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Abstract 

 
EVALUATION OF STRUCTURAL CAPACITY OF 

EPOXY-COATED CONCRETE PIPES 

AND ITS INTERACTION WITH SOIL 

by 

 

Elmira Riahi, PhD 

 

The University of Texas at Arlington, 2016 

 

Supervising Professor: Xinbao Yu 

Rehabilitation of concrete structures by using synthetic resins such as epoxy is 

increasing worldwide. Understanding the structural behavior of the resultant composite 

structure and the interaction between the coating and concrete can be beneficial in 

predicting performance of the rehabilitated structure. However, very little is known about 

the strength of the epoxy-coated concrete. This researcher conducted laboratory 

experiments designed to evaluate epoxy coated concrete specimens under different load 

configurations with an emphasis on its stress-strain characteristics. The tests include 

uniaxial compression cylindrical specimens, three-point and four-point bending and tests 

on beam specimens and three-edge bearing tests on concrete pipe specimens. The 

concrete specimens used in the tests consisted of concrete specimens with and without 

epoxy coating. Finite element modeling (FEM) was adopted to simulate the epoxy-coated 

concrete beams and pipes under three-point and four-point bending and three-edge 

bearing tests. The FEM models were verified by test results and simulated the behavior 

of epoxy-coated concrete under different load configurations. Parametric study on a 
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concrete calibrated model showed that increasing the thickness of the lining for higher 

degrees of deterioration of concrete has more effect on increasing the peak load carried 

by the pipe. Deteriorated manholes repaired with epoxy liner were selected as another 

application example and simulated by ABAQUS using the calibrated material models to 

evaluate its structural performance under soil, water, and traffic loads. Parametric study 

results for rehabilitated manhole structures indicates that for partially deteriorated 

manholes the epoxy linings do not have a significant effect on the radial deformation of 

the manhole structure and in the case of fully deteriorated manholes increasing the 

thickness of the lining can result in smaller radial deformations.  
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  Chapter 1

1.1 Introduction 

By definition infrastructures are “the basic physical and organizational structures 

and facilities (e.g., buildings, roads, and power supplies) needed for the operation of a 

society or enterprise” (1). These “basic structures” are aging throughout the world and 

they need immediate attention to minimize their repair or replacement cost. Grade D+ 

was reported by ASCE in their latest 2013 report card on infrastructure in the United 

States. Wastewater and drinking water systems received a D with an estimated $298 

billion projected as the cost for wastewater improvement over the next 20 years and over 

$1 trillion for drinking water pipes replacement (2) makes it clear enough why more 

research and effort must be made in this area.  

This dissertation focuses on concrete pipes and manholes used in sewer 

systems as part of a water system rehabilitation study. Gravity flow wastewater and storm 

water collection systems consist of sewer pipes, manholes and transmission components 

(3). Commonly used materials in the sewer system include polyvinyl chloride (PVC) pipe, 

concrete cylinder pipes, and ductile or cast iron pipes. There are about 740,000 miles of 

sewer network in the United States, and most of that network was installed after World 

War II, which means the post-war pipes are close to the end of their service life. 44% of 

the sewer network is made of clay or concrete pipes (4). The other component of the 

sewer system, manholes, number 20 million in the United States and 4 million (20%) of 

them are at least 50 years old (3).  

Various methods are available to address concrete pipe deterioration. For 

instance replacement of the deteriorated pipe or manhole structure which can be difficult 

and expensive in many cases, chemical grouting in which chemical materials such as 

acrylamide or urethane grout are applied under pressure into joints and/or surrounding 
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soil, pipe linings which are inserted inside the existing pipe to restore it structurally and 

finally coatings that are applied inside of the pipe to protect it from corrosion and abrasion 

(5).  

The spray-on lining method is a trenchless rehabilitation method for pipes and 

manholes. In this method a layer of lining is sprayed inside of the deteriorated pipe. In 

general, the linings used in this method are divided into two main categories: 

cementitious materials and polymers. According to the United States Environmental 

Protection Agency (EPA) (6) , the main advantage of using cementitious lining is its cost 

effectiveness and the fact that reinforcement can be used with this type of lining. But this 

material is not as corrosion-resistant as polymer linings. For polymer linings, high-build 

polymer is available for sewer rehabilitation and bonding is not an issue when using this 

type of lining. The main disadvantage of polymer linings is the importance of surface 

preparation before applying the lining which can be difficult in the case of pipes with small 

diameters (7). Different polymers used in this method are epoxies, polyurethanes and 

polyureas. The focus of current research is mainly on epoxy linings. 

Epoxy resins were first commercialized in Europe and the United States in the 

late 1930’s. Epoxy resins are a class of thermoset materials which are routinely used as 

adhesive coatings, encapsulates, casting material, potting compounds, and binders. The 

simplest formulation of epoxy consists of a single epoxy resin, which is formed by the 

reaction of bisphenol and epichlorohydrin, and a curative. More complex formulations that 

can improve the properties of the material according to the requirements may include 

multiple resins, modifiers and a curative package that drives specific reactions at specific 

times (8).  

The cost of applying epoxy lining is between $5 to $10/ft, which is based on 

diameter. The experience required for applying the lining is categorized as medium 
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experience, which means 10 to 20 years. When comparing the cost and experience 

requirements for epoxy lining with the cost and experience requirements for cementitious 

lining, both are categorized in the same group (9). 

Epoxy lining started being used instead of cement mortar lining in pipes in the 

late 1970s and early 1980s. Epoxy lining was officially approved in 1985 in the United 

Kingdom. By 1995, it was well established in the U.K., Japan, Sweden and Germany, 

while still new and innovative in the United States. By 2010, 10% of pipe coatings were 

performed using epoxy in the United States (10). In this rehabilitation method with 

polymeric linings, a layer of material is sprayed inside of the deteriorated concrete pipe or 

manhole structure.  

1.2 Problem Statement and Research Objectives 

Existing literature on epoxy-coated concrete mainly focuses on bonding and 

durability performance. In 2005, Liu and Vipulanandan performed 79 laboratory and 16 

in-situ tests on four different commercially available epoxy-based coatings to study 

tensile bonding strength of epoxy to dry and wet concrete substrate (11). In 2003, A.A. 

Almusallam et al. studied the effect of five generic types of concrete surface coatings, 

including epoxy, on durability of concrete (12). Compression, tension, flexure, and shear 

bond tests on concrete specimens repaired by epoxies were conducted by El-Hawary et 

al. in 1998 to study the effect of variables such as types of cement, types of epoxy, 

duration of exposure to seawater, and the effect of temperature on the strength of epoxy-

repaired concrete (13). However, numerical analyses on epoxy coated concrete is 

limited, even though generating finite element models of epoxy rehabilitated concrete can 

help further the effective use of this method for improving strength and durability of 

deteriorated concrete structures. 
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Ever since this method was first used for concrete structure rehabilitation, its 

structural capacity has been ignored. The structural capacity is referred to as the 

contribution of the epoxy coating to resist structure’s design loads. To explain structural 

behavior of epoxy coated concrete members, stress-strain relations of the composite 

members under different loading configurations must be understood. Furthermore, the 

effect of type and thickness of the coating on load bearing capacity of deteriorated 

concrete pipes or manholes must be clarified. As mentioned before, lack of a numerical 

model of an epoxy coated member with an appropriate interaction definition between the 

coating and concrete and material properties in available literature limits the potential of 

performing a detailed study on various parameters that can ameliorate the knowledge of 

structural capacity of epoxy coated concrete members. 

 According to the problem statement, the primary objective of this research was 

to generate a finite element model to predict the behavior of rehabilitated composite 

structures. To accomplish this, a thorough study of the structural capacity of rehabilitated 

concrete members such as pipes and manholes was achieved by means of existing 

experimental programs and a number of supporting objectives were established and 

accompanied by research as listed below: 

Supporting Objective 1: Testing stress-strain behavior of epoxy-coated 

members—Experiments were performed to determine the stress-strain behavior of 

epoxy-coated concrete members under flexural, D-load and circumferential loading 

configurations. 

Supporting Objective 2: Calibration of finite element model—Test results were 

used to calibrate the finite element model and thereby predict the behavior of epoxy-

coated concrete members. 
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Supporting Objective 3: Defining parameter-behavior relationships—A parametric 

study was conducted on the various parameters that may affect behavior of the epoxy-

coated concrete members. 

Supporting Objective 4: Load-bearing study of epoxy-coated concrete 

manholes—Study behavior of epoxy-coated concrete manhole under different load 

combinations existing in the field 

1.3 Dissertation Organization 

This dissertation consists of three manuscripts one of which is a modified version 

of a published in the ASCE Journal of pipeline systems engineering and practice on 

December 16, 2015 (14). The other two manuscripts are ready for submission. The 

dissertation is divided into five chapters:  Ch. 1) Introduction, Ch. 2) Experimental and 

Numerical Analyses of Strength of Epoxy Coated Concrete under Different Load 

Configurations, Ch. 3) Structural Behavior of Concrete Pipe with Spray-on Cured-in-Place 

Lining, Ch. 4) Structural Behavior of Epoxy Coated Rehabilitated Concrete Manhole 

Structure, and Ch. 5) Conclusion. 

Chapter 1: This chapter presents an introduction to the present situation of 

underground infrastructure in the United States and magnifies existing problems that are 

being addressed in this research. Objectives of the research are also clarified in this 

chapter. 

Chapter 2: A set of laboratory tests are performed on concrete beams and pipes 

at the laboratory of the University of Texas at Arlington’s Center for Underground 

Infrastructure Research and Education (CUIRE). The results of these tests which were 

conducted on concrete members with and without linings are used to study the effect of 

different lining materials on flexural strength of concrete beams and D-load strength of 

concrete pipes. Multipurpose commercial software, ABAQUS is used to generate a 
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calibrated finite element model of concrete pipe under D-load test configuration. The 

model is verified by using the test results and parametric study is performed on 

interaction behavior between concrete and epoxy lining.  

Chapter 3: An additional set of experiments are performed on larger concrete 

beam specimens to improve the experimental database and previously developed finite 

element model. This model is used to perform parametric studies on thickness of the 

lining, percentage of concrete deterioration and material properties of the lining. 

Chapter 4: This chapter focuses on rehabilitation of deteriorated concrete 

manhole structures. The behavior of resultant composite structure after rehabilitation is 

usually overlooked. In the current research structural capacity of the rehabilitated 

concrete manhole is studied by generating a finite element model in ABAQUS. The 

model is calibrated by using the results from an existing full-scale manhole experiment 

performed by Sabouni in 2008 at the University of Western Ontario, Canada (15). After 

model validation, a layer of epoxy lining is added to the model and behavior of the 

composite structure is studied under different loading conditions and different degrees of 

concrete deterioration with different thicknesses of lining material and property. For this 

simulation two constitutive models are considered for simulation of the surrounding soil: 

Mohr-Coulomb which is an existing material model in ABAQUS and Duncan-Chang 

material behavior, which is implemented in the model as a subroutine. 

Chapter 5: Conclusions based on the research are presented and 

recommendations for future study are offered in this chapter.  
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  Chapter 2

Experimental And Numerical Analyses Of Strength Of Epoxy Coated Concrete Beam And 

Pipe 

Abstract 

Rehabilitation of concrete structures by using synthetic resins such as epoxy is 

increasing worldwide. Understanding the structural behavior of the resultant composite 

structure and the interaction between the coating and concrete can be beneficial in 

predicting performance of the rehabilitated structure. However, the knowledge of strength 

of the epoxy-coated concrete is very limited. This paper presents laboratory experiments 

designed to evaluate epoxy coated concrete specimens under different load 

configurations with an emphasis on its strength characteristics. The studied load 

configurations included uniaxial compression for cylindrical specimens, three-point 

bending for beam specimens, and three-edge bearing for concrete pipe specimens. The 

concrete specimens used in the tests consisted of concrete specimens with and without 

epoxy coating. Finite element modeling (FEM) was adopted to simulate the epoxy-coated 

concrete beams and pipes under three-point bending and three-edge bearing loads. The 

FEM models were verified by test results and simulated the behavior of epoxy-coated 

concrete under different load configurations.  

2.1 Introduction 

Concrete structures experience deterioration when they are exposed to severe 

environmental and mechanical loading. The number of structures that have deteriorated 

in service and stand in need of repair and maintenance is vast and ever increasing with 

one in nine US bridges rated as structurally deficient. The overall number of high-hazard 

dams was estimated at approximately 14,000 in 2012. Roads received a grade of D in 

2013 with a Federal Highway Administration estimate of an unreachable $170 billion said 
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to be needed annually to fix the problems. The common denominator of all these failing 

structures is concrete. Different repair methods are suggested for concrete structures 

according to the degree of deterioration. One of the most recent and developing methods 

is using synthetic resins. Synthetic resins such as epoxy, polyester, acrylic, and 

polyurethane have found various applications in civil engineering. Epoxy resins, first 

commercialized in 1946, are one of the most important and widely used types of 

polymeric systems. These epoxy resin system are used in civil engineering works such 

as grouting of cracks, repairs of eroded concrete structures, emergency repairs of 

bridges, aqueducts, chemically corroded columns and beams (Saxena 2014). 

Existing literature on epoxy-coated concrete mainly focuses on bonding (Liu and 

Vipulanandan 2005) and durability performance (El-Hawary et al. 1998). Liu and 

Vipulanandan (2005) studied tensile bonding strength of epoxy to dry and wet concrete 

substrate by performing 79 laboratory and 16 in-situ tests on four different commercially 

available epoxy based coatings. El-Hawary et al. (1998) conducted compression, tension, 

flexure, and shear bond tests on concrete specimens repaired by epoxies to study the 

effect of variables such as types of cement, types of epoxy, duration of exposure to 

seawater, and the effect of temperature on the strength of epoxy-repaired concrete.  

Numerical simulation of repaired concrete can help in choosing an appropriate 

rehabilitation method and prediction of behavior for the repaired structure. Numerical 

simulations of epoxy repaired concrete are limited. However, abundant literature has 

been found on concrete reinforced by other non-metal synthetic materials. Arduini et al. 

(1997) did experimental, analytical, and numerical study on externally reinforced concrete 

beams with fiber reinforced plastics (FRP). In this study, experimental results confirmed 

the possibility of strengthening beams using FRP. However, brittle unexpected failure 

mechanisms in FRP beams also need to be considered for reinforced beams. An 



 

11 

analytical model is also presented in which the mechanical properties of constituent 

materials and the characteristics of the interface concrete-FRP are taken into account, 

and it is supported by numerical simulation. Kachlakev et al. (2001) published a report 

using the ANSYS program to simulate behavior of four full size beams reinforced with 

FRP and compared the results to actual load tests. In this simulation, perfect bonding 

between FRP elements and concrete was assumed. Comparison of the test data and 

finite element analysis showed good agreement for load deflection and load                                       

strain curves and the crack patterns at the final loads.  Hu et al. (2004) compared the 

results of nonlinear finite element analysis of reinforced concrete beams strengthened by 

fiber-reinforced plastics to laboratory test results and did some parameter studies. In their 

simulation the reinforcing layer is attached to the concrete beam.  Nour et al. (2007) used 

ABAQUS subroutine to create a constitutive model for concrete and did simulations for 

concrete structures reinforced with internal and external FRP. In their study a portable 

constitutive concrete model was proposed that can correctly simulate different kind of 

composite reinforcements and its reliability was confirmed by the means of several tests. 

A surface to surface contact interaction was used for simulation of the composite beams. 

In order to understand behavior of epoxy-coated concrete, laboratory 

experiments were performed on epoxy-coated concrete specimens under three load 

configurations: uniaxial compression, three-point bending and three-edge bearing.  The 

specimens used were concrete cylinders, beams, and pipes which included both epoxy-

coated and uncoated ones for comparison. Finite element models of beams and pipes 

were created using ABAQUS to simulate the epoxy-coated specimens under the studied 

load configurations. The models were calibrated with laboratory results and a parametric 

study followed on the effect of interface interaction between concrete and epoxy on the 

load-deformation curve.  
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2.2 Experimental Program 

A comprehensive laboratory testing program was conducted at the laboratory of 

the University of Texas at Arlington’s Center for Underground Infrastructure Research 

and Education (CUIRE). Preliminary tests determined the flexural strength of concrete 

beams as per ASTM C293 and the compressive strength of concrete cylinders per ASTM 

C39. All the tests were conducted on concrete with design strength of 34.5 MPa and, in 

both cases, epoxy-coated and uncoated beams and cylinders were used. A total of 5 

concrete beams and 17 concrete cylinders were sent to participating companies who 

applied epoxy using their standard procedure. Cylinders were lined evenly on their whole 

circumferential surface, and the beams were coated on bottom side that was under 

tension during loading.  

Manufacturers of the epoxy provided the basic mechanical properties of their 

products. Table  2-1 shows the mechanical properties of the epoxy used in the test 

provided by two different manufacturers. The epoxy used in this study’s test was an ultra-

high build epoxy coating formulated with high mechanical strength and resistance to 

environmental effects. 
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Table  2-1 Material properties of the epoxy coatings 
 

Compressive 
 ASTM D695 

Flexural  
ASTM D790 

Tensile 
 ASTM D638 

Adhesion  
ASTM D4541 

Strength 
(kPa) 

E 
(MPa) 

Strength 
(kPa) 

E 
(MPa) 

Strength 
(kPa) 

E 
(MPa) 

Strength 
(kPa) 

Failure 
mode 

EPX1 124,890 2,208 93,840 4,858 57,822 5,023 7,231 
100% 

Concrete 

EPX2 72,450 1,932 62,928 759 48,990 649 - 
100% 

Concrete 

Pull-off strength or bond testing (ASTM D4541, 2014; ASTM D7234) was also 

used to measure the adhesion strength between a coating (e.g., epoxy) and a substrate 

(concrete).  The test method requires a dolly (pull stub), which is bonded to the surface of 

the system.  A load is applied to the dolly until failure occurs and the maximum tensile 

stress is measured. The epoxy materials have excellent bond to concrete and other 

surfaces as demonstrated in Table  2-1, the failure occurs in concrete in the adhesion 

test. 

Flexural strength of a beam is defined as its ability to withstand bending failure. 

Standard concrete beams of 15.2 cm × 15.2 cm × 50.8 cm are recommended by ASTM 

C293. Since flexural tests are sensitive to specimen preparation, handling, and curing 

procedure, and standard beam specimens were considered heavy and requiring longer 

curing time, the specimen size was reduced to 7.6 cm × 7.6 cm × 28 cm to facilitate the 

handling and transportation process. Concrete beams were coated with epoxy at the 

bottom tension side for flexural strength test as shown in Figure  2-1. In the flexural 

strength test, the concrete beam was loaded with three-point loading and failed due to 

development of tension cracks. Therefore, the tension behavior of concrete is the most 

important property that determines the structural capacity of the concrete beam. For the 

coated concrete beam, the structural capacity increased greatly compared to the bare 



 

14 

concrete beam as shown in Table  2-1. The increase of structural capacity (strength) was 

due to the reinforcement effect of epoxy on concrete, which resulted in stiffening of the 

tension-stiffening curve. An extensive parameter study was performed to evaluate the 

load-deflection curve in response to each tension-stiffening parameter. The flexural 

behavior of concrete for coated and uncoated beams was back-calculated from 

measured laboratory test. The ultimate strain for bare concrete and reinforced concrete 

was assumed to be close to the failure strain of the epoxy, which is 0.016. The 

mechanical properties shown in Table  2-1 were considered in modeling epoxy materials. 

A bilinear material model was selected with elasticity modulus of 5,019 MPa, a yield 

stress of 31 MPa, and an ultimate strength of 58 MPa. 

 
Figure  2-1 A typical coated beam specimen (image by Alimohammad Entezarmahdi) 

Compressive strength tests on both coated and uncoated 10 cm x 20 cm 

cylindrical concrete samples were performed. Epoxy coating was applied in the form of a 

wrap to the outer side of each concrete cylinder. Summary of the test results for coated 

and uncoated concrete cylinders and beams are presented in Table  2-2.  



 

15 

Table  2-2 Summary of Test Results of Uncoated and Coated Concrete Samples 

 
Test type 

Uncoated Specimen 
(average of 3) 

Coated Specimen 
(average of 5) 

Compression Strength –Cylinder 
(kPa) 

35,073 38,868 

Flexural Strength -Beam 
(kPa) 

6,320 11,433 

  

2.3 Three-edge Bearing Test of Precast Reinforced Circular Concrete Pipes 

A three-edge bearing test was performed per ASTM C497 to evaluate the 

behavior of the lined and unlined concrete pipes. The main purpose of this test was to 

determine the effect of applying epoxy liners on the ultimate strength of lined precast 

circular pipes. An unlined pipe was also tested to provide a comparison base. The 

concrete pipes were dry precast pipes manufactured according to ASTM C76 which are 

typically used for storm sewer and roadway drainage applications. The pipes have an 

inside diameter of 61 cm with 7.6 cm thickness and 1.2 m length. A total number of 17 

pipes including one unlined pipe were tested. The three-edge bearing method was used 

for loading the pipes. In this method, a pipe was supported on a lower bearing of two 

parallel longitudinal strips, and the load was applied through an upper bearing. Twenty-

eight days or more after the pipe was casted, participating manufacturers of different 

liners came to the site of the pipe manufacturer (Forterra Pipe & Precast, Grand Prairie, 

Texas) to apply linings on the pipe’s inner surface following their routine standard 

operation to represent the field operation procedure. Also one day before the lining 

process, strain gages were installed by the UTA research team.  The strain gages were 

installed on selected pipes, as shown in Figure  2-2 (a), at four critical locations where 

maximum strains are anticipated. Strain gauges (model PFL-30-11 from Vishay, Malvern, 

Pennsylvania) were selected and installed on the concrete surface using a bonding 

material supplied by Vishay. The concrete surface was processed to provide smooth and 
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clean surface for bonding application. The strain gauges were attached to the surface 

and remained until the bonding materials were completely hardened, after which the 

lining process was initiated. After the lining process was completed, displacement 

transducers DP-1000 E from Tokyo Sekki Kenkyujo (Shingawa-ku, Tokyo, Japan) were 

attached to the top and bottom of the pipe for measuring pipe deformation in a vertical 

diameter direction during loading. Figure  2-2 (b) shows an example pipe with liner and 

instrumentation ready for three edge bearing load test. 

CSG1

CSG2CSG4

CSG3

  

Figure  2-2 Three-edge bearing test: (a) strain gauge location (b) instrumented pipe 
sample (image by Alimohammad Entezarmahdi) 

A hydraulic jack was used to apply load with the maximum loading rate of 16 

kN/min. Two load cells were installed to record applied load during the loading process. 

Data acquisition was performed using the strain gauges and displacement transducer 

(Sekki Kenkyujo, Tokyo, Japan).  According to the ASTM standard, the maximum load 

supported by pipe is reported as ultimate strength. The D-load strength was calculated by 

dividing the maximum strength by the length of the pipe and the inside diameter of the 

pipe (ASTM C497). Figure  2-3 shows pipe crushing tests conducted on unlined concrete 

pipe and lined pipe. Figure  2-3 shows distinct cracks in both pipes after maximum load 

was applied. The crack pattern of liners varied according to the liner materials. Other 

(a) (b) 
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specimens had no obvious cracks in the liner. Results from the pipe crushing test indicate 

that the peak D-load strength of unlined concrete pipe is 82.7 kPa and the average D-

load strength for the pipes lined with epoxy is 172 kPa. 

     

Figure  2-3 Pipes after three-edge bearing test: (a) example unlined pipe; (b) example 
lined pipe (image by Alimohammad Entezarmahdi) 

Strain gauges CSG1 and CSG3 are located at the top and bottom of the pipe and 

strain gauges CSG2 and CSG4 are located on the two sides. Results obtained from 

experiments on pipe lined by EPX2 did not show a reasonable trend probably due to 

false strain gage readings; hence, EPX2 results are not shown in Figure  2-4. In the case 

of EPX3, results from CSG2 were reasonable. CSG1 readings for EPX3 showed 

significantly less strain compared to other readings which might be caused by poor 

bonding between the strain gage and concrete surface. The displacement transducer 

was only installed for tests on EPX1 (Raven 405, Raven Lining System, Broken Arrow, 

Oklahoma) and EPX2 (Permaform, AP/M Permaform, Johnston, Iowa). The load versus 

deformation is plotted in Figure  2-5.  

According to the obtained data presented in Figure  2-5, EPX1 shows less 

deformation and a higher peak load. By comparing the epoxy properties shown in 

Table  2-1, epoxy used in EPX1 has a much higher flexural strength compared to epoxy 

used in EPX2. Therefore, pipe EPX1 has much higher structural capacity and less 

(a) (b) 
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deformation, although EPX2 has a thicker liner. Figure  2-5 also shows data noise, which 

is caused by wind vibration of the transducer cord. 

 

 

Figure  2-4 Measured load-strain curves for both lined and bare concrete pipes: (a) strain 
gages at location 1 and 3; (b) strain gages at location 2 and 4 
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Figure  2-5 Load deformation curves for lined pipes from D-load test 

2.4 Finite Element Modeling 

The multipurpose finite element (FE) software suite ABAQUS was selected to 

simulate the behavior of epoxy-coated and uncoated concrete specimen under the above 

mentioned load configurations. Simulation of a flexural strength test of a coated beam 

was validated with the beam test results. The calibrated material models were then used 

in the pipe simulation. For each case, simulations were performed on both lined pipe and 

uncoated concrete beams to study the effect of epoxy coating on concrete strength. 

2.4.1 Material Models 

Concrete damaged plasticity model (ABAQUS analysis user’s manual), available 

in the ABAQUS material library, was used to simulate concrete behavior under 

compression and tension. According to the ABAQUS v 6.12, concrete damaged plasticity 

constitutive theory aims to capture the effects of irreversible damage associated with 

failure mechanisms that occur in concrete and other quasi-brittle materials under fairly 

low confining pressures. The plastic-damage model in ABAQUS is based on models 

proposed by Lubliner et al. (1989) and by Lee and Fenves (1998). The epoxy was 

modeled as perfect elastic and plastic material. The input parameters for concrete 
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presented in Table  2-3 are determined from laboratory tests on uncoated concrete 

cylinders and bare concrete beams. For parameters that cannot be directly determined 

from these tests, values were estimated from literature. 

2.4.2 Tension Stiffening Curve 

As mentioned before crack propagation in concrete is modeled with a tension 

stiffening curve, which allows definition of the strain-softening behavior for cracked 

concrete. This behavior also allows the effects of the reinforcement interaction with 

concrete to be simulated in a simple manner. Tension stiffening is required in the 

concrete damaged plasticity model. Tension stiffening can be specified by means of a 

stress and cracking strain relation or by applying a fracture energy cracking criterion 

(ABAQUS Theory Manual). By using the results from flexural strength tests on coated 

and uncoated concrete beams, tension stiffening curves were established for both beams 

through optimization as shown in Figure  2-6. 

Table  2-3 Concrete Material Property 

Modulus of Elasticity (GPa) 30 

Poisson Ratio 0.2 

Density (kg/m3) 2400 

Plasticity 

Dilation Angle (°) 38 

Eccentricity 0.1 

fb0/fc0 1.16 

K 0.667 

Viscosity Parameter (s) 10-7 

Note: fb0=fc0 = ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress (the 
default value is 1.16); K = ratio of the second stress invariant on the tensile meridian, to that on the compressive 
meridian, at initial yield for any given value of the pressure invariant p such that the maximum principal stress is 
negative. 
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Figure  2-6 Tension stiffening curves for coated and uncoated concrete 

2.4.3 Interaction Models 

Two contact surface interaction models were used - one with a friction surface 

and the other with a cohesive surface - to simulate the interaction between the epoxy and 

the concrete substrate in coated beams and lined pipes. For the coated beam simulation, 

a surface-to-surface contact with frictional behavior was used as no surface separation 

was expected. The tangential property of the contact was considered as “penalty” with a 

friction coefficient of 0.5, and the normal property was chosen as “hard contact” without 

separation. 

The hard contact model cannot simulate adhesion when separation of contact 

surface occurs. Therefore, a surface to surface contact with cohesive behavior was also 

used to simulate adhesion between lining and concrete substrate, and the results were 

compared to select the best interaction model for the simulation. Surface-based cohesive 

behavior provides a simplified way to model cohesive connections with negligibly small 

interface thicknesses using the traction-separation constitutive model. The formulae and 

laws that govern surface-based cohesive behavior are: linear elastic traction-separation, 
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damage initiation criteria and damage evolution laws (ABAQUS). Figure  2-7 shows a 

typical traction-separation response with a failure mechanism. 

T
ra
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n

Separation

t’ (t’ ,t’ )n s t

 
Figure  2-7 Typical traction-separation response (ABAQUS) 

In this simulation the cohesive behavior was inferred from bond testing results 

provided by the manufacturer. The stiffness of the underlying material was considered 

17.5 kN/cm in all directions and a set of bonded nodes was defined on the exterior edge 

of the epoxy layer to which the cohesive interaction was applied. For damage initiation 

the maximum stress was set to 2200 kPa in all directions and damage evolution with a 

ratio of 2 for total displacement to the plastic displacement was used. 

2.4.4 Flexural Strength Test of Beams 

A 3D beam with eight-node linear brick elements was created in ABAQUS to 

model flexural strength test of the concrete beam as shown in Figure  2-8. A model 

concrete beam of 7.6 cm × 7.6 cm × 28 cm was created and three rigid strips were tied to 

the beam, two at the bottom (representing the supports) for applying boundary conditions 

and one on top (representing the loading nose) for applying a displacement boundary 

condition to simulate the loading process. The strips were used to avoid stress 

concentration. The beam was restrained from movement in vertical (y) direction at the 
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bottom and constrained in x and z direction on top. All the boundary conditions were 

applied to the rigid strips. For the coated beam model, the coating was simulated by 

adding a 3 mm. thick epoxy layer beneath the concrete beam. The interaction between 

the concrete beam and the epoxy layer was simulated using the hard surface contact 

model available in ABAQUS. A comparison of simulation results between uncoated 

concrete beams and coated concrete beams validated the contact model for the epoxy 

and concrete interaction. The flexural strength test results for uncoated concrete beams, 

and the selected epoxy-coated concrete beams are shown in Table  2-2. The average 

values were used as the laboratory testing values for comparison with ABAQUS 

simulations. No deformation measurement was available from laboratory testing of 

beams; therefore, the calibration of ABAQUS simulation is mainly based on the 

measured strength. 

                     
                                      

Figure  2-8 Conceptual models of ABAQUS beam and pipe simulations: (a) Case I- 
Flexural Strength; (b) Case II- Pipe Crushing 

Concrete 

Epoxy 

Concret

Epoxy 

(a) (b) 
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2.5 Three-edge Bearing Test of Concrete Pipes 

FEM simulation of the pipe crushing test was performed to study the lining 

reinforcement effect under three-edge loading condition as shown in Figure  2-8.  A 

concrete pipe with a 61 cm. inside diameter and 7.6 cm. wall thickness was modeled 

using 4 node bilinear plane stress quadrilateral elements (CPS4R) in ABAQUS. The 2D 

model was generated using plane stress shell elements to account for its free end 

boundary condition. Both lined and unlined concrete pipe were simulated. For the lined 

pipe, a 6 mm layer of epoxy was applied to the inside of the concrete pipe. 

The pipe was restricted from moving in a vertical direction at the bottom and from 

moving in a horizontal direction on top. The displacement controlled loading was applied 

at the top of the pipe. In order to avoid stress concentration, the boundary conditions and 

the load were applied by using rigid plates on the top and bottom of the pipe. The rigid 

plates were tied to the pipe. 

In the case of unlined concrete pipe, uniform concrete material property was 

assigned to the entire pipe cross section and a 0.5 cm. deflection was applied to the rigid 

plate on top of the pipe. The tension stiffening curve used for this simulation was the 

same as the curve obtained from the bare concrete beam test. The other case was 

simulated by using the same concrete pipe and adding a layer of epoxy inside of it. Two 

different types of interactions were used to simulate the interaction between the concrete 

and the lining; one was modeled by means of cohesive interaction and the other by 

frictional interaction. Two different tension behaviors were assigned to the concrete for 

simulation of lined concrete pipe. The concrete outside of the center line of the concrete 

pipe wall had no reinforcement (pure concrete); the concrete inside the center line had 

the same tension stiffening curve as that obtained for lined concrete beam simulation. 

The tension stiffening curve for the reinforced concrete is shown in Figure  2-6. Pout is the 
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tension stiffening curve for concrete on the outside of the pipe wall centerline. Pin is the 

tension stiffening curve with lining reinforcement inside of the pipe wall centerline. As 

mentioned before the curves were obtained from the results of concrete beam tests. 

2.6 Numerical Results and Validation 

2.6.1 Flexural Strength Test of Beam 

Figure  2-9 (a) presents the location of the crack in the coated concrete beam, as 

predicted by ABAQUS. Compared to the actual test [Figure  2-9 (b)], it can be seen that 

the simulation can accurately predict the crack propagation in the beam. 

 

 

Figure  2-9 (a) Crack in FEM simulation of the coated concrete beam; (b) test photo of the 
simulated coated concrete beam (image by Alimohammad Entezarmahdi) 

As shown in Figure  2-10 the peak load obtained from simulation was 8 kN with a 

deflection of 0.04 mm which is in good agreement with the average peak load from 

laboratory tests on uncoated concrete equal to 8.2 kN.  For coated concrete beams, the 

peak load from laboratory test was 12.9 kN, and the peak load from the simulation was 

13 kN with a deflection of 0.12 mm. This comparison indicates accuracy of the simulation. 

The simulations also indicate that the frictional interaction with concrete tension stiffening 

curve can simulate the lined concrete beam properly. 

(a) (b) 
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Figure  2-10 Load deflection curve from ABAQUS simulation for bare and lined concrete 

2.6.2 Three-edge Bearing Test of Pipe 

The simulated failure pattern of bare concrete pipe is shown in Figure  2-11(a) 

compared to the actual failure pattern shown in the tested pipe’s photograph. The 

predicted cracks, the bright areas in the plastic strain contour, agree with the actual 

cracks [Figure  2-11 (b)]. Load-deformation curves obtained from the simulations in this 

case are shown in Figure  2-12 which indicates a peak load of 69 kN at 0.35 mm 

deformation for unlined concrete pipe. Figure  2-12 compares the load-deflection curve of 

the pipe for lined and unlined concrete pipe with two different types of interaction models. 

Comparison of load deflection curves for the simulations shows that using an epoxy layer 

with a cohesive interaction behavior increases the load capacity of the pipe. 
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Figure  2-11 (a) Cracks in FEM simulation of the unlined concrete pipe; (b) photo of 
unlined concrete pipe after thee-edge bearing test (image by Alimohammad 

Entezarmahdi) 
 
As previously mentioned, test results for load deformation curves were available only for 

EPX1 and EPX2. The results from the simulation and test results are compared in 

Figure  2-13. The results from the simulation for different lining materials are close to each 

other, and they are in good agreement with test results of EPX1. 

 
Figure  2-12 Load deformation curve of unlined and lined concrete pipe 
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Figure  2-13 Load deformation curve of lined concrete pipe 

Figure  2-14 compares the results obtained from ABAQUS simulation to the test 

results for EPX1. As mentioned before, the strain gauges were installed inside of the 

pipes before applying the coating. Since there is the possibility that the data obtained 

from the strain gauges refers to the strain of the epoxy lining, strain output for the epoxy 

is also presented in the graphs to compare the results with test data.  

 

Figure  2-14 Comparison of the measured strain with ABAQUS simulation for the pipe 
lined with EPX1: (a) strain at location 1 and 3; (b) strain at location 2 
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As shown in the graph the results from simulation and the test are in good 

agreement. The linear part for all of the data matches, and the peak load from the 

simulation is almost the same as the peak load from the test. Comparing the results 

obtained from CGS3 strain gauge with the result of strain induced in the epoxy during the 

simulation as shown in the Figure  2-14, shows that the two curves are laying on each 

other which can be indicating that the readings from the CGS3 strain gauge refers to the 

strain induced in the coating. Figure  2-15 compares the results obtained from the pipe 

crushing test on unlined concrete pipe and ABAQUS simulation. 

 

Figure  2-15 Comparison of the measured strain with ABAQUS simulation for the unlined 
pipe: (a) strain at location 1 and 3; (b) strain at location 2 and 4 

 
The results indicate that in the linear part of the graph, simulation is predicting the 

behavior of the unlined concrete pipe acceptably but the peak load obtained from the 

simulation is larger than the test results. 
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2.7 Parametric Study 

After verification of the model using test results, a parametric analysis was 

performed to better understand the effect interaction model between the concrete and 

epoxy lining on the strength of beams and pipes. 

In beam simulation two different interaction models were studied. In the first one 

(as presented previously), the interaction between the beam and the lining was simulated 

using frictional behavior. For this approach three different friction coefficients were 

assigned and the results for load deflection curves were obtained and compared as 

shown in Figure  2-16.  

 

Figure  2-16 (a) Load-deflection curve of the beam with different  
interactions (b) Crack formation in the lined concrete pipe 

In the second model the simulation was performed by considering a perfect 

attachment between the concrete and its lining. In this case the beam and lining were 

modeled as one part and different material properties were assigned to the concrete and 
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concrete beam and lining with three different friction coefficients (Model 1) does not 

change the peak load that can be carried by the lined beam. Comparison of the results 

with the case of tie between the lining and concrete (Model 2) showed an increase of 

about 11% in the peak load. 

The same parametric study was performed for the pipe crushing test. In one case 

the lining and the concrete were considered as one part and partitioning was used to 

assign different material properties to the concrete and the lining, which is referred to as 

perfect attachment. In the two other cases two different interaction models were used, 

frictional behavior and cohesive surface behavior. Comparison of the load deflection 

curves is presented in Figure  2-17. The results show that the peak load considering 

perfect attachment between the pipe and lining is higher than the other approaches. 

 

Figure  2-17 (a) Load-deflection curve of the pipe with different interaction  
simulation approaches (b) Crack formation in lined concrete pipe with  

cohesive interaction 
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Different friction coefficients have also been used for frictional interaction and the 

results did not show any significant change in the load deflection curve. 

2.8 Conclusions 

Laboratory tests were performed to study the lining effect on improving load 

bearing capacity of beams and pipes. The test results on concrete beams showed that 

the epoxy application can noticeably improve the flexural strength of a concrete beam. A 

finite element model was first developed with epoxy coated concrete beam simulations. 

Concrete and epoxy material properties and the interaction property between the epoxy 

and concrete were calibrated through the simulated epoxy-coated beam. The calibrated 

model was used to simulate three-edge crushing test of pipe. The simulation results for 

pipe was also compared to the pipe crushing test results and  show that the epoxy lining 

can increase the pipe structural capacity for the pipe crushing , and this increase was 

affected by the lining adhesion and tension reinforcement effect. The simulations indicate 

that the structural capacity of epoxy coated or epoxy lined concrete structures was highly 

dependent on the loading conditions. Structures controlled by tension failure can benefit 

significantly when lined with tension resistant coatings such as epoxy. The adhesion of 

coating can also affect the structural capacity when linings are subjected to tension stress 

normal to the contact surface.  

Finally the calibrated models were used to perform parametric studies on the 

effect of an interaction model. The results show that with mesh tie interaction between 

the lining and concrete the peak load increases for beam and pipe simulation while using 

different friction coefficients in both cases did not affect the peak load significantly. 
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  Chapter 3

Structural Behavior of Concrete Pipe  

With Spray-On Cured In Place Lining 

 
 Underground structures are widely used throughout the world and having a good 

understanding of their behavior can help establish more efficient use and design. 

Concrete pipes are one of the most common infrastructures and due to their exposure to 

different environmental conditions, they are subject to deterioration. One rehabilitation 

method is spray-on cured-in-place lining, which has become more popular due to its 

simplicity and cost efficiency. Rehabilitated concrete pipes are referred to as composite 

pipes and have a different structural behavior. Behavior of composite concrete pipes 

under D-load and coated concrete beams under third point bending tests were studied in 

this paper. Results from beam tests are used to obtain a valid tension softening curve for 

concrete simulation. The results obtained from three-edge bearing tests on concrete 

pipes with different types of polymeric linings are presented and a finite element model is 

generated to study the behavior of the pipes under D-load. The parametric studies show 

that increasing the thickness of lining in the deteriorated concrete pipe, which is 

represented by decreasing Young’s modulus of concrete, improves load bearing capacity 

of the pipe. 

3.1 Introduction 

Underground infrastructures such as pipelines, are widely used throughout the 

world. These embedded structures play an important role in the development of cities. 

Regarding special environment, surrounding underground structures compared to other 

structures have a high risk of deterioration. Deterioration is loss of structural capacity with 

time as a result of external factors such as overloading, earthquake and cyclones or 
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material weakening in an aggressive environment such as sulfate attack and chloride ion 

penetration (1). Pipeline failure can cause potential of flooding neighborhoods and 

residences, traffic disruption and pollution of underground water resources and it can 

result in costly consequences (2). To avoid pipeline failure, an effective treatment must 

be adopted to stop the collapse process in its first stage which is pipe cracking caused by 

poor construction, practice or subsequent overloading or disturbance (3). Due to difficulty 

in access and maintenance of these structures it is important to find a practical and 

efficient way to confront degradation of pipes.  

Pipes are manufactured with different materials such as steel, PVC, concrete, 

etc. Concrete pipe has a long history of excellent performance as a durable product for 

storm water drainage and sewer applications in different sizes all over the world. As 

mentioned above, like any other structure, concrete pipe may experience structural decay 

during its service, which must be addressed appropriately. There are several ways to 

deal with concrete pipe deterioration, such as replacement, chemical grouting, pipe 

linings, coatings and robotic rehabilitation (4). 

Spray-on lining is the oldest method of pipeline rehabilitation. In this method, a 

polymeric lining like epoxy and polyurethane or cement mortar is sprayed inside of the 

deteriorated pipe to stop internal corrosion, restore hydraulic capacity, and eliminate 

water quality deterioration arising from iron or steel corrosion and associated scaling. The 

ability to achieve one-day return to service, nearly effortless service reconnections, 

minimal community impacts, and low installation costs are the main attractive features of 

spray-on lining compared to other rehabilitation methods used for water mains. 

Uncertainty about structural benefits of these linings has always categorized their 

application as a “non-structural” rehabilitation method (5).  
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Structural capacity of spray-on linings was studied by the Water Research 

Foundation in 2010 (5). In this project, the structural abilities of spray-on linings are 

examined and the focus is largely on polymeric linings. This research led to the 

development of new laboratory tests performed on samples of in-situ lined cast iron pipe. 

Case studies were also developed, which describe how these linings are currently being 

applied in North America and the United Kingdom (5). Another research project 

performed by the Water Environment Research Foundation (WERF) in 2015 (6) presents 

a study of the structural capabilities of no-dig manhole rehabilitation. The results of this 

project suggest that any type of manhole rehabilitation material can be applied as fully 

structural; nevertheless, it may be difficult to achieve the thickness required to qualify as 

fully structural for the spray-applied, cured-in-place type liners (6).  

To the best of this author’s knowledge, literature on the structural capacity of 

spray-on linings for concrete pipes is limited. This paper focuses on structural behavior of 

concrete pipes that are lined with polymeric linings. The results from a set of three-edge 

bearing tests on bare and lined concrete pipes are carried out as part of the Water 

Environment Research Foundation (WERF) research program at the University of Texas 

at Arlington (UTA) and the Center for Underground Infrastructure Research and 

Education (CUIRE). The tests were carried out on one concrete pipe without lining as a 

control (for comparison) and 16 concrete pipes with different lining materials. The results 

obtained from the tests were adopted to generate a finite element model using the 

multipurpose commercial software, ABAQUS, and to perform a parametric study on 

behavior of composite concrete pipe.  

3.2 Experimental Program 

3.2.1 Three-Edge Bearing Test 
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To study the effect of applying different linings in concrete pipe, a set of 17 three-

edge bearing tests per ASTM-C497 (7), was performed by the research group at 

University of Texas at Arlington (UTA), Center for Underground Infrastructure Research 

and Education (CUIRE). According to ASTM-C497 (7), 12 different test methods are used 

in production and acceptance testing of concrete pipes to evaluate the properties 

provided as pipe specifications. One of the tests is performed to calculate external load 

crushing strength of the concrete pipe. This strength is measured by the three-edge 

bearing test method. In this test method, the specimen is tested in a machine designed to 

apply a crushing force upon the specimen in a plane through the vertical axis extending 

along the length of specimen. The results from the external load crushing strength test 

shall be used as a quality control or as a proof of adequacy of design. 

In a three-edge bearing test, the specimen is supported on the lower bearing of 

two parallel longitudinal strips and the load is applied through a substantial and rigid 

upper bearing. The test specimen is placed on the two lower bearing strips and the upper 

bearing is aligned in the middle of the lower bearing strips. For non-reinforced concrete 

pipes the maximum loading rate is 110 kN/linear meter of pipe per minute and after that 

loading rate is reduced to a maximum uniform rate of one third of the specified design 

strength of the pipe per minute. The design strength is expressed as a D-load supported 

by the pipe before a crack having a width of 0.01 inch occurs throughout a continuous 

length of 1ft or more measured parallel to the longitudinal axis of pipe barrel. 

The ultimate strength is the maximum load supported by the pipe. The ultimate 

strength in pound per linear foot is calculated by dividing the maximum test load applied 

to the pipe length and the D-load strength in kilonewton per linear meter. The inside 

diameter or horizontal span shall be either the 0.254 mm crack D-load strength or the 
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ultimate D-load strength. They are both calculated by dividing the corresponding load to 

the length and to the inside diameter of the pipe (7).  

Precast reinforced concrete pipes with 61 cm inside diameter, 7.6 cm thickness, and 

1.2 m length are used for three-edge bearing tests. Concrete pipes are prepared per 

ASTM-C76 (8) which are typically used for storm sewer application.  

Concrete pipes are prepared and lined by each lining manufacturer’s certified 

contractors. After surface preparation of the concrete pipes, four strain gauges (model 

PFL-30-11 from Vishay, Malvern, Pennsylvania) are installed inside of the selected pipes 

at top, bottom and on two sides to measure strains induced in the pipe during the test. 

Strain gauges are installed at critical points where maximum strains are anticipated. 

Error! Reference source not found.(a) illustrates the position and name of each strain 

gauge. Linings are applied after strain gauge installation. A sample lined concrete pipe is 

shown in Error! Reference source not found.(b). 

D-load is applied using a hydraulic jack with a maximum rate of 16 kN/min, and two load 

cells record the applied load during the loading process. All the tests are performed on 

the pipe manufacturer site (Forterra Pipe & Precast, Grand Prairie, Texas). 
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CSG1

CSG2CSG4

CSG3

 

 

Figure  3-1. Three-edge bearing test: (a) strain gauge locations and (b) lined pipe sample 

(photo by Alimohammad Entezarmahdi) 

 

Test results from six different linings and unlined concrete pipe indicate that for 

all of the cases using the lining, the ultimate D-load increases according to results 

obtained from the three-edge bearing test. Error! Reference source not found. 

presents load versus strain curves obtained from the tests. 

(a) (b)
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Figure  3-2. Measured load-strain curves for both lined and bare concrete pipes: (a) strain 

gauges at Locations 1 and 3 and (b) strain gages at Locations 2 and 4 

 

As shown in Figure  3-2, some of the results do not have an acceptable trend 

which might be due to malfunction of the strain gauges. These results are eliminated in 

future analysis. Peak load for an unlined concrete pipe is 56 kN and the average peak 

load for lined concrete pipes with different linings is 88.4 kN, which represents an 

approximate 57% increase in the peak load. 

3.2.2 Tensile Properties of Epoxy  

ASTM-D638 (9) covers the methods to determine tensile properties of plastics in 

the form of standard dumbbell-shaped test specimens. A testing machine of the constant 

rate of cross head movement with one fixed member carrying the grip and a moveable 

member carrying the second grip is required.  The machine used in this research is a 

Shimadzu AG-X plus universal tester, located in the Advanced Material and Structures 

Lab (AMSL) at the University of Texas at Arlington, Department of Mechanical 
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Engineering. Measurement of specimen elongation is performed by a Model 3542 axial 

extensometer from Epsilon Technology Corp, installed within the gauge length of the 

specimen. 

A total of nine standard samples provided by Raven lining systems with a thickness of 

2.8 mm were tested and a sample test result is presented in Figure  3-3. 

 
Figure  3-3. Stress-strain curve for Raven epoxy lining 

The results obtained from the tests indicate an elasto-plastic behavior for the 

epoxy with a modulus of elasticity equal to 4,960 MPa. The results were used for lining 

simulation of coated concrete beams and lined concrete pipes. 

3.2.3 Flexural Strength of Concrete 

Flexural strength of concrete is determined by the use of a simple beam with 

third-point loading per ASTM-C78(10). According to the standard, two load applying 

blocks, each located at one third of the span length, must be in contact with the surface 

of the beam on top. The beam is centered on two support blocks. In this research a total 

of eight concrete beams, four of which were coated with Raven epoxy lining, are tested. 

Concrete beams are 56 cm x 15.2 cm x 15.2 cm, and for the case of coated concrete 
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beams, the thickness of the coating is 3 mm. The samples are coated by a certified 

specialist to the standards of the Raven lining systems at their own plant. Coating is 

sprayed on tensile side of the concrete beam after surface preparation.  

Figure  3-4. shows prepared surface of the beams and coated concrete beams.  

  
 

Figure  3-4. (a) prepared surface for applying epoxy lining and 
(b) coated concrete samples (Photo by Elmira Riahi) 

 

As shown in Figure  3-5 (a), samples are mounted on test set up with a span 

width of 45.7 cm, and two LVDTs are located on two sides of the beam at mid-span, to 

measure displacement of top of the sample due to the applied load. LVDTs and the 

loading frame are connected to data acquisition system and all measurements are 

transferred to an Excel worksheet. In order to capture the peak load and failure of the 

beam, a displacement control test with a rate of 0.1 mm/min is performed. The loading 

(a) (b) 
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frame is a 50 kips MTS machine. Displacement is applied until the sample is broken. 

Figure  3-5 (b) shows a broken concrete beam without coating. 

  

Figure  3-5. Flexural strength test on concrete beam: (a) test set up and (b) broken 

specimen (photo by Elmira Riahi) 

Results obtained from the tests are shown in Figure  3-6. Comparison of the 

results for coated and uncoated concrete beams, indicate that an approximately 19% 

increase in the peak load is observed by applying a 3 mm epoxy to the concrete beam. 

The average maximum peak load from uncoated concrete beams is 40.1 kN, and the 

average maximum peak load for coated concrete beam is 47.6 kN. 

(a) (b) 
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Figure  3-6. Comparison of the results from flexural strength test 
of coated and uncoated concrete beams 

 

3.3 Finite Element Modeling 

The multipurpose finite element software suit, ABAQUS was selected to simulate 

lined and unlined concrete pipes under D-load test. A three-edge bearing test was 

simulated in ABAQUS and the results obtained from the simulation were verified by test 

results. In order to create an accurate material behavior for concrete, test results from 

flexural strength tests were used to back calculate tension softening curves, which were 

then used in a concrete damaged plasticity model for concrete simulation in ABAQUS. 

3.3.1 Material Model 

For concrete simulation, the concrete damage plasticity (CDP) model available in 

ABAQUS material library was used. The model is a continuum, plasticity-based damage 

model for concrete. Since the two main concrete failure mechanisms are cracking under 

0

10

20

30

40

50

60

0 0.01 0.02 0.03 0.04 0.05

L
oa

d
 (

k
N

)

Didplacement (mm)

UC1

UC2

UC3

UC4

C1

C2

C3

C4



 

47 

tension and crushing under compression, evolution of the surface failure in the CDP 

model is controlled by plastic strains in tension and compression. According to the 

ABAQUS version 6.12 manual (11), this constitutive model aims to simulate post-peak 

behavior of concrete and other quasi-brittle materials under fairly low confining pressures. 

The plastic-damage model in ABAQUS is based on models proposed by Lubliner et al. 

(1989) (12) and by Lee and Fenves (1998) (13). Table  3-1. Concrete Material 

Properties presents the material properties of concrete used for the CDP model. Values 

presented in the table were obtained from test results or default values from the ABAQUS 

manual were used. 

Table  3-1. Concrete Material Properties 

Modulus of Elasticity (GPa) 30 

Poisson Ratio 0.2 

Density (kg/m3) 2400 

Plasticity 

Dilation Angle (°) 38 

Eccentricity 0.1 

fb0/fc0 1.16 

K 0.667 

Viscosity Parameter (s) 10-7 

 

In Table  3-1, fb0/fc0 is the ratio of initial equibiaxial compressive yield stress to 

initial uniaxial compressive yield stress (the default value is 1.16); K is the ratio of the 

second stress invariant on the tensile meridian to that on the compressive meridian at 

initial yield for any given value of the pressure invariant p such that the maximum 

principal stress is negative (11). 

As mentioned in the test program, to define the material properties of the linings, 

test of tensile properties of plastics per ASTM D638 (9), was performed on samples 
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which were provided by one of the epoxy manufacturers participating in this research 

program (Raven Lining Systems, Tulsa, OK). After getting the test results, elasto-plastic 

material was selected for the lining. Available material properties of epoxy lining used for 

simulation are presented in Table  3-2. 

Table  3-2. Material Properties of Epoxy Lining 

 

Elastic Plastic 

Modulus of 

Elasticity(MPa) 

Poisson’s 

Ratio 

Yield 

Stress(kPa) 
Yield Strain 

Raven 4960 0.45 55 0.015 

Warren 3450 0.45 48 0.048 

Permaform 760 0.45 54 - 

 

3.3.2 Tension Stiffening Curve 

As part of the concrete damage plasticity model, post-peak behavior of the 

material must be provided in material definition. This behavior, which defines crack 

propagation in concrete, is modeled by using a tension stiffening curve (TSC), which 

allows simulation of strain-softening behavior of cracked concrete. Under uniaxial tension 

before reaching the failure stress, σt, the stress-strain response follows a linear elastic 

relationship. The failure stress is the beginning of micro-cracking in concrete material. 

After reaching the failure stress, formation of micro-cracks is represented 

macroscopically with a softening stress-strain response, which induces strain localization 

in the concrete structure. This behavior also allows the effects of the reinforcement 

interaction with concrete to be simulated in a simple manner. ABAQUS allows defining 

tension stiffening by means of a stress and cracking strain relationship or by applying a 

fracture energy cracking criterion  (11). By using the results from flexural strength tests 
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on coated and uncoated concrete beams, tension-stiffening curves are established for 

both beams through optimization as shown in Figure  3-7 (a). 

 

Figure  3-7. Tension stiffening curve for (a) concrete beam 
and (b) reinforced concrete pipe 

Since the precast concrete pipes are reinforced, the tension stiffening curve used 

for their simulation is different from the tension stiffening curve obtained for unreinforced 

concrete beams. Figure  3-7 (b) shows the tension stiffening curve obtained for concrete 

pipes by using test results. The maximum strain for reinforced concrete is set to 0.002 

which is the maximum strain for reinforcement. The maximum yield stress is also 

increased by 30% in order to consider reinforced concrete strength. 

3.3.3 Interaction 

Regarding the data provided by manufacturers, linings are perfectly attached to 

the concrete and in all of the pull-off tests conducted per ASTM D4541 (14) for epoxy 

lining, the failure mode was 100% concrete. As a result, for ABAQUS simulation, epoxy 

lining is attached to the concrete by using tie constraint. A surface-based tie constraint 

ties two surfaces together for the duration of a simulation. It constrains each of the nodes 
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on the slave surface to have the same motion as the closest point on the master surface   

(11). In this simulation, concrete is defined as the master surface and lining is set as the 

slave surface. 

3.3.4 Flexural Strength Test on Concrete Beam 

A simulation of flexural strength test of coated and uncoated concrete beams 

was performed in ABAQUS. The model is a three-dimensional concrete beam with 56 cm 

length and 15.2 cm x 15.2 cm cross section and an 8-node linear brick element type. To 

apply the boundary conditions, two rigid strips were located within 5 cm from the edges at 

the bottom of the beam, representing the supports, and two rigid strips are located on top 

of the beam, each at one third of the span length, representing loading noses. Rigid 

plates are used to avoid stress concentration in the beam. Rigid strips are tied to 

samples. A schematic illustration of the model is shown in  

Figure  3-8. 

Bottom supports are restricted from moving in y direction and top strips are 

constrained in x and z directions. After generating the model, a downward displacement 

of 0.1 mm is applied to the top strips. For the case of coated concrete beams, a layer of 

3 mm epoxy lining is tied to the bottom of the beam. Results obtained from these 

simulations are verified by comparing the simulation results with the test results.  
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Figure  3-8. Schematic models generated in ABAQUS: (a) three-edge bearing test on 
concrete pipe and (b) flexural strength test of concrete beam 

 

3.3.5. Three-Edge bearing Test on Concrete Pipes 

A two-dimensional model of a pipe with 61 cm inside diameter and 7.6 cm 

thickness was generated in ABAQUS. Four-node bilinear plane stress quadrilateral 

elements (CPS4R) were used for pipe simulation. In order to avoid stress concentration 

at boundaries, two rigid plates were tied on the top and bottom of the pipe as shown in  

Figure  3-8.  The bottom plate was restricted from moving in x and y directions. 

The top plate was constrained in x direction and a downward displacement of 2.5 mm 

was applied on top of the pipe in y direction.  For lined concrete pipe, the lining was tied 

inside of the pipe. 
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3.4 Results and Model Validation 

Comparison of the results obtained from experiments and finite element simulation are 

presented to validate finite element model for further parametric studies of coated 

concrete members. 

3.4.1 Beam Simulation 

Results of four-point bending tests on uncoated concrete beams were close to 

each other, and one of the test results was selected and compared to the finite element 

simulation as shown in Figure  3-9. The peak load and crack formation in the simulation 

mirrored the results of the test observation. 

  

Figure  3-9. Uncoated concrete beam simulation shows (a) comparison 
to test results and (b) crack propagation 

 
Test results from coated concrete beams vary in peak load and behavior. The 

simulation was performed to obtain the best results which as presented in Figure  3-10 

(a).  The peak load obtained from FEM simulation is close to the results obtained from 
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the test, while the test results have stiffer behavior compared to the finite element model. 

This difference may be caused by boundary conditions or mesh size. Crack propagation 

in the coated concrete beam is shown in Figure  3-10 (b) which is the same as that 

observed in the test results. 

  

Figure  3-10. Coated concrete beam simulation: (a) comparison 
to test results and (b) crack propagation 

 
3.4.2 Concrete Pipe Simulation 

As shown previously, the experimental results from lined and unlined concrete 

pipe cover a wide range of variations in peak loads for different types or thicknesses of 

lining materials. Since the database of the experiments is not completely available, only 

selected data is shared here for model validation. 

Crack formation in the unlined concrete pipe in finite element simulation is shown 

in Figure  3-11. The order of crack propagation in the finite element model is the same as 
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crack propagation in the experiment; hence, the cracks on top and bottom of the inner 

face of the pipe are formed first and the cracks on the sides are formed later. 

 

Figure  3-11 Crack formation in unlined concrete pipe 

Comparison of the test results with the simulation for load-strain curves are 

presented in Figure  3-12. As shown, the finite element model has closely predicted the 

behavior of the unlined concrete pipe. As mentioned previously locations 1 to 4 refers the 

location of the strain gauges installed inside of the pipe. Strain gauges 1 and 3 are 

located at top and bottom of the pipe and strain gauges 2 and 4 are located at two sides 

of the pipe. 
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Figure  3-12 Comparison of measured and simulated load-strain curves for unlined 
concrete pipes: (a) strain gauges at Locations 1 and 3 

 and (b) strain gages at Locations 2 and 4 

Figure  3-13 compares the results from selected lined concrete pipe with finite 

element simulation. As shown for the selected cases, finite element simulation results are 

in good agreement with the results obtained from the experiment. The peak loads are 

almost the same while slightly larger strain is observed in the simulation. 
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Figure  3-13 Comparison of measured and simulated load-strain curves for selected lined 
concrete pipes: (a) strain gauges at Locations 1 and 3 and 

(b) strain gages at Locations 2 and 4 

3.5 Parametric Study 

After validation of the model, it can be used for parametric study on behavior of 

the lined concrete pipe under D-load configuration. Stiffness of concrete and the lining, 

which are controlled by changing their Young’s modulus, and thickness of the lining are 

the parameters set apart for specialized study in this research. For each parameter the 

peak load and radial deformation at peak load were compared. 

Figure  3-14 presents variation of the peak load with thickness of the lining for 

different Young’s modulus values in concrete. Different values of Young’s modulus can 

be representative of different degrees of degradation of concrete pipe. Figure 3-14 shows 

three different percentages of Young’s modulus, 100% E, 50% E and 30% E in which E is 

the original Young’s modulus of the concrete. The simulation for different Young’s 
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modulus was performed for three different linings, each with a different thickness, that is, 

3 mm, 6 mm and 12 mm. One case without lining was also considered as a base point for 

comparison. For all cases by increasing the thickness of the lining the peak load 

increases. Degradation of the concrete pipe slightly changes the peak load for each case. 

For the case of 30%E, variation of the peak load with thickness of the lining is different 

from the other two cases. In this case adding a layer of 3mm of lining does not increase 

the peak load compared to the case without any linings, while a sudden increase of about 

40% is observed after increasing the lining thickness to 6mm.  

 

Figure  3-14. Variation of the peak load with thickness of the lining for 
different Young’s modulus of concrete 

Comparison of radial deformation at peak load for different thicknesses of the 

lining and Young’s modulus of the concrete pipe is shown in Figure  3-15. By decreasing 

Young’s modulus, stiffness of the concrete decreased and larger deformations were 

observed in the pipe. Since the peak load is increasing by increasing the lining thickness, 

for thicker linings larger deformations are recorded. 
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Figure  3-15. Variation of radial deformation with thickness of the lining 
for different Young’s moduli of concrete 

To study the effect of material properties of the lining, one additional case with a 

lining that has half of the Young’s modulus of the original lining is simulated. Comparison 

of the results for different combinations of concrete and lining stiffness values are shown 

in Figure  3-16. In the legend El and Ec represent Young’s modulus of lining and concrete, 

respectively. Reducing the stiffness of the lining decreases the peak load obtained from 

three-edge bearing test simulation. 
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Figure  3-16 Variation of the peak load with thickness of the lining for different Young’s 
modulus of concrete and lining 

For the case described above, variation of radial deformation at peak load is 

shown in Figure  3-17. By increasing the thickness of the lining, radial deformation 

decreases. For the case of 50% El and 100% Ec, radial deformation at peak is almost 

constant for lining thickness of 3 mm and 6 mm, while using a lining with thickness of 12 

mm reduces deformation by 14%. A large increase of deformation is also observed for 

the case of using 50% Young’s modulus for both concrete and lining. 
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Figure  3-17 Variation of radial deformation with thickness of the lining for different 
Young’s modulus of concrete 

 

For the case of original Young’s modulus of the concrete and reduced Young’s 

modulus of lining material, radial deformation at peak remains the same as the case with 

original modulus for both lining and concrete lining with thickness values of 3 mm and 

1 2 mm, but the radial deformation peak slightly increases for 6 mm thick lining.  

3.6 Conclusion 

Two different sets of tests on concrete with and without lining are used to study 

behavior of composite concrete members. The results from flexural strength test on 

concrete beams and three-edge bearing tests on concrete pipes are used to generate a 

finite element model of three-edge bearing tests on unlined and lined concrete pipes. The 

calibrated model is used to perform a parametric study on composite concrete pipes 

under D-load configuration. Effect of variation of several parameters on peak load and 

radial deformation of the pipe at peak load is considered in this study. Different Young’s 
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modulus values of the concrete as a representative of degree of degradation of concrete 

pipe as well as different Young’s modulus values and thickness of lining material are 

parameters used for parameter study of the composite pipe. 

The results obtained from the simulation indicate that, increasing the thickness of the 

lining increases the peak load and by reducing the Young’s modulus of the concrete to 

30% of the original Young’s modulus, the effect of lining thickness on peak load and 

radial deformation of the pipe increases. Reduction in Young’s modulus of the lining 

material decreases the peak load, and with reduced modulus of concrete, large 

deformations are observed for different lining thicknesses. 
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  Chapter 4

 

Structural Behavior of Epoxy-Coated Rehabilitated Concrete Manhole Structure 

4.1 Introduction 

Manholes are access points to infrastructures such as sewer and drain systems 

and they play an important role in inspection and maintenance of underground structures. 

Manholes may experience structural decay during their service life which must be 

addressed in an efficient way to avoid failure and catastrophic consequences such as 

sinkholes. Trenchless technology, also referred to as the “No-dig” manhole rehabilitation 

method, is one of the various existing methods to rehabilitate deteriorated manhole 

structures. In this method a layer of lining is applied inside of the manhole structure to fill 

in the cracks and restore the structure’s integrity. Ever since this method was first used, 

structural capacity of the lining has been ignored. This research studies structural 

behavior of epoxy-coated manhole structures by creating a finite element model which is 

validated by the results from an existing full-scale manhole experiment. A calibrated 

model was used to do parameter study on effect of epoxy lining on deteriorated concrete 

manhole structure under soil, water and traffic loads. In addition to the existing Mohr-

Coulomb material behavior model, the Duncan-Chang constitutive model, was 

implemented in ABAQUS finite element software as a subroutine for soil simulation. The 

results from this study show that for the chosen manhole height with the applied loads 

and considered degrees of concrete deterioration, epoxy lining does not have a 

significant effect on structural capacity of the manhole structure. 

 Maintenance and inspection of underground structures is performed through 

manholes which are access points to infrastructures. Manholes are usually circular pipes 

in various sizes which are placed in the soil vertically. These structures are usually made 
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of bricks or concrete. Since these structures are the main entrance to underground 

structures, it is vital to keep them sound and trustworthy during their service life. 

However, regarding their surrounding environment manhole structures can be easily in 

the risk of deterioration. The main reasons for manhole deterioration can be inflow of 

water during rain, infiltration of groundwater through cracks, fractures and loose joints, 

corrosion due to exposure to aggressive environment such as sulfate attack and chloride 

ion penetration, formation of cracks or fractures as a result of poor construction, inferior 

materials and external loads (1). 

According to the United States Environmental Protection Agency (USEPA), there 

are 20 million manholes in the United States and 3.5 million of them are suffering from 

serious structural decay. There are several different ways to address manhole 

deterioration such as casting new permanent or removable internal lining, sprayed cast 

concrete or polymer lining, cured-in-place linings, grouting and sealing approaches (2). 

According to type and degree of structure deterioration, an appropriate method must be 

chosen for rehabilitation. Different parameters dictate the type of rehabilitation method. 

Cost, feasibility, existing loads, surrounding environment, expected service life and 

residual strength of the deteriorated manhole are some of these parameters. Sprayed 

cast polymer linings are widely used for manhole rehabilitation due to their ability to 

achieve one-day return to service, minimal community impacts, and low installation costs. 

In this method a layer of polymer lining such as epoxy or polyurethane is spayed inside 

the manhole structure. Despite its popularity, the spray-on polymer lining as a means of 

rehabilitation has not had its structural benefits analyzed from the aspect of structural 

strength and integrity.  These linings have always been categorized as a “non-structural” 

rehabilitation method (3). 
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In order to study the structural capacity of a sprayed-on polymer lining 

rehabilitated manhole structure, full-scale manhole experiments and numerical modeling 

is required. Several experimental studies have been conducted to evaluate different 

properties of manhole rehabilitation materials (4)–(5). However, to the best of this 

author’s knowledge, an in-depth research project on numerical modeling of manhole 

structures is limited. A doctoral research by Sabouni (2008) studied loading/deformation 

conditions on precast concrete manholes. Laboratory tests on three full-scale precast 

concrete manholes and finite element simulation, using PLAXIS software were performed 

in this research. Results from Sabouni et al. experiments can be used as a reference on 

the state of strains in the manhole and stresses in the surrounding soil (6). A 

comprehensive parametric study on behavior of the circular precast concrete manhole 

structure in different conditions was performed by the means of finite element simulation 

(7). Performance of cured-in-place pipe lining rehabilitation method was evaluated by J. 

Matthews et al. by performing a comprehensive field and laboratory tests, which is 

presented in a report published by USEPA in 2012 (8). According to the report, the 

project was a successful demonstration of an innovative Class IV (fully structural) water 

main rehabilitation technology.  

In order to study the structural capability of No-dig manhole rehabilitation 

method, Water Environment Research Foundation (WERF) in 2015, performed a 

comprehensive laboratory and finite element simulation on structural behavior concrete 

lined with different types of linings. The results of this project suggest that any type of 

manhole rehabilitation material can be applied as fully structural; nevertheless, it may be 

difficult to achieve the thickness required to qualify as fully structural for the spray-

applied, cured-in-place type liners (9). 
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In this research a finite element model of a concrete manhole structure is 

generated in ABAQUS, multipurpose finite element software. The generated model is 

calibrated by using  the results from a set of full-scale manhole experiments from 

Sabouni’s doctoral research in 2008 (10). In the finite element model a layer of epoxy 

coating is applied inside of the manhole with different degrees of deterioration of concrete 

and structural behavior of the composite structure under soil, water and traffic load is 

studied. To study the effect of soil pressure on manhole structure two different soil 

constitutive models, Mohr-Coulomb and Duncan-Chang, are used for simulation and the 

results are compared. 

4.2 Existing Full-Scale Manhole Experiment  

In the full-scale manhole experiment, two manholes with reinforced concrete and 

inside diameter of 1.2 m and 1.5 m and one non-reinforced manhole with 1.2m are 

instrumented and tested under lateral soil pressure and different traffic load 

configurations in a large scale geotechnical testing facility (LSGTF) located in the 

structure laboratory of the University of Western Ontario (Western) (6). In current 

research only the unreinforced 1.2 m manhole is used for simulation and model 

verification. 

As shown in Figure  4-1, the concrete manhole consists of one 1.2 m high monobase, four 

risers, and one tapered top. The monobase has a non-reinforced base with a thickness of 

150mm and wall thickness of 139mm with a 1.219m inner diameter. The total height of 

the manhole is 5.89m and height of each manhole part is illustrated in Figure  4-1. The 

manhole was tested in a soil pit with rigid walls and floor. The soil test pit had a base of 

4.5m by 4.5m and height of 7.26m. A layer of 0.65m sand was located at the bottom with 

a layer of 0.3m gravel on top of that. The manhole base was placed on the gravel layer 

and the manhole walls were surrounded by 5.33m concrete sand. The top layer was 
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0.53m thick gravel (6). The manhole was installed following the standard installation 

procedure specified by the Ontario provincial standard specification (11) (OPSS 402 

former 516) (MTO and MEA 2005) 
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Figure  4-1: Physical full scale manhole laboratory test (units in m)  

4.3 Finite element model 

4.2.1 Manhole 

Finite element simulation is performed using a multipurpose finite element 

software  suite, ABAQUS. The simulation was performed by following all the procedures 
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in the experiment. A two-dimensional axisymmetric model is generated in ABAQUS. A 4-

node bilinear axisymmetric quadrilateral, reduced integration, hourglass control (CAX4R) 

element was used to model both the concrete and the soil. In the initial step the layer of 

sand and gravel beneath the manhole are modeled and geostatic stress is obtained for 

those two layers. Stage construction is started by adding the monobase and sand layer 

with 1.21 m height. Each stage is defined in the model as one step in which the soil layer 

and the manhole riser is activated. The interaction between the soil and concrete is 

modeled using a frictional model with normal and tangential behavior. The friction 

formulation used for tangential behavior is “Penalty” with a friction coefficient of 0.8 for 

interaction between soil and manhole and 0.3 for interaction between soil and rigid wall. 

Due to lack of data on condition and roughness of the manhole and rigid wall, 

aforementioned values are obtained by performing several simulations with different 

combinations of the friction coefficients and comparison of the results with actual test 

conditions. The normal behavior is modeled with “Hard” contact pressure over closure 

approach, without allowing separation after contact. The tapered part of the manhole is 

ignored since it does not affect the results significantly (7). The geometry and mesh used 

for the model is shown in Figure  4-2. 
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Figure  4-2. Geometry and mesh from ABAQUS simulation 

 
The rigid wall of the test pit is simulated on the right side of the soil mass. The 

boundary condition used in the model restricts the rigid wall movement in vertical and 

horizontal directions on the right. At the bottom, the same as the rigid wall, the soil is 

restricted to move in all directions and on the left an axisymmetric boundary condition is 

applied. 

The simulation is performed by considering two different types of soil behavior. 

Mohr-Coulomb model, which is an elastic perfectly plastic model, is used as an existing 

material model in ABAQUS. To improve the results Duncan-Chang model is also 

implemented as a subroutine in ABAQUS simulation. Duncan-Chang (hyperbolic) model 

Rigid 

Manhol
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is a nonlinear model with a stress-dependent stiffness (12). Both of the simulations have 

the same geometry and the only difference is in the soil behavior applied in each case. 

Material properties used for soil in each case are presented in Table  4-1. For the 

Mohr-Coulomb model, properties are obtained from test results presented in a full scale 

manhole experiment. For the Duncan-Chang model since there is no test data available; 

hence, the value of different parameters is obtained by creating a unit cube in ABAQUS 

and performing a true triaxial test using the available Mohr-Coulomb material properties 

and calibrating the results for Duncan-Chang material properties. 

Table  4-1 Soil properties 

Model 
Soil 

Type 

Unit 
Weight 

(kN/m
3

) 

Modulus 
of 

Elasticity 
(kPa) 

Angle 
of 

internal 
Friction 

(°) 

Rf K Kb Kur n m 

Mohr-

Coulomb 

Sand 19 5.2x105 39 - - - - - - 

Gravel 23 6.8x105 42 - - - - - - 

Duncan-

Chang 

Sand 19 - 39 0.9 3000 2400 3300 0.54 0.6

Gravel 23 - 42 0.9 4200 4000 5000 0.54 0.6

 C is zero for all soil types 

In the Duncan-Chang model a hyperbolic stress-strain function, based on 

Kondner’s (13) idea, is used to describe the deviatoric stress-axial strain curve obtained 

from triaxial tests. This relationship is shown in Eq. (1). 

   (1) 

In which σ1 and σ3 are the major and minor principle stresses, ε is the axial strain and “a” 

and “b” are experimentally determined constants. As shown in Eq. (2), Failure ratio, Rf, 

relates the asymptotes in Figure  4-3 to compressive strength. 

   (2) 
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The value of Rf for different soils has been found to be between 0.75 and 1.00, and it is 

essentially independent of confining pressure. 

 
Figure  4-3: Hyperbolic stress-strain curve 

As a matter of fact, this model has been found to be a convenient and useful 

means of representing the non-linearity of soil stress-strain behavior. Both the tangent 

modulus value and compressive strength of soils have been found to vary with the 

confining pressure employed in the tests, except in the case of unconsolidated-undrained 

tests on saturated soils. Janbu (14) has shown that the relationship between initial 

tangent modulus and confining pressure may be expressed as: 

   (3) 

where Ei is the initial tangent modulus, and pa is the atmospheric pressure. K modulus 

number and n the exponent determine the rate of variation of Ei with σ3, the minor 

principal stress. Both K and n are pure numbers and their values can be determined by 

plotting the values of Ei against σ3, obtained from a series of tests, which are on log-log 

scales and fit a straight line to the data (12). 
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Kur, Kb and m are other parameters defined in the FORTRAN subroutine used for 

a material model implemented in ABAQUS for soil. Kur is the unloading-reloading moduli 

to calculate tangential Young’s modulus in this stage. Kb and m are moduli and exponent, 

which determine the rate of variation of moduli with confining pressure, respectively, for 

calculating tangential bulk modulus(15). 

Concrete simulation is performed by using the concrete damaged plasticity model (16) 

existing in the ABAQUS material library. Table  4-2 presents the parameters required to 

define the manhole structure material model. Values in Table 2 are obtained from 

laboratory tests on concrete samples or they are extracted from the literature. 

Table  4-2 Concrete Material Property 

Modulus of Elasticity (GPa) 36 

Poisson Ratio 0.2 

Density (kg/m3) 2400 

Plasticity 

Dilation Angle (°) 38 

Eccentricity 0.1 

fb0/fc0 1.16 

K 0.667 

Viscosity Parameter (s) 10-7 

Note: fb0=fc0 = ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress (the 
default value is 1.16); K = ratio of the second stress invariant on the tensile meridian, to that on the compressive 
meridian, at initial yield for any given value of the pressure invariant p such that the maximum principal stress is 
negative. 

4.2.2 Pipe Under Uniform Peripheral Pressure 

Regarding the nature of load acting on the manhole structure, which is a uniform 

circumferential compression load in most cases, a finite element simulation was 

performed on a 2D pipe in which a uniform peripheral compressive pressure was applied 

on the pipe. In ABAQUS the load was applied by assigning uniform radial displacement 

on the outer surface of the pipe. A two-dimensional pipe with an inner diameter of 61 cm 
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and thickness of 7.6 cm was created in ABAQUS. Behavior of lined concrete pipe under 

compressive load configuration is studied by adding a layer of 6 mm lining inside of the 

pipe. Schematic lined pipe under compression is shown in Figure  4-4. To verify the 

results from this simulation, elastic theory for pipe under peripheral pressure is used (17). 

Theory and the results are presented in model validation. 

  
Figure  4-4: Schematic drawing of lined concrete pipe under compression 

4.3 Model Verification 

4.3.1 Soil Pressure Distribution Under Manhole Base 

Pressure distribution contour under the manhole base (the red area in  
Figure  4-5) for Mohr-Coulomb and Duncan-Chang simulations are shown in  

Figure  4-5.   

Concret

Lining 
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Figure  4-5 Pressure distribution contour under manhole 
(a) Mohr-Coulomb (b) Duncan-Chang 

(b)  
In the full-scale manhole experiment, as shown in Figure  4-1,  no pressure cell 

located under the manhole base and the only available data for pressure distribution 

under the manhole is from a PLAXIS simulation performed by Sabouni et al.(7). As 

shown in Figure  4-6 and according to PLAXIS, simulation pressure at the center of the 

manhole base is smaller than the pressure under manhole walls. The same pattern is 

obtained from ABAQUS manhole simulation. In ABAQUS simulation for Duncan-Chang 

(DC) material model of soil, the minimum pressure under the manhole is about 80 kPa, 

and for Mohr-Coulomb (MC) material model this value is around 50 kPa which is close to 

(a) (b) 
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the results obtained from PLAXIS model. As shown in Figure  4-6, variation of pressure 

under the manhole base in the case of DC model is smaller than the other two cases. 

 
Figure  4-6: Pressure distribution under the manhole base 

4.3.2 Pressure Distribution at 0.6 m Under Manhole Base 

Three pressure cells are located at the center and under the wall of a manhole at 

a depth of 0.6 m. Pressures recorded by these cells are shown as red dots in Figure  4-7. 

It is observed that at this depth, pressure is smaller at the center and increases by 

moving toward the walls. For PLAXIS simulation at this depth only the pressure at the 

center and under the walls are reported (7). In ABAQUS simulation, for the DC material 

model, the pressure distribution pattern is the same as the experiment results with 

around 13% difference in magnitude at the center and less than 1% difference under the 

walls. On the other hand, using the MC material model for soil, results in a pressure 

pattern different from the experiment. 
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Figure  4-7: Pressure distribution at a depth of 0.6m under the manhole base 

4.3.3 Lateral Soil Pressure 

Figure  4-8 compares lateral soil pressure acting on the manhole structure. A 

pressure cell located at a depth of 1.44 m has recorded a pressure of 10.2 kPa, which is 

shown as a red dot in Figure  4-8. Lateral soil pressure is also calculated using at rest 

earth pressure theory. As shown in Figure  4-8 the results obtained from MC material 

model are close to the result obtained from pressure cell and the results obtained from at 

rest earth pressure theory are close to the DC material model simulation. Comparison of 

all cases shows only 28% difference between the maximum and minimum pressure 

obtained at depth 1.44 m. 
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Figure  4-8: Lateral earth pressure in depth 

4.3.4 Moment in Manhole Base 

Manhole base is one of the critical parts of the manhole structure due to 

experiencing tension resulted from the induced moment. The critical moment that 

concrete experiences before the formation of cracks can be calculated by knowing the 

modulus of rupture in concrete. In order to avoid crack formation in the manhole base, 

the moment in the base due to existing loads must be calculated. This moment can be 

calculated by using the clamped plate theory (18). The clamped plate theory calculates 
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the radial and angular moment (Mr and Mθ) in a circular clamped plate with radius “R” 

under uniform pressure of “p” at a distance of “r” as: 

M 1 υ 3 ν            

(4) 

M 1 υ 1 3ν            

(5) 
The above equations indicate that the maximum moment occurs at the center of the disk 

and it is equal to: 

			M 1 υ              

(6) 
Figure  4-9 compares the bending moment in the manhole base calculated by the 

clamped plate theory with the results obtained from ABAQUS using DC and MC material 

models for soil. The pressure used for calculating the moment is the average pressure 

beneath the manhole base obtained from simulation. In both cases of simulation, the 

maximum bending moment which is located at the center of the manhole base is in good 

agreement with the calculations from the clamped plate theory.  By getting closer to the 

edges, the results from the simulation differ from the results from calculations which can 

be due to the fact that the manhole base is not acting like a clamped plate and some 

movements may occur at the edges. Comparison of the maximum moment obtained from 

PLAXIS simulation (7) performed and reported by Sabouni et al. is also shown in 

Figure  4-9. There is a 32% difference between the results which can be due to a 

difference in magnitude of the pressure under the manhole base from different 

simulations. Moments in cases of using two different material models for soil are almost 

the same. 
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Figure  4-9: Moment in manhole base 

Cracking moment in the manhole base can be calculated by using Eq. (7) (19), in 

which fr is modulus of rupture for concrete, Ig is moment of inertia of the section and yt is 

distance from centroid axis of gross section. 

   (7) 

The calculations show that the cracking moment is about 10.8 kN-m/m, which is 

greater than the existing moment in manhole base.  

4.3.5 .Pipe Under Uniform Peripheral Pressure 

4.3.5.1 Elastic Theory Solution for Pipe Under Pressure 

To validate the finite element simulation of pipe under pressure discussed 

previously, theory of elasticity is used. According to this theory, radial and angular 

stresses at any distance of “r” from center in a hollow cylinder with inside diameter of “a” 

and outside diameter of “b” under peripheral pressure of “P” can be obtained using 

Lame’s formulas (17): 
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And radial deformation is calculated by: 

   9 	

Using the above theory and creating an elastic model of the pipe in ABAQUS, the 

analytical solutions are compared to the simulation results and the model is verified. 

For the composite pipe by considering it as two pipes, one inside the other, and using the 

elasticity theory to calculate the deformation of two pipes at point C as shown in  

Figure  4-10, the pressure transferred to the inside pipe can be calculated. The procedure 

is to calculate the radial deformation of both pipes at point C and make them equal and 

solve the equation for outside pressure applied to the inner layer. Results are shown in  

Figure  4-10. 

 

 

 

       

       
 
 
 
 

 
Figure  4-10: Composite pipe under pressure 

 
Comparing the results from simulation of the composite pipe with elastic 

materials to the analytical solution can verify the simulation. The results from simulation 

and analytical solution for bare and lined concrete pipes with elastic material properties at 

selected points are presented in Table  4-3. The results are in good agreement as shown 

in the table. 

 

  
 
  

C 

P = Pressure on outside pipe 
E1, E2 = Modulus of elasticity of outside and
 inside pipe  
ν2 = Poisson’s ratio of inside pipe 
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Table  4-3 Comparison of the analytical and simulation results 
for elastic pipe under peripheral pressure 

 r(cm) urr(mm) σrr(MPa) σθθ(MPa) 

%
D

if
f 

 
 

Concrete Pipe 

Analytical 
30.48 

0.787 0 -76.61 

0.
01

3 

ABAQUS 0.787 -0.0006 -76.6 

Analytical 
34.54 

0.762 -8.48 -68.12 

0 

ABAQUS 0.762 -8.5 -68.12 
 

Composite Pipe 
Analytical 

29.84 
0.787 0 -14.16 

1.
87

 

ABAQUS 0.787 -0.0002 -14.43 

Analytical 
30.48 

0.787 -0.29 -13.87 

1.
84

 

ABAQUS 0.787 -0.29 -14.13 

 

4.6 Finite Element Modeling of Epoxy-Lined Manhole 

Regarding the above discussion, the generated models in ABAQUS are verified 

and can be used for further study on rehabilitated manhole structure with epoxy lining. In 

order to simulate the deteriorated manhole structure, it is assumed that deterioration of 

concrete results in reduction of the structure’s stiffness. There are several articles in the 

literature, which discuss the mechanical properties of deteriorated concrete and in all of 

them without considering the reason for deterioration, Young’s modulus of the concrete 

decreases(20)–(21). As a result, in this study, stiffness reduction was simulated by 

decreasing the Young’s modulus of the concrete. Three different manhole conditions are 

considered in this research. The first case is the manhole without any deterioration as a 

base for comparison; the second case is a partially deteriorated manhole structure which 

is simulated by decreasing Young’s modulus of concrete to one tenth of its original value 

and in the third case, which is the worst case scenario, the manhole structure concrete is 

replaced by the surrounding soil. In the latter case it is assumed that the concrete is fully 

deteriorated and loads are carried by epoxy lining. In both deteriorated cases, a layer of 6 
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mm epoxy liner was applied to the inside of the manhole. The interaction between the 

coating and concrete was considered frictional behavior with a friction coefficient of 0.5 in 

tangential behavior and hard contact in normal behavior. 

For all three cases, three different load configurations are applied to the manhole 

structure. The first load configuration only considers soil pressure around the structure. In 

this condition, it is assumed that the water table is located under the manhole base and 

there is no traffic load on the ground surface. In the second load configuration, the water 

table rises to ground surface and water pressure is applied to the manhole structure as 

well as the soil pressure. In the third load configuration, traffic load is applied on the 

ground surface in addition to soil and water pressure. 

To apply the traffic load to the manhole structure ASTM-C890 (22) is used. In this 

standard the vehicle and pedestrian load designation are as presented in Table  4-4.  

Table  4-4 Vehicle and Pedestrian Load Designations 
Designation Load, max Uses 
A-16  71.17 kN per wheel Heavy traffic 
A-12  53.38 kN per wheel Medium traffic 
A-8  35.58 kN per wheel Light traffic 
A-03 14.36 kPa Walkways 
 

In this standard it is also mentioned that distribution of wheel loads through earth 

fills are considered below ground structure where backfill separates the vehicle wheels 

and the top surface of the structure will be like a truncated pyramid as shown in 

Figure  4-11 and the loaded area will be: 

   1.75 1.75  (10) 
where: 

A= wheel load area, m2, 

W= wheel width, m, 

L= wheel length, m, 
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H= height of backfill between wheels and structure, m 

           
 
 
 
 
 
 
 
 
 
 

Figure  4-11: Wheel Load and Distributed Load Area 
 

In order to do the traffic load simulation a dual wheel load area with a backfill 

height of 15.2 cm is considered. Using the above equations and assuming a medium 

traffic with a maximum load of 53.38 kN per wheel the total pressure on the soil surface 

due to traffic will be: 

	 .

. . ∗ . . . ∗ .
134.16	  (11) 

 
As a result, a distributed load of 135 kPa is applied in a width of 0.77 m 

representing dual wheel load traffic on the surface right on the manhole cover. Since the 

cover is not simulated in the current model the load carried by the cover is calculated and 

applied on the manhole wall.   

4.7 Results and Discussion 

The results of manhole simulation under different load configurations for three 

cases, one sound concrete and two deteriorated concrete, are presented as follows. In 

this part, Case I refers to the manhole structure with sound concrete, Case II represents 

a partially deteriorated manhole structure with a Young’s modulus value that is one tenth 

that of the original Young’s modulus of concrete and Case III refers to manhole structure 

with fully deteriorated concrete.  
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Comparison of the results for Case II with and without epoxy liner inside the 

deteriorated manhole structure does not show significant difference, which means that 

according to the existing loads and manhole condition, the 6 mm epoxy lining does not 

affect structural behavior of the partially deteriorated manhole. 

In Case III, the manhole structure can only carry the load from soil pressure. The 

results from this simulation with and without epoxy lining are presented separately. 

4.7.1 Manhole Under Soil Pressure 

Pressure distribution on manhole structure and its deformation due to 

surrounding soil pressure are shown in Figure  4-12. Both soil material behavior, Duncan-

Chang (DC) and Mohr-Coulomb (MC) are considered in this simulation. Comparison of 

the results shows that decreasing the stiffness of the manhole reduces the pressure 

acting on the manhole structure, which is due to an increase in deformation of the 

manhole wall.  
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Figure  4-12: Manhole under soil pressure: (a) pressure on manhole structure  
and (b) horizontal deformation of manhole structure 

4.7.2 Manhole Under Soil and Water Pressure 

For this load configuration the water table is assumed to be on the ground 

surface, and the manhole structure carries the pressure from soil and water at the same 

time. Pressure distribution and deformation of the manhole are shown in Figure  4-13. As 

expected by adding the water pressure on manhole structure in all cases, the lateral 

pressure and deformation of the manhole wall increased. 
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Figure  4-13: Manhole under soil and water pressure: (a) pressure on manhole structure 
and (b) horizontal deformation of manhole structure 

4.7.3 Manhole Under Soil and Water Pressure and Traffic Load 

The last load configuration considers soil, water and traffic load on top of the 

manhole structure at the same time. This loading case is the most critical case. Pressure 

and deformation in depth are shown in Figure  4-14. In this case due to the traffic load on 

the manhole, the lateral pressure at depth zero is not zero, and there is a lateral 

deformation on manhole wall on the ground surface.  
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Figure  4-14: Manhole under soil and water pressure and traffic load: (a) pressure on 
manhole structure and (b) horizontal deformation of manhole structure 

To compare the results from different load configuration for Case I and Case II, 

lateral pressure distribution and lateral deformation of the wall for these two cases are 

shown in Figure  4-15 and Figure  4-16 separately. For traffic load configuration lateral 

pressure and deformation starts at the ground surface. In Figure  4-15 and Figure  4-16, 

“S” represents soil pressure load, “SW” represents soil and water pressure load and 

“SWT” is representative of soil and water pressure along with traffic load combination. 
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Figure  4-15: Sound manhole under different load configurations: (a) pressure on manhole 
structure and (b) horizontal deformation of manhole structure 
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Figure  4-16: Deteriorated manhole under different load configurations (a) pressure on 
manhole structure and (b) horizontal deformation of manhole structure 

4.7.4 Case III 

As mentioned before, in this case the manhole structure is assumed to be fully 

deteriorated and the epoxy lining carries the entire load. After replacing the material 

properties of the concrete with material properties of the soil, the manhole structure fails 

due to soil pressure. Adding the epoxy lining inside of the deteriorated manhole structure 

slightly changes the deformation of the structure as shown in  

Figure  4-18. Formation of the plastic zones in the soil and manhole structure due 

to surrounding soil pressure is shown in Figure  4-17. For this case, due to soil failure, 

water pressure and traffic load cannot be applied. 
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Figure  4-17: Soil failure in Case III 

Comparison of the results obtained from this case before and after applying the 

epoxy lining inside of the manhole structure is presented in  

Figure  4-18. As shown, compared to the other two cases, the pressure acting on 

the manhole structure has decreased significantly and deformation has increased. 

Applying the epoxy lining inside of the fully deteriorated manhole structure decreases the 

manhole deformation. For instance, at a 3 m depth, a 30% reduction in radial deformation 

is measured in the manhole structure.  

In order to see the effect of increasing the thickness of the epoxy liner, a simulation is 

performed for Case III with a 12 mm epoxy liner. As expected, increasing the thickness 

results in a reduction in radial deformation of the deteriorated manhole structure by 36% 

compared to the 6 mm epoxy liner.   
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Figure  4-18: Fully deteriorated manhole under soil pressure: (a) pressure on manhole 
structure and (b) horizontal deformation of manhole structure 

4.7.5 Manhole Base 

For all of the cases above the moment in the manhole base decreases compared 

to the results presented in Figure  4-9 which shows the moment for manhole without any 

deterioration. As a result, the existing moment in the manhole base for current study is 

not critical. 

4.8 Conclusions 

A calibrated model of a precast concrete manhole structure was generated in 

ABAQUS finite element software. This model was used to study the effect of applying a 

6 mm layer of epoxy lining inside of a manhole structure with different degrees of 

deterioration. Behavior of the structure under different loading configurations was studied. 

The results show that for a partially deteriorated manhole structure, the presence of an 
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epoxy lining does not have any significant effect on radial deformation and lateral 

pressure acting on the manhole structure. In the case of a fully deteriorated manhole, the 

structure carries only the soil pressure and fails without adding water pressure or traffic 

load. In this case the epoxy lining decreases radial deformation by 30%, and can slightly 

postpone failure of the manhole structure. According to the current study, a 6 mm epoxy 

lining does not have any significant effect on behavior of a manhole under presented 

loading configurations and specified dimensions. Increasing the thickness of the liner by 

two times resulted in a smaller radial deformation in the case of a fully deteriorated 

manhole.  
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  Chapter 5

5.1 Conclusion 

In this research after analyzing the test results from coated and uncoated 

concrete beams and pipes, the effect of coating material on the structural behavior of 

different concrete members was studied. The results from the tests were used to develop 

calibrated finite element models of beams, pipes and manholes. The finite element 

models were used to predict behavior of each concrete member under different loading 

configurations with different lining thicknesses and material. 

Flexural strength tests on coated and uncoated concrete beams showed an 

increase of 10% in the peak load after adding the lining material. 

Three-edge bearing tests on lined and unlined concrete pipes showed a wide 

range of increase in the peak loads depending on the type and thickness of the lining 

materials. The finite element model was generated for some of the test results and a 

parametric analysis was performed on the generated model.  

The selected results from three-edge bearing test showed that adding a 6 mm-

thick liner to the concrete pipe increases the measured peak load by 30%. 

The results of the parametric analysis for D-load configuration on the effect of 

lining thickness on peak load confirