figure 3-10 and later in Figure 6-9. Hence, curves of 

horizontal diameter changes versus loads are plotted in Figure 6-7.  
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Note: Positive loads indicate compression and positive horizontal diameter changes imply 
expansion. Model 1 and model 2 are equivalent to model 6.2-1 and model 6.2-2, respectively. 
Letter “t” stands for wall thickness of a fitting. 
Figure 6-7 Curves of horizontal diameter changes versus loads from both the laboratory 
test and the numerical models for isolated Tee fittings. 

 

Figure 6-7 shows that the initial yield loads from model 6.2-1 and model 6.2-2 are around 

8.5kN and 9.5kN, respectively. The initial yield load from the laboratory test was around 9kN, 

which is right in between the results from models 6.2-1 and 6.2-2. However, the pipe diameter 

changes from model 6.2-2 are greater than the testing measurements, with the maximum value of 

6mm. As a result, the structural stiffness prior to initial yield (slope of the initial straight line) from 

the laboratory test is greater than those from numerical models. The stiffness calculated ranges 

from 0.21kN/mm to 0.27kN/mm; while it was 0.35kN/mm in the tests. The possible reason is that 

the modulus of 2800MPa from the fitting supplier (IPEX, 2002), which was used in the simulations, 

may be underestimated for the PVC materials in the tests, as indicated by the tests performed by 

Wieking (2006). The underestimated modulus used in the simulations will produce larger pipe 
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deflections and lower fitting stiffness than those observed in the tests. As indicated by Figure 6-8, 

the simulations with a modulus of 3500MPa for PVC materials produce the exact same fitting 

stiffness as that observed in the test. The results in Figure 6-8 also imply that the yield stress of 

the samples in the test may be lower than the value of 48MPa, which was used in the numerical 

simulations. However, more detailed characterization of the properties of the PVC in the pipe 

fittings is not part of the scope of this thesis. Thus, the properties of PVC materials from the pipe 

supplier (IPEX, 2002) were used for all the simulations in this thesis. 
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Note: Positive loads indicate compression and positive horizontal diameter changes imply 
expansion. Model 3 and model 4 have the same configurations as model 6.2-2, except that a 
value of 3500MPa instead of 2800MPa is used. The yield stress is set to 42MPa instead of 
48MPa in model 3. Letter “t” stands for wall thickness of a fitting. Letters “E” and “Sy” represent 
the modulus and the yield stress of PVC materials, respectively. 
Figure 6-8 Effects of the modulus of PVC materials on the behaviour of Tee fittings. 
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Note: Positive loads indicate compression; positive horizontal diameter changes imply expansion 
and positive vertical diameter changes indicate contraction. Model 1 and model 2 are equivalent 
to model 6.2-1 and model 6.2-2, respectively. 
Figure 6-9 Comparison between horizontal diameter change and vertical diameter 
change in the numerical models for isolated Tee fittings. 

 

Both vertical and horizontal diameter changes are plotted together in Figure 6-9. In both 

models 6.2-1 and 6.2-2, the vertical diameter changes were very close to the horizontal diameter 

changes prior to initial yield, which is quite consistent with that observed in the laboratory test, as 

shown in Figure 3-10. However, once the fitting started yielding, the vertical diameter changes 

develop slightly faster than the horizontal diameter changes. 

6.2.2.3 Local circumferential strains at a change in vertical diameter of 15mm 

The recommended maximum allowable deflection by IPEX (1999) is 7.5% of pipe diameter, 

which is 15mm for 200mm diameter pipes or fittings. The local circumferential strains at a change 

in vertical diameter of 15mm in model 6.2-2 were extracted at the locations corresponding to the 

gages shown in Figure 3-12. These strains were then listed in Table 6-3 together with those 
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measured in tests. For convenience, these strains are also marked in Figure 6-10. As indicated in 

Table 6-3, the numerical results are consistent with the testing measurements with respect to the 

overall trend. The maximum difference appears at the location of Gage #6, where the calculated 

value is 100% greater than the test measurement. 

 
Figure 6-10 Summary of local circumferential strains at a vertical diameter change of 
15mm in model 6.2-2 for the isolated Tee fitting. 
 
 
Table 6-3 Local circumferential strains at a change in vertical diameter of 15mm in 
model 6.2-2. (Unit: %). 

Gage No. 1 2 3 4 5 6 7 8 9 10 
From test -0.1 -1.6 0.7 1.2 -0.9 0.5 0.6 Damaged 0.1 1.0 

Model 6.2-2 -0.2 -1.7 1.0 1.3 -1.0 1.0 0.7 0.8 0.1 1.0 
Note: Refer to Figure 3-8. for gage locations. Negative values correspond to compression.  
 

6.2.2.4 Contour plots for principal stresses on deformed shapes at a change in vertical 

diameter of 35mm 

As shown in Figure 6-7, the Tee fitting in model 6.2-2 started yielding at a change in horizontal 
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(or vertical) diameter of around 35mm. Major and minor principal stresses at a change in vertical 

diameter of 35mm were plotted on the deformed fitting for model 6.2-2, as shown in Figures 6-11 

and 6-12, respectively.  

The deformed shapes shown in Figures 6-11 and 6-12 are ellipses, which are similar to the 

shape observed in the laboratory test, shown in Figure 4-31. Figure 6-11 indicates that the 

possible tensile failure zones for the isolated Tee fittings are outer spinglines (Zone A), inner 

invert (Zone B), and inner lower joint points between the riser part and the horizontal part (zone 

C). As indicated in Figure 6-12, the possible compressive failure locations are inner springlines 

(Zone 1), outer invert (Zone 2), and outer lower joint points (Zone 3). 

 

 
  

(a) Isometric view      (b) Inside view  (c) Left view 
Note: Negative values imply compression. Units are MPa. 
Figure 6-11 Major principal stresses on deformed shapes at a vertical diameter change of 
35mm in model 6.2-2 for the isolated Tee fitting. 
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(a) Isometric view      (b) Inside view   (c) Left view 
Note: Negative values imply compression. Units are MPa. 
Figure 6-12 Minor principal stresses on deformed shapes at a vertical diameter change of 
35mm in model 6.2-2 for the isolated Tee fitting 

 

6.2.2.5 Plastic zones on the deformed Tee fitting with von Mises equivalent plastic strains at a 

change in vertical diameter of 35mm 

The plastic zones that developed at a change in vertical diameter of 35mm during model 6.2-2 

are plotted on the deformed shapes in Figure 6-13. The legend in Figure 6-13 outlines the 

corresponding von Mises equivalent plastic strains at that time. The von Mises equivalent plastic 

strain (εpl) is defined as, 

 

 { }tpl pl pl 2 pl pl 2 pl pl 2 pl 2 pl 2 pl 2
11 22 22 33 33 11 12 23 310

2ε (ε ε ) (ε ε ) (ε ε ) 6 (ε ) (ε ) (ε ) dt
3

⎡ ⎤= − + − + − + + +⎣ ⎦∫  (6.1) 

where, 

pl
11ε , pl

22ε , pl
33ε = normal plastic strain rate; 

pl
12ε , pl

23ε , pl
31ε = shear plastic strain rate; and,  

t = time.  

Zone 1 
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Figure 6-13 indicates that the yielding zones concentrated at the springlines (Zone I), the 

invert (Zone II), and the lower joint points (Zone III) for the isolated Tee fittings under vertical 

loads, which are in agreement with those concluded from the laboratory tests in Section 3.3. 

 

  
 (a) Isometric view      (b) Inside view  (c) Left view 

Note: Negative values imply compression. Strains here are true strains (a.k.a. logarithmic strains). 
Figure 6-13  Yielding zones with von Mises equivalent plastic strains on deformed shapes 
at a vertical diameter change of 35mm in model 6.2-2 for the isolated Tee fitting. 

 

6.2.3 Effects of mainlines on the capacity of Tee in isolation 

To study the effects of the inserted mainlines on the capacity of the Tee fitting in isolation, two 

extra models were created for the Tee fitting. These two models have the exact same modeling 

geometry and configurations as those for model 6.2-1 in Table 6-2, except that a mainline is 

inserted into the Tee. The modeling geometry of the mainline is the same as that for model 6.3-1 

shown later in Table 6-5. The total length of mainline is 152mm for one model and 885mm for 

another model. The mainlines were only constrained in the longitudinal direction at the end which 

was not inserted into the Tee.  

Zone III 
Zone II 

Zone I 
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The curves of vertical pipe diameter change versus load from these two models are plotted 

together with that from model 6.2-1, as shown in Figure 6-14. 

As indicated in Figure 6-14, the capacities of the Tees with different lengths of mainlines are 

almost same, around 12kN; and the stiffnesses are also close, around 0.32kN/mm. It may be 

concluded that the capacity of the isolated Tee increases 41% (from 8.5kN to 12kN) when the 

mainline is inserted; and the stiffness increases 52% (from 0.21kN/mm to 0.32kN/mm). 
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Note: Positive loads indicate compression; positive vertical diameter changes indicate contraction. 
Model 1 is equivalent to model 6.2-1. 
Figure 6-14 Effects of the inserted mainlines on the capacities of the isolated Tee fittings. 

 

6.3 Numerical Simulations for Wye Fittings in Isolation 

6.3.1 Brief descriptions for isolated Wye fitting modeling 

The laboratory testing results for the isolated Wye fitting were presented in Section 3.4. Finite 

element analyses have been performed to study those test results in this section. The measured 

dimensions of the Wye fittings are summarized in Table 6-4. As shown in Figure 3-14 and Figure 
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6-3, the isolated Wye fitting test featured additional mainlines and a 450-elbow. Their dimensions 

were also measured and listed in Table 6-4. 

Similar to the isolated Tee fittings, two models for the isolated Wye fittings were created 

respectively with the lower and upper bounds of the range enclosing 95% of the measured data. 

To ensure good interface interactions, the diameters of the mainlines and the elbow were slightly 

modified. The dimensions for these two models are summarized in Table 6-5 and Figure 6-15. 

The geometry of the rubber pad under the fitting in the tests was also measured and the mean 

dimensions were used for the models. The bases under mainlines were simulated using 

constraints against vertical movement along the inverts of the mainlines. One end of each 

mainline and one end of the Wye fitting were constrained against vertical movement, to simulate 

the straps used to prevent the fitting from rotation during the tests, as shown in Figure 3-14. A 

smooth contact scheme was employed for all interface interactions between the modeled bodies. 

A typical finite element mesh for the isolated Wye fitting is shown in Figure 6-3. The material 

properties, element types, and boundary conditions were the same as those described in Section 

6.1.2. 

 
Table 6-4 Measured dimensions of 200mmx150mm - SDR35 Wye fittings, 200mm - 
SDR35 mainlines and 150mm - SDR35 - 450 - elbows in isolation. 

 Main horizontal 
part of Wye 

 Main riser part of 
Wye Mainlines  Main part of elbow

  
T I.D. t I.D. t I.D. t I.D. 

Mean 6.1  199.8  6.6  159.8  6.3  200.1  5.0  150.0  
Min. 5.9  199.4  6.2  159.4  6.0  198.2  4.7  149.6  
Max. 6.3  200.2  7.0  160.2  6.6  202.1  5.2  150.4  

Note: Same as those in Table 6-1. 
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Table 6-5 Modeled dimensions of 200mmx150mm - SDR35 Wye fittings, 200mm - 
SDR35 mainlines and 150mm - SDR35 - 450 - elbows. 

 Main horizontal 
part of Wye 

 Main riser part of 
Wye Mainlines  Main part of elbow

   
t I.D. T I.D. t I.D. t I.D. 

Model 6.3-1 5.9  200.2  6.2  160.0  6.0  204.2  5.0 150.0  
Model 6.3-2 6.3  199.4  7.0  160.0  6.6  202.2  5.0 150.0  
Note: Same as those in Table 6-1. 

 

  

  (a) Model 6.3-1 (t=5.9mm)       (b) Model 6.3-2 (t=6.3mm) 
Note : Units are mm. 
Figure 6-15 Geometry of two models for SDR35 Wye fittings with 450-elbows in isolation. 
 

6.3.2 Modeling results for isolated Wye fittings 

6.3.2.1 Brief description 

Similar to the isolated Tee fitting, two finite element models with the geometry shown in Figure 

6-15 were created and analyzed using ABAQUS. Load-deformation curves were plotted together 

with the testing results presented in Section 3.4.3. Local circumferential strains at a vertical 

diameter change of 15mm from both the numerical models and the laboratory test are listed in 



 

 
 231

one table for comparison. Contour plots for deformed shapes, principal stresses, and actively 

yielding zones are presented as well in the following sections. 

6.3.2.2 Load-deformation curves 

Since the 25mm-LP only recorded 25mm of the vertical diameter changes for the isolated 

Wye fitting prior to its failure, the loads were plotted against the horizontal diameter changes in 

Figure 6-16. The horizontal diameter changes were less than 0.5% smaller than the vertical 

diameter changes prior to initial yield , as indicated previously in Figure 3-17 and in Figure 6-17. 
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Note: Positive loads indicate compression and positive horizontal diameter changes imply 
expansion. Model 1 and model 2 are equivalent to model 6.3-1 and model 6.3-2, respectively. 
Letter “t” stands for wall thickness of fittings. 
Figure 6-16 Curves of horizontal diameter change versus load from both the laboratory 
test and the numerical models for isolated Wye fittings. 

 

The loads at initial yield in model 6.3-1 and model 6.3-2 were around 16kN and 19kN, 

respectively. Both loads are (14% and 36%) greater than that observed in the laboratory test, 

which was around 14kN. The slopes of the straight line sections from the models, representing 
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structural stiffness of Wye in air, range from 0.57 kN/mm to 0.67kN/mm, which are also (12% and 

31%) greater than the test stiffness, 0.51kN/mm. During the test, one end of the horizontal part of 

the Wye moved downward and another end moved upward since the gap and gaskets in between 

the Wye and the mainlines could not completely constrain the movement of the Wye. The Wye 

fitting rotated in its longitudinal plane. The movement and rotation described above shifted the 

load to the end close to the 450-riser part, where the pipe diameter changes were measured in 

the test. As a result, that end of Wye deformed more and yielded earlier. However, in the 

numerical simulations, the Wye was completely in contact with the mainlines and constrained 

against rotation in its longitudinal plane. This is one potential reason for the numerical calculations 

producing structural capacity and stiffness that are greater than those observed in the test. 

As indicated in Figure 6-17, once the structure starts yielding, the vertical diameter changed 

much faster than the horizontal diameter. This was not observed in the laboratory because the 

25mm-LP recorded only the vertical diameter changes of the horizontal part prior to the failure of 

the Wye fitting.  
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Note: Positive loads indicate compression; positive horizontal diameter changes imply expansion 
and positive vertical diameter changes indicate contraction. Model 1 and model 2 are equivalent 
to model 6.3-1 and model 6.3-2, respectively. 
Figure 6-17 Comparison between horizontal diameter change and vertical diameter 
change in the numerical models for isolated Wye fittings. 

 

6.3.2.3 Local circumferential strains at a change in vertical diameter of 15mm 

Similar to the isolated Tee fitting modeling, the local circumferential strains at a change in 

vertical diameter of 15mm in model 6.3-1 were extracted at the same locations as the gages in 

the tests, as shown in Figure 3-15. The circumferential strains from both the numerical modeling 

and the laboratory test are summarized in Table 6-6. The strains from model 6.3-1 were also 

marked in Figure 6-18. With respect to the overall trend, the numerical results are consistent with 

the test measurements. The maximum difference occurs at the location of Gage #6, where the 

computed value is 40% higher than the test measurement. 
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Table 6-6 Local circumferential strains at a change in vertical diameter of 15mm in 
model 6.3-1. (Unit: %). 

Gage No. 1 2 3 4 5 6 7 8 
From test -0.2 -1.5 0.3 -0.5 0.2 1.0 -1.2 0.9 

model 6.3-1 -0.3 -1.5 0.5 -0.8 0.3 1.4 -1.5 0.5 
Note: Refer to Figure 3-15. for gage locations. Negative values correspond to compression. 

 

 

 
Figure 6-18 Summary of local circumferential strains at a vertical diameter change of 
15mm in model 6.3-1 for the isolated Wye fitting. 

 

6.3.2.4 Contour plots for principal stresses on deformed shapes at a change in vertical 

diameter of 30mm 

In model 6.3-1, the Wye fitting starts yielding at a change in vertical diameter of around 30mm. 

Hence, the major and minor principal stress contours at the initial yield point are presented in 

Figures 6-19 and 6-20, respectively. 
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 (a) Isometric view      (b) Inside view    (c) Right view 

Note: Negative values imply compression. Units are MPa. 
Figure 6-19  Major principal stresses on deformed shapes at a vertical diameter change of 
30mm in model 6.3-1 for the isolated Wye fitting. 

 

 
  

(a) Isometric view      (b) Inside view    (c) Right view 
Note: Negative values imply compression. Units are MPa. 
Figure 6-20 Minor principal stresses on deformed shapes at a vertical diameter change of 
30mm in model 6.3-1 for the isolated Wye fitting. 

 

Even though the end closer to 450-riser part deformed more than the other end in the 

horizontal part of the Wye fitting, the deformed shape as shown in the Right View in Figure 6-19 

or 6-20 is still close to an ellipse. As indicated in Figure 6-19, the possible tensile failure zones in 
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the isolated Wye fittings are outer spinglines (Zone A), inner invert (Zone B), and inner joint 

between the riser part and the horizontal part (Zone C). In Figure 6-20, the possible compressive 

failure locations are the outer joint (Zone 1), outer invert (Zone 2), and the zone between the 

inner springlines and the joint (Zone 3). 

6.3.2.5 Plastic zones on the deformed Wye fitting with von Mises equivalent plastic strains at a 

change in vertical diameter of 30mm 

Figure 6-21 outlines the plastic zones with von Mises equivalent plastic strains on the isolated 

Wye fitting at a change in vertical diameter of 30mm in model 6.3-1. The figures show that the 

main yielding zone was along the joint between the horizontal part and the inclined riser part in 

the Wye fitting (Zone I). The yielding zone developed further around the springlines (Zone II). A 

small area at the invert (Zone III) may also yield. 

 

   
 

 (a) Isometric view      (b) Inside view    (c) Right view 
Note: Negative values imply compression. Strains here are true strains (a.k.a. logarithmic strains). 
Figure 6-21 Yielding zones with von Mises equivalent plastic strains on the deformed 
shapes at a vertical diameter change of 30mm in model 6.3-1 for the isolated Wye fitting. 
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6.4 Numerical Simulations for Tee Fittings in the Biaxial Cell 

6.4.1 Brief descriptions for the modeling of Tee fittings in the biaxial cell 

The laboratory procedures to investigate the strength and local response of Tee fittings when 

buried were described and discussed previously in Section 4.4. In the current section, finite 

element analyses are used to explore the behaviours of the buried Tee fitting systems. 

Based on the dimensions in Tables 6-1 and 6-2, two models were created using the 

dimensions given in Table 6-7 and Figure 6-6. A typical finite element mesh is already shown in 

Figure 6-4. The element types, material models, and boundary conditions are the same as those 

described in Section 6.1.3. The input data for the material properties are summarized in Table 6-8. 

The Janbu material model will be discussed further in Section 6.6.1.6. Friction contacts between 

soil and other bodies are simulated. Based on the tests performed by El Chazli et al. (2005), a 

friction coefficient of 0.44 is used for the contact at the interface between the soil and the pipes. 

 
Table 6-7  Modeled dimensions of 200mmx150mm - SDR35 Tee fittings and 150mm - 
SDR35 risers in the biaxial cell. 

 Main horizontal 
part of Tee 

 Main riser 
part of Tee Mainlines Riser pipe Soil block 

  
t I.D. t I.D. t I.D. t I.D. Length Width Height

Model 6.4-1 5.9  201.4 6.0 160.0 6.0 201.2 4.8 150.4 2000 2000 1550 
Model 6.4-2 6.3  202.2 6.5 160.0 6.6 199.4 4.8 150.4 2000 2000 1550 

Note: Same as those in Table 6-1. 
 
 
 
 
 
 
 
 



 

 
 238

Table 6-8 Material properties used in the analyses for Tee fittings in the biaxial cell. 
Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Embedment 15.1kN/m3  
(1.54×10-6kg/mm3) Measured 

Unit weight (density) of Fill 14.4kN/m3  
(1.47×10-6kg/mm3) Measured 

Janbu’s parameter, m 340 Lapos and Moore (2002) 
Janbu’s parameter, α 0.81 Lapos and Moore (2002) 
Lower bound for embedment soil modulus  11.3MPa Measured 
Lower bound for fill soil modulus 3.0MPa Law and Moore (2007) 
Poisson’s ratio 0.32 Law and Moore (2007) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fittings, mainlines and riser pipes)  
Density 1.42×10-6kg/mm3 IPEX (2002) 
Young’s modulus 2800MPa IPEX (2002) 
Poisson’s ratio 0.38 IPEX (2002) 
Yield stress 48MPa IPEX (2002) 

Steel Plate  
Density 8.0×10-6kg/mm3 Li, et al. (1989) 
Young’s modulus 200GPa Li, et al. (1989) 
Poisson’s ratio 0.28 Li, et al. (1989) 
Note: The number of the significant figures is given by the references. 

 

A total of six models were created based on the dimensions in Table 6-7. The models, 

denoted 6.4-1a and 6.4-2a, are used to simulate the test condition with zero overburden at Stage 

2 in Test Series No. 2 as described previously in Section 4.4.2. Similarly, the models with an 

overburden pressure of 173kPa (Stage 2 in Test Series No. 1) are denoted as 6.4-1b and 6.4-2b. 

To consider the prestressed soil condition during Stage 3 in Test Series No. 1, two additional 

models with an overburden pressure of 43kPa are created, named 6.4-1c and 6.4-2c, respectively. 

The simulated conditions for these models are summarized in the following table. 
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Table 6-9 Summary of simulated conditions for 200mmx150mm - SDR35 Tee fitting 
systems in uniform sand. 

Model Name Overburden 
Pressure Test Stage Remarks 

Model 6.4-1a 0 Stage 2 in Test Series No. 2 Zero overburden in this test. 
Model 6.4-1b 173kPa Stage 2 in Test Series No. 1 173kPa overburden in this test. 

Model 6.4-1c 43kPa Stage 3 in Test Series No. 1 

The soil was prestressed under 
an overburden pressure of 
173kPa but with zero 
overburden in this test. 

Note: These models are created for fittings with lower bound geometry in Table 6-7. For fittings 
with upper bound geometry, the models are given names prefixed with 6.4-2 instead of 6.4-1. 
 

6.4.2 Modeling results for Tee fittings in the biaxial cell 

6.4.2.1 Brief description 

Similar to the laboratory tests described in Section 4.4, the objectives of these numerical 

simulations were to explore the capacities (or strengths) of the buried Tee fittings, to study the 

local response and to explore the failure mechanism of the buried Tee fitting systems. Hence, the 

load-deformation curves, local circumferential strains, principle stress contours, and yielding 

zones are presented. The test results are also summarized together with these modeling results 

for convenient comparisons.  

6.4.2.2 Load-deformation curves 

Figure 6-22 shows the curves of vertical diameter change versus the axial force acting down 

on the top of the fittings from both the laboratory tests and the numerical models, with overburden 

pressures of zero ( Stage 2 in Test Series No. 2) and 173kPa (Stage 2 in Test Series No. 1).  
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1a and 
model 2a are equivalent to model 6.4-1a and model 6.4-2a, respectively, with zero overburden. 
Model 1b and model 2b are equivalent to model 6.4-1b and model 6.4-2b, respectively, with an 
overburden pressure of 173kPa. Letter ‘p’ stands for overburden pressure. 
Figure 6-22 Curves of vertical diameter change versus axial force acting down on the 
fitting from both the laboratory tests and the numerical models for Tee fittings buried in 
uniform sand. 

 

As discussed in Section 4.4.4.2, the soil for Stage 3 in Test Series No. 1 was prestressed 

under an overburden pressure of 173kPa at the previous stage, Stage 2. The average residual 

lateral stress along the 1m-riser was estimated to be 23.5kPa. This indicates that the average 

lateral confining stress on the Tee fitting is around 29.3kPa (calculated as 23.5kPa + 15.1kN/m3 × 

0.75m × 0.51 = 29.3kPa). To simulate the stress condition around the Tee fitting at this test stage, 

the overburden in models 6.4-1c and 6.4-2c is set to 43kPa (calculated as 29.3kPa / 0.48 - 

14.4kN/m3 × 1.0m - 15.1kN/m3 × 0.25m = 43kPa). The numerical results are plotted in Figure 6-23, 

together with the test results at Stage 3 in Test Series No. 1. 
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1c and 
model 2c are equivalent to model 6.4-1c and model 6.4-2c, respectively, with an overburden 
pressure of 43kPa. Letter ‘p’ in the diagram stands for overburden pressure. 
Figure 6-23 Curves of vertical diameter change versus axial force acting down on the 
fitting from both the laboratory tests and the numerical models for the Tee fitting buried in 
uniform sand under the condition of Stage 3 in Test Series No. 1. 

 

The information extracted from Figures 6-22 and 6-23 is listed in the following tables. 

 
Table 6-10 Summary of strength and stiffness for 200mmx150mm - SDR35 Tee fitting 
systems in uniform sand. 
(a) Overburden=0 in numerical simulations 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in 
Test Series 2 37.6 7.0 Yield A stroke-control method was 

used. 
model 6.4-1a 39.3 3.7 Yield / 
model 6.4-2a 43.6 4.1 Yield / 
(b) Overburden=173kPa in numerical simulations 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in 
Test Series 1 / 8.8 / Fitting was not tested to failure 

model 6.4-1b 50.4 7.7 Yield / 
model 6.4-2b 56.2 8.5 Yield / 
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(c) Overburden=43kPa in numerical simulations 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 3 in 
Test Series 1 44±1 8.0 Crack 

The soil was prestressed under 
the overburden pressure of 
173kPa. A load-control method 
was used. 

model 6.4-1c 42.3 4.6 Yield / 
model 6.4-2c 46.7 4.9 Yield / 
Note: Refer to Section 4.4.2 for the descriptions of test stages. Stiffness before yield stands for 
the stiffness of the buried fitting system prior to initial yield of the structure. Failure by plastic 
yielding was assumed in numerical simulations.  
 

The following conclusions may be drawn based on the numerical results summarized in 

Figures 6-22, 6-23 and Table 6-10. 

 Without overburden, the peak strength of the buried Tee fitting system ranges from 39.3kN 

to 43.6kN based on the numerical simulations, which is just 5 to 16% greater than the testing 

result (37.6kN). However, the computed values may decrease by 5% if further mesh 

refinement is performed, as indicated in Appendix C. Therefore, the numerical solution for 

peak strength may be overestimated by 5%. The peak strength computed at the overburden 

pressure of 173kPa varies from 50.4kN to 56.2kN. For the case with the prestressed soil, the 

strength of the buried Tee is in between 42.3kN and 46.7kN, which agrees well with the test 

measurement, 44kN (±1kN). It appears that the strength of Tee fittings varies with the buried 

depth (overburden). However, it is not the overburden stress itself that controls strength. 

Rather, the modulus of the soil (embedment material) surrounding the fittings has the most 

direct influence on the strength of the buried fitting, while the overburden has an indirect 

effect. Further discussions regarding this are given in Section 6.6.1.4. 

 Under the overburden pressure of 173kPa, the stiffness of the buried Tee fittings is in 
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between 7.7kN/mm and 8.5kN/mm, as computed using the numerical analysis. This is (12% 

and 4%) less than that observed during Stage 2 of Test Series 1, 8.8kN/mm. However, for 

the other two test cases without overburden, the stiffness of the buried Tee fittings from the 

numerical models is lower than the test measurements. As discussed in Section 6.2.2.2, the 

reason is that the Young’s modulus from the pipe supplier (IPEX, 2002) may be 

underestimated. As a result, the pipe deflections in numerical simulations were larger than 

those observed in the tests at the same load levels. The fitting stiffness in the numerical 

simulations is thus smaller than that measured in the tests. 

 Failure by plastic yielding was considered in the numerical simulations. When stroke control 

was used, the plastic yield was observed in the tests, as shown by the curve in Figure 6-22. 

When a load-control method was used, the failure by cracking observed in the tests occurred 

after plastic yielding, as indicated by the curves in Figure 6-23. In those figures, the shapes 

of the curves from models are quite similar to those from the tests. Therefore, numerical 

analysis of failure by plastic yielding failure seems appropriate for capturing the strength of 

the buried PVC fitting.  

In Figure 6-24, both the vertical and horizontal diameter changes from models 6.4-1a and 

6.4-1b are plotted together in one diagram. Under zero overburden, the horizontal diameter 

changes were always greater than the vertical diameter changes prior to failure. However, with 

the overburden pressure of 173kPa, the vertical and horizontal diameter changes were much 

closer prior to failure. This likely indicates that larger overburden leads to greater lateral soil 

support to the fittings. However, as mentioned and discussed previously in Section 6.6.1.4, the 
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modulus of the soil surrounding the fitting is the primary factor influencing the behaviour of the 

buried fitting. 
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1a is 
equivalent to model 6.4-1a with zero overburden. Model 1b is equivalent to model 6.4-1b with the 
overburden pressure of 173kPa. Letter ‘p’ in the diagram stands for overburden pressure. 
Figure 6-24 Comparison between horizontal diameter changes and vertical diameter 
changes in the numerical models for the Tee fittings buried in the biaxial cell. 

 

6.4.2.3 Local circumferential strains in Tee fittings at an axial riser force of 27kN 

To compare the numerical results and the test results regarding the local response in Tee 

fittings, the local circumferential strains at an axial riser force of 27kN from both the laboratory 

test and model 6.4-2b are listed together in Table 6-11. The strains in the modeled fitting were 

also marked in Figure 6-25. The local response indicates that the local circumferential strains in 

model 6.4-2b match the buried Tee fitting test results closely. The strains in the lower half of the 

buried Tee fitting are much less than those in the upper half. The maximum circumferential strains 
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occur at the lower point along the joint between the riser and the horizontal part of the Tee fitting. 

Therefore, this zone likely experiences failure first, and is the weakest zone in the buried Tee 

fittings under vertical loads.  

 
Table 6-11 Circumferential strains at an axial riser force of 27kN in the buried Tee fitting 
test and from model 6.4-2b. (Unit: %). 

Gage No. 1 2 3 4 5 6 7 8 9 10 
Test Stage2 -0.2 Damaged 0.2 Damaged 0.0 -0.6 1.0 -0.5 -0.1 -0.6 
From Model 

6.4-2b -0.2 -2.1 0.2 -0.2 0.1 -0.6 1.0 -0.5 0.1 -0.6 

Note: Test Stage 2 was in Test Series No. 1 for the buried Tee fittings, as described in Section 
4.4.2. Refer to Figure 4-25 for gage locations. Negative values correspond to compression. 

 

 
 

Figure 6-25 Summary of local circumferential strains at an axial riser force of 27kN in 
model 6.4-2b for the Tee fitting buried in the biaxial cell. 

 

6.4.2.4 Deformed shape of the buried Tee fitting under an axial riser force of 56kN 

The deformed shapes at an axial riser force of 56kN in model 6.4-2b are shown in Figure 6-26. 

The zones around the joint between the riser part and the horizontal part deformed considerably, 
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while the lower half of the Tee fitting experienced only slight geometry changes. Even though 

failure by plastic yield is used in model 6.4-2b, these deformed shapes are also able to explain 

the failure mechanism featuring cracking in the buried Tee fitting, as shown in Figure 4-37. Due to 

the large strains around the joint, the fitting must have experienced this tensile fracture locally 

around the joint, and finally the riser punched through the horizontal part of the fitting. The 

remainder of the buried fitting did not deformed as much as the fitting tested in isolation. The 

surrounding soil provides considerable support to the buried fitting, which strengthens them.  

 
 

     
  (a) Outside view     (b) Inside view               (c) Section I-I 
Figure 6-26 Deformed shapes at an axial riser force of 56kN in model 6.4-2b for the Tee 
fitting buried in the biaxial cell. (Deformation scale factor=1.0). 

 

6.4.2.5 Contour plots for principal stresses on deformed shapes at an axial force of 49kN 

As shown in Figure 6-22, the buried Tee fitting system in model 6.4-2b started to collapse at 

an axial riser force of around 49kN. The contours of major and minor principal stresses at this 

load are plotted on the deformed fittings, as shown in Figures 6-27 and 6-28, respectively. The 

maximum major principal stresses concentrated along the inside of the joint between the riser 
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and the horizontal components. This implies that tensile fracture likely starts along the inside of 

this joint. This is quite different from the failure mechanism observed in the fitting-only simulations. 

Figure 6-29 outlines the possible compressive failure zones, which are the zones along the outer 

surface of the joint and those slightly away from the inner surface of the joint. The principal 

stresses near the spinglines and the invert are all relatively small comparing to those along the 

joint. This is very different from the behaviour of the unburied Tee fitting under the axial riser 

loads.  

 

   

  
(a) Isometric view        (b) Inside view  

Note: Negative values imply compression. Unit is MPa. 
Figure 6-27 Major principal stresses on deformed shapes at an axial riser force of 49kN in 
model 6.4-2b for the Tee fitting buried in uniform sand. 
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(a) Isometric view        (b) Inside view  
Note: Negative values imply compression. Unit is MPa. 
Figure 6-28 Minor principal stresses on deformed shapes at an axial riser force of 49kN 
in model 6.4-2b for the Tee fitting buried in uniform sand. 

 

6.4.2.6 Plastic zones on the deformed Tee fitting with von Mises equivalent plastic strains at an 

axial riser force of 49kN 

The plastic zones that developed at an axial riser force of 49kN in model 6.4-2b are plotted 

on the deformed shapes in Figure 6-29. Contours of von Mises equivalent plastic strains are also 

presented. The yield zone concentrates close to the joint between the riser part and the horizontal 

part of the Tee fitting. No yield zones are observed along the springlines and the invert. It appears 

that the soil provides effective support on the lower part of the fitting but not the upper part. 
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(a) Isometric view        (b) Inside view  
Note: Negative values imply compression. Strains here are true strains (a.k.a. logarithmic strains). 
Figure 6-29 Yield zones with von Mises equivalent plastic strains on deformed shapes at 
an axial riser force of 49kN in model 6.4-2b for the Tee fitting buried in uniform sand. 

 

6.4.3 Effects of confining pressure on stiffness and capacity of buried Tee fittings 

To investigate the effects of the confining pressure on the stiffness and the capacities of 

buried Tee fittings, a number of models were created with the same settings as those for models 

6.4-1 and 6.4-2 but with different levels of overburden stress. The results are summarized in 

Figures 6-30 and 6-31.  
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Note: Positive loads and positive vertical diameter changes imply compression. Letter ‘p’ in the 
diagram stands for overburden pressure. 
Figure 6-30 Axial force versus vertical diameter change from models for the SDR35 Tee 
fittings with lower bound geometry under various levels of overburden stress in the biaxial 
cell. 
 

0

10

20

30

40

50

60

0 5 10 15 20 25
Vertical Diameter Changes (mm)

A
xi

al
 F

or
ce

s 
(k

N
)

  p=0
  p=34.5kPa
  p=70kPa
  p=100kPa
  p=173kPa

 
Note: Same as those in Figure 6-30. 
Figure 6-31 Axial force versus vertical diameter change from models for the SDR35 Tee 
fittings with upper bound geometry under various levels of overburden stress in the 
biaxial cell. 
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As mentioned previously, the recommended maximum allowable deflection by IPEX (1999) is 

7.5% of pipe diameter, which is 15mm for the Tee fittings here. However, all the buried SDR35 

Tee fittings in the models failed prior to a diameter change of 15mm, as shown in Figures 6-30 

and 6-31. These modeling results indicate that the ultimate capacity of SDR35 TEE fittings is 

approximately a linear function of confining stress (pressure), as shown in Figure 6-32.   
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of the 
overburden pressure and prior to the actuator loading. Ultimate capacity is the maximum axial 
force that the fitting can support. Letter ‘y’ stands for ultimate capacity and letter ‘x’ stands for 
confining pressure. R2 is the coefficient of determination. 
Figure 6-32 Correlation between the ultimate capacity and the confining pressure for the 
buried SDR35 Tee fittings in uniform sand. 
 

The secant slopes of the curves in Figures 6-30 and 6-31 represent the stiffnesses of the 

buried SDR35 Tee fittings in uniform sand prior to their initial yield. They are as well approximated 

as linear functions of confining pressures, as shown in Figure 6-33. 
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of the 
overburden pressure and prior to the actuator loading. Letter ‘y’ stands for buried SDR35 Tee 
fitting stiffness and letter ‘x’ stands for confining pressure.  
Figure 6-33 Correlation between the stiffness and the confining pressure for the buried 
SDR35 Tee fittings in uniform sand. 
 

6.5 Numerical Simulations for Wye Fittings in the Biaxial Cell 

6.5.1 Brief descriptions for the modeling of Wye fittings in the biaxial cell 

In Section 4.5, the laboratory procedures to investigate the strength and local response of 

Wye fittings in uniform sand were presented. In this section, finite element analyses are used to 

study the behaviour of Wye fittings buried in uniform sand. 

The modeled dimensions of Wye fittings, 450-elbows, and mainlines are listed in Table 6-5. 

More details on the modeled geometry of Wye fittings and elbows are shown in Figure 6-15. The 

dimensions of the risers and soil blocks in the models are the same as those shown in Table 6-7. 

A typical finite element mesh is shown in Figure 6-5. The element types, material models, 

and boundary conditions are the same as those described in Section 6.1.3. The input values for 

the material properties in the models are listed in Table 6-12.  
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Table 6-12 Material properties used in the analyses for Wye fittings in the biaxial cell. 
Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Embedment 15.0kN/m3  
(1.53×10-6kg/mm3) Measured 

Unit weight (density) of Fill 14.4kN/m3  
(1.47×10-6kg/mm3) Measured 

Janbu’s parameter, m 340 Lapos and Moore (2002) 
Janbu’s parameter, α 0.81 Lapos and Moore (2002) 
Lower bound for embedment soil modulus  8.6MPa Measured 
Lower bound for fill soil modulus 3.0MPa Law and Moore (2007) 
Poisson’s ratio 0.32 Law and Moore (2007) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser) Same as those in Table 6-8 
Steel Plate Same as those in Table 6-8 

Note: The number of the significant figures is given by the references. 
 

Since four levels of overburden pressures (0kPa, 50kPa, 100kPa and 150kPa) were applied 

in the buried Wye fitting tests, a total of eight models are created for the buried Wye fitting 

systems. Four analyses have been performed for the fittings with lower bound dimensions and 

another four for those with upper bound geometry. The models for the test conditions with no 

overburden stress were denoted models 6.5-1a and 6.5-2a for the Wye fitting system with lower 

bound geometry and that with upper bound geometry, respectively. The rest models were named 

with the same conventions as models 6.5-1b, 6.5-2b, 6.5-1c, 6.5-2c, 6.5-1d and 6.5-2d for the 

test stages with overburden pressures of 50kPa, 100kPa and 150kPa, respectively. 

6.5.2 Modeling results for Wye fittings in the biaxial cell 

6.5.2.1 Brief description 

As described in Section 4.5, the laboratory test results revealed that the failure mechanism 

of the buried Wye fitting systems was completely different from that of the buried Tee fitting 

systems when loaded axially. As shown in Figure 4-51, the Wye fitting itself did not fail, but the 

riser base fractured. Thus, one conclusion drawn from the test results was that the capacity of the 
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buried Wye fitting system under the vertical riser significantly depended on the capacity of the 

riser base to resist the local stress concentration and lateral bending. One purpose of the finite 

element analyses in this section is to evaluate this conclusion. Even though the capacity of the 

Wye fitting itself is not of interesting this regard, the local strains from the models are again 

presented to evaluate the ability of the finite element analysis to reproduce the test results. Plots 

of the stress contours and yield zones for the riser base, the elbow, and the Wye fitting, are also 

presented.  

6.5.2.2 Load-deformation curves 

Figure 6-34 presents the curves of vertical diameter changes versus the axial forces acting 

down on the top of the fittings (actually on the 450-elbows) from both the laboratory tests and the 

numerical models. The initial parts of these curves describe the response during the application of 

the overburden stress, and the remainder of the simulation gives response under the actuator 

loading. Since a linear elastic-perfectly plastic material model was used for the PVC pipes and 

fittings, the cracking observed in the laboratory tests was not explicitly simulated. Thus, as shown 

in Figure 6-34, the curves stop at the point when the riser bases start yielding during these 

numerical analyses. The information extracted from Figure 6-34 is summarized in Table 6-13. 
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1a is equivalent to model 6.5-1a with zero overburden 
stress; Model 1b is equivalent to model 6.5-1b with overburden pressure of 50kPa; and so on. Letter ‘p’ in the diagram stands for overburden 
pressure. Sudden changes at the end of the curves from tests in both diagram (a) and (d) are the response of the buried sewer after failure. 
Figure 6-34 Vertical diameter change versus axial force acting down on the fittings from both the laboratory tests and the numerical 
models for the Wye fittings buried in uniform sand. 
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Table 6-13 Summary of strength and stiffness for 200mmx150mm - SDR35 Wye fitting 
systems in uniform sand. 
(a) Overburden=0 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in Test 
Series No. 2 21 1.9 Crack Fracture at the riser base 

model 6.5-1a 36.8 4.0 Yield Yield at riser base 
model 6.5-2a 37.0 4.5 Yield Yield at riser base 

 (b) Overburden=50kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in Test 
Series No. 1 / 5.2 / Not tested to failure. 

model 6.5-1b 37.8 5.2 Yield Yield at riser base 
model 6.5-2b 38.1 5.7 Yield Yield at riser base 

 (c) Overburden=100kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 3 in Test 
Series No. 1 / 5.7 / Not tested to failure. 

model 6.5-1c 40.4 6.9 Yield Yield at riser base 
model 6.5-2c 40.8 7.5 Yield Yield at riser base 

 (d) Overburden=150kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 4 in Test 
Series No. 1 33±1 6.2 Crack Fracture at the riser base 

model 6.5-1d 41.4 7.8 Yield Yield at riser base 
model 6.5-2d 41.8 8.6 Yield Yield at riser base 

Note: Refer to Section 4.5.2 for the descriptions of test stages. Stiffness prior to yield is defined 
as the stiffness of the buried Wye fitting after application of overburden and prior to initial yield at 
the riser base. Peak strength is defined as the maximum axial force at the riser base when the 
riser base starts yielding. Initial yield was the failure criterion considered in the simulations  
 

Based on Figure 6-34 and Table 6-13, the following conclusions may be drawn. 

 The numerical results, either the peak strength or the stiffness, are generally greater than 

the laboratory test results. Due to the unsymmetrical geometry of the Wye fitting system, its 

capacity and stiffness is likely influenced by many factors, such as the capacity of the elbow 

and the ability of the riser base to resist a local stress concentration and lateral bending. The 

modulus of the soil surrounding the fittings, particularly the soil beneath the elbow, may have 
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a significant effect on the behaviour of the buried Wye fitting system. This issue is discussed 

further in Section 6.5.4. Any local imperfection in the riser, elbow or the riser part of the Wye 

fitting may significantly decrease the capacity or stiffness of the whole Wye fitting system 

when buried. In the numerical models, however, ideal (perfect) materials and geometry are 

assumed. One additional factor is that the Wye fitting and the mainlines completely contact 

at the interface in the numerical simulations, but not in the tests. There are gap and gaskets 

at the interface in between the fitting and the mainlines, which allow more flexibility for a Wye 

fitting to deform and rotate when axially loaded during testing. As discussed in Section 

6.3.2.2, the load was likely shifted to the end close to 450-riser part, where the pipe diameter 

changes were measured in the test. As a result, that end of Wye deformed more and yielded 

earlier. In numerical simulations, the Wye fitting deformed and rotated less because the gap 

and gaskets between the fitting and the mainlines were not simulated. Therefore, the 

numerical calculations for the capacity and the structural stiffness are greater than those 

observed in the tests. The factors described above are believed to cause the consistent 

difference between the numerical results and the test results for Wye fitting systems. 

 Without overburden pressure, the numerical calculations of both peak strength and stiffness 

are around twice those from the test. These consistently low test results may be caused by 

one or both of the following two reasons. First, significant imperfections may exist in the 

fittings. Second, the density of the embedment soil close to the fitting system may be lower 

than that near the settlement plates (where the soil modulus has been measured). The latter 

is discussed further in Section 6.5.4 
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 With overburden pressure of 150kPa, the peak strength and stiffness obtained from the 

numerical models are both around 25% higher than those from the test.  

 Numerical results indicate that the peak strength of the fitting with lower bound geometry is 

less than 1% smaller than that with upper bound geometry. This is reasonable since the 

peak strength is defined as the axial force at the riser base when it starts to yield. In addition, 

the same riser dimensions were used for all models. Therefore, the capacity of the riser was 

not affected by the fitting geometry and thus, the peak strength of the buried Wye fitting 

system was not influenced by the fitting geometry. 

 The stiffness of the buried Wye fitting with upper bound geometry is greater than that with 

lower bound geometry, as shown in Table 6-13. 

 These modeling results also reveal that the confining pressures (actually the soil modulus 

around the fittings as described in Section 6.6.1.4) affect both the strength and the stiffness 

of the buried Wye fitting system. This issue is discussed further in Section 6.5.3. 

6.5.2.3 Local circumferential strains in Wye fittings at an axial riser force of 27.5kN 

Even though no failure was observed in the Wye fittings during the tests and after the 

exhumation described in Section 4.5, it is still worthwhile to compare the local response of the 

buried Wye fittings in the numerical simulations with that measured in the tests to evaluate the 

ability of the finite element analysis to reproduce the test results. At an axial force of 27.5kN at the 

riser base, the local circumferential strains measured in the test with an overburden pressure of 

150kPa are summarized in Table 6-14 together with those computed in model 6.5-2d. For 

convenience, these strains are also marked in Figure 6-35. The circumferential strains calculated 
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in model 6.5-2d are generally consistent with those measured during Stage 4 in Test Series No. 1 

for the buried Wye fitting in uniform sand. The circumferential stains in the upper half of the fitting 

are generally greater than those in the lower half. Very large strains develop along the joint zone 

between the riser part and the horizontal part. As seen for the buried Tee fitting, the weakest zone 

in a buried Wye fitting is also along the joint. 

 
Table 6-14 Circumferential strains at an axial riser force of 27.5kN in the buried Wye 
fitting test and from model 6.5-2d. (Unit: %). 

Gage No. 1 2 3 4 5 6 7 8 9 10 11 
Test Stage 4 I/P Over -1.6 I/P -1.3 0.1 -0.4 0.2 -0.6 I/P 0.7 -0.6 
From Model 

6.5-1d -0.2 -1.7 0.0 -1.3 -0.0 -0.5 0.2 -0.5 0.6 0.7 -0.6 

Note: ‘I/P’ means this gage was inoperative in the test. Test Stage 4 is in Test Series No. 1 for the 
buried Wye fittings, as described in Section 4.5.2. Refer to Figure 4-40 for gage locations. 
Negative values correspond to compression. 
 

 

 
 

Figure 6-35 Summary of local circumferential strains at an axial riser force of 27.5kN in 
model 6.5-2d for the Wye fitting buried in uniform sand. 
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6.5.2.4 Horizontal displacement contours on the deformed shapes of the buried sewers with a 

Wye fitting at an axial riser force of 42kN 

The horizontal displacement contours are plotted on the deformed shapes of the Wye fitting 

systems at an axial riser force of 42kN on the top of the elbow in model 6.5-2d, as shown in 

Figure 6-36. The top part of the Wye fitting deforms vertically more than the bottom part. The 

contours show that the Wye fitting has a maximum horizontal displacement of less than 1mm 

toward the right side in the figure. The riser pipe, the elbow, and the riser part of the Wye fitting all 

move toward the left side of the figure. The maximum horizontal displacement is roughly 3mm, 

occurring at the bottom corner of the riser base and the zone nearby in the elbow. This is one 

major reason for the fracture at the riser base, which was observed in the laboratory tests as 

described in Section 4.5. Another reason is the stress concentration that develops, discussed in 

the next subsection. 
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Note: Mesh geometry is the undeformed shape. Units of horizontal displacement (U1) are mm. 
Figure 6-36 Horizontal displacement contours on the deformed shape of the buried Wye 
fitting system under an axial riser force of 42kN; model 6.5-1d for the Wye fitting buried in 
uniform sand. (Deformation scale factor=3.0). 

 

6.5.2.5 Principal stress contours on deformed sewers at an axial riser force of 42kN 

As shown in Figure 6-34 and from the discussions following that figure, the riser base in 

model 6.5-2d started to yield at an axial riser force of around 42kN. The contours of major and 

minor principal stresses at this point were plotted on the deformed sewers, as shown in Figures 

6-37 and 6-38, respectively. As indicated in Figure 6-37, the maximum major principal stresses 

concentrated only along the inside surface of the joint between the riser part and the horizontal 

part of the Wye fitting, and within a small zone at the inside surface in the elbow. In Figure 6-38 
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the zones of maximum minor principal stress also occurred along the outer surface of the joint in 

the Wye fitting, and in a small zone on the outside surface of the elbow. The stress concentration 

in these zones may cause large horizontal displacement and lateral bending at the riser base, 

which may subsequently fracture the riser base. Thus, this local stress concentration is another 

reason for the final failure of the system. The principal stresses near the spinglines and the invert 

are all relatively small compared to those along the joint. This is very different from the behaviour 

of the Wye fitting under vertical loads when tested in isolation.  

6.5.2.6 Plastic zones on the deformed sewers with von Mises equivalent plastic strains at an 

axial riser force of 42kN 

As shown in Figure 6-39, the plastic zone that developed at an axial riser force of 42kN in 

model 6.5-2d is only a tiny area at the crown between the riser and the main part of the Wye 

fitting. This is likely the stress concentration caused by the particular geometry in that location. No 

yield can be observed elsewhere in the riser, the elbow, or the Wye fitting. This may imply that the 

Wye fitting or even the elbow did not fail before the riser base fractured in the laboratory tests. 
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 (a) Isometric view        (b) Inside view  
Note: Negative values imply compression. Unit is MPa. 
Figure 6-37 Major principal stresses on deformed sewers at an axial riser force of 42kN in 
model 6.5-2d for the Wye fitting buried in uniform sand. 

 

     

 (a) Isometric view        (b) Inside view  
Note: Negative values imply compression. Unit is MPa. 
Figure 6-38 Minor principal stresses on deformed sewers at an axial riser force of 42kN in 
model 6.5-2d for the Wye fitting buried in uniform sand. 
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 (a) Isometric view        (b) Inside view  

Note: Negative values imply compression. Strains here are true strains (a.k.a. logarithmic strains). 
Figure 6-39 Yield zones with von Mises equivalent plastic strains on deformed sewers at 
an axial riser force of 42kN in model 6.5-2d for the Wye fitting buried in uniform sand. 
 

6.5.3 Effects of confining pressure on stiffness and capacity of buried Wye fitting 

systems 

Unlike the buried Tee fitting system, the displacement at the riser base under the axial riser 

force includes not only the vertical diameter change of the horizontal part of the buried Wye fitting 

but also the deformation of the elbow, the riser part of the Wye fitting, and the embedment soil. 

Thus, the stiffness of the Wye fitting system rather than the Wye fitting itself should be 

investigated. As mentioned previously, the capacity described here is not the capacity of the 

buried Wye fitting itself either, since the Wye fitting did not fail in the tests (nor was it calculated to 

fail in the numerical simulations). The capacity (peak strength) of a buried Wye fitting system is 

defined as the maximum axial riser force developed at the riser base when the riser base starts 

yielding in the numerical simulations. Based on these definitions, the numerical results are 

Stress concentration here
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summarized in Figures 6-40 and 6-41. The initial section of these curves represents the response 

during the application of the overburden stress, and the remainder the response during the 

actuator loading. 
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Note: Positive loads indicate compression and positive displacements imply downward movement. 
Letter ‘p’ in the diagram stands for overburden pressure. 
Figure 6-40 Axial force versus displacement at riser base from the models for SDR35 
Wye fittings with lower bound geometry under various levels of overburden stress in the 
biaxial cell. 
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Note: Same as those in Figure 6-40. 
Figure 6-41 Axial force versus displacement at riser base from the models for SDR35 
Wye fittings with upper bound geometry under various levels of overburden stress in the 
biaxial cell. 
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The peak strength and the stiffness of the buried Wye fitting systems under actuator loads 

are summarized in Table 6-15. 

 
Table 6-15 Summary of strength and stiffness for 200mmx150mm - SDR35 Wye fitting 
systems in uniform sand. 
(a) For fittings with lower bound geometry 

Model Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) Failure mechanism Remarks 

p=0 36.8 2.6 Yield at riser base Overburden=0 
p=50kPa 37.8 3.3 Yield at riser base Overburden=50kPa 
p=100kPa 40.4 4.4 Yield at riser base Overburden=100kPa 
p=150kPa 41.4 5.0 Yield at riser base Overburden=150kPa 
 
(b) For fittings with upper bound geometry 

Model Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) Failure mechanism Remarks 

p=0 37.0 2.8 Yield at riser base Overburden=0 
p=50kPa 38.0 3.5 Yield at riser base Overburden=50kPa 
p=100kPa 40.9 4.5 Yield at riser base Overburden=100kPa 
p=150kPa 41.8 5.2 Yield at riser base Overburden=150kPa 
Note: Stiffness prior to yield is defined as the stiffness of the buried Wye fitting system after the 
completion of overburden and prior to initial yield of the riser base. Peak strength in the model is 
defined as the maximum axial force at the riser base when the riser starts yielding. Initial yield 
was the failure criterion considered in the simulations. 
 

Based on these numerical results, the capacity of the buried Wye fitting system as defined 

previously is approximately a linear function of confining pressure, as shown in Figure 6-42. 

As shown in Figures 6-40 and 6-41, the slopes of the curves during actuator loading 

represent the stiffnesses of the buried SDR35 Wye fitting systems in uniform sand. Stiffness is 

approximately a linear function of confining pressure, as shown in Figure 6-43. 
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of the 
overburden pressure and prior to the actuator loading. Ultimate capacity is the maximum axial 
riser force at the riser base prior to its initial yield. Letter ‘y’ stands for ultimate capacity and letter 
‘x’ stands for confining pressure. R2 is the coefficient of determination. 
Figure 6-42 Correlation between the ultimate capacity and the confining pressure for the 
buried SDR35 Wye fitting systems in uniform sand. 
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of the 
overburden pressure and prior to the actuator loading. Buried fitting stiffness is actually the 
stiffness of the whole buried Wye fitting system. Letter ‘y’ stands for the buried SDR35 Wye fitting 
stiffness and letter ‘x’ stands for confining pressure.  
Figure 6-43 Correlation between the stiffness and the confining pressure for the buried 
SDR35 Wye fitting systems in uniform sand. 
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6.5.4 Effects of insufficient compaction for the soil surrounding the fittings 

As mentioned in Section 6.5.2.2, the modulus of the soil surrounding the fittings may have a 

significant effect on the behaviour of a buried Wye fitting system. The modulus of the embedment 

soil was measured using settlement plates and earth pressure cells during the tests. However, 

the measurement locations were over 0.3m distant from the buried fitting and pipes to avoid 

disturbance. This implies that the soil modulus measured in the tests might not precisely 

represent the modulus of the soil surrounding the fittings and pipes. Due to unsymmetrical 

geometry of the Wye fitting system, full compaction for the soil adjacent to the fittings is hard to 

achieve. Therefore, this part of the soil is likely to be less dense than the rest of the embedment 

material, and thus the corresponding soil modulus is likely smaller than the measured soil 

modulus. Based on these discussions, eight more analyses have been performed. Each has the 

same configuration as the corresponding models described in Section 6.5.1, except that 3.0MPa 

instead of 8.6MPa is used for the embedment soil adjacent to the fittings and pipes. The results of 

load versus deformation are plotted in Figure 6-44, together with the test results. Information 

extracted from these figures is summarized in Table 6-16. 
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1a is similar to model 6.5-1a with zero overburden; Model 
1b is similar to model 6.5-1b with the overburden pressure of 50kPa; and same conventions for others. Letter ‘p’ in the diagram stands for 
overburden pressure. Sudden changes at the end of the curves from tests in both diagram (a) and (d) are the response of the buried sewer after 
failure. 
Figure 6-44 Vertical diameter change versus axial force acting down on the fittings from both the laboratory tests and the numerical 
models for the Wye fittings buried in uniform sand with considerations of insufficient compaction for soils surrounding fittings. 
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Table 6-16 Summary of strength and stiffness for 200mmx150mm - SDR35 Wye fitting 
systems in uniform sand with considerations of insufficient compaction for soils 
surrounding fittings. 
(a) Overburden=0 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in Test 
Series No. 2 21 1.9 Crack Fracture at the riser base 

model 1a 18.5 2.3 Yield Yield at riser base 
model 2a 20.1 2.7 Yield Yield at riser base 

 (b) Overburden=50kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 2 in Test 
Series No. 1 / 5.2 / Not tested to failure. 

model 1b 34.1 5.2 Yield Yield at riser base 
model 2b 35.5 5.7 Yield Yield at riser base 

 (c) Overburden=100kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 3 in Test 
Series No. 1 / 5.7 / Not tested to failure. 

model 1c 36.8 6.4 Yield Yield at riser base 
model 2c 37.0 7.5 Yield Yield at riser base 

 (d) Overburden=150kPa 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Stage 4 in Test 
Series No. 1 33±1 6.2 Crack Fracture at the riser base 

model 1d 38.1 7.7 Yield Yield at riser base 
model 2d 38.6 8.4 Yield Yield at riser base 

Note: Same as those in Table 6-13.  
 

Comparisons between Figure 6-34 (Table 6-13) and Figure 6-44 (Table 6-16) reveal that lower 

levels of compaction for the soils surrounding fittings has a significant effect on the performance 

of a Wye fitting system when it is shallow buried, while little influence when deeply buried. This is 

reasonable, since the poorly compacted soil will be densified by earth loads at deep burial. Thus, 

the Wye fitting system will experience good soil support at deep burial, even if the soils around 

the fittings were initially poorly compacted. Therefore, it appears that the soil adjacent to the Wye 

fitting was poorly compacted in Test Series No. 2. 
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6.6 Discussions and Conclusions 

6.6.1 Discussions 

6.6.1.1 Brief introduction 

Some issues mentioned in previous sections are discussed in this section. They include 

 Effects of rubber pad properties on numerical calculations for fittings in isolation; 

 Effects of variations of the riser dimensions on measurements of the axial forces that 

develop in the risers; 

 Investigation of the effect of the size of the test cell and the off-centre location of risers in the 

cell; 

 Effects of soil modulus on the behaviour of buried fittings; and  

 User subroutine for the Janbu material model. 

6.6.1.2 Effects of rubber pad properties on numerical calculations for fittings in isolation 

The Mooney-Rivlin hyperelastic material model (ABAQUS, 2004) was used for the rubber pad 

in the numerical analyses of fitting-only tests. This material model has three coefficients denoted 

C10, C01 and D1 in ABAQUS. The initial shear modulus (Gi) is defined as, 

 

 ( )iG 2 C10 C01  = × +  (6.2) 

 

Bulk modulus (Ki) is given by, 

 

 
i

2K  
D1

=  (6.3) 
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Typical values for the shear modulus of rubber range from 0.3MPa to 2.3MPa (Lindley, 1974). 

To study the effects of rubber properties on the numerical calculations, various values are used 

for Mooney-Rivlin’s coefficients in a group of solutions, listed in Table 6-17.  

 
Table 6-17 Values used for coefficients of Mooney-Rivlin hyperelastic material model. 

 C10 C01 D1 Gi (MPa) Ki 

Model 6.6.1.2-A 0.09 0.06 0.0 0.3 Very large 
Model 6.6.1.2-B 0.35 0.25 0.0 1.2 Very large 
Model 6.6.1.2-C 0.67 0.48 0.0 2.3 Very large 
Model 6.6.1.2-D 35 25 0.0 120 Very large 

Note: C10,C01 and D1 are coefficients of Mooney-Rivlin hyperelastic model; Gi is initial shear 
modulus and Ki is initial bulk modulus. 

 

The models in the above tables have the same configurations as those in model 6.2-2 in 

Figure 6-7, but with different values for the coefficients of the Mooney-Rivlin material model. The 

numerical results are summarized in the following figure. 
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Note: Positive loads indicate compression and positive vertical diameter changes imply 
compression. Models A to D are equivalent to models 6.6.1.2-A to 6.6.1.2-D in Table 6-17, 
respectively. 
Figure 6-45 Vertical diameter change versus load from the models with various values 
assigned to the coefficients of the Mooney-Rivlin hyperelastic material model. 
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The differences between the solutions in Figure 6-45 are less than 0.5% except those from 

Model 6.6.1.2-A, which are less than 5% greater than those from other simulations. This indicates 

that the material property of the rubber pad has little effect on the characteristics of the fittings 

tested in isolation (within the range of typical rubber material). Based on the above discussions, it 

is appropriate to use C10=0.35, C01=0.25 and D1=0.0 in the numerical analyses presented in the 

preceding sections. These values lead to the initial shear modulus, Gi=1.2MPa and infinite large 

bulk modulus. 

6.6.1.3 Effects of variations of the riser dimensions on measurements of the axial forces that 

develop in the risers 

As described in Chapter 4, axially-oriented strain gages were attached to the risers to 

measure the axial strains and permit calculation of the axial forces that develop in the risers when 

tested in the biaxial cell. Uncertainties associated with the riser dimensions may affect the 

accuracy of those measurements if different risers are used in the calibration tests and the buried 

fitting tests. This is discussed as follows. 

Table 6-1 outlined the ranges enclosing 95% of the measured values of thickness and inner 

diameter for 150mm - SDR35 risers. If the Young’s modulus (denoted E) is constant over all these 

samples and bending flexure in the riser is negligible when the risers are loaded axially, the stress 

(denoted σ) is unique for a specific measured axial strain (denoted ε), based on Hooke’s Law 

(σ=Eε). However, the calibrated axial force (denoted AF)  inferred from the measured axial strain 

is linearly proportional to the section area (denoted A) at the gage location, based on AF=σA=EεA. 

If both the mean values of t and I.D. in Table 6-1 are used, the mean section area (denoted Amean) 
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is 2332.8mm2. If both the minimum values of t and I.D. in Table 6-1 are used, the section area 

(denoted A lower) is 2259.1mm2. If both the maximum values of t and I.D. in Table 6-1 are used, the 

section area (denoted A upper) is 2406.0mm2. Therefore, the calibrated axial forces based on the 

measured axial strains have errors ranging between -3% and +3% (90% confidence interval), if 

only the uncertainties associated with the thickness and diameter of risers are considered.  

Certainly, errors in the calibrated axial forces described above can be eliminated if the same 

gaged riser used in the calibration tests is used in the tests performed in the biaxial cell. However, 

this approach has a limitation that the maximum axial loads in the calibration tests must be 

controlled within the elastic limits of the riser material.  

6.6.1.4 Investigation of the effect of the size of the test cell and the off-centre location of risers 

As described in Section 4.2, the biaxial cell is 2m by 2m in plane with a height of 1.6m. The 

biaxial cell was designed to simulate embankment loading conditions (Brachman et al. 2000 and 

2001). The reasons to use embankment conditions rather than trench conditions to study vertical 

risers were presented in Chapter 1. Thus, it is also worthwhile to investigate if the current biaxial 

cell is sufficiently large to simulate the embankment conditions for a fitting system buried inside. 

Hence, a larger virtual biaxial cell is simulated for the Tee fitting with the lower bound of the 

measured dimensions listed in Table 6-1.  

One quarter of the whole system is modeled for both the existing biaxial cell and the 

imaginary biaxial cell of 4m by 4m, with height of 1.6m. A total of four analyses have been 

performed. Two models for the existing biaxial cell are named model 6.6.1.4-1A for zero 

overburden pressure and model 6.6.1.4-1B for overburden pressure of 173kPa. The second two 
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models for the virtual biaxial cell were denoted model 6.6.1.4-2A for zero overburden pressure 

and model 6.6.1.4-2B for overburden pressure of 173kPa. The remaining model settings are 

similar to those for model 6.4-1a or 6.4-1b. The same values as those listed in Table 6-8 are used 

for the model input. 

The results of models 6.6.1.4-1A and 6.6.1.4-1B are plotted together with those from models 

6.6.1.4-2A and 6.6.1.4-2B, as shown in Figure 6-46. For both the cases with zero overburden 

pressure and overburden pressure of 173kPa, the numerical results for the two test cells with 

different sizes are nearly identical. This indicates that the biaxial cell described in Chapter 4 is 

sufficient large to simulate the embankment conditions for the testing conducted in this project. 
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Figure 6-46 Investigation on the effects of test cell size on the calculated strength and 
stiffness of the buried fittings 
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The results of models 6.6.1.4-1A and 6.6.1.4-1B (quarter models and centre-positioned risers) 

are also plotted together with those from models 6.4-1a and 6.4-1b (half models and risers 

positioned off-centre), as shown in Figure 6-47. For both the cases with zero overburden 

pressure and overburden pressure of 173kPa, the difference between the results from each pair 

of models is negligible. This indicates that the off-centre positions of the risers and fittings, as 

shown in Figure 6-4, had little influence on the testing and numerical results. In addition, this plot 

implies that the difference between the results from quarter models and half models are also 

negligible. 
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Note: Positive loads and positive vertical diameter changes imply compression. Model 1a and 
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are equivalent to model 6.6.1.4-1A and 6.6.1.4-1B, respectively. Letter ‘p’ in the diagram stands 
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Figure 6-47 Investigation on the effects of off-centre risers in the biaxial cell on the 
calculated strength and stiffness of the buried fittings 

 

6.6.1.5 Effects of soil modulus on the behaviour of the buried fittings 

In this section, an investigation is described to determine whether the overburden stress or 
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the soil modulus is the factor directly influencing the behaviour of the buried fittings. One model is 

created and analyzed for an SDR35 Tee fitting, with the same modeling configurations as those 

for model 6.4-1a except that the linear elastic soil modulus is used for the embedment soil instead 

of the Janbu’s hypoelastic modulus. This analysis is denoted model 6.6.1.4-A. To be comparable, 

the soil modulus for the embedment material is set to 32.8MPa, which is equivalent to the Janbu’s 

hypoelastic modulus of the embedment material under overburden pressure of 173kPa. Model 

6.6.1.4-A is then analyzed with no overburden on top of the backfill. The results are plotted 

together with those from model 6.4-1a (with zero overburden pressure) and model 6.4-1b (with 

overburden pressure of 173kPa), as shown in the following figure.  
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Figure 6-48 Investigation on effects of soil modulus on the behaviour of buried Tee 
fittings. 
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As shown in Figure 6-48, the curve of vertical diameter change versus axial force from 

6.6.1.4-A (zero overburden pressure and linear elastic soil modulus) is much closer to that from 

model 6.4-1b (overburden pressure of 173kPa and hypoelastic soil modulus) than that from 

model 6.4-1a (zero overburden pressure and hypoelastic soil modulus). This indicates that soil 

modulus of the embedment material is the primary factor affecting the behaviour (both strength 

and stiffness) of buried fittings. Hence, good compaction for the embedment material surrounding 

the fittings is concluded to be very important to provided effective support to the buried fitting 

system, since that soil modulus adequate. However, the maximum soil modulus can only reach 

around 14MPa at the confining stress less than 7kPa, even if the soil is compacted to the density 

up to 95% relative to maximum from Standard Proctor Test as indicated by the tests conducted by 

McGrath et al. (1999). Therefore, the confining stress affects the soil modulus significantly in deep 

burial conditions and thus, indirectly influences the behaviour (both strength and stiffness) of 

buried fittings. 

6.6.1.6 User subroutine for Janbu material model 

6.6.1.6.1 Brief introduction 

To characterize the nonlinear stress-strain behaviour of soils with depth (or more precisely, 

with the effective confining stress), the material model described by Janbu (1963) is chosen for 

the three-dimensional finite element analyses for buried fittings. As shown in Equation (5.9), 

Janbu’s modulus function (Ms) has only two parameters, which can be acquired through the 

conventional laboratory testing procedures, such as oedometer tests and triaxial tests (Lapos and 

Moore, 2002). CGS (1992) summarized the typical and normally conservative values for Janbu’s 
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parameters. The Janbu material model is chosen for this study for the following reasons. 

 This model is a function of only two non-dimensional parameters. Therefore, it is very 

convenient to code into a finite element program; 

 This model has a comprehensive experimental database; 

 This method applies to all soils, clays as well as sand (Fellenius, 2006); and, 

 The failure status of the soil is not of interest for most in the current research work. 

However, the Janbu material model is not an optional material model provided by ABAQUS. 

A user subroutine has therefore been written to embed the Janbu tangent modulus model into 

ABAQUS models. To be fit into the elastic constitutive matrix in ABAQUS models, constrained soil 

modulus (Ms) needs to be transformed to Young's modulus (Es) using the following equation. (See 

Janbu 1963, Lambe and Whitman 1969, and Poulos and Davis 1980). 

 

 ν ν
ν

+ −
=

−
s s

s s
s

(1 )(1 2 )E M
(1 )

 (6.4) 

 

where, 

νs = Poisson’s ratio of the soil. 

To consider the effect of compaction, a lower bound value for Ms may be set. The compacted 

soil behaves like preconsolidated soil. Janbu (1963) described that for stresses below the 

preconsolidation stress, the value of Ms is practically constant. Thus, a lower bound value for soil 

modulus needs to be set for the compacted soil when Janbu’s model is used. 

6.6.1.6.2 Subroutine for Janbu material model 

Four values need to be input into this subroutine. The first parameter is AK, which represents 
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m in Equation (5.9). The second parameter is AN, which is equivalent to α in Equation (5.9). 

EJMIN is used to set the lower bound of soil modulus. The values for this parameter for some 

soils can be found in McGrath et al. (1999). AMU is Poisson’s ratio. This subroutine was written in 

FORTRAN77 and is listed in Appendix D. 

6.6.2 Conclusions 

Three-dimensional finite element analyses were used to calculate the behaviours of the 

buried Tee and Wye fittings. The numerical results were then used to study and understand the 

test results. In general, the numerical simulations present the results consistent with the test 

measurements, which demonstrates that these numerical procedures are suitable for further 

calculations for other products and boundary conditions. Numerical calculations for heavy-wall 

fittings are presented in the next chapter. 
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CHAPTER 7 CALCULATIONS FOR HEAVY-WALL PVC TEE AND WYE 
FITTINGS USING FINITE ELEMENT METHODS 

 
 

7.1 Introduction 

In Chapter 6, the finite element procedures were used to study and understand the laboratory 

test results for SDR35 Tee and Wye fittings in isolation and when buried. The consistency 

between the numerical results and the measurements proves that the finite element analyses 

described in Chapter 6 are capable of providing good estimates for the behaviour of the fittings in 

isolation and when buried. Therefore, the numerical calculations for the performance of 

heavy-wall (SDR26) Tee and Wye fittings are presented in this chapter, using similar finite 

element modeling configurations as those described in Chapter 6. 

The finite element models performed in this chapter are listed as follows. 

 200mmx150mm (8”×6”), SDR26 Tee fittings in isolation; 

 200mmx150mm (8”×6”), SDR26 Wye fittings in isolation; 

 200mmx150mm (8”×6”), SDR26 Tee fittings when buried in uniform sand; and 

 200mmx150mm (8”×6”), SDR26 Wye fittings when buried in uniform sand. 

The modeling configurations for the heavy-wall (SDR26) fittings in isolation are quite similar to 

those described in Section 6.1.2. For Tee fittings in the biaxial cell, one quarter of the whole 

system is simulated. Other modeling configurations of Tee fittings and Wye fittings in the biaxial 

cell are similar to those described in Section 6.1.3. The model geometry is based on the 

measured dimensions for the heavy-wall fittings.  
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7.2 Numerical Simulations for Heavy-wall Tee Fittings in Isolation 

7.2.1 Brief descriptions for isolated heavy-wall Tee fitting modeling 

The geometry of 200mmx150mm - SDR26 Tee fittings was measured and the dimensions are 

summarized in Table 7-1. The dimensions for two models, which are created based on the lower 

and upper bounds of the range enclosing 95% of the measured data, are listed in Table 7-2 and 

Figure 7-1.   

One quarter of the whole system is again modeled. Typical finite element meshes for the 

isolated heavy-wall Tee fittings are similar to that shown in Figure 6-2. The material properties, 

element types and boundary conditions are the same as those described in Section 6.1.2. 

 
Table 7-1 Measured dimensions of 200mm×150mm- SDR26 Tee fittings and 150mm- 
SDR35 risers. 

 Main horizontal part of Tee  Main riser part of Tee Riser   
  t I.D. T I.D. t I.D. 

Mean 8.2  197.6  7.1  160.0  4.8  149.9  
Min. 8.0  197.2 7.0  159.8  4.7  148.3  
Max. 8.4  198.0 7.3  160.4  4.9  151.4  

Note: t=pipe wall thickness; I.D.= pipe inner diameter; Mean = statistical mean value; Min. and 
Max. = lower and upper bounds of the range enclosing 95% of the measured data. Units are mm. 

 
Table 7-2 Modeled dimensions of 200mm×150mm - SDR26 Tee fittings and 150mm - 
SDR35 risers in isolation. 

Main horizontal part of Tee Main riser part of Tee Riser   
  t I.D. t I.D. t I.D. 

Model 7.2-1 8.0  198.0  7.0  160.0  4.8  150.4 
Model 7.2-2. 8.4  197.2  7.3  160.0  4.8 150.4 
Note: Same as those in Table 7-1. 
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  (a) Model 7.2-1 (t=8.0mm)     (b) Model 7.2-2 (t=8.4mm) 
Note : Units are mm. 
Figure 7-1 Geometry of two models for SDR26 Tee fittings in isolation. 

 

7.2.2 Modeling results for isolated heavy-wall Tee fittings 

7.2.2.1 Brief description 

Two finite element models were created and analyzed for the isolated heavy-wall Tee fittings 

with different fitting wall thicknesses (t=8.0mm and t=8.4mm, respectively), as shown in Figure 

7-1. The load-deformation curves are plotted in the next section. The deformed shapes, stress 

distributions, yielding zones and local response of the isolated heavy-wall Tee fittings are quite 

similar to those of the isolated SDR35 Tee fittings, as described in Section 6.2.2. Thus, these 

contour plots are not presented here. 

7.2.2.2 Load-deformation curves 

Curves of diameter changes versus loads are plotted in Figure 7-2. The axial loads at the 

point of initial yield are estimated, ranging between 11.5kN and 12.5kN for the isolated SDR26 

Tee fittings. Therefore, the heavy-wall (SDR26) Tee fittings are around 30% stronger than regular 
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(SDR35) Tee fittings when tested in isolation. As indicated by these curves, prior to initial yield, 

the structural stiffness of the isolated heavy-wall Tee fittings resisting axial loading ranges from 

0.57kN/mm to 0.64kN/mm, which is over twice that of the isolated regular (SDR35) Tee fitting as 

presented in Figure 6-7. 

As shown in Figure 7-2, the horizontal diameter changes are very close to the vertical 

diameter changes as well. This has the same trend as that observed in the isolated SDR35 Tee 

fitting testing and modeling. However, the SDR26 Tee fittings starts yielding at a vertical diameter 

change of around 25mm, which is 10mm earlier than the SDR35 Tee fittings do, Figure 6-7. 
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Note: Positive loads indicate compression; positive horizontal diameter changes imply expansion 
and positive vertical diameter changes indicate contraction. Model 1 and model 2 are equivalent 
to model 7.2-1 and model 7.2-2, respectively. 
Figure 7-2 Curves of diameter changes versus loads in numerical models for isolated 
heavy-wall Tee fittings. 

 

7.3 Numerical Simulations for Heavy-wall Wye Fittings in Isolation 

7.3.1 Brief descriptions for the isolated heavy-wall Wye fitting modeling 

The measured dimensions of 200mm×150mm - SDR26 Wye fittings are summarized in Table 
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7-3. Based on the lower and upper bounds of the range enclosing 95% of the measured data, the 

dimensions of two models are listed in Table 7-4 and Figure 7-3.   

 
Table 7-3 Measured dimensions of 200mm×150mm - SDR26 Wye fittings and 200mm - 
SDR35 mainlines in isolation. 

 Main horizontal part of Wye  Main riser part of Wye Mainlines  
  

t I.D. t I.D. t I.D. 

Mean 8.2  197.6  6.9  159.8  6.3  200.1  
Min. 8.0  197.2  6.7  159.4  6.0  198.2  
Max. 8.4  198.0  7.2  160.2  6.6  202.1  

Note: Same as those in Table 7-1. 
 

Table 7-4 Modeled dimensions of 200mm×150mm - SDR26 Wye fittings, 200mm - 
SDR35 mainlines and 150mm - SDR26 - 450 elbows. 

 Main horizontal 
part of Wye 

 Main riser part of 
Wye Mainlines  Main part of elbow

   
t I.D. t I.D. t I.D. t I.D. 

Model 7.3-1 8.0  180.0  6.7  160.0  6.0  202.2  6.0  148.0  
Model 7.3-2 8.4  197.2  7.2  160.0  6.6  201.8  6.0  148.0  
Note: Nominal dimensions are used for the elbows here. Others are same as those in Table 7-1 

   
  (a) Model 7.3-1 (t=8.0mm)     (b) Model 7.3-2 (t=8.4mm) 
Note: Units are mm. 
Figure 7-3 Geometry of two models for SDR26 Wye fittings with 450-elbows in isolation. 
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One half of the whole system was modeled again. A typical finite element mesh for the 

isolated heavy-wall Wye fittings is similar to that shown in Figure 6-3. The material properties, 

element types and boundary conditions are the same as those described in Section 6.1.2. 

7.3.2 Modeling results for isolated heavy-wall Wye fittings 

7.3.2.1 Brief description 

Two finite element models are created for the isolated heavy-wall Wye fittings with t=8.0mm 

and t=8.4mm, respectively, as shown in Figure 7-3. The load-deformation curves are presented. 

The behaviours of the heavy wall (SDR26) Wye fittings in isolation resemble those of the regular 

(SDR35) Wye fittings in isolation, as described in Section 6.3. Thus, the remaining results are not 

presented here, which include the deformed shapes, stress distributions, yielding zones, and 

local response. 

7.3.2.2 Load-deformation curves 

The load-deformation curves for heavy-wall Wye fittings computed from models 7.3-1 and 

7.3-2 are summarized in Figure 7-4. These models feature mainlines inserted and a 450-elbow as 

well. The axial loads at initial yield are calculated between 22.5kN and 26.5kN for the SDR26 

Wye fittings in isolation. The heavy-wall Wye fittings are around 40% stronger than SDR35 Wye 

fittings in isolation. As indicated by the curves of loads versus vertical diameter changes, the 

slopes of the straight lines prior to initial yield range from 0.81kN/mm to 0.96kN/mm, which are 

over 40% greater than those from the simulations for the isolated regular (SDR35) Wye fittings, 

as described in Figure 6-16. 

As shown in Figure 7-3, the horizontal diameter changes are also very close to the vertical 



 

 
 287

diameter changes before the fitting starts to yield. After yielding, the gap between the horizontal 

diameter changes and the vertical diameter changes in the horizontal part of the fittings gradually 

increased. These results have the same trend as those in SDR35 Wye fittings in isolation. Both 

SDR26 and SDR35 Wye fittings starts yielding at a vertical change of around 30mm. 
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Note: Positive loads indicate compression; positive horizontal diameter changes imply expansion 
and positive vertical diameter changes indicate contraction. Model 1 and model 2 are equivalent 
to model 7.3-1 and model 7.3-2, respectively. 
Figure 7-4 Curves of diameter changes versus loads in numerical models for isolated 
heavy-wall Wye fittings. 

 

7.4 Numerical Simulations for Heavy-wall Tee Fittings in the Biaxial Cell 

7.4.1 Brief descriptions for the modeling of heavy-wall Tee fittings in the biaxial cell 

To compare the results from the simulations for SDR26 Tee fittings with those for SDR35 Tee 

fittings, the modeling configurations for heavy-wall (SDR26) Tee fittings are set to be the same as 

those for SDR35 Tee fittings, as described in Section 6.4, except that quarter models instead of 
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half models are used for the heavy-wall Tee fittings. As discussed previously in Section 6.6.1.4, 

the difference between the results from quarter models and half models is negligible. The material 

properties in Table 6-8 are used and the dimensions in Table 7-2 and Figure 7-1 are adopted for 

the following simulations. A total of ten models were created for the buried heavy-wall Tee fittings. 

Five models were analyzed for the fittings with lower bound measured geometry (as shown in 

Table 7-2) at five levels of overburden stress (i.e. 0, 34.5kPa, 70kPa, 100kPa and 173kPa). 

Another five models are created for the fittings with upper bound measured geometry. To be 

convenient, these models are named in accordance with Table 7-5.  

 
Table 7-5 Model names for 200mm×150mm - SDR26 Tee fittings buried in the biaxial 
cell. 
(a) For those with lower bound measured geometry as shown in Table 7-2 
Overburden (kPa) 0 34.5 70 100 173 

Model Name 7.4-1a 7.4-1b 7.4-1c 7.4-1d 7.4-1e 
 
(b) For those with upper bound measured geometry as shown in Table 7-2 
Overburden (kPa) 0 34.5 70 100 173 

Model Name 7.4-2a 7.4-2b 7.4-2c 7.4-2d 7.4-2e 
 

7.4.2 Modeling results for heavy-wall Tee fittings in the biaxial cell 

7.4.2.1 Brief description 

Since the local response, the stress (strain) distributions and the yielding zones from the 

simulations for the heavy-wall (SDR26) Tee fittings are quite similar to those for the regular 

(SDR35) Tee fittings, they are not presented again. This section primarily focuses on the capacity 

and the stiffness of the heavy-wall Tee fittings in uniform sand. The load-deformation curves are 

presented for these investigations. The relations between the ultimate capacity and the confining 
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pressure are calculated for a heavy-wall Tee fitting in uniform sand. The effects of the confining 

pressure on the stiffness of a buried heavy-wall Tee fitting are investigated later in this section.  

7.4.2.2 Load-deformation curves 

The curves of vertical diameter changes versus the axial forces acting down on the top of the 

fittings from all ten models are summarized in Figure 7-5. The peak strength and the stiffness of 

the buried Tee fittings prior to initial yield are listed in Table 7-6.  
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(a) Results for fittings with lower bound measured geometry 
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(b) Results for fittings with upper bound measured geometry 

Note: Positive loads and positive vertical diameter changes imply compression. Letter ‘p’ in the 
diagram stands for overburden pressure. Model 1a denotes Model 7.4-1a, and this same name 
convention is also used for the other cases. 
Figure 7-5 Axial force versus vertical diameter change from the models for the SDR26 
Tee fittings under various levels of overburden in the biaxial cell. 

 
Table 7-6 Summary of strength and stiffness for 200mm×150mm - SDR26 Tee fitting 
systems in uniform sand. 
(a) For fittings with lower bound measured geometry 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Model 7.4-1a 62.2 4.3 Yield Overburden=0 
Model 7.4-1b 64.5 4.8 Yield Overburden=34.5kPa 
Model 7.4-1c 69.2 6.9 Yield Overburden=70kPa 
Model 7.4-1d 73.3 7.4 Yield Overburden=100kPa 
Model 7.4-1e 78.9 9.7 Yield Overburden=173kPa 
 
(b) For fittings with upper bound measured geometry 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) 

Failure 
mechanism Remarks 

Model 7.4-2a 67.0 4.7 Yield Overburden=0 
Model 7.4-2b 69.5 5.2 Yield Overburden=34.5kPa 
Model 7.4-2c 74.7 7.3 Yield Overburden=70kPa 
Model 7.4-2d 79.2 8.1 Yield Overburden=100kPa 
Model 7.4-2e 83.9 10.2 Yield Overburden=173kPa 
Note: Stiffness prior to yield represents the stiffness of the buried fitting system prior to initial yield 
of the structure. Failure by plastic yielding was assumed in numerical simulations.  
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Based on these modeling results, the following conclusions may be drawn. 

 Either the peak strength or the stiffness of buried heavy-wall Tee fittings increase with 

increase in overburden pressure. This is discussed further in the following two subsections.  

 Wall thickness of a heavy-wall fitting has some effect on its peak strength and stiffness when 

buried, as indicated in Table 7-6. Both the peak strength and the stiffness of a fitting with 

upper bound geometry are around 8% greater than those with lower bound geometry. 

 The capacity of a heavy-wall (SDR26) Tee fitting is generally 50% greater than a regular 

(SDR35) Tee fitting when buried in uniform sand, as indicated in Tables 6-10 and 7-6. Even 

though the stiffness of a buried Tee fitting follows the same trend, it is not as significant as 

the capacity. This implies that the wall thickness has more influence on the capacity than on 

the stiffness of a Tee fitting when buried.  

7.4.2.3 Effects of confining pressure on the capacity of buried heavy-wall Tee fittings 

The peak strengths listed in Table 7-6 are plotted against the confining pressures on the 

fittings, as shown in Table 7-6. Two linear functions are used to fit the results for the fitting with 

lower bound geometry and those with upper bound geometry, respectively. The R-squared values 

are all close to one, which indicates that the linear functions fit these modeling results very well. 

Therefore, the capacity of a buried heavy-wall Tee fitting is again approximately a linear function 

of confining pressure.  
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of 
application of the overburden pressure and prior to the actuator loading. Ultimate capacity is the 
maximum axial force on the fitting before it completely fails. Letter ‘y’ stands for ultimate capacity 
and letter ‘x’ stands for confining pressure. R2 is the coefficient of determination. 
Figure 7-6 Correlation between the ultimate capacity and the confining pressure for the 
buried SDR26 Tee fittings in uniform sand. 
 

7.4.2.4 Effects of confining pressure on the stiffness of buried heavy-wall Tee fittings 
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of 
application of the overburden pressure and prior to the actuator loading. Letter ‘y’ stands for the 
stiffness of a buried SDR26 Tee fitting and letter ‘x’ stands for confining pressure.  
Figure 7-7 Correlation between the stiffness and the confining pressure for the buried 
SDR26 Tee fittings in uniform sand. 
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Similar to the capacity, the stiffness of a buried heavy-wall Tee fitting is also approximately a 

linear function of confining pressure, as shown in the above diagram. 

7.5 Numerical Simulations for Heavy-wall Wye Fittings in the Biaxial Cell 

7.5.1 Brief descriptions for the modeling of heavy-wall Wye fittings in the biaxial cell 

The modeling configurations for heavy-wall (SDR26) Wye fittings buried in the biaxial cell are 

the same as those for SDR35 Wye fittings, as described in Section 6.5. The material properties in 

Table 6-12 are again used and the dimensions in Table 7-4 and Figure 7-3 are adopted for the 

following simulations. A total of eight models have been developed for the buried heavy-wall Wye 

fittings. Four models are created for the fittings with lower bound measured geometry (as shown 

in Table 7-4) at four levels of overburden (i.e. 0, 50kPa, 100kPa and 150kPa). Similarly, another 

four models have been performed for the fittings with upper bound measured geometry. To be 

convenient, these models are identified in accordance with the following tables.  

 
Table 7-7 Model names for 200mm×150mm - SDR26 Wye fittings buried in the biaxial 
cell. 
(a) For those with lower bound measured geometry as shown in Table 7-4 
Overburden (kPa) 0 50 100 150 

Model Name 7.5-1a 7.5-1b 7.5-1c 7.5-1d 
 (b) For those with upper bound measured geometry as shown in Table 7-4 
Overburden (kPa) 0 50 100 150 

Model Name 7.5-2a 7.5-2b 7.5-2c 7.5-2d 
 

7.5.2 Modeling results for heavy-wall Wye fittings in the biaxial cell 

7.5.2.1 Brief description 

The local response, the stress (strain) distributions and the yielding zones from the 

simulations for the heavy-wall (SDR26) Wye fittings resemble those for the regular (SDR35) Wye 
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fittings. Thus, these results are not presented again. This section primarily focuses on the 

capacity and the stiffness of heavy-wall Wye fitting systems buried in uniform sand in the biaxial 

cell. Note again that the capacity of a buried Wye fitting system is defined as the capacity of the 

riser base resisting lateral bending and the local stress concentration. Since linear 

elastic-perfectly plastic material modeling is used for the pipes and fittings in these analyses, the 

buried Wye fitting systems experience plastic yielding in the numerical simulations, instead of the 

fracture at the riser base that was observed in the laboratory tests. Thus, the capacity of a Wye 

fitting system here is defined as the maximum axial force at the riser base when it starts to yield.  

The load-deformation curves are presented in this section. The relations between the 

ultimate capacity and the confining pressure are correlated for a heavy-wall Wye fitting system in 

uniform sand. The effect of the confining pressure on the stiffness of a buried heavy-wall Wye 

fitting is also described in this section.  

7.5.2.2 Load-deformation curves 

As mentioned previously in Section 6.5.3, the displacement under the axial riser force at the 

riser base in a buried Wye fitting system includes not only the vertical diameter change of the 

horizontal part of the buried Wye fitting, but also the deformation of the elbow, the riser part of the 

Wye fitting, and the deformation of the embedment soil. Thus, the axial force is plotted against 

the displacement at the riser base, instead of the vertical diameter change of the horizontal part 

of the Wye fitting. Once again, the capacity here is defined as the maximum axial riser force at 

the riser base at the time when the riser base starts yielding in the numerical simulations. Based 

on these definitions, the numerical results are then summarized in Figure 7-8. The initial parts of 
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these curves describe the results during the application of the overburden, and the remainder is 

obtained from the simulations during actuator loading. The peak strength and the stiffness of 

buried Wye fitting systems under actuator loading are summarized in Table 7-8. 
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(a) for the fittings with lower bound geometry 
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(b) for the fittings with upper bound geometry 
Note: Positive loads indicate compression and positive displacements imply downward movement. 
Letter ‘p’ in the diagram stands for overburden pressure. Model 1a stands for Model 7.5-1a, and 
same name conventions are used for the other cases. 
Figure 7-8 Axial force versus displacement at the riser base from the models for SDR26 
Wye fittings under various levels of overburden stress in the biaxial cell. 
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Table 7-8 Summary of strength and stiffness for 200mm×150mm - SDR26 Wye fitting 
systems in uniform sand 
(a) For fittings with lower bound measured geometry 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) Failure mechanism Remarks 

Model 7.5-1a 38.4 3.1 Yield at riser base Overburden=0 
Model 7.5-1b 39.4 4.2 Yield at riser base Overburden=50kPa 
Model 7.5-1c 41.0 5.6 Yield at riser base Overburden=100kPa 
Model 7.5-1d 42.5 6.8 Yield at riser base Overburden=150kPa 
 
(b) For fittings with upper bound measured geometry 

Items Peak strength 
(kN) 

Stiffness before 
yield (kN/mm) Failure mechanism Remarks 

Model 7.5-2a 38.4 3.3 Yield at riser base Overburden=0 
Model 7.5-2b 40.3 4.3 Yield at riser base Overburden=50kPa 
Model 7.5-2c 41.0 5.7 Yield at riser base Overburden=100kPa 
Model 7.5-2d 42.5 6.9 Yield at riser base Overburden=150kPa 
Note: Stiffness before yield stands for the stiffness of the buried Wye fitting system after the 
overburden stress is applied and prior to initial yield of the riser base. Peak strength in the model 
is defined as the maximum axial force at the riser base at the time when the riser starts yielding. 
Failure by plastic yielding was assumed in numerical simulations. 
 

The conclusions resulting from Figure 7-8 and Table 7-8 are presented below. 

 The peak strengths of buried heavy-wall (SDR26) Wye fitting systems as shown in Table 7-8 

are very close to those of buried SDR35 Wye fitting systems as listed in Table 6-15. This is 

reasonable since the peak strength of a buried Wye fitting system is defined as the capacity 

of the riser base resisting a local stress concentration and lateral bending. Since the same 

riser type was simulated for both the SDR35 Wye fitting systems and the SDR26 Wye fitting 

systems, the capacities of the riser bases are the same and thus, the peak strengths of the 

buried Wye fitting systems are almost the same.  

 The stiffness of a heavy-wall (SDR26) Wye fitting system is generally over 20% greater than 

that of a regular (SDR35) Wye fitting system, as indicated in Tables 6-15 and 7-8. This likely 

implies that the stiffness of the buried Wye fitting system is affected by the wall thickness of 
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the buried Wye fitting.  

 Greater overburden stress (confining pressure) leads to higher capacity (peak strength) and 

stiffness of the buried Wye fitting system, as indicated from Table 7-8. Further discussions 

regarding the effects of confining pressures on the capacity and the stiffness of a buried Wye 

fitting system are given in the subsequent sections. 

7.5.2.3 Effects of the confining pressure on the capacity of a buried heavy-wall Wye fitting 

As mentioned in the previous section, the peak strength (capacity) of a buried heavy-wall 

Wye fitting system is very close to that of a buried regular Wye fitting system, since the same 

riser type was used for both simulations. The capacity of the buried Wye fitting system is again 

approximately a linear function of confining pressure, as shown in the following figure. 
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Note: Confining pressures here are equivalent to lateral earth stresses after the completion of 
application of the overburden pressure and prior to the actuator loading. Ultimate capacity is the 
maximum axial riser force at the riser base prior to its initial yield. Letter ‘y’ stands for ultimate 
capacity and letter ‘x’ stands for confining pressure. R2 is the coefficient of determination. 
Figure 7-9 Correlation between the ultimate capacity and the confining pressure for the 
buried SDR26 Wye fitting systems in uniform sand. 
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7.5.2.4 Effects of confining pressure on the stiffness of buried heavy-wall Wye fittings 

The relation between the stiffness of a buried heavy-wall Wye fitting system and the 

confining pressure can be fit into a linear function, as shown in the following figure. 
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Note: Confining pressures here are equivalent to lateral earth stresses after the overburden 
pressure is applied and prior to the actuator loading. Buried fitting stiffness is actually the stiffness 
of the whole buried Wye fitting system. Letter ‘y’ stands for the buried SDR26 Wye fitting stiffness 
and letter ‘x’ stands for confining pressure.  
Figure 7-10 Correlation between the stiffness and the confining pressure for the buried 
SDR26 Wye fitting systems in uniform sand. 
 

7.6 Summary and Conclusions 

7.6.1 Brief description 

The behaviours of both heavy-wall (SDR26) Tee and Wye fittings in air and in uniform sand 

were calculated using the three-dimensional finite element procedures. The numerical 

calculations of capacity (strength) and stiffness for the heavy-wall Tee and Wye fittings in air and 

in uniform sand are summarized as follows. 
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7.6.2 Capacity 

For a fitting in isolation, the maximum axial force prior to its initial yield is defined as the 

capacity of this fitting. The numerical calculations for the capacities of the isolated fittings are 

listed together in the following tables. Note that the term “range” refers to the limits between the 

calculated values for the fitting with lower bound geometry and that with the upper bound 

geometry, as described previously; and the term “difference” is a percentage increment from the 

mean value for an SDR35 fitting to that for an SDR26 fitting in the following tables. 

 
Table 7-9 Summary of capacities calculated for 200mm×150mm Tee fittings in isolation. 

 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 
Range (kN) 8.5 ~ 9.5 11.5 ~ 12.5  
Mean (kN) 9.0 12.0 33% 

 
Table 7-10 Summary of capacities calculated for 200mm×150mm Wye fittings in 
isolation.  

 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 
Range (kN) 16.0 ~ 19.0 22.5 ~ 26.5  
Mean (kN) 17.5 24.5 40% 

Note: The models for Wye fittings feature mainlines and 450-elbows. 
 
Table 7-11 Summary of capacities calculated for 200mm×150mm Tee fitting systems 
when buried. 
(a) Overburden=0 (equivalent to burial of 1m-deep in uniform sand) 

 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 
Range (kN) 39.3 ~ 43.6 62.2 ~ 67.0  
Mean (kN) 41.5 64.6 56% 

(b) Overburden=173kPa (equivalent to a burial of 13m-deep in uniform sand) 
 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 

Range (kN) 50.4 ~ 56.2 78.9 ~ 83.0  
Mean (kN) 53.3 81.0 52% 

 
Table 7-12 Summary of capacities calculated for 200mm×150mm Wye fitting systems 
when buried. 
(a) Overburden=0 (equivalent to burial of 1m-deep in uniform sand) 

 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 
Range (kN) 36.8 ~ 37.0 38.4 ~ 38.4  
Mean (kN) 36.9 38.4 4% 
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(b) Overburden=150kPa (equivalent to burial of 11m-deep in uniform sand) 
 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 

Range (kN) 41.6 ~ 41.8 42.5 ~ 42.5  
Mean (kN) 41.7 42.5 2% 

Note: As mentioned previously, the capacity of a buried Wye fitting system is actually the capacity 
of the riser base resisting a local stress concentration and lateral bending. 
 

7.6.3 Stiffness 

As defined previously, the stiffness of a fitting is the slope of the curve prior to its initial yield. 

The numerical calculations of the stiffness for the isolated fittings and the buried fittings are 

summarized in the following tables. The terms “range” and “difference” have the same meaning 

as those described in Section 7.6.2. 

 
Table 7-13 Summary of stiffness calculated for 200mm×150mm Tee fittings in isolation.  

 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 
Range (kN/mm) 0.22 ~ 0.27 0.57 ~ 0.64  
Mean (kN/mm) 0.25 0.61 171% 

Note: The term “stiffness” here means the ratio of axial forces acting down on the fitting to vertical 
diameter changes of the horizontal part of the fitting prior to its initial yield. 
 
Table 7-14 Summary of stiffness calculated for 200mm×150mm Wye fittings in isolation.  

 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 
Range (kN/mm) 0.57 ~ 0.67 0.81 ~ 0.96  
Mean (kN/mm) 0.62 0.89 44% 

Note: Same as those under Table 7-13. In addition, the models for Wye fittings feature mainlines 
and 450-elbows. 
 
Table 7-15 Summary of stiffness calculated for 200mm×150mm Tee fitting systems when 
buried. 
(a) Overburden=0 (equivalent to burial of 1m-deep in uniform sand) 

 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 
Range (kN/mm) 3.7 ~ 4.1 4.3 ~ 4.7  
Mean (kN/mm) 3.9 4.5 15% 

(b) Overburden=173kPa (equivalent to burial of 13m-deep in uniform sand) 
 SDR 35 Tee Fitting SDR26 Tee Fitting Difference 

Range (kN/mm) 7.7 ~ 8.5 9.7 ~ 10.2  
Mean (kN/mm) 8.1 10.0 23% 

Note: Same as those under Table 7-13. 
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Table 7-16 Summary of stiffness calculated for 200mm×150mm Wye fitting systems 
when buried. 
(a) Overburden=0 (equivalent to burial of 1m-deep in uniform sand) 

 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 
Range (kN/mm) 2.6 ~ 2.8 3.1 ~ 3.3  
Mean (kN/mm) 2.7 3.2 19% 

(b) Overburden=150kPa (equivalent to burial of 11m-deep in uniform sand) 
 SDR 35 Wye Fitting SDR26 Wye Fitting Difference 

Range (kN/mm) 5.0 ~ 5.2 6.8 ~ 6.9  
Mean (kN/mm) 5.1 6.9 35% 

Note: The term “stiffness” here means the ratio of axial forces acting down on the elbow to the 
displacement at the riser base prior to its initial yield, which includes four components as 
described in Section 7.5.2.2. 
 

7.6.4 Conclusions 

Based on the summary of the numerical calculations for the heavy-wall fittings, as listed in 

the tables in the previous two sections, the following conclusions can be drawn. 

 For fittings in isolation, the wall thickness of a fitting has a significant influence on its capacity 

and stiffness. The capacity of a heavy-wall (SDR26) fitting (either Tee or Wye) is 

approximately one third greater than that for a regular (SDR35) fitting. 

 When buried in uniform Olivine synthetic sand, the capacity of a heavy-wall Tee fitting is 

over 50% greater than that of a regular Tee fitting, either in shallow or deep burial. Even 

though the stiffness of a Tee fitting exhibits a similar trend, the difference between the 

stiffness of an SDR26 Tee fitting and that of an SDR35 Tee fitting is only 15% in shallow 

burial and 23% in deep burial. Both the capacity and the stiffness of a Tee fitting (either 

SDR26 or SDR35) increase with the burial depth. 

 Since the capacity of a buried Wye fitting system significantly depends on the capacity of the 

riser base resisting lateral bending and a local stress concentration, the difference between 
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the capacity of a heavy-wall Wye fitting system and that of a regular Wye fitting system is 

negligible. The effects of the burial depth on the capacity of a Wye fitting (either SDR35 or 

SDR26) are also very small. However, the stiffness of a buried Wye fitting system exhibits 

same trends similar to that of a buried Tee fitting system. In shallow burial, the stiffness of a 

heavy-wall Wye fitting is 19% greater than that of a regular fitting; and in deep burial, it is 

35% greater. The stiffness of a buried Wye fitting (either SDR35 or SDR26) also increases 

with the burial depth.  
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CHAPTER 8 EXPLORATION FOR DOWNDRAG FORCES ALONG 
VERTICAL RISERS USING FINITE ELEMENT ANALYSES 

 
 

8.1 Introduction 

A one-dimensional finite element program, RiserDDF v1.0, was developed and has been 

presented in Chapter 5. Though it is a simple and effective method to estimate downdrag 

developing along vertical risers, its performance may heavily depend on the accuracy of 

evaluations for the stiffness of the “virtual bases”, (the ratio of vertical force to change in diameter 

of the pipe under the riser), which may be acquired using the laboratory procedures presented in 

Chapter 4 or the finite element analyses described in Chapter 6. In addition, the effects of earth 

loads on the deformation of the fitting system connected to the vertical riser cannot be considered 

in the analysis. All of these limitations are related to the three-dimensional nature of the problem 

and, it is unlikely that these limitations associated with the one-dimensional finite element 

procedure can be eliminated when it is employed to solve the vertical riser problem. Therefore, 

three-dimensional finite element analyses are worth consideration to do investigate further the 

downdrag developing along vertical risers connected to sewer fittings. 

Two groups of three-dimensional finite element analyses have been performed using the 

commercial program, ABAQUS, and these will be reviewed in the following sections. One group 

of models was carried out to assess the downdrag along the risers tested in the biaxial cell, as 

presented in Chapter 4. The second group has been performed to explore the downdrag along 

risers and the behaviours of Tee and Wye fittings when deeply buried. One additional purpose of 
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these models is to evaluate the one-dimensional finite element program presented in Chapter 5.  

8.2 Evaluations of Downdrag along Risers in the Biaxial Cell 

8.2.1 Riser of a 1.05m-length sitting on an SDR35 Tee in uniform sand 

8.2.1.1 Brief description 

In Section 4.4, the accumulated skin friction force along a 1.05m-long riser sitting on an 

SDR35 Tee fitting system in uniform sand was measured in the test to be 0.66kN(±0.02kN) (see 

Table 4-8). This test measurement was studied using both a simple analytical formula and a 

one-dimensional finite element procedure, as described in Chapter 5. The calculations using 

these two methods were generally conservative (higher than the test results), which may be likely 

as a result of the simplifications employed in these methods. Thus, the three-dimensional finite 

element method is employed here to simulate more realistic conditions and provide improved 

calculations. 

The backfilling procedure (Stage 1 of Test Series No. 1 in Section 4.4) for the SDR35 Tee 

fitting system is simulated. The lower bound measured geometry, as shown in Table 6-7, for the 

Tee fitting system is used. One quarter of the whole sewer system is modeled. The placement 

procedure for the soil in the test, lift by lift (150mm per lift and 200mm for the final lift) is simulated 

in the model. The model input data is listed in the following table, and the model configurations 

are generally similar to those in Section 6.1.3.2, as illustrated in the following figure. The user 

subroutine for Janbu modulus model, as described in Section 6.6.1.6.2, is again embedded into 

the ABAQUS model. The procedure of soil placement in a series of lifts is realized using the 

function of element ADD/REMOVE in the ABAQUS model.  
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Table 8-1 Material properties used in the analyses for a 1.05m-long riser sitting on an 
SDR35 Tee fitting in uniform sand. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Embedment 15.1kN/m3  
(1.54×10-6kg/mm3) Measured 

Unit weight (density) of Fill 14.4kN/m3  
(1.47×10-6kg/mm3) Measured 

Janbu’s parameter, m 340 Lapos and Moore (2002) 
Janbu’s parameter, α 0.81 Lapos and Moore (2002) 
Lower bound for embedment soil modulus  11.3MPa Measured 
Lower bound for fill soil modulus 3.0MPa Law and Moore (2007) 
Poisson’s ratio 0.32 Law and Moore (2007) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser)  
Density 1.42×10-6kg/mm3 IPEX (2002) 
Young’s modulus 2800MPa IPEX (2002) 
Poisson’s ratio 0.38 IPEX (2002) 
Yield stress 48MPa IPEX (2002) 
Note: The number of the significant figures is given by the references. 

 
 

 
 

Figure 8-1 Modeling configurations to explore downdrag along a 1.05m-long riser sitting 
on a Tee fitting system in uniform sand. 
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8.2.1.2 Modeling results 

After the placement of all backfill in the numerical model, the axial force at the riser base, 

which equals the axial force acting down on the top of the Tee fitting, is computed to be 0.66kN. 

This value is very close to the test measurement, 0.66kN(±0.02kN), as described in Section 4.4. 

The curve of the axial forces at the riser base versus the vertical diameter changes of the 

horizontal part of the Tee fitting at each fill lift is plotted in the following figure. 
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Note: A positive value of axial force or change of pipe diameter implies compression or 
contraction. Each dark triangle corresponds to one fill lift (layer). 
Figure 8-2 Axial force versus vertical diameter change calculated for a 1.05m-long riser 
sitting on an SDR35 Tee fitting in uniform sand. 

 

As indicated in Figure 8-2, during the placement of the first three fill layers, the slope (the ratio 

of the axial force at the riser base versus vertical diameter change) is close to zero. This indicates 

that the deflection of the horizontal part of the fitting is chiefly induced by the overburden (earth 

loads), not by the axial force applied by the riser. After placement of the third lift, the effect of 

downdrag force from the riser on the pipe diameter change becomes more significant. 
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After the completion of backfill placement, the distributions of the skin friction stress along the 

riser and the axial force developed in the riser are plotted in Figure 8-3, together with the 

one-dimensional numerical solutions described in Section 5.3.8.1. 

As shown in Figure 8-3, the distributions of the skin friction stress and the axial force along 

the top part of the riser are generally consistent (similar trends resulting from the 

three-dimensional solution and the one-dimensional analyses). However, the skin friction close to 

the riser base decreases more rapidly in the three-dimensional model than in the 

one-dimensional analyses. In the three-dimensional model, the effect of earth loads on the 

horizontal pipe deflection can be and has been considered. Larger pipe deflections then 

exacerbate the difference in the friction distribution at the riser base calculated using the 

one-dimensional analyses and the three-dimensional analyses. However, this difference is quite 

small, as indicated in Figure 8-3. Thus, the one-dimensional finite element procedure still 

provides reasonably calculations for the downdrag along the 1.05m-long riser, even though it may 

give less accurate estimates (about 0.1% less for the analysis with the arctangent friction model) 

than the three-dimensional finite element procedure. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-3 Numerical calculations for a 1.05m-long riser sitting on an SDR35 Tee fitting in uniform sand (a) distribution of skin friction 
stress along the riser; (b) axial force distribution along the riser. 

(a) (b) 
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8.2.2 For a 0.80m-long riser sitting on an SDR35 Wye fitting system in uniform sand 

8.2.2.1 Brief description 

As described in Section 4.5, the test measurement for the downdrag force at the base of a 

0.80m-long riser sitting on an SDR35 Wye fitting system in uniform sand was 0.37kN(±0.01kN). In 

Chapter 5, an analytical formula and a numerical code were used to evaluate this test result. This 

Section presents three-dimensional finite element analyses to simulate more sophisticated test 

conditions so that a more precise estimate can be obtained.  

The backfilling procedure at test Stage 1 of Test Series No. 1 in Section 4.5 is simulated as 

well. The lower bound of the measured dimensions for the Wye fitting system in Table 6-5 is used 

for the following model. One half of the whole buried Wye system is simulated. The backfilling 

procedure of soil placement in layers is simulated by using the function of ADD/REMOVE in 

ABAQUS. The model input is listed in the following table. The modeling settings generally 

resemble those described in Section 6.1.3.3. The finite element mesh is shown in Figure 8-4. 

 
Table 8-2 Material properties used in the analyses for a 0.80m-long riser sitting on an 
SDR35 Wye fitting in uniform sand. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Embedment 15.0kN/m3  
(1.53×10-6kg/mm3) Measured 

Unit weight (density) of Fill 14.4kN/m3  
(1.47×10-6kg/mm3) Measured 

Janbu’s parameter, m 340 Lapos and Moore (2002) 
Janbu’s parameter, α 0.81 Lapos and Moore (2002) 
Lower bound for embedment soil modulus  8.6MPa Measured 
Lower bound for fill soil modulus 3.0MPa Law and Moore (2007) 
Poisson’s ratio 0.32 Law and Moore (2007) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser) Same as those in Table 8-1 
Note: The number of the significant figures is given by the references. 
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Figure 8-4 Modeling configurations to explore downdrag along a 0.80m-long riser sitting 
on a Wye fitting system in uniform sand. 

 

8.2.2.2 Modeling results 

After the placement of all soil, the axial force at the riser base, which equals the axial force 

acting down on the top of the 450 elbow, is calculated to be 0.39kN. This value is 3 to 8% greater 

than the test measurement, 0.37kN(±0.01kN), as described in Section 4.5. The curve of the axial 

forces at the riser base versus the vertical diameter changes of the horizontal part of the Wye 

fitting at each fill lift is plotted in the following figure. 
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Note: A positive value of axial force or change of pipe diameter implies compression or 
contraction. Each dark triangle corresponds to one fill lift (layer). 
Figure 8-5 Axial force versus vertical diameter change for a 0.80m-long riser sitting on 
an SDR35 Wye fitting in uniform sand. 

 

Same conclusions as those for a Tee fitting can be drawn. During the placement of the first 

three fill layers, the ratio of the axial force at the riser base versus vertical diameter change is 

nearly zero. This indicates that the deflection of the horizontal part of the fitting is induced mainly 

by earth loads, not by the axial force reacting to the downdrag along the riser. After the placement 

of the third lift, the effect of the downdrag on the pipe diameter change becomes more significant. 

After the completion of backfill placement, the distributions of the skin friction stress along the 

riser and the axial force developed in the riser are plotted in Figure 8-6, together with the one 

dimensional numerical solutions described in Section 5.3.8.5. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-6 Numerical calculations for a 0.80m-long riser sitting on an SDR35 Wye fitting in uniform sand (a) distribution of skin 
friction stress along the riser; (b) axial force distribution along the riser. 

(a) (b) 
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As indicated in Figure 8-6, the distributions of the skin friction stress and the axial force along 

the top part of the riser obtained from the three-dimensional and one-dimensional procedures are 

generally consistent. However, the skin friction close to the riser base decreases more rapidly in 

the three-dimensional model than that in the one-dimensional analyses. In the three-dimensional 

model, the effect of the earth loads on the deformation of the horizontal part and the riser part of 

the Wye fitting has been considered. Larger displacements at the riser base then exacerbate the 

difference in the friction distribution at the riser base between the one-dimensional analyses and 

the three-dimensional analyses. However, this influence of the additional deflections (due to earth 

loads) on the downdrag is small (by about 8% less for the analysis with the arctangent friction 

model), as indicated in Figure 8-6. Thus, the one-dimensional finite element procedure can still 

provide reasonably good estimates for the downdrag along the 0.8m-long riser, even though it 

could not correctly consider the influence of the overburden and may give less accurate estimates 

than the three-dimensional finite element analyses. 

8.3 Calculations for Downdrag along Risers Deeply Buried in Silt Fill 

8.3.1 Brief introduction 

Numerical calculations for downdrag along risers deeply buried in silt fill were obtained 

previously using the one-dimensional finite element program, RiserDDF v1.0, as presented in 

Chapter 5. However, those calculations were based on the assumption of an elastic virtual base 

(i.e. an elastic buried fitting system). It certainly cannot correctly consider the failure of the buried 

fitting system and the effect of earth loads on the deflection of the fitting system.  

As described in the preceding sections, the three-dimensional finite element procedures can 
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simulate more sophisticated conditions. The linear elastic-perfectly plastic material model for the 

fitting system and the effect of earth loads on the response of the fitting system are considered in 

the following simulations for deeply buried sewers. The modeling configurations for the following 

analyses are nearly the same as those described in Section 8.2, except that the soil properties 

and the model dimensions differ in each model. Poorly-graded sand (SP as denoted in ASTM D 

2487) of Class II in ASTM D 2321 - 05 is adopted as the embedment material; while inorganic 

clayey silt (ML as denoted in ASTM D 2487) of Class IVA in ASTM D 2321 - 05 is assumed for the 

backfill. Based on the discussions in Section 5.3.9 and in Section 8.6, all backfill soil is placed in 

one big layer instead using incremental layered construction in the following simulations. 

Overall, four groups of three-dimensional simulations have been performed for an SDR35 Tee 

fitting system, an SDR26 Tee fitting system, an SDR35 Wye fitting system and an SDR26 Wye 

fitting system respectively.  

8.3.2 Riser sitting on an SDR35 Tee fitting system in silt fill 

8.3.2.1 Brief description 

A group of models with various burial depths have been created and analyzed to evaluate the 

downdrag along a riser sitting on an SDR35 Tee fitting. The configurations for each model 

resemble those described in Section 8.2.1 and Figure 8-1 except for the model height and soil 

properties. Again, lower bound measured geometry (see Table 6-7) is used for the Tee fitting 

system. To enable meaningful comparison with the results from the one-dimensional analyses in 

Section 5.3.8.3, input data are kept consistent with those in Table 5-4, as listed in the following 

table. 
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Table 8-3 Material properties used in the analyses for a riser sitting on an SDR35 Tee 
fitting system under silt fill. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Fill 20.6kN/m3  
(2.1×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Fill 40 CGS (1992) 
Janbu’s parameter, α, for Fill 1.0 CGS (1992) 
Lower bound for fill soil modulus 1.0MPa McGrath et al. (1999) 
Poisson’s ratio for Fill 0.35 Law and Moore (2007) 

Unit weight (density) of Embedment 15.1kN/m3  
(1.54×10-6kg/mm3) Measured 

Janbu’s parameter, m, for Embedment 340 Lapos and Moore (2002) 
Janbu’s parameter, α, for Embedment 0.81 Lapos and Moore (2002) 
Poisson’s ratio for Embedment 0.32 Law and Moore (2007) 
Lower bound for embedment soil modulus  11.3MPa Measured 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser) Same as those in Table 8-1 
Note: The number of the significant figures is given by the references. 

 

8.3.2.2 Results 

8.3.2.2.1 Brief introduction 

At the failure of the fitting system, the contour plots for the stress distributions and plastic yield 

zones are very similar to those during the simulations for SDR35 Tee fittings in the biaxial cell, as 

presented previously in Sections 0 to 6.2.2.5. Thus, these results are not presented here. Instead, 

the following modeling results are reviewed and discussed in this section. 

 A curve of axial force at the riser base versus vertical diameter change of the horizontal part 

of the fitting; and,  

 Distributions of axial force developed in the riser and skin friction stress along the riser in the 

simulation at the initial yield point and at ultimate state of the fitting system.  

8.3.2.2.2 Axial force at the riser base versus vertical diameter change 

A total of seven analyses were performed to acquire the relationship between axial force at 

the riser base versus vertical diameter change for an SDR35 Tee fitting system connected to a 
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vertical riser in silt fill. These models featured initial effective riser lengths (the length of the riser 

initially buried in the soil) of 3m, 5.5m, 6m, 6.5m, 7m, 7.5m and 8m. The results are plotted in 

Figure 8-7. 
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Note: A positive value of axial force or change of pipe diameter implies compression or 
contraction. Each dark square corresponds to an analysis with one specific initial effective riser 
length as noted in the diagram. 
Figure 8-7 Axial force versus vertical diameter change for a riser sitting on an SDR35 
Tee fitting system under silt fill. 

 

As indicated in Figure 8-7, the ultimate capacity of the buried SDR35 Tee fitting system is 

around 50.1kN from the model with the initial effective riser length of 7.5m. In this model, the 

confining stress on the fitting is around 74.4kPa, calculated as (20.6kN/m3 × 7.5m + 15.1kN/m3 × 

0.25m) × 0.32/(1 - 0.32). Using the equation shown in Figure 6-32 for a Tee fitting with lower 

bound geometry, the correlated ultimate capacity is 49kN, which is only 2% less than the 

calculated value (50.1kN). This implies that the numerical procedure described in Section 6.4, 

which also provides estimates consistent with the laboratory results, supply effective estimates for 

the strength of the buried Tee fitting by using a mesh restricted to the size of the biaxial cell 
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together with overburden pressure. Furthermore, one may conclude that the laboratory procedure 

described in Chapter 4 is also capable of providing good estimates for the strength of a Tee fitting 

buried at various depths. 

As implied In Figure 8-7, the Tee fitting system fails completely at the initial effective riser 

length of 7.5m. This value is greater than 6.36m, which was estimated using the one-dimensional 

program in Section 5.3.8.3. This likely indicates that the one-dimensional finite element 

procedures provide more conservative results than the three-dimensional procedures. As 

mentioned previously, the effect of earth loads on the deflection of the fitting and mainlines cannot 

be considered in the one-dimensional finite element procedure, which may be a major reason for 

this difference. 

8.3.2.2.3 Distribution of axial force and skin friction stress 

As indicated in Figure 8-7, the Tee fitting system starts yielding when buried under 6m silt fill. 

The distributions of the axial force developed in the riser and the skin friction stress along the 

riser in the model with an initial effective riser length of 6m are plotted in Figure 8-8, together with 

the one-dimensional finite element solutions computed using the program RiserDDF v1.0 

presented in Chapter 5. The initial effective riser length here is defined as the length of the riser 

part which contacts with the surrounding backfill prior to the analysis. This definition is also used 

in the following discussions. 

At the ultimate state of the fitting system in the simulation, the distributions of the axial force 

developed in the riser and the skin friction stress along the riser in the model with an initial 

effective riser length of 8m are plotted in Figure 8-9. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-8 Numerical calculations for a riser sitting on an SDR35 Tee fitting under 6m silt fill (a) distribution of skin friction stress 
along the riser; (b) axial force distribution along the riser. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-9 Numerical calculations for a riser sitting on an SDR35 Tee fitting under 8m silt fill (a) distribution of skin friction stress 
along the riser; (b) axial force distribution along the riser. 
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As indicated in Figure 8-8, the one-dimensional finite element procedures generally give 

slightly conservative (larger axial forces) calculations than the three-dimensional method. The 

patterns of the distributions of the skin friction and the axial force are consistent between the 

one-dimensional and the three-dimensional finite element solutions. In Figure 8-9, at the collapse 

of the structure, the skin friction starts decreasing at a point around 1m above the riser base, and 

finally its direction of action reverses (shear stresses act up on the riser since the riser in this 

zone moves down relative to the surrounding soil).  

8.3.3 Riser sitting on an SDR26 Tee fitting system in silt fill 

8.3.3.1 Brief description 

To evaluate the downdrag along a riser sitting on an SDR26 (heavy-wall) Tee fitting system, 

numerous models are created and analyzed. These models have the same configurations as 

those described in Section 8.2.1 and Figure 8-1 except for the structure geometry and the mesh 

height. The lower bound geometry in Table 7-2 and Figure 7-1 is again adopted for the Tee fitting 

system in the following models. The model input is the same as that in Table 8-3.  

8.3.3.2 Results 

8.3.3.2.1 Brief introduction 

The stress distributions and plastic yield zones also resemble those from the calculations for 

SDR35 Tee fittings in the biaxial cell, as described in Sections 0 to 6.2.2.5, and are not presented 

here. The results that are reviewed and discussed in this section are as follows. 

 A curve of axial force at the riser base versus vertical diameter change of the horizontal part 

of the fitting; and,  
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 Distributions of axial force developed in the riser and skin friction stress along the riser in the 

simulation at ultimate capacity (as opposed to initial yield) of the fitting system.  

8.3.3.2.2 Axial force at the riser base versus vertical diameter change 

Eight models with initial effective riser lengths of 3m, 6m, 7.5m, 8m, 8.5m, 9m, 9.5m and 10m 

were analyzed to investigate downdrag for risers connected to SDR26 Tee fittings under silt fill. 

The curve of the axial force at the riser base versus the vertical diameter change of the horizontal 

part of the Tee fitting is plotted in Figure 8-10. 
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Note: Same as those in Figure 8-7. 
Figure 8-10 Axial force versus vertical diameter change for a riser sitting on an SDR26 
Tee fitting system under silt fill. 

 

As indicated in the above figure, the ultimate capacity of the buried SDR26 Tee fitting system 

is around 76.4kN, and this corresponds to the analysis with an initial effective riser length of 9.5m. 

The confining stress on the fitting in this model is around 93.7kPa. Thus, the correlated ultimate 

capacity is 80.1kN using the equation for a fitting with lower bound geometry in Figure 7-6. This 

value is only around 5% greater than the value calculated here (76.4kN). Thus, the numerical 
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mesh with the size of the biaxial cell together with overburden pressure provides reasonable 

accurate estimations for the capacity of a buried heavy-wall Tee fitting.  

Figure 8-10 shows that the fitting system fails entirely at the initial effective riser length of 

9.5m, which is greater than 8.12m obtained from the one-dimensional finite element analysis 

described in Section 5.3.8.4. Again, the one-dimensional numerical method gives a relatively 

conservative estimate for the allowable buried depth of the Tee fitting system because it does not 

consider the effect of earth loads on the deflection of the horizontal pipes. 

8.3.3.2.3 Distribution of axial force and skin friction stress 

The distribution of axial force developed in the riser and skin friction along the riser from the 

model with the initial effective riser length of 10m is plotted in Figure 8-11. 

The same conclusions as those for the SDR35 Tee may be drawn based on Figure 8-11. 

Once the buried fitting system yields, the friction starts decreasing at a point about 1.5m above 

the riser base, and its acting direction then reverses (shear stresses act up on the riser).  

To investigate the effect of the flexibility of the buried fitting system on the downdrag 

developed along the riser, the distribution of axial force developed in a 6m riser connected to an 

SDR26 Tee fitting system is plotted together with that in a 6m riser connected to an SDR35 Tee 

fitting system. The distributions of skin friction developed in both models are also plotted together 

in Figure 8-12. In both of these two analyses, the fitting systems have approximately linear 

response prior to initial yield as indicated in Figure 8-7 and Figure 8-10. As explained previously, 

all settings between these two models were set to be the same except for the structural geometry 

which affects the flexibility of the buried fitting system. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-11 Numerical calculations for a riser sitting on an SDR26 Tee fitting under 10m silt fill (a) distribution of skin friction stress 
along the riser; (b) axial force distribution along the riser. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-12 Numerical calculations for the risers sitting on an SDR35 Tee fitting and an SDR26 Tee fitting under 6m silt fill (a) 
distribution of skin friction stress along the riser; (b) axial force distribution along the riser. 

(a) (b)
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As indicated in Figure 8-12, both the distributions of skin friction and axial force are very 

consistent between the models for an SDR35 Tee fitting and an SDR26 Tee fitting. The axial force 

at the riser base from the model for an SDR35 Tee fitting is 34.5kN as indicated in Figure 8-7; and 

that for an SDR26 Tee fitting is 35.2kN, as shown in Figure 8-10. These two values of mobilized 

force differ by just 2%. However, the flexibilities (or stiffnesses) of these two buried Tee fitting 

systems are quite different. In both of the above two models with the initial effective riser length of 

6m, the confining stresses around the fittings are around 60kPa. Based on the numerical results 

shown in Figures 6-33 and 7-7, the correlated stiffness of the buried SDR35 Tee fitting is around 

6.3kN/mm and that of the buried SDR26 Tee fitting is 7.7kN/mm. This implies that the stiffness of 

the buried SDR35 Tee fitting system is around 18% lower than that of the buried SDR26 Tee 

fitting system. Overall, it appears that the flexibility of the buried structure has a small influence on 

the downdrag developed along the riser, which is consistent with the conclusion in Section 5.3.9. 

8.3.4 Riser sitting on an SDR35 Wye fitting system in silt fill 

8.3.4.1 Brief description 

A number of models are analyzed to investigate the downdrag that develops along a riser 

sitting on an SDR35 Wye fitting system under silt fill. The model configurations are quite similar to 

those described in Section 8.2.2 and Figure 8-4 except for the mesh height and soil properties. 

Lower bound geometry of the Wye fitting system as shown in Table 6-5 is adopted for the 

following simulations. The model input data are consistent with those in Table 5-13 in Chapter 5, 

as listed in Table 8-4. 
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Table 8-4 Material properties used in the analyses for a riser sitting on an SDR35 Wye 
fitting system under silt fill. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Fill 20.6kN/m3  
(2.1×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Fill 40 CGS (1992) 
Janbu’s parameter, α, for Fill 1.0 CGS (1992) 
Lower bound for fill soil modulus 1.0MPa McGrath et al. (1999) 
Poisson’s ratio for Fill 0.35 Das (1998) 

Unit weight (density) of Embedment 15.0kN/m3  
(1.53×10-6kg/mm3) Measured 

Janbu’s parameter, m, for Embedment 340 Lapos and Moore (2002) 
Janbu’s parameter, α, for Embedment 0.81 Lapos and Moore (2002) 
Poisson’s ratio for Embedment 0.32 Law and Moore (2007) 
Lower bound for embedment soil modulus  8.6MPa Measured 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser)  
Density 1.42×10-6kg/mm3 IPEX (2002) 
Young’s modulus 2800MPa IPEX (2002) 
Poisson’s ratio 0.38 IPEX (2002) 
Yield stress 48MPa IPEX (2002) 
Note: The number of the significant figures is given by the references. 

 

8.3.4.2 Results 

8.3.4.2.1 Brief introduction 

The response calculated for the buried Wye fitting system receiving axial forces from the riser 

is similar to that presented in Section 6.5.2, so is not reviewed further. This section presents the 

following numerical results. 

 A curve of axial force at the riser base versus displacement at the riser base; and,  

 Distributions of axial force developed in the riser and skin friction stress along the riser in the 

simulation just prior to initial yield at the riser base.  

8.3.4.2.2 Axial force versus displacement at the riser base 

Five models with initial effective riser lengths of 0.5m, 2.5m, 5.5m, 6.5m and 7m respectively 

were analyzed to investigate downdrag for the risers connected to SDR35 Wye fittings under silt 
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fill. As described previously in Sections 4.5.4.3 and 6.5, the buried Wye fitting system fails at the 

riser base instead of in the fitting, and the axial force at the riser base prior to its initial yield is 

defined as the ultimate capacity of the buried Wye fitting system. In these simulations, the riser 

base was found to start yielding between cases with initial effective riser lengths of 7m and 7.5m. 

Thus, the maximum allowed buried riser length for an SDR35 Wye fitting system is specified as 

7m. The axial force at the riser base is plotted against the displacement at the riser base in Figure 

8-13. 
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Note: Same as those in Figure 8-7. 
Figure 8-13 Axial force versus displacement at the riser base for a riser sitting on an 
SDR35 Wye fitting system under silt fill. 

 

As discussed in previous chapters, the ultimate capacity of the buried Wye fitting system is 

defined as the capacity of the riser base resisting lateral bending and a local stress concentration. 

Therefore, the case with initial effective riser length of 7m is the burial depth leading to failure for 

an SDR35 Wye fitting system connected to a vertical riser in silt fill, as indicated in Figure 8-13. 

This 7m value is greater than that (6.56m) calculated using the one-dimensional program in 
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Section 5.3.8.6. The maximum axial force at the riser base in the model with an initial effective 

riser length of 7m is 47.9kN. Using the equation in Figure 6-42, the correlated ultimate capacity is 

41kN, which is 14% lower than the calculated value, 47.9kN here. This likely indicates that the 

numerical procedure using a biaxial cell size, as described in Section 6.5, provides a more 

conservative estimate for the ultimate capacity of a buried Wye fitting system than the procedure 

presented here. 

8.3.4.2.3 Distribution of axial force and skin friction stress 

The distribution of the axial force developed in the riser and skin friction along the riser from 

the analysis of an initial effective riser length of 7m is plotted together with the one-dimensional 

finite element solutions in Figure 8-14. 

As indicated in Figure 8-14, the one-dimensional finite element solutions are quite consistent 

with the three-dimensional results along the top 5m part of the riser. However, along the bottom 

2m part of the riser, the calculations from the three-dimensional finite element models are greater 

than those using the one-dimensional finite element program. In the three-dimensional finite 

element simulations for the buried Wye fitting system, the response of the lateral bending and 

local stress concentration at the riser base can be considered and simulated. The lateral bending 

at the riser base, which is caused by the horizontal displacement of the elbow and the riser part of 

the Wye fitting, may greatly increase the lateral earth pressure on the riser. This subsequently 

increases the skin friction at the interface between the soil and the riser, as observed in Figure 

8-14. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-14 Numerical calculations for a riser sitting on an SDR35 Wye fitting under 7m silt fill (a) distribution of skin friction stress 
along the riser; (b) axial force distribution along the riser. 

(a) (b) 
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8.3.5 Riser sitting on an SDR26 Wye fitting system in silt fill 

8.3.5.1 Brief description 

This section presents the analyses undertaken to evaluate downdrag along a riser sitting on 

an SDR26 (heavy-wall) Wye fitting system in silt fill. These analyses have the same 

configurations as those described in Section 8.2.2 and Figure 8-4 except for the structure 

geometry and the mesh height. The lower bound geometry in Table 7-4 and Figure 7-3 is adopted 

for the Wye fitting system in the following simulations. The modeling input is exactly the same as 

that in Table 8-4. 

8.3.5.2 Results 

8.3.5.2.1 Brief introduction 

This section presents only the following results. The behaviours of the fitting system resemble 

those described in Section 6.5.2, so are not repeated here. 

 Axial force at the riser base versus displacement at the riser base; and,  

 Distributions of axial force developed in the riser and skin friction stress along the riser in the 

simulation at a point just prior to initial yield at the riser base.  

8.3.5.2.2 Axial force versus displacement at the riser base 

A total of six analyses with initial effective riser lengths of 1m, 2m, 3m, 6m, 6.5m and 7m 

respectively were created to study downdrag for the risers connected to SDR26 Wye fittings 

under silt fill. Once again the riser base was found to commence yielding between the solutions 

for riser lengths of 7m and 7.5m. Therefore, the critical condition for this fitting system under silt 

fill is considered to be the case for a riser of length 7m. The curve of axial force versus 
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displacement at the riser base is plotted in Figure 8-15. 
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Note: Same as those in Figure 8-7. 
Figure 8-15 Axial force versus displacement at the riser base for a riser sitting on an 
SDR26 Wye fitting system under silt fill. 

 

The case with riser length of 7m is also the critical condition for the buried heavy-wall (SDR26) 

Wye fitting system in silt fill. The axial force at the riser base in this model is 48.5kN, which is only 

slightly greater than that (47.9kN) calculated for a buried regular (SDR35) Wye fitting system. 

This indicates that the capacity of a Wye fitting system, which is defined as the capacity of the 

riser resistance to local bending and stress concentration, is not significantly affected by the 

stiffness of the buried Wye fitting system. Using the equation in Figure 7-10, the correlated 

ultimate capacity is 41.9kN, which is 14% lower. This likely indicates that the procedure using the 

mesh for the biaxial cell gives reasonable conservative calculations for the capacity of the buried 

Wye fitting system. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-16 Numerical calculations for the risers sitting on an SDR35 and an SDR26 Wye fittings under 7m silt fill (a) distribution of 
skin friction stress along the riser; (b) axial force distribution along the riser. 

(a) (b)
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8.3.5.2.3 Distribution of axial force and skin friction stress 

The distribution of the axial force in the riser and the skin friction along it for riser length of 7m 

is plotted together with those for the SDR35 Wye fitting system in Figure 8-16. 

Figure 8-16 indicates that the distributions of skin friction and axial force along the riser sitting 

on an SDR26 Wye fitting system are very consistent with those along the riser over an SDR35 

Wye fitting system. However, the flexibilities of these two Wye fitting systems are distinctly 

different. Based on the equation in Figure 6-43, the correlated stiffness for the above buried 

SDR35 Wye fitting system is around 4.8kN/mm, which is 28% lower than that (6.3kN/mm) of the 

buried SDR26 Wye fitting system for these specific fitting structures based on the equation in 

Figure 7-10. This likely indicates that the flexibility of the buried Wye fitting system (its stiffness 

ranges between 4.8kN/mm and 6.3kN/mm) has little influence on the downdrag that develops 

along the riser. This is consistent with the conclusion drawn in Section 5.3.9. 

8.4 Calculations for Downdrag along Risers Deeply Buried in Well-graded Sand 

8.4.1 Brief introduction 

Even though it is not usually economically practical to use well-graded sand entirely as backfill 

material for a deeply buried fitting system, simulations with well-graded sand backfill are used 

here to investigate the effects of backfill soil properties on the downdrag that develops along 

risers. In this section, four additional analyses are reported for an SDR35 Tee fitting system, an 

SDR26 Tee fitting system, an SDR35 Tee fitting system and an SDR26 Tee fitting system, 

respectively. Each model has exactly the same configurations as those in the corresponding 

model described in Section 8.3, except that the well-graded sand (denoted SW in the Unified Soil 
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Classification System; and Class II in ASTM D2321 - 05) is assumed for both the embedment 

material and the backfill material. All of these four models feature an initial effective riser length of 

10m. The input data is listed in the following table. 

 
Table 8-5 Material properties used in the analyses for risers sitting on fitting systems 
in well-graded sand. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Fill 19.5kN/m3  
(1.99×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Fill 200 CGS (1992) 
Janbu’s parameter, α, for Fill 0.5 CGS (1992) 
Lower bound for fill soil modulus 3.2MPa McGrath et al. (1999) 
Poisson’s ratio for Fill 0.32 Das (1998) 

Unit weight (density) of Embedment 21.0kN/m3  
(2.143×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Embedment 325 CGS (1992) 
Janbu’s parameter, α, for Embedment 0.5 CGS (1992) 
Poisson’s ratio for Embedment 0.35 Das (1998) 
Lower bound for embedment soil modulus  13.8MPa McGrath et al. (1999) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser)  
Density 1.42×10-6kg/mm3 IPEX (2002) 
Young’s modulus 2800MPa IPEX (2002) 
Poisson’s ratio 0.38 IPEX (2002) 
Yield stress 48MPa IPEX (2002) 
Note: The number of the significant figures is given by the references. 

 

8.4.2 Discussion of Results 

None of the fitting systems were found to fail in these numerical simulations. The axial forces 

at the riser bases, which act down on the fitting systems, are listed in Table 8-6.  

 
Table 8-6 Accumulated skin friction forces along a 10m riser in well-graded sand. (kN) 

SDR 35 Tee Fitting SDR26 Tee Fitting SDR 35 Wye Fitting SDR26 Wye Fitting 
45.8 51.6 51.3 53.7 

 

In the above table, the maximum difference among the calculated values is about 15%. It 

appears that the flexibility of the structure itself has a small influence on the downdrag that 
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develops along the riser. Under well-graded sand fill, all the fitting systems are not likely to fail 

when buried 10m. However, all the fittings fail before reaching 10m in silt fill. This indicates that 

the buried fitting system will perform better in well-graded sand fill than silt backfill. 

The distributions of axial force and skin friction along the risers are plotted respectively for Tee 

and Wye fittings in Figures 8-17 and 8-18. In each case the skin friction starts decreasing at a 

height of approximately 4m above the riser base (located at depth of 10m), which is considerably 

higher than that observed in silt fill. The higher stiffness soil produces lower downdrag at the riser 

base. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-17 Numerical calculations for risers sitting on Tee fittings under 10m well-graded sand fill (a) distribution of skin friction 
stress along the riser; (b) axial force distribution along the riser. 

(a) (b)
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-18 Numerical calculations for risers sitting on Wye fittings under 10m well-graded sand fill (a) distribution of skin friction 
stress along the riser; (b) axial force distribution along the riser. 

(a) (b)
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8.5 Controlled Settlement Joint 

8.5.1 Brief introduction 

As mentioned in Chapter 2, a new fitting called a “Controlled Settlement Joint” was designed 

to reduce the downdrag forces acting on the fitting (Durham, 1988 and CSA B182.1-06). The 

Controlled Settlement Joint is installed between the riser pipe and the Tee fitting and has a slip 

area of approximately six inches. Using this configuration, the axial force acting on the Tee fitting 

is believed to be greatly reduced and the punch-through failure can be avoided when the sewer 

service connections is deeply buried in soft backfill. While a few pipe manufacturers provide 

Controlled Settlement Joints (denoted CSJ in the following discussions), no research studies on 

the performance of this configuration can be found. Thus, a three-dimensional finite element 

procedure to study this configuration is presented in this section. 

A sketch of a typical configuration using a Controlled Settlement Joint is shown in Figure 8-19. 

Typically, double gaskets are used to hold the riser in position. The force to punch through the 

gaskets in the CSJ depends on the riser pipe diameter and gasket properties. Based on the 

description of Durham (1988) and CSA B182.1-06, a value of 4.45kN (1000lbf) is assumed for 

this force in the following analysis. 

 



 

 
 339

       
               (a) original configuration        (b) simplified configuration in model 
 
Figure 8-19 Illustration for a typical sewer service connection using a Controlled 
Settlement Joint. 

 

Consider a sewer service connection system consisting of an 200mm×150mm - SDR35 Tee 

fitting, 200mm - SDR35 - mainlines, 150mm - SDR35 - riser pipes and a 150mm - SDR35 - CSJ. 

All these components are assumed to be composed of PVC. Based on the nature of this system, 

it is reasonable to simplify the original configuration in diagram (a) of Figure 8-19 into the one in 

diagram (b), where the CSJ is merged into the Tee fitting geometry. The friction between the 

gaskets of CSJ and the riser pipe is replaced by an equivalent pressure along the bottom end of 

the riser and the frictionless contact between the riser pipe and CSJ. These simplifications are 

assumed to have little influence on the downdrag that develops along the riser pipe. 
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The model configurations are similar to those described in Section 8.2.1 and Figure 8-1, 

except for the mesh geometry and soil properties. A riser length of 4m is assumed in the 

simulation. Technically, joints should be avoided in between the top end and bottom end of the 

riser since large vertical movement may occur when it is connected to the CSJ. The large vertical 

movement may then separate two segments of the riser pipes at the connections. Thus, it may be 

difficult or impractical to install a riser over 4m-long into CSJ. Well-graded sand (SW as denoted 

in ASTM D 2487) of Class II in ASTM D 2321 - 05 is adopted as the embedment material; while 

inorganic clayey silt (ML as denoted in ASTM D 2487) of Class IVA in ASTM D 2321 - 05 is 

assumed for the backfill. The input data are listed in Table 8-7. 

 
Table 8-7 Material properties used in the analyses for riser pipes connected to 
Controlled Settlement Joints in silt fill. 

Soil (including Embedment and Fill) Data sources 

Unit weight (density) of Fill 20.6kN/m3  
(2.1×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Fill 40 CGS (1992) 
Janbu’s parameter, α, for Fill 1.0 CGS (1992) 
Lower bound for fill soil modulus 1.0MPa McGrath et al. (1999) 
Poisson’s ratio for Fill 0.35 Das (1998) 

Unit weight (density) of Embedment 21.0kN/m3  
(2.143×10-6kg/mm3) Das (1998) 

Janbu’s parameter, m, for Embedment 325 CGS (1992) 
Janbu’s parameter, α, for Embedment 0.5 CGS (1992) 
Poisson’s ratio for Embedment 0.32 Das (1998) 
Lower bound for embedment soil modulus  13.8MPa McGrath et al. (1999) 
Friction coefficient at soil and pipe interface 0.44 El Chazli et al. (2005) 

PVC material (including fitting, mainlines and riser)  
Density 1.42×10-6kg/mm3 IPEX (2002) 
Young’s modulus 2800MPa IPEX (2002) 
Poisson’s ratio 0.38 IPEX (2002) 
Yield stress 48MPa IPEX (2002) 
Note: The number of the significant figures is given by the references. 
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8.5.2 Results  

8.5.2.1 Distributions of axial force and skin friction along the riser 

The distributions of axial force and skin friction along the riser are plotted in Figure 8-20. The 

computed axial force at the riser base is 4.45kN, which equals the assumed value, 4.45kN 

(1000lbf) of the force to “punch through” the gaskets.  

As indicated in Figure 8-20, the acting area of upward skin friction is around one quarter of the 

entire riser length. Approximate 60% of the downward skin friction force along the top part of the 

riser is balanced by the upward skin friction force along the bottom part of the riser, which may be 

defined as “friction self-balance”. However, the riser base moves down (punch through) 45mm 

into the merged CSJ, as presented in Section 8.5.2.3.  
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-20 Numerical calculations for a 4m riser connected to a CSJ in 4m silt fill (a) distribution of skin friction stress along the riser; 
(b) axial force distribution along the riser. 

(a) (b)
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8.5.2.2 Soil displacement contours 

The vertical displacement at the top surface of the backfill is 153mm in the simulation. The 

contour of the vertical soil displacement close to the riser is plotted in the following figure. As 

indicated in this figure, the top part of the backfill drag down the riser; while the bottom part of the 

riser drag down the surrounding soil. The neutral plane is also around 1m above the riser base, 

which is consistent as observed in Figure 8-20. 

 

 
 

Figure 8-21 Contour plot for the vertical soil displacement in the modeling for a 4m riser 
connected to a CSJ in silt fill. 
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8.5.2.3 Movement of riser in CSJ 

The initial position of the riser base in the slip area of the merged CSJ and the final position of 

the riser base are plotted in Figure 8-22. The downward movement of the riser base is 45mm, 

which is around one third of the slip area available in the CSJ. 

 

   
 

                         Initial position            Final position 
 

Figure 8-22 Movement of a 4m riser connected to a CSJ in silt fill. 
 

8.5.3 Conclusions  

As demonstrated by the three-dimensional analysis of the CSJ, the downdrag force at the 

riser base (or the axial force acting on the Tee) can be significantly reduced by movement of the 

riser in the CSJ. The skin friction acting down along the riser is then partly balanced by friction 

acting up. This configuration may prevent damage of the fitting connected to the riser. 

However, in practice, attention should be paid to the installation of the CSJ. The riser base 

should not be pushed into the slip area of the CSJ before backfilling. Technically, intermediate 
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joints should be avoided in between the top and bottom ends of the riser to prevent it from 

separating as a result of large vertical movement of the riser base into the CSJ.  

8.6 Effects of Lift Thickness on Downdrag 

8.6.1 Introduction 

In Section 5.3.9, the one-dimensional numerical results indicate that the thickness of the fill lift 

(layer) height has little influence on the downdrag that develops along the riser. In this section, 

further investigations are carried out to verify this conclusion using three-dimensional finite 

element models. Two additional three-dimensional analyses have been performed. One model 

has the same configuration as those for the model described in Section 8.2.1, except that the fill 

is placed in a single layer instead of layer by layer. Similarly, the second model has the same 

settings as those for the model presented in Section 8.2.2, but with the backfill placed in one step. 

8.6.2 Riser of 1.05m length on an SDR35 Tee fitting system in uniform sand 

The axial force at the riser base for this analysis is 0.70kN, which is approximately 6% greater 

than that in the model with the soil placed layer by layer, 0.66kN (Section 8.2.1). 

After placement of all the backfill, the distributions of skin friction along the riser and axial 

force in the riser are presented in Figure 8-23, together with the results from Section 8.2.1. The 

numerical results for soil placed layer by layer are very close to those with the soil placed in one 

step.  

It appears that the lift thickness has a small effect on the numerical calculations for downdrag 

on an SDR35 Tee fitting. Analysis considers one big layer gives slightly higher values for the 

downdrag along the riser. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-23 Investigation on the effect of the fill lift thickness by using numerical models for a 1.05m-long riser sitting on an SDR35 
Tee fitting in uniform sand (a) distribution of skin friction stress along the riser; (b) axial force distribution along the riser. 

(a) (b)
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8.6.3 Riser of 0.8m length on an SDR35 Wye fitting system in uniform sand 

The axial force at the riser base in this analysis is calculated to be 0.39kN, which is the same 

as that in the model with the soil placed layer by layer, 0.39kN (Section 8.2.2). 

After placement of the backfill, the distributions of skin friction along the riser and the axial 

force in the riser are presented in Figure 8-24, together with the results from Section 8.2.2. The 

numerical results for the soil placed layer by layer are very close to those with the soil placed in 

one step.  

It appears that the lift thickness has a small effect on the numerical computations for the 

downdrag an SDR35 Wye fitting. Analysis considers one big layer gives the same values for the 

downdrag along the riser. 
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Note: Positive values for axial forces imply compression and positive values for skin friction imply friction stress acting downwards along risers.  
Figure 8-24 Investigation on the effect of the fill lift thickness by using numerical models for a 0.80m-long riser sitting on an SDR35 
Wye fitting in uniform sand (a) distribution of skin friction stress along the riser; (b) axial force distribution along the riser. 

(a) (b) 
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8.7 Discussions and Recommendations 

8.7.1 Factors influencing downdrag along a riser 

As indicated in Equation(5.1), five factors affect the accumulated downdrag force, as follows. 

 Unit weight of backfill material, γ. For lower density backfill, lower downdrag develops along 

the riser. However, it is not likely feasible to select backfill material considering its unit weight. 

In practice, natural soils (e.g., gravel, sand and clay) are used as backfill based on 

availability and cost. 

 Buried length of the riser, H. The accumulated downdrag at the riser base is quadratically 

proportional to riser length. Even though it is desirable to avoid a deeply-buried riser, 

circumstances can occur when geometry dictates a configuration of this land. 

 Coefficient of lateral earth pressure, K. Reducing the magnitude of this coefficient can 

linearly decrease the downdrag. However, this factor is difficult to reduce. It is a function of 

the backfill selected and the level of soil compaction to reach vehicle loading requirements.  

 External circumference of the riser, C. Smaller diameter riser pipes attract less downdrag. 

However, diameter is likely controlled by hydraulic requirements.  

 Interface friction coefficient between the riser and the surrounding backfill, μ. This factor has 

the most potential for the reduction of downdrag in the field. The downdrag is linearly 

proportional to the interface friction coefficient. Various successful cases to reduce this factor 

for a single buried pile have already been reported, as described in Section 2.4.4. Therefore, 

some of these methods might be borrowed to reduce downdrag along vertical sewer risers. 

As indicated by the finite element analyses in Section 8.4, even regular fittings can be buried 
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to 10m depth under vertical risers if well-graded sand instead of clayey silt is used as the backfill 

material. Theoretically, therefore, coarse-grained soil instead of fine-grained material should be 

used as backfill material to reduce the downdrag along a vertical riser. However, in practice this 

option is likely costly for deeply burial sewer systems. 

In Section 5.3.9, the numerical results indicate that sufficient low stiffness for the fitting system 

connected to the riser may significantly reduce the accumulated downdrag force at the riser base 

or the axial force acting down on the fitting system. The stiffness of the fitting system itself cannot 

be designed to be very low since this may result in excessive deflection of the fitting system. 

Special fittings featuring sufficient low axial stiffness may be designed and installed in between 

the riser base and the Tee or Wye, such as the axially crushable fitting or Controlled Settlement 

Joint discussed in Section 8.5.  

8.7.2 Recommended approaches for vertical sewer riser problems 

8.7.2.1 Use of high-capacity fittings 

For deeply buried sewer connections or soft soil conditions, heavy-wall (SDR26) or even ultra 

heavy-wall (SDR14) fittings are recommended. Numerical results in previous chapters indicate 

that the wall-thickness has a significant effect on the capacity of the buried fitting; while it usually 

has very limited effect on the downdrag that develops along the riser (see Figure 5-14). An 

alternative option is to use concrete encasement to protect the service sewer connections from 

the damage of punch through by the risers. However, both high-standard fittings and concrete 

encasement are likely costly. 
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8.7.2.2 Use of surface coatings 

As mentioned in Section 2.4.4, this method may reduce the skin friction along a single buried 

pile by over 80%. Bitumen is usually employed in the pile application. This approach may be 

borrowed to reduce the downdrag along a riser. It appears that even regular fittings can be buried 

10m in silt fill if the friction coefficient can be reduced to one third of its initial value. Care is 

however needed to avoid the coating being removed during installation. 

8.7.2.3 Special fitting with low axial stiffness 

To utilize the concept of “friction self-balance”, a special fitting with very low axial stiffness may 

be used. The “Controlled Settlement Joint” is already produced by a few pipe manufacturers. An 

axially crushable fitting is likely another option, but its feasibility in practice needs further 

investigation. The disadvantage of this approach is that large vertical displacement of the riser 

may occur, and intermediate joints should be avoided in between two ends of the riser, which may 

make it hard to install a long riser. To avoid separating at the top end of the riser, a deep socketed 

fitting is needed to connect a vertical riser to horizontal service lines. 

8.7.2.4 Combination of the above methods 

For extreme conditions, such as soft soil and very deep burials, any two or all of the above 

three methods could be combined to reduce the possibility of damage. 
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 
 
 

9.1 Conclusions 

The potential savings in construction time and cost have motivated several engineers 

(Durham, 1988; Schluter, 1988; and Fisher 2002 & 2004) to investigate the issues associated 

with downdrag at the vertical sewer riser base and the capacity of the fitting connected to the riser. 

A number of approaches have been attempted to solve the vertical riser problem based on 

engineering experience. In this research study, the nature of the vertical riser problem has been 

investigated using both laboratory tests and numerical analyses, and the recommended 

approaches for the vertical sewer riser problems have then been summarized.  

The load that develops along vertical risers has been studied, as has the capacity of the fitting 

below the riser to resist that load, since a full understanding of both load and resistance is needed 

for development of an optimal solution. 

The existing SDR35 Tee and Wye fittings have been tested both in air and when buried in 

uniform sand. The conclusions from these tests are as follows. 

 Both Tee and Wye fittings exhibit very different failure modes in these two different 

conditions. In air, both Tee and Wye fittings failed due to local plastic yield. When buried in 

uniform sand, the Tee fitting fractured (when load control was used) or yielded (when stroke 

control was applied) only along the base of the riser part due to the riser punching through; 

while the Wye fitting itself did not fail but the riser base cracked due to the stress 
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concentration and lateral bending.  

 Both the capacities and stiffnesses of Tee and Wye fittings when buried are much greater 

than those in air. When buried, both the capacities and stiffness of Tee and Wye fittings are 

approximately linear functions of confining pressures (lateral earth pressures).  

 The local response of both Tee and Wye fittings when buried is quite different from that in air. 

The transverse section of the horizontal part of either Tee or Wye fittings in isolation 

deformed uniformly into an ellipse; while the upper half deformed considerably more than the 

lower half when buried. This indicates that the upper half of either the Tee or Wye is 

vulnerable to failure when poor soil support is provided and the fitting is axially loaded under 

the vertical riser.  

Three-dimensional finite element procedures were used to evaluate the performance of the 

SDR35 Tee and Wye fitting systems both in air and when buried in uniform sand. The numerical 

results and the test measurements for the fitting capacity were in agreement. However, for Tee 

fitting systems, the fitting stiffness calculated using a numerical analysis was consistently lower 

than that observed in the tests. The possible reason is that the modulus of 2800MPa from the 

pipe supplier (IPEX, 2002), which was used in the simulations, may be lower than the modulus of 

the PVC products examined in the tests. For Wye fitting systems, the calculated fitting stiffness is 

higher than that measured in the test. The likely reason is the gap and gaskets in between the 

fitting and the pipes in the test, which allowed the Wye fitting to rotate in its longitudinal plane. As 

a result, more loads were shifted to the end where the pipe deflection was measured during the 

testing. Thus, the measured pipe deflection is larger (stiffness is smaller) than the calculated 



 

 
 354

values.  

Additional three-dimensional finite element analyses were carried out to evaluate the 

performance of the heavy-wall (SDR26) Tee and Wye fitting systems in isolation and when buried. 

Based on these numerical results, the capacities of the isolated heavy-wall Tee and Wye are both 

over 30% greater than those of the isolated regular (SDR35) sewer fittings. When buried in 

uniform sand, the capacity of a heavy-wall Tee fitting system is approximately 50% greater than 

that of a regular fitting system. However, the capacity of the Wye fitting system varies very slightly 

with fitting wall thickness, since its capacity is essentially determined by the ability of the riser 

base resisting a local stress concentration associated with axial thrust and the lateral bending. 

The numerical results indicate that both the capacity and the stiffness of a buried fitting system 

(either Tee or Wye) is approximately a linear function of confining stress supplied by the 

surrounding soil. 

The loads acting down on the fitting system were investigated using theoretical approaches, 

including: a simple analytical equation, a one-dimensional finite element program and 

three-dimensional finite element analyses. While the analytical equation is the simplest method, it 

is based on a number of simplified assumptions and provides the highest (most conservative) 

estimates for the accumulated downdrag force along the riser. The one-dimensional finite element 

program is able to consider more realistic conditions, such as a flexible base and complex 

material properties, and can provide a better approximation for the downdrag along the riser even 

though it is still conservative. The three-dimensional finite element analyses can consider the 

most sophisticated conditions associated with installation materials and geometry. The numerical 
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calculations using this approach are very close to the test measurements that were made. The 

three-dimensional analyses indicate that variations of the thickness of each backfill layer have 

very small influence the axial downdrag force, so that the total overburden soil can be applied in a 

single step during the analysis. The downdrag force that accumulated along the riser in the 

coarse-grained soil is much smaller than that in the fine-grained soil. 

Based on the experimental and numerical results, practical solutions for the vertical riser 

problem include: 

 Increasing the capacity of the buried fitting system. The direct method is to use a 

high-capacity fitting, such as an SDR26 or even SDR14 fitting, instead of a regular (SDR35) 

fitting. The second is to use concrete encasement to protect the service connections to 

mainlines. However, either a high-capacity fitting or concrete encasement will increase 

project cost. 

 Use of surface coatings on vertical risers. This method is borrowed from pile foundation 

engineering. Proper application of a coating (such as bitumen) on the surface of the vertical 

riser pipe may largely reduce the friction between backfill soils and riser pipes. This method 

may also be economically feasible. 

 Design of a special fitting with very low axial stiffness. This fitting is expected to be installed 

in between the riser base and the service connections (Tee or Wye). It is developed based 

on the concept of “friction self-balance”. The Controlled Settlement Joint (see Section 8.5) is 

one application of this concept. Particular attentions need to be paid during installation of this 

special fitting, such as avoiding intermediate joints in the riser and preventing the riser from 
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pushing into the slip area of the CSJ.  

 Combinations of two or three of the above methods. For particularly bad cases, such as very 

deep burial and very soft backfill, a proper combination of the above methods may be 

necessary for the solution for the vertical riser issue. 

9.2 Recommendations for Future Work 

A special laboratory procedure and configuration was developed to investigate the 

performance of the buried sewer fitting system under a vertical riser. It permits the researcher to 

develop preliminary understanding of the behaviour of the buried fitting system. However, this 

laboratory procedure could be improved in the future, as follows: 

 The maximum allowed axial force which can be applied in the laboratory facility described in 

Section 4.2 is 50kN. This is not large enough to fail the existing SDR35 Tee fitting when 

deeply buried. Thus, this facility needs to be improved to facilitate future studies on 

high-capacity fittings. 

 The soil used in this research work was uniform sand. In practice, other types of soils may 

be used. Future tests may then use other soil types to study how this influences buried fitting 

performance. 

 Since PVC materials are commonly used in sewer systems and the properties of PVC 

materials vary significantly with use time and temperature, the effects of creep and 

temperature on the performance of the sewers under vertical risers may need to be 

investigated. 

 Embankment conditions were simulated in this research work, which provided conservative 
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design (higher downdrag forces) than those expected in trench conditions. This approach is 

consistent with thermoplastic pipe design practice in North America.  

 The effects of hydrostatic pressure of underground water on the capacity and local response 

of a buried fitting system should also be investigated. 

This first study of downdrag along vertical risers has finite scope and objectives. Field 

measurements or field-scale laboratory tests could be performed to study skin friction along the 

riser when deeply buried. Controlled field tests could be used to understand the nature of the 

problem, though they may be costly. 

The surface coating method for downdrag reduction appears to be the most economical 

method in pile foundation engineering. More efforts are suggested to investigate this method 

applied to vertical sewer risers under different circumstances (different coating thicknesses, 

coating grades, and soil types). To prevent soil penetration into the soft coating, a protecting 

measure may be needed, such as riser wrapping with a sheet of plastic film or geotextile. An 

investigation could be undertaken to find the best coating method. Practical guidance for the use 

of surface coatings on risers may then be written for the pipe installation handbooks and 

standards.  

Theoretical methods adopted and developed for this research project include an analytical 

formula, one-dimensional finite element procedures, and three-dimensional finite element 

analyses using ABAQUS. Future work on the numerical analyses should be focused on the 

three-dimensional finite element simulations. The three-dimensional models used here were 

based on elastic soil and the modified Coulomb friction model. Most of the parameters used for 
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soils and PVC materials were found in the literature. Work to characterize the material properties 

of PVC was not part of this research project. However, future work could include: 

 Material characterization of the PVC material in the fitting for use in numerical simulations 

should be acquired by testing the samples at the same conditions as those in the 

simulations. 

 Friction models other than the modified Coulomb friction model could be embedded into 

three-dimensional simulations. For cases with fine-grained backfill, cohesion at the interface 

could be considered. The effects of fine-grained soil consolidation and the creep of PVC 

materials need to be considered. 

 To fully understand the impact of underground water on both the capacity of a buried fitting 

system and the downdrag developed along a vertical sewer riser, improved 

three-dimensional numerical analyses including pore water pressure will be needed.  

 Numerical results should be evaluated against field observations and measurements. 
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APPENDIX A – DESCRIPTIONS OF PROGRAM RISERDDF  

 
 

A.1 Brief Description 

The program to undertake one-dimensional simulations for the downdrag forces along vertical 

sewer risers is named RiserDDF. The core of this numerical code is written in FORTRAN 77 and 

consists of a main section and fourteen subroutines. The graphical user interface (GUI) is 

developed in Microsoft Visual Basic 2005 Express Edition. This program has the following 

features. 

 Three different soil-structure interface friction models are available. These models are 

described previously in Section 5.3.3. 

 Nonlinear soil modulus can be assigned using the Janbu material model (Janbu, 1963).  

 This program can consider the effect of different thicknesses for the backfill layers (see 

Section 5.3.2). 

 The Tee or Wye fitting is generalized as a linear or nonlinear spring. 

 This code can handle both adhesive and nonadhesive interface behaviour between soils and 

risers. 

The parameters used in the analysis are listed in Table A-1 together with the corresponding 

variables used in the program. 
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Table A-1 Corresponding variables in the program to the parameters in the text. 
Parameter Variable Parameter Variable Parameter Variable 

CAP CAP ksi KSPI(I,J) w DWMAX(I) 
Acap CAPAA m KKFILL or KKBED wel ESLIP 
Bcap CAPBB α NNFILL or NNBED γ YSFILL or YSBED 

CAPmin CAPMIN KB KB μ MU 
Ms ESJ(I) AKB KBA νp VP 
Ep EP BKB KBB νs VS 
fcrit FCRIT(I) KBmin KBMIN σ3 SIGMA3 
Gi GS(I) L LPIPE   

k1 or k2 or ks KSP(I,J) r0 RO   
Note: X(I) represents a one-dimensional array; X(I,J) is a two-dimensional array. X stands for GS, 
KSP and so on. 
 

A.2 Graphical User Interface of RiserDDF 

To facilitate data input and output, a graphical user interface for RiserDDF version 1.0 has 

been developed in Microsoft Visual Basic 2005 Express Edition. The main window is shown in 

Figure A-1. 

A.3 Data input 

As shown in Figure A-1, there are two options to input the data, Individual Input and Batch 

Input. When the first option is chosen, the data can be keyed into the corresponding textbox at 

the left side of the GUI in Figure A-1. Click “Input Data Check” to activate a window shown in 

Figure A-2. Check the data to make sure they are correct. Errors can be corrected here directly 

and then started by clicking “Save and Close” button to return to the main window. If Batch Input 

is chosen, the same window as shown in Figure A-2 will also pop up when “Input Data Check” is 

pressed. Similarly, the input data can be modified directly in this window based on the data 

already shown. It is essential not to delete blank lines and not to leave blanks for any parameter 

field to avoid input errors. 
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Figure A-1 Graphical User Interface (GUI) of RiserDDF version 1.0. 
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Figure A-2 Batch input window in RiserDDF v1.0. 
 

A.4 Solution Process 

After data input, press “Start Analysis” button to run the analysis. A MS-DOS window will rest 

on the Taskbar at the bottom of Windows’ desktop during the analysis and it will show the process 

status. The analysis completes when the MS-DOS window disappears. 

The code at this stage is written primarily using FORTRAN 77. The main section is also 

named RiserDDF and the subroutines include INDAT, MESH, SOIL, SPRING1, SPRING2, 

SPRING3, ASSEM, RHS, PSTF, PRHS, SOLV, GAUSSJ, MAXDW and RESULT. The FORTRAN 

code is listed in Appendix B. 

 Main section: the main section calls other subroutines. The incremental-iterative procedure 
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is coded to solve this nonlinear problem. At each incremental step (say step j), the total finite 

element expression is described as:  

 

 [ ] { } [ ] { }= − +i i 0j j
KPIPE DWPIPE KSP DWSOIL DWPIPE {Fc }  (A.1) 

 

where, [KPIPE] is a matrix of the global riser pipe stiffness; [KSP] is a matrix of soil-riser interface 

spring stiffness; {DWPIPE} is a vector of incremental riser displacement, which is unknown; 

{DWSOIL} is a vector of incremental soil displacement; and {Fc0}.is a vector of incremental 

interface cohesive force. 

To group all unknowns (i.e. vector {DWPIPE} ) to the left side, Equation (A.1) is rearranged as: 

 

 [ ] { } [ ] { }+ = +i i 0 jj j
KPIPE KSP DWPIPE KSP DWSOIL {Fc }  (A.2) 

 

Equation (A.2) is solved for the unknown vector, {DWPIPE}. The pipe displacement, {WPIPE} 

can then be updated using: 

 

 
−= +j j 1 j{WPIPE} {WPIPE} {DWPIPE}  (A.3) 

 

A flow chart for the main section is shown in Figure A-3. 

 INDAT: a data input subroutine. 

 MESH: a subroutine to divide the riser into linear bar elements. 

 SOIL: this subroutine computes the soil displacements after each backfill layer. The soil 

displacements are calculated without consideration of the existence of the vertical riser. 

 SPRING1, SPRING2 and SPRING3: three options for soil-riser interface spring stiffness 
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models. The details are described previously in Section 5.3.3. 

 STIFF: a subroutine calculating the riser bar element stiffness matrix. 

 ASSEM: a subroutine to assemble the bar element stiffness to form a total or global stiffness 

matrix. 

 PASSEM: print the total stiffness matrix 

 RHS: a subroutine to form the right hand vector of the general finite element equations, 

[K]{u}={F}. 

 PRHS: print right hand vector, {F}. 

 SOLVE: call subroutine GAUSSJ to solve the equations, [K]{u}={F}. 

 GAUSSJ: a subroutine using Gauss-Jordan elimination to solve the linear equations, 

[K]{u}={F}. 

 MAXDW: a subroutine to search for the maximum difference of the pipe displacement 

increments at the current iteration and the previous iteration, named MAXDWP in the code. 

MAXDWP is used to assess solution convergence, expressed as MAX{|NDWPIP-DWPIPE|}; 

its units are mm. If MAXDWP is less than TOL during the iterative computation, the solution 

converges; otherwise, the solution does not converge and continues to the next iteration. 

TOL is the convergence tolerance (or criterion) defined by the user during the input stage 

and its unit is also mm. 

 RESULT: a subroutine to print the results. 
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Figure A-3 Flow chart for main section in RiserDDF v1.0. 
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Figure A-4 Flow chart for subroutine SOIL in RiserDDF v1.0. 
 

As shown in Figure A-4, the final top soil surface, ZSOIL(I) after FILL(I) is calculated using the 

following procedure. 

The initial top soil surface is assumed to be the same as the top of riser element (NFILL*I), i.e. 

ZP (I, NFILL*I+1). The term I is the backfill layer number, and NFILL is one of the common 

divisors of the total number of bar elements; it is used to define the backfill layer thickness. 

Therefore, the final top soil surface equals ZP (I, NFILL*I+1) minus the total vertical deformation 

after FILL(I).  

OPTKSP=1, 2 and 3 correspond to the index used to adopt the bilinear friction model, 

arctangent friction model or hyperbolic friction model, respectively (see Section 5.3.3). 

A.5 Results 

After the analysis, two approaches can be used to view the results. One approach is to press 

the labels in the ‘Results View” frame on the graphical interface (GUI). Another way is to use MS 
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WordPad or other editors (such as gVim) to open the files suffixed with dat in the work directory. 

Five output files are produced, named mesh.dat, result.dat, janbu.dat, rhs.dat and sttot.dat. 

These are now described.  

 The file, mesh.dat contains an echo of the input data, and the initial geometry of the riser 

elements. 

 The file, result.dat contains the main results from the analysis. They include node results and 

element results. Node results include pipe (riser) displacements, spring forces and axial 

forces at each riser node. It also includes shear stresses at each node based on averaging 

of the spring forces along the interface area of each element. Element results include axial 

stresses and axial forces in each bar element. 

 Janbu.dat lists the soil modulus calculated at each load step using Janbu’s hypoelastic 

model. 

 The file, rhs.dat contains the information for {F} at each fill layer step. This may be switched 

on or off by checking the box beside the label “Print Right Hand Vector?” in the main GUI 

window.  

 The file, sttot.dat contains the total stiffness matrix at each load step. Checking the box 

beside the label “Print Stiffness Matrix?” in the main GUI window actives this printout. 

These data should be saved to other folders to avoid being replaced by the subsequent 

analysis. The data can then be post processed using data processors such as MS Excel or 

SigmaPlot.  
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APPENDIX B – LISTING OF PROGRAM RISERDDF  

 
 

The core of RiserDDF version 1.0 is written in FORTRAN 77. The listing of this code is shown 

below. The subroutine for Gauss-Jordan elimination is adapted from the code provided by Press, 

et al. (1992) 

 

       PROGRAM RiserDDF 
* 
************************************************************************ 
* 
*     Purpose: 
*        This specific 1D finite element code is developed to study the 
*        interaction between soils and vertical sewer risers sitting on 
*        Tee or Wye fittings 
*     Interface Friction Models 
*        Three interface friction models based on classic Coulomb friction  
*        model are incorporated into this code. They are bilinear friction 
*        model (subroutine SPRING1 in the code), arctangent friction 
*        model (subroutine SPRING2 in the code), and hyperbolic friction 
*        model (subroutine SPRING3 in the code). 
*        When the last two friction models are used, ESLIP is not 
*        considered in the calculations anymore. 
* PLEASE USE THE SPECIFIED UNITS! 
*     ------------------------------------------------------------------ 
*     SIGN CONVENTIONS: 
*          Stress: positive values imply compression; 
*          Force: Positive values imply downward axial forces; 
*          Displacement: Positive values imply downwards displacements; 
*          Skin Friction: Positive values imply downwards friction on risers 
*     COORDINATE ORIGIN: at NODE 1. 
*     ------------------------------------------------------------------ 
*     CHR     Analysis title 
*     MAXNOD Maximum node number 
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*       NUMEL User defined element number 
*       NEQ     Equation number of each element boundary 
*                 For 1D, NEQ=1;(for 2D,NEQ=2;for 3D, NEQ=3 ) 
*       NEQT    Total equation number=(NFILL*I+1)*NEQ  at FILL i 
*       NINC    Total number of load increments at each fill step 
*       ITERAT  Iteration limits 
*       TOL     User defined convergence tolerance with respect to 
*    |NDWPIP-DWPIPE|, mm  
*       STTOT(J,K)  Stiffness matrix of total elements 
*       RH (I,NEQT) Right hand vector at iteration n 
*       OPTKSP   Options for soil-riser interface friction model 
*                   1-Bilinear model 
*                   2-Arctangent friction model 
*                   3-Hyperbolic friction model 
*       PSTT    Print total stiffness matrix or not, TRUE-print 
*       PRH     Print right hand vector or not, TRUE-print 
*       NPRINT  Output frequency. Output steps of LAST and MOD(I,NPRINT)=0 
*       EPRINT  Specify the elements at which the results output. For 
*                example, if EPRINT=5, results at Element=1, 6,11,...,N. 
*                Results at the first and last elements will always be 
*                output.   
* 
*     Soil: 
*       KKFILL, NNFILL Janbu's deformation parameters for FILL 
*       ESJ(J)  Janbu's hypoelastic soil modulus for FILL, MPa 
*       ESFILL  Lower bound of soil modulus for FILL, MPa 
*       KKBED,  NNBED Janbu's deformation parameters for EMBEDMENT 
*       ESJBED  Janbu's hypoelastic soil modulus for EMBEDMENT, MPa 
*       ESBED   Lower bound of soil modulus for EMBEDMENT, MPa 
*       VS      Soil Poisson’s ratio 
*       GS(K)   Soil shear modulus. For spring stiffness, MPa 
*       K0      Lateral earth pressure coefficient 
*       YSFILL  Unit weight of FILL, N/mm^3 
*       YSBED  Unit weight of EMBEDMENT, N/mm^3 
*       TBED    Thickness of embedment material, mm        
*       ZSOIL(I)  Vertical coordinate of final top fill surface, mm 
*       NFILL  To define fill layer thickness as below 
*       FILL(I)  Thickness of soil fill layer =NFILL*(ZE-ZS) ,mm 
*       LS      Total load steps =NUMEL/NFILL 
*       WSOIL(I,J)  Soil displacement at NODE j at FILL I, mm; 
*       DWSOIL(I,J)  Soil displacement increment at NODE j at FILL i, mm 
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*       DWMAX(K)  Ultimate displacement difference at each node. For 
*                  spring stiffness, mm 
*       SIGMA3   Confining pressure at base, for base capacity, CAP, MPa     
* 
*     Riser: 
*       EP      Riser elastic modulus, MPa 
*       VP      Riser Poisson's ratio 
*       RO      Riser outer radius, mm 
*       RI       Riser inner radius, mm 
*       AREA    Riser cross-section area, mm^2 
*       C        Riser outer circumference, mm 
*       LPIPE   Riser length, mm 
*       KP (I,J)  =EP*AREA/(ZE-ZS), pipe stiffness at ELEMENT j at FILL i 
*       ZP(I,J)  Coordinate of NODE j at FILL i 
*       ESIZE    Initial element size (mm) 
*       WPIPE(I,J)  Pipe displacement at NODE j at FILL i, mm 
*       WPIP(I,J)  Backup for WPIPE 
*       WPI(I,J)  Another backup for WPIPE 
*       WP      Backup for WPIP(I,NEQT) 
*       DWPIPE(I,J)  Pipe displacement increment at previous iteration, mm 
*       NDWPIP(I,J)  Pipe displacement increment at current iteration, mm 
*       MAXDWP    Max value of |NDWPIP-DWPIPE|, mm 
* 
*     Base: 
*       KB     Base stiffness, KB=KBA*SIGMA3+KBB, N/mm 
*       KBA    For KB 
*       KBB    For KB 
*       KBMIN  Lower bound of KB 
*       CAP    Base capacity, CAP=CAPAA*SIGMA3+CAPBB>=CAPMIN, N 
*       CAPAA  For CAP, N/MPa 
*       CAPBB  For CAP, N 
*       CAPMIN Lower bound of base capacity, N 
*       CAPTF A logical controller for CAP, True or False        
* 
*     Interface: 
*       C0     Cohesion, MPa 
*       MU     Coefficient of friction at soil-riser interface 
*       ESLIP   Elastic slip, mm 
*       KSP(I,J) Spring stiffness at interface between soil and riser 
*               at NODE j at FILL i, N/mm 
*       KSPI(I,J) Initial spring stiffness at the interface between soil 
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*               and riser at NODE j at FILL i, N/mm 
*       RLMT   Limit radius. For spring stiffness. mm 
*       FSP(I,J)  Spring force at Node j at FILL i, N 
* 
*     SUBROUTINES CALLED: 
*     ------------------------------------------------------------------ 
*     INDAT, MESH, SOIL, SPRING1, SPRING2, SPRING3, ASSEM, 
*     RHS, PSTF, PRHS, SOLV, MAXDW, RESULT 
* 
*     FUNCTIONS CALLED: 
*     ------------------------------------------------------------------ 
*      none 
* 
*     PROGRAMMER:    Jianfei Ye 
*     ------------------------------------------------------------------ 
* 
*     LAST MODIFIED:  Sep. 29, 2008      Jianfei Ye 
*     ------------------------------------------------------------------ 
* 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER MAXNOD,NUMEL,NFILL,LS,NEQ,NEQT,NINC,ITERAT, 
     1        I,J,K,LL,OPTKSP,NPRINT,EPRINT 
      DOUBLE PRECISION TOL,MAXDWP 
      PARAMETER (MAXNOD=201,NEQ=1) 
      DOUBLE PRECISION RH(MAXNOD,MAXNOD) 
      LOGICAL PSTT,PRH,CAPTF 
* 
*     Geometry and material type definitions 
*  Soil 
      DOUBLE PRECISION VS,K0,YSFILL,YSBED,KKFILL,NNFILL,ESJ(MAXNOD), 
     1          ESFILL,KKBED,NNBED,ESJBED,ESBED,WSOIL(MAXNOD,MAXNOD), 
     2          DWSOIL(MAXNOD,MAXNOD),SIGMA3 
*  Riser 
      DOUBLE PRECISION EP,VP,RO,RI,AREA,C,LPIPE,ZP(MAXNOD,MAXNOD), 
     1                 WPIPE(MAXNOD,MAXNOD),WPIP(MAXNOD,MAXNOD), 
     2                 WPI(MAXNOD,MAXNOD),WP,DWPIPE(MAXNOD,MAXNOD), 
     3                 STTOT(MAXNOD,MAXNOD),NDWPIP(MAXNOD,MAXNOD) 
*  Base 



 

 
 379

      DOUBLE PRECISION TBED,KB,KBA,KBB,KBMIN,CAP,CAPAA,CAPBB,CAPMIN 
*  Interface between soil and riser 
      DOUBLE PRECISION C0,MU,ESLIP,KSP(MAXNOD,MAXNOD),PI, 
     1                 FSP(MAXNOD,MAXNOD) 
* 
*  Input geometry and material properties 
* 
        PSTT=.FALSE. 
        PRH=.FALSE. 
* 
        OPEN (UNIT=1,FILE='sttot.dat',STATUS='REPLACE') 
        OPEN (UNIT=2,FILE='rhs.dat',STATUS='REPLACE') 
        OPEN (UNIT=7,FILE='mesh.dat',STATUS='REPLACE') 
        OPEN (UNIT=8,FILE='input.txt',STATUS='OLD') 
        OPEN (UNIT=9,FILE='result.dat',STATUS='REPLACE') 
        OPEN (UNIT=10,FILE='janbu.dat',STATUS='REPLACE') 
* 
        WRITE(10,*) ' ***** Janbu’s hypoelastic soil modulus ******' 
        WRITE(10,'(A5,A5,A15)') 'I','J','Janbu ESJ(MPa)' 
* 
*       Data input 
        CALL INDAT(NUMEL,KKFILL,NNFILL,ESFILL,KKBED,NNBED,ESBED, 
     1      VS,K0,YSFILL,YSBED,EP,VP,RO,RI,LPIPE,KBA,KBB,KBMIN, 
     2      CAPAA,CAPBB,CAPMIN,C0,MU,ESLIP,TBED,NFILL,NINC,ITERAT, 
     3      TOL,OPTKSP,PSTT,PRH ,NPRINT,EPRINT) 
* 
         IF (K0.LE.0) K0=VS/(1-VS) 
         LS=NUMEL/NFILL 
         PI=4.D0*ATAN(1.D0) 
         AREA=PI*(RO*RO-RI*RI) 
         C=2*PI*RO 
         CAPTF=.TRUE. 
* 
* 
         WRITE (7,'(/,A20,E10.5,A4)') 'RISER SECTION AREA=',AREA,'mm^2' 
* 
*       Mesh 
* 
        CALL MESH(NUMEL,LPIPE,ZP,LS,MAXNOD) 
* 
***        WRITE(7,'(A)') '**** Base stiffness *****' 
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***        WRITE(7,'(A15, A15,A35)') 'FILL LS,I','ELEMENT NO.,J', 'VALUE' 
* 
*       Initialize matrix 
        DO 150 I=1,LS,1 
          DO 140 J=1,NUMEL+1,1 
             WSOIL(I,J)=0.D0 
             WPI(I,J)=0.D0 
140       CONTINUE 
150     CONTINUE 
              WP=0.D0 
* 
      DO 1000 I=1,LS,1        !Main loop 1 starts 
         NEQT=NEQ*(NFILL*I+1) 
* 
         CALL SOIL(I,NFILL,K0,YSFILL,YSBED,WSOIL,KKFILL,NNFILL,ESFILL, 
     1             ESJ,KKBED,NNBED,ESBED,ESJBED,ZP,TBED,MAXNOD) 
*      Use an incremental-iterative procedure. Set initial values 
*      for unknowns,{wp}={0.D0} at each fill step 
         DO 200 J=1,NFILL*I+1,1 
            WPIPE(I,J)=0.D0 
            WPIP(I,J)=0.D0 
            FSP(I,J)=0.D0 
            DWSOIL(I,J)=WSOIL(I,J)/NINC 
200      CONTINUE 
* 
         KB=KBA*(YSFILL*ZP(I,NFILL*I+1)+YSBED*TBED/2)*K0+KBB 
         IF(KB.LE.KBMIN) KB=KBMIN 
* 
***          WRITE(7,'(I15,A17,A20,F15.5)') I,'  ---------------','KB=',KB 
* 
* 
       DO 900 J=1,NINC,1      !Main loop 2 starts 
* 
         DO 202 K=1,NFILL*I+1,1 
           DWPIPE(I,K)=0.D0 
202      CONTINUE 
* 
         DO 800 K=1,ITERAT,1    !Main loop 3 starts 
* 
          IF (OPTKSP.EQ.1) THEN 
            CALL SPRING1(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP, 
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     1                  WPIPE,MU,ESLIP,KSP,NFILL,MAXNOD) 
          ELSEIF (OPTKSP.EQ.2) THEN 
            CALL SPRING2(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP, 
     1                  WPIPE,MU,KSP,NFILL,MAXNOD) 
          ELSEIF (OPTKSP.EQ.3) THEN 
            CALL SPRING3(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP,ESJ,VS,ESJBED, 
     1                   WPIPE,MU,KSP,NFILL,MAXNOD) 
          ELSE 
           PAUSE 'PLEASE INPUT 1, 2 OR 3 FOR OPTKSP!' 
          ENDIF 
* 
            CALL ASSEM(NFILL,I,NEQ,NEQT,EP,AREA,STTOT, 
     1                 ZP,KB,KSP,MAXNOD) 
* 
            IF (PSTT) CALL PASSEM(I,J,K,NEQT,STTOT,MAXNOD) 
* 
            CALL RHS(NEQT,I,J,DWSOIL,WPIPE,ZP,C,C0,RH,KSP,MAXNOD,NINC) 
* 
            IF (PRH) CALL PRHS(I,J,K,NEQT,RH,MAXNOD) 
* 
            CALL SOLVE(I,NEQT,STTOT,RH,NDWPIP,MAXNOD) 
* 
            MAXDWP=0.D0 
* 
            CALL MAXDW(I,NEQT,DWPIPE,NDWPIP,MAXDWP,MAXNOD) 
* 
            IF (MAXDWP.LE.TOL) THEN 
               GOTO 810 
             ELSE 
* 
                DO 760 LL=1,NEQT,1 
                   WPIPE(I,LL)=WPIPE(I,LL)+(NDWPIP(I,LL)-DWPIPE(I,LL)) 
                   DWPIPE(I,LL)=NDWPIP(I,LL) 
760             CONTINUE 
* 
             ENDIF 
* 
800       CONTINUE ! Main loop 3  ends 
* 
          IF (MAXDWP.GT.TOL) PAUSE '-----CONVERGENCE IS JUDGED UNLIKLY.  
     1  USE A LARGER VALUE FOR ITERATION OR TOL, AND TRY AGAIN!’  



 

 
 382

*              
810       CONTINUE 
* 
          DO 820 LL=1,NEQT,1 
           WPIPE(I,LL)=WPIPE(I,LL)+(NDWPIP(I,LL)-DWPIPE(I,LL)) 
           WPIP(I,LL)=WPIPE(I,LL) 
           FSP(I,LL)=FSP(I,LL)+KSP(I,LL)*(DWSOIL(I,LL)-NDWPIP(I,LL)) 
820       CONTINUE 
* 
          IF (C0.GT.10E-10) THEN 
           DO 821 LL=1,NEQT,1 
           IF ((DWSOIL(I,LL)*J-WPIP(I,LL)).GE.0.D0) THEN 
             IF (LL.EQ.1) THEN 
               FSP(I,LL)=FSP(I,LL)+C0/NINC*C*(ZP(I,LL+1)-ZP(I,LL))/2 
             ELSE IF (LL.EQ.NEQT) THEN 
               FSP(I,LL)=FSP(I,LL)+C0/NINC*C*(ZP(I,LL)-ZP(I,LL-1))/2 
             ELSE 
               FSP(I,LL)=FSP(I,LL)+C0/NINC*C*(ZP(I,LL+1)-ZP(I,LL-1))/2 
             ENDIF 
           ELSE 
             IF (LL.EQ.1) THEN 
               FSP(I,LL)=FSP(I,LL)-C0/NINC*C*(ZP(I,LL+1)-ZP(I,LL))/2 
             ELSE IF (LL.EQ.NEQT) THEN 
               FSP(I,LL)=FSP(I,LL)-C0/NINC*C*(ZP(I,LL)-ZP(I,LL-1))/2 
             ELSE 
               FSP(I,LL)=FSP(I,LL)-C0/NINC*C*(ZP(I,LL+1)-ZP(I,LL-1))/2 
             ENDIF 
            ENDIF 
821         CONTINUE 
           ENDIF 
* 
* 
900     CONTINUE  ! Main  loop 2  ends 
* 
          DO 905 LL=1,NEQT,1 
             ZP(I,LL)=ZP(I,LL)-(WPIPE(I,LL)-WPI(I,LL)) 
             WPI(I+1,LL)=WPIPE(I,LL)    
             ZP(I+1,LL)=ZP(I,LL) 
905       CONTINUE 
* 
          DO 910 LL=NEQT+1,NUMEL+1,1 
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             WPIPE(I,LL)=WPIP(I,NEQT)    
             ZP(I+1,LL)=ZP(I,LL)-(WPIP(I,NEQT)-WP) 
910       CONTINUE 
             WP=WPIP(I,NEQT) 
* 
        IF ((I.EQ.LS).OR.(MOD(I,NPRINT).EQ.0)) THEN 
          CALL RESULT(I,EP,AREA,C,NEQT,WSOIL,FSP, 
     1                ZP,WPIPE,KB,MAXNOD,EPRINT) 
        ENDIF 
* 
          WRITE(*,'(A10,I5)')'FILL I=',I 
* 
* ---------           
*       Output maximum allowable buried depth for the fitting 
*           
        SIGMA3=K0*(ZP(I,NFILL*I+1)*YSFILL+YSBED*TBED/2.D0) 
        CAP=CAPAA*SIGMA3+CAPBB 
        IF (CAP.LT.CAPMIN) CAP=CAPMIN 
*         
        IF(((KB*WPIPE(I,1)).GE.CAP).AND.CAPTF) THEN 
          WRITE(7,'(A)')                    
          WRITE(7,'(A40,F5.2,A20,F11.2,A2)') 
     1        'Allowable maximum buried depth= ', 
     2        ZP(I-1,NFILL*(I-1)+1)/1.D3,  
     3        ' m, Base capacity=',CAP, ' N' 
          CAPTF=.FALSE. 
        END IF 
*        
        IF ((I.EQ.LS).AND.CAPTF) THEN 
          WRITE(7,'(A)')        
          WRITE(7,'(A40,F5.2,A20,F11.2,A2)') 
     1        'Allowable buried depth is greater than    ', 
     2        LPIPE/1.D3,  
     3        ' m, Base capacity=',CAP, 'N' 
          CAPTF=.FALSE. 
        END IF                 
* ---------          
*           
1000  CONTINUE   ! Main loop 1  ends 
* 

  END 
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* 
*     ---------------------------------------------------------------- 
*     ---------------------------------------------------------------- 
* 
      SUBROUTINE INDAT(NUMEL,KKFILL,NNFILL,ESFILL,KKBED,NNBED,ESBED, 
     1      VS,K0,YSFILL,YSBED,EP,VP,RO,RI,LPIPE,KBA,KBB,KBMIN, 
     2      CAPAA,CAPBB,CAPMIN,C0,MU,ESLIP,TBED,NFILL,NINC,ITERAT, 
     3      TOL,OPTKSP,PSTT,PRH) 
************************************************************************ 
*                       Subroutine for data input 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      CHARACTER*120 CHR 
      INTEGER I,NUMEL,NFILL,NINC,ITERAT,OPTKSP 
      LOGICAL PSTT,PRH 
*     Soil 
      DOUBLE PRECISION KKFILL,NNFILL,ESFILL,KKBED,NNBED,ESBED,VS, 
     1                 K0,YSFILL,YSBED,TOL 
*     Pipe 
      DOUBLE PRECISION EP,VP,RO,RI,LPIPE 
*     Virtual base 
      DOUBLE PRECISION TBED,KBA,KBB,KBMIN,CAPAA,CAPBB,CAPMIN 
*     Interface 
      DOUBLE PRECISION C0,MU,ESLIP 
* 
* 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
* User defined element number 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,*) NUMEL 
 WRITE (7,*) NUMEL 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
* Soil properties 
      DO 1 I=1,6,1 



 

 
 385

    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
1     CONTINUE 
 READ (8,*) KKFILL,NNFILL,ESFILL,KKBED,NNBED,ESBED 
 WRITE (7,'(6(F12.5,2X))') KKFILL,NNFILL,ESFILL,KKBED,NNBED,ESBED 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,*) VS,K0,YSFILL,YSBED,TBED 
    WRITE (7,'(2(F12.5,2X),2E12.5,2X,F12.5,2X)') 
1             VS,K0,YSFILL,YSBED,TBED 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
* Riser properties 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
 READ (8,*) EP,VP,RO,RI,LPIPE 
 WRITE (7,'(5(F12.5,2X))') EP,VP,RO,RI,LPIPE 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
* Virtual base 
      DO 2 I=1,4,1 
        READ (8,'(A)') CHR 
     WRITE (7,'(A)') CHR 
2     CONTINUE 
 READ (8,*) KBA,KBB,KBMIN,CAPAA,CAPBB,CAPMIN 
 WRITE (7,'(6(F12.5,2X))') KBA,KBB,KBMIN,CAPAA,CAPBB,CAPMIN 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
*       Interface properties 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR         
 READ (8,*) C0,MU,ESLIP 
 WRITE (7,'(3(F12.5,2X))') C0,MU,ESLIP 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
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*       Solver controls 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
    READ (8,'(A)') CHR 
 WRITE (7,'(A)') CHR 
 READ (8,*) NFILL,NINC,ITERAT,TOL,OPTKSP,PSTT,PRH,NPRINT,EPRINT 
 WRITE (7,'(3(I5,2X),F12.5,2X,I5,2X,L6,2X,L6,2X,I3,2X,I3)') 
     1             NFILL,NINC,ITERAT,TOL,OPTKSP,PSTT,PRH,NPRINT,EPRINT 
      END 
* 
      SUBROUTINE MESH(NUMEL,LPIPE,ZP,LS,MAXNOD) 
************************************************************************ 
*                       Subroutine for mesh 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NUMEL,LS,I,J,MAXNOD 
      DOUBLE PRECISION LPIPE,ZP(MAXNOD,MAXNOD),ESIZE 
* 
      IF (NUMEL.GT.200) THEN 
       PAUSE 'MAX ALLOWABLE VALUE FOR NUMEL IS 200. PLEASE REVISE INPUT.' 
      ENDIF 
* 
      DO 110 I=1,LS,1 
         DO 100 J=1,NUMEL+1,1 
           ZP(I,J)=0.D0 
100      CONTINUE 
110   CONTINUE 
* 
      WRITE(7,'(A)') 'INITIAL MESH DATA' 
      WRITE(7,'(A5,3A15)') 'EL NO.','ZS(mm)','ZE(mm)','ESIZE(mm)' 
      ESIZE=LPIPE/NUMEL 
      DO 120 J=2,NUMEL+1,1 
         ZP(1,J)=ZP(1,J-1)+ESIZE 
         WRITE(7,'(I5,3F15.5)') J-1,ZP(1,J-1),ZP(1,J),ZP(1,J)-ZP(1,J-1) 
120   CONTINUE 
* 
      END 
* 
      SUBROUTINE SOIL(I,NFILL,K0,YSFILL,YSBED,WSOIL,KKFILL,NNFILL, 
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     1             ESFILL,ESJ,KKBED,NNBED,ESBED,ESJBED,ZP,TBED,MAXNOD) 
************************************************************************ 
*                       Subroutine for soil displacements 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NFILL,I,J,K,MAXNOD 
*      Soil 
      DOUBLE PRECISION K0,YSFILL,YSBED,WSOIL(MAXNOD,MAXNOD), 
     1        ZSOIL(MAXNOD),KKFILL,NNFILL,ESFILL,ESJ(MAXNOD) 
*       Riser 
      DOUBLE PRECISION ZP(MAXNOD,MAXNOD) 
*       Base/Embedment 
      DOUBLE PRECISION TBED,KKBED,NNBED,ESBED,ESJBED 
* 
* 
      ZSOIL(I)=ZP(I,NFILL*I+1) 
* 
*           Calculate WSOIL 
            ESJBED=KKBED*101.3D0*((ZP(I,NFILL*I+1)*YSFILL+ 
     1            YSBED*TBED/2)*K0*1000.D0/101.3D0)**NNBED/1.D3 
            IF(ESJBED.LE.ESBED) ESJBED=ESBED 
* 
            WSOIL(I,1)=((TBED+ZP(I,NFILL*I+1))*(TBED+ZP(I,1)) 
     1                -(TBED+ZP(I,1))**2/2)*YSFILL/ESJBED 
* 
            WRITE(10,'(/,A20,I5)') 'FILL LS=',I 
            WRITE(10,'(A5,A15)') 'EL NO','ESJ(J)' 
            WRITE(10,'(A5,F15.5)')'BED',ESJBED 
         DO 190 J=1,NFILL*I,1 
            ESJ(J)=KKFILL*101.3D0*((ZP(I,NFILL*I+1)-(ZP(I,J) 
     1         +ZP(I,J+1))/2)*YSFILL*K0*1000.D0/101.3D0)**NNFILL/1.D3 
            IF(ESJ(J).LE.ESFILL) ESJ(J)=ESFILL 
* 
            WRITE(10,'(I5,F15.5)') J,ESJ(J) 
            DO 185 K=1,J,1 
               WSOIL(I,J+1)=WSOIL(I,J+1)+(ZP(I,NFILL*I+1)*(ZP(I,K+1) 
     1              -ZP(I,K))-(ZP(I,K+1) **2-ZP(I,K) **2)/2)*YSFILL/ESJ(K) 
185         CONTINUE 
               WSOIL(I,J+1)=WSOIL(I,J+1)+WSOIL(I,1) 
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190      CONTINUE 
* 
*           Calculate ZSOIL 
       ZSOIL(I)=ZSOIL(I)-WSOIL(I,NFILL*I+1) 
* 
      END 
* 
* 
       SUBROUTINE SPRING1(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP, 
     1                  WPIPE,MU,ESLIP,KSP,NFILL,MAXNOD) 
************************************************************************ 
*                       Subroutine for soil spring stiffness 
*                       1 - Modified Coulomb interface friction model 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NFILL,I,J,K,MAXNOD 
*      Soil 
      DOUBLE PRECISION K0,YSFILL,DWSOIL(MAXNOD,MAXNOD),CKSP 
*       Riser 
      DOUBLE PRECISION PI,RO,ZP(MAXNOD,MAXNOD),WPIPE(MAXNOD,MAXNOD) 
*       Base/Embedment material 
      DOUBLE PRECISION MU,ESLIP,KSP(MAXNOD,MAXNOD),KH 
      PARAMETER (KH=0.D0) 
* 
 
      CKSP=K0*YSFILL*MU*2*PI*RO/ESLIP 
* 
      IF  (ABS(DWSOIL(I,1)*J-WPIPE(I,1)).LE.ESLIP) THEN 
          KSP(I,1)=CKSP*(ZP(I,NFILL*I+1)-ZP(I,1))* 
     1             ((ZP(I,2)-ZP(I,1))/2) 
      ELSE 
          KSP(I,1)=KH 
      ENDIF 
** 
      DO 300 K=2,NFILL*I,1 
       IF (ABS(DWSOIL(I,K)*J-WPIPE(I,K)).LE.ESLIP) THEN 
         KSP(I,K)=CKSP* (ZP(I,NFILL*I+1)-ZP(I,K))* 
     1            ((ZP(I,K+1)-ZP(I,K-1))/2) 
       ELSE 
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        KSP(I,K)=KH 
       ENDIF 
* 
300   CONTINUE 
* 
       KSP(I,NFILL*I+1)=0.D0 
* 
      END 
* 
      SUBROUTINE SPRING2(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP, 
     1                  WPIPE,MU,KSP,NFILL,MAXNOD) 
************************************************************************ 
*                       Subroutine for soil spring stiffness 
*                       2- Arctangent interface friction model 
************************************************************************ 
** 
      IMPLICIT NONE 
* 
      INTEGER NFILL,I,J,K,MAXNOD 
*      Soil 
      DOUBLE PRECISION K0,YSFILL,DWSOIL(MAXNOD,MAXNOD),CKSP 
*       Riser 
      DOUBLE PRECISION PI,RO,ZP(MAXNOD,MAXNOD),WPIPE(MAXNOD,MAXNOD) 
*       Base/Embedment material 
      DOUBLE PRECISION MU,KSP(MAXNOD,MAXNOD),FCRIT(MAXNOD) 
* 
      CKSP=K0*YSFILL*MU*2*PI*RO 
* 
        FCRIT(1)=CKSP*(ZP(I,NFILL*I+1)-ZP(I,1)) 
     1   *((ZP(I,2)-ZP(I,1))/2) 
* 
       DO 350 K=2,NFILL*I,1 
         FCRIT(K)=CKSP*(ZP(I,NFILL*I+1)-ZP(I,K))* 
     1          ((ZP(I,K+1)-ZP(I,K-1))/2) 
350    CONTINUE 
* 
* 
        KSP(I,1)=FCRIT(1)/(1+(PI/2*(DWSOIL(I,1)*J-WPIPE(I,1)))**2) 
* 
       DO 400 K=2,NFILL*I,1 
         KSP(I,K)=FCRIT(K)/(1+(PI/2*(DWSOIL(I,K)*J-WPIPE(I,K)))**2) 
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400    CONTINUE 
* 
       KSP(I,NFILL*I+1)=0.D0 
* 
      END 
* 
* 
      SUBROUTINE SPRING3(I,J,K0,YSFILL,DWSOIL,PI,RO,ZP,ESJ,VS,ESJBED, 
     1                  WPIPE,MU,KSP,NFILL,MAXNOD) 
************************************************************************ 
*                       Subroutine for soil spring stiffness 
*                      3 - Hyperbolic interface friction model 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NFILL,I,J,K,MAXNOD 
*      Fill 
      DOUBLE PRECISION K0,YSFILL,DWSOIL(MAXNOD,MAXNOD),CKSP,VS, 
     1                 ESJ(MAXNOD),GS(MAXNOD) 
*       Riser 
      DOUBLE PRECISION PI,RO,ZP(MAXNOD,MAXNOD),WPIPE(MAXNOD,MAXNOD) 
*       Base/Embedment 
      DOUBLE PRECISION MU,ESJBED,KSPI(MAXNOD),KSP(MAXNOD,MAXNOD), 
     1                 DWMAX(MAXNOD),RLMT 
* 
      CKSP=K0*YSFILL*MU*2*PI*RO 
* 
*     Initialize some arrays 
*     ----------------------------------------------------------------- 
        GS(1)=((ESJ(1)+ESJBED)/2)/(2*(1+VS)) 
* 
       DO 300 K=2,NFILL*I,1 
        GS(K)=((ESJ(K-1)+ESJ(K))/2)/(2*(1+VS)) 
300    CONTINUE 
* 
        RLMT=2*GS(INT(NFILL*I/2))/GS(1)*(1-VS)*ZP(I,NFILL*I+1) 
        KSPI(1)= 2*PI*GS(1)*((ZP(I,2)-ZP(I,1))/2) 
     1   /LOG(RLMT/RO) 
        DWMAX(1)=CKSP*(ZP(I,NFILL*I+1)-ZP(I,1))* 
     1           ((ZP(I,2)-ZP(I,1))/2)/KSPI(1) 
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* 
       DO 350 K=2,NFILL*I,1 
         KSPI(K)= 2*PI*GS(K)*((ZP(I,K+1)-ZP(I,K-1))/2) 
     1    /LOG(RLMT/RO) 
         DWMAX(K)=CKSP*(ZP(I,NFILL*I+1)-ZP(I,K))* 
     1          ((ZP(I,K+1)-ZP(I,K-1))/2)/KSPI(K) 
350    CONTINUE 
* 
* 
       IF ((DWSOIL(I,1)*J-WPIPE(I,1)).GE.0.D0)THEN 
        KSP(I,1)=KSPI(1)/ ((1+(DWSOIL(I,1)*J-WPIPE(I,1)) 
     1   /DWMAX(1))**2) 
       ELSE 
        KSP(I,1)=KSPI(1)/ ((-1+(DWSOIL(I,1)*J-WPIPE(I,1))/DWMAX(1))**2) 
       ENDIF 
* 
       DO 400 K=2,NFILL*I,1 
        IF ((DWSOIL(I,K)*J-WPIPE(I,K)).GE.0.D0)THEN 
         KSP(I,K)=KSPI(K)/ ((1+(DWSOIL(I,K)*J-WPIPE(I,K))/DWMAX(K))**2) 
        ELSE 
         KSP(I,K)=KSPI(K)/ ((-1+(DWSOIL(I,K)*J-WPIPE(I,K))/DWMAX(K))**2) 
        ENDIF 
400    CONTINUE 
* 
       KSP(I,NFILL*I+1)=0.D0 
* 
      END 
* 
      SUBROUTINE STIFF(EP,AREA,ZS,ZE,ST) 
*********************************************************************** 
*                       Subroutine for riser element stiffness 
*                       called by Subroutine ASSEM 
*       ZS      Start node coordinate of ELEMENT j, i.e. ZP(i.j), mm 
*       ZE      End node coordinate of ELEMENT j, i.e. ZP(i,j+1), mm 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
*       Riser 
      DOUBLE PRECISION EP,AREA,ZS,ZE,ST(2,2),LENGTH,STELT 
* 
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* 
      LENGTH=ABS(ZE-ZS) 
      STELT=EP*AREA/LENGTH 
* 
      ST(1,1)=STELT 
      ST(1,2)=-STELT 
      ST(2,1)=-STELT 
      ST(2,2)=STELT 
* 
      END 
* 
      SUBROUTINE ASSEM(NFILL,I,NEQ,NEQT,EP,AREA,STTOT, 
     1                 ZP,KB,KSP,MAXNOD) 
************************************************************************ 
*                       Subroutine for total stiffness matrix 
*                       Call Subroutine STIFF 
*      NELT  Total riser element numbers at FILL I 
*      NEQT =  NEQ*(NFILL*I+1) 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NFILL,NELT,IELT,NEQ,NEQT,I,J,K,II,MAXNOD 
*       Riser 
      DOUBLE PRECISION EP,AREA,STTOT(MAXNOD,MAXNOD), 
     1                 ZP(MAXNOD,MAXNOD),ST(2,2) 
*       Base/ Embedment material 
      DOUBLE PRECISION KB,KSP(MAXNOD,MAXNOD) 
* 
* 
      NELT=NFILL*I 
      DO 310 J=1,NEQT,1 
         DO 305 K=1,NEQT,1 
            STTOT(J,K)=0.D0 
305      CONTINUE 
310   CONTINUE 
* 
      IF (NELT.GE.1) THEN 
          DO 330 IELT=1,NELT,1 
* 
             CALL STIFF(EP,AREA,ZP(I,IELT),ZP(I,IELT+1),ST) 
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* 
             II=(IELT-1)*NEQ 
             DO 325 J=1,2*NEQ,1 
                DO 320 K=1,2*NEQ,1 
                   STTOT(II+J,II+K)=STTOT(II+J,II+K)+ST(J,K) 
320             CONTINUE 
325          CONTINUE 
330        CONTINUE 
           DO 335 J=1,NELT+1,1 
              STTOT(J,J)=STTOT(J,J)+KSP(I,J) 
335        CONTINUE 
           STTOT(1,1)=STTOT(1,1)+KB 
      ENDIF 
* 
      END 
 
* 
      SUBROUTINE PASSEM(I,J,K,NEQT,STTOT,MAXNOD) 
************************************************************************ 
*                       Subroutine to print total stiffness matrix 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NEQT,I,J,K,II,JJ,MAXNOD 
*      Soil 
*      none 
*       Riser 
      DOUBLE PRECISION STTOT(MAXNOD,MAXNOD) 
* 
      WRITE(1,'(A,I5,A,I5,A,I5)') 'FILL I=',I,',LS J=',J,',ITERAT K=',K 
* 
      DO 345 II=1,NEQT,1 
         DO 340 JJ=1,NEQT,1 
            WRITE(1,'(F15.5,$)') STTOT(II,JJ) 
340      CONTINUE 
          WRITE(1,'(/)') 
345   CONTINUE 
          WRITE(1,*) 
          WRITE(1,*) 
* 
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      END 
* 
      SUBROUTINE RHS(NEQT,I,J,DWSOIL,WPIPE,ZP,C,C0,RH,KSP,MAXNOD,NINC) 
************************************************************************ 
*                       Subroutine for right hand side 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NEQT,I,J,K,MAXNOD,NINC 
*      Soil 
      DOUBLE PRECISION DWSOIL(MAXNOD,MAXNOD),RH(MAXNOD,MAXNOD) 
*       Riser 
      DOUBLE PRECISION WPIPE(MAXNOD,MAXNOD),ZP(MAXNOD,MAXNOD),C 
*       Base/ Embedment material 
      DOUBLE PRECISION C0,KSP(MAXNOD,MAXNOD) 
* 
* 
      DO 300 K=1,NEQT,1 
         RH(I,K)=KSP(I,K)*DWSOIL(I,K) 
300   CONTINUE 
* 
      IF (C0.GT.10E-10) THEN 
      DO 350 K=1,NEQT,1 
         IF ((DWSOIL(I,K)*J).GE.WPIPE(I,K)) THEN 
           IF (K.EQ.1) THEN 
             RH(I,K)=RH(I,K)+C0/NINC*C*(ZP(I,K+1)-ZP(I,K))/2 
             ELSE IF (K.EQ.NEQT) THEN 
             RH(I,K)=RH(I,K)+C0/NINC*C*(ZP(I,K)-ZP(I,K-1))/2 
           ELSE 
             RH(I,K)=RH(I,K)+C0/NINC*C*(ZP(I,K+1)-ZP(I,K-1))/2 
           ENDIF 
         ELSE 
           IF (K.EQ.1) THEN 
             RH(I,K)=RH(I,K)-C0/NINC*C*(ZP(I,K+1)-ZP(I,K))/2 
           ELSE IF (K.EQ.NEQT) THEN 
             RH(I,K)=RH(I,K)-C0/NINC*C*(ZP(I,K)-ZP(I,K-1))/2 
           ELSE 
             RH(I,K)=RH(I,K)-C0/NINC*C*(ZP(I,K+1)-ZP(I,K-1))/2 
           ENDIF 
         ENDIF 
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350   CONTINUE 
      ENDIF 
* 
      END 
* 
      SUBROUTINE PRHS(I,J,K,NEQT,RH,MAXNOD) 
************************************************************************ 
*                       Subroutine to print right hand vector 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER NEQT,I,J,K,KK,MAXNOD 
*      Soil 
*      none 
*       Riser 
      DOUBLE PRECISION RH(MAXNOD,MAXNOD) 
* 
      WRITE(2,'(A,I5,A,I5,A,I5)') 'FILL I=',I,',  LS J=',J, 
     1                            ',   ITERAT,K=',K 
* 
      DO 355 KK=1,NEQT,1 
         WRITE(2,'(I5,F15.5)') KK,RH(I,KK) 
355   CONTINUE 
      WRITE(2,*) 
      WRITE(2,*) 
* 
      END 
* 
      SUBROUTINE SOLVE(I,NEQT,STTOT,RH,NDWPIP,MAXNOD) 
************************************************************************ 
*                       Subroutine to solve FE equations 
*                       Call Subroutine GAUSSJ 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER I,JJ,KK,NEQT,MAXNOD 
*       Riser 
      DOUBLE PRECISION STTOT(MAXNOD,MAXNOD),STTOTI(MAXNOD,MAXNOD) 
     1                 ,RH(MAXNOD,MAXNOD),NDWPIP(MAXNOD,MAXNOD) 
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     2                 ,X(MAXNOD,1) 
      DO 361 JJ=1,NEQT,1 
         DO 360 KK=1,NEQT,1 
            STTOTI(JJ,KK)=STTOT(JJ,KK) 
360      CONTINUE 
361   CONTINUE 
* 
      DO 365 JJ=1,NEQT,1 
         X(JJ,1)=RH(I,JJ) 
365   CONTINUE 
* 
      CALL GAUSSJ(STTOTI,NEQT,MAXNOD,X,1,1) 
* 
      DO 370 JJ=1,NEQT,1 
         NDWPIP(I,JJ)=X(JJ,1) 
370   CONTINUE 
* 
      END 
* 
      SUBROUTINE GAUSSJ(A,N,NP,B,M,MP) 
************************************************************************ 
*                       Subroutine to solve FE equations, [K]{u}={F} 
*                       Called by Subroutine SOLVE 
************************************************************************ 
      INTEGER M,MP,N,NP,NMAX 
      DOUBLE PRECISION A(NP,NP),B(NP,MP) 
      PARAMETER (NMAX=500) 
      INTEGER I,ICOL,IROW,J,K,L,LL,INDXC(NMAX),INDXR(NMAX),IPIV(NMAX) 
      DOUBLE PRECISION BIG,DUM,PIVINV 
* 
      DO 11 J=1,N 
        IPIV(J)=0 
11    CONTINUE 
      DO 22 I=1,N 
        BIG=0.D0 
        DO 13 J=1,N 
          IF(IPIV(J).NE.1)THEN 
            DO 12 K=1,N 
              IF (IPIV(K).EQ.0) THEN 
                IF (ABS(A(J,K)).GE.BIG)THEN 
                  BIG=ABS(A(J,K)) 
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                  IROW=J 
                  ICOL=K 
                ENDIF 
* 
              ELSE IF (IPIV(K).GT.1) THEN 
                PAUSE 'STTOT IS A SINGULAR MATRIX' 
              ENDIF 
12          CONTINUE 
          ENDIF 
13      CONTINUE 
        IPIV(ICOL)=IPIV(ICOL)+1 
        IF (IROW.NE.ICOL) THEN 
          DO 14 L=1,N 
            DUM=A(IROW,L) 
            A(IROW,L)=A(ICOL,L) 
            A(ICOL,L)=DUM 
14        CONTINUE 
          DO 15 L=1,M 
            DUM=B(IROW,L) 
            B(IROW,L)=B(ICOL,L) 
            B(ICOL,L)=DUM 
15        CONTINUE 
        ENDIF 
        INDXR(I)=IROW 
        INDXC(I)=ICOL 
        IF (A(ICOL,ICOL).EQ.0.) PAUSE 'STTOT IS A SINGULAR MATRIX' 
* 
        PIVINV=1.D0/A(ICOL,ICOL) 
        A(ICOL,ICOL)=1.D0 
        DO 16 L=1,N 
          A(ICOL,L)=A(ICOL,L)*PIVINV 
16      CONTINUE 
        DO 17 L=1,M 
          B(ICOL,L)=B(ICOL,L)*PIVINV 
17      CONTINUE 
        DO 21 LL=1,N 
          IF(LL.NE.ICOL)THEN 
            DUM=A(LL,ICOL) 
            A(LL,ICOL)=0.D0 
            DO 18 L=1,N 
              A(LL,L)=A(LL,L)-A(ICOL,L)*DUM 
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18          CONTINUE 
            DO 19 L=1,M 
              B(LL,L)=B(LL,L)-B(ICOL,L)*DUM 
19          CONTINUE 
          ENDIF 
21      CONTINUE 
22    CONTINUE 
      DO 24 L=N,1,-1 
        IF(INDXR(L).NE.INDXC(L))THEN 
* 
          DO 23 K=1,N 
            DUM=A(K,INDXR(L)) 
            A(K,INDXR(L))=A(K,INDXC(L)) 
            A(K,INDXC(L))=DUM 
23        CONTINUE 
        ENDIF 
24    CONTINUE 
      RETURN 
* 
      END 
* 
      SUBROUTINE MAXDW(I,NEQT,DWPIPE,NDWPIP,MAXDWP,MAXNOD) 
************************************************************************ 
*    Subroutine to search maximum |NDWPIP-DWPIPE|, and store it into MAXDWP 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER I,JJ,NEQT,MAXNOD 
*       Riser 
      DOUBLE PRECISION NDWPIP(MAXNOD,MAXNOD),DWPIPE(MAXNOD,MAXNOD) 
     1                 ,MAXDWP,DWP 
* 
      DO 400 JJ=1,NEQT,1 
             DWP=ABS(NDWPIP(I,JJ)-DWPIPE(I,JJ)) 
          IF (ABS(DWP).GT.MAXDWP) THEN 
             MAXDWP=ABS(DWP) 
          ENDIF 
400   CONTINUE 
* 
      END 
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* 
      SUBROUTINE RESULT(I,EP,AREA,C,NEQT,FSP, 
     1                  ZP,WPIPE,KB,MAXNOD,EPRINT) 
************************************************************************ 
*                       Subroutine to print main results at FILL I 
*      STRESS(I,J) Average axial stress in riser ELEMENT J at FILL I 
*      AF(I,J)     Axial force in riser Element j at FILL I 
*      NF(I,J)     Axial force at node J at FILL I       
*      FSP(I,J)    Spring force at Node J at FILL I 
*      TAU(I,J)    Average skin friction stress at Node J at FILL I 
*      FB         =KB*WPIPE(i,1)  Force on the virtual base at FILL I 
*      ZPM       =(ZP(I,JJ)+ZP(I,JJ+1))/2, Coordinate at midpoint of ELEMENT JJ 
************************************************************************ 
* 
      IMPLICIT NONE 
* 
      INTEGER I,NEQT,JJ,MAXNOD,EPRINT 
*       Riser 
      DOUBLE PRECISION EP,AREA,C,ZP(MAXNOD,MAXNOD),WPIPE(MAXNOD,MAXNOD) 
     1       ,STRESS(MAXNOD,MAXNOD),AF(MAXNOD,MAXNOD),NF(MAXNOD,MAXNOD) 
*       Base/Bedding 
      DOUBLE PRECISION KB 
*       Interface 
      DOUBLE PRECISION FSP(MAXNOD,MAXNOD),TAU(MAXNOD,MAXNOD) 
* 
* 
      WRITE(9,*)'------------------------------------------------------' 
* 
      WRITE(9,'(/,A, I5)') 'ELEMENT SOLUTION AT FILL',I 
      WRITE(9,'(A10,3A15)') 'EL No.','ZPM(mm)','STRESS(MPa)','AF(N)' 
* 
      DO 950 JJ=1,NEQT-1,1 
*       
       IF ((JJ.EQ.1).OR.(JJ.EQ.(NEQT-1)).OR.(MOD(JJ,EPRINT).EQ.0)) THEN 
*                
         STRESS(I,JJ)=EP*(WPIPE(I,JJ+1)-WPIPE(I,JJ)) 
     1   /(ZP(I,JJ+1)-ZP(I,JJ)) 
         AF(I,JJ)=STRESS(I,JJ)*AREA 
         WRITE(9,'(I10,3F15.5)') JJ,(ZP(I,JJ+1)+ZP(I,JJ))/2, 
     1                           STRESS(I,JJ),AF(I,JJ) 
* 
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       ENDIF          
950   CONTINUE 
*       
      WRITE(9,'(/,A, I5)') 'NODE SOLUTION AT FILL',I 
      WRITE(9,'(/,A20,F15.5,A)') 'FORCE ON BASE, FB=', 
     1                            KB*WPIPE(I,1),'  (N)' 
      WRITE(9,'(A10,5A15)') 'Node No.','ZP(mm)','WPIPE(mm)', 
     1                      'FSP(N)','TAU(MPa)','NF(N)' 
      DO 960 JJ=1,NEQT,1 
* 
       IF ((JJ.EQ.1).OR.(JJ.EQ.NEQT).OR.(MOD(JJ,EPRINT).EQ.0)) THEN 
*                
         IF (JJ.EQ.1) THEN 
            TAU(I,JJ)=FSP(I,JJ)/C/((ZP(I,JJ+1)-ZP(I,JJ))/2) 
            NF(I,JJ)=AF(I,JJ)+FSP(I,JJ) 
         ELSEIF (JJ.EQ.NEQT) THEN 
            TAU(I,JJ)=FSP(I,JJ)/C/((ZP(I,JJ)-ZP(I,JJ-1))/2) 
            NF(I,JJ)=0.D0 
         ELSE 
            TAU(I,JJ)=FSP(I,JJ)/C/((ZP(I,JJ+1)-ZP(I,JJ-1))/2) 
            NF(I,JJ)=AF(I,JJ)+FSP(I,JJ)/2                
         ENDIF 
* 
         WRITE(9,'(I10,5F15.5)') JJ,ZP(I,JJ),WPIPE(I,JJ), 
     1                         FSP(I,JJ),TAU(I,JJ),NF(I,JJ) 
* 
       ENDIF 
*         
960   CONTINUE 
* 
      END 
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APPENDIX C – CONVERGENCE TESTING FOR ABAQUS MODELING 

 
 

C.1 Introduction 

To determine an optimum mesh scheme to yield a three-dimensional finite element solution of 

desired accuracy, convergence tests were performed. Since the ultimate capacities of Tee and 

Wye fittings (both in isolation and when buried) were of most interest in this study, the numerical 

solution for the capacity of a fitting is then used to check the modeling convergence. An 

h-refinement method was used for these convergence tests.  

The following convergence testing was carried out only for the regular (SDR35) fittings (both 

Tee and Wye). The modeling for a heavy-wall (SDR26) fitting will yield a more accurate solution at 

the same mesh level (with the same element size) as that for a regular fitting, and thus it is not 

necessary to do extra convergence tests for heavy-wall fittings.  

C.2 Tee Fitting In Isolation 

A group of models, which have the same model configurations as those for model 6.2-1 

described in Section 6.2 but with different levels of mesh refinement, were created and analyzed 

for a Tee fitting in isolation. The numerical results are listed in Table C-1 and also plotted in Figure 

C-1. 
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Table C-1 Convergence testing for a Tee fitting in isolation.  
Mesh Level Total Element Number Element Number of Tee Ultimate Capacity (kN) 

1 1184 802 10.8  
2 1794 1100 10.1  
3 3410 1914 9.7  
4 8734 4005 9.3  
5 54589 22564 8.7  
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Figure C-1 Convergence testing for a Tee fitting in isolation. 
 

As indicated in Figure C-1, the ultimate capacity of the Tee fitting decreases 6.5% with the 

refinement after Mesh Level 4 listed in Table C-1. With the consideration of the computing 

resources and time, Mesh Level 4 was chosen to be used for the subsequent analyses for a Tee 

fitting in isolation. 

C.3 Wye Fitting In Isolation 

With the same model configurations as those for model 6.3-1 described in Section 6.3, a 

group of models with different levels of mesh refinement were created and analyzed for a Wye 

fitting in isolation. The numerical results are listed in Table C-2 and also plotted in Figure C-2. 
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Table C-2 Convergence testing for a Wye fitting in isolation.  
Mesh Level Total Element Number Element Number of Tee Ultimate Capacity (kN) 

1 9357 2018 20.2  
2 14567 2877 19.1  
3 26690 4805 18.2  
4 64276 10373 17.7  
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Figure C-2 Convergence testing for a Wye fitting in isolation. 
 

As indicated in Figure C-2, the ultimate capacity of the Wye fitting decreases 2.7% with the 

refinement after Mesh Level 3 listed in Table C-2. Mesh Level 4 was finally selected to be used for 

the subsequent analyses for a Wye fitting in isolation. 

 

C.4 Buried Tee Fitting 

A group of models, with the same model configurations as those for model 6.4-1a described in 

Section 6.4 but with different levels of mesh refinement, were created and analyzed for a buried 

Tee fitting. The numerical results are listed in Table C-3 and also plotted in Figure C-3. 
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Table C-3 Convergence testing for a Tee fitting when buried. 
Mesh Level Total Element Number Element Number of Tee Ultimate Capacity (kN) 

1 13556 803 45.2  
2 18566 1099 43.0  
3 30166 1907 40.9  
4 63775 4006 39.3  
5 340525 22520 37.2  
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Figure C-3 Convergence testing for a buried Tee fitting. 
 

As indicated in Figure C-3, the ultimate capacity of the Tee fitting decreases 5.3% with the 

refinement after Mesh Level 4 listed in Table C-3. With consideration of the computing resources 

and time, Mesh Level 4 was chosen to be used for the subsequent analyses for a buried Tee 

fitting. 

C.5 Buried Wye Fitting 

With the same model configurations as those for model 6.5-1a described in Section 6.5, a 

group of models with different levels of mesh refinement were created and analyzed for a buried 

Wye fitting. The numerical results are listed in Table C-4 and also plotted in Figure C-4. 
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Table C-4 Convergence testing for a Wye fitting when buried. 
Mesh Level Total Element Number Element Number of Tee Ultimate Capacity1 (kN) 

1 33102 2009 40.8  
2 45481 2877 38.6  
3 73420 4786 37.7  
4 148661 10365 36.8  

Note: The ultimate capacity of the buried Wye fitting system is defined as the maximum axial 
force at the riser base when the riser base starts yielding. Refer to Section 6.5 for the details of 
this definition. 
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Figure C-4 Convergence testing for a buried Wye fitting. 
 

As indicated in Figure C-4, the ultimate capacity of the Wye fitting decreases 2.4% with the 

refinement after Mesh Level 3 listed in Table C-4. Mesh Level 4 was finally selected for the 

subsequent analyses for a buried Wye fitting. 
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APPENDIX D – USER SUBROUTINE FOR JANBU MATERIAL MODEL 

 
 
       SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD, 
     1 RPL,DDSDDT,DRPLDE,DRPLDT, 
     2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME, 
     3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT, 
     4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
      DIMENSION STRESS(NTENS),STATEV(NSTATV), 
     1 DDSDDE(NTENS,NTENS), 
     2 DDSDDT(NTENS),DRPLDE(NTENS), 
     3 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1), 
     4 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRD0(3,3),DFGRD1(3,3) 
      DIMENSION PS(NDI) 
      PARAMETER (PA=0.1013,ONE=1.0,TWO=2.0) 
C 
C 
C     AK=m; AN=α; AMU= Soil Poisson’s ratio 
C 
      AK=PROPS(1) 
      AN=PROPS(2) 
      EJMIN=PROPS(3) 
      AMU=PROPS(4) 
C 
C     Calculate principal stress 
C 
      CALL SPRINC(STRESS,PS,1,NDI,NSHR) 
C 
C     Find effective confining stress, PS(3)=max or |PS(3)|=min. 
C 
      PS3=PS(1) 
      DO I=2,NDI 
         IF (PS(I).GT.PS3) THEN 
            PS3=PS(I) 
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         ENDIF 
      END DO 
C 
C     Calculate Janbu soil modulus 
C 
      IF (PS3.GT.0.0) THEN 
        EJ=EJMIN 
      ELSE 
        EJ=AK*PA*(-PS3/PA)**AN 
      ENDIF 
C 
C     Set a lower limit for calculated Janbu soil modulus 
C 
      IF (EJ.LT.EJMIN) THEN 
         EJ=EJMIN 
      ENDIF 
C 
C     Create new Jacobian matrix 
C 
      ALAM=EJ*AMU/(ONE+AMU)/(ONE-TWO*AMU) 
      GG=EJ/TWO/(ONE+AMU) 
      TERM1=ALAM+TWO*GG 
C 
      DO K1=1,NTENS 
         DO K2=1,NTENS 
            DDSDDE(K2,K1) = 0.0 
         END DO 
      END DO 
C 
      DO K1=1,NDI 
         DDSDDE(K1,K1) = TERM1 
      END DO 
C 
      DO K1=2,NDI 
         N2 = K1-1 
         DO K2=1,N2 
            DDSDDE(K2,K1) = ALAM 
            DDSDDE(K1,K2) = ALAM 
         END DO 
      END DO 
C 
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      I1 = NDI 
      DO K1=1,NSHR 
         I1 = I1+1 
         DDSDDE(I1,I1) = GG 
      END DO 
C 
C     Evaluate new stress tensor 
C 
       DO K1=1,NTENS 
         DO K2=1,NTENS 
            STRESS(K2)=STRESS(K2)+DDSDDE(K2,K1)*DSTRAN(K1) 
         END DO 
      END DO 
C 
      RETURN 
      END 
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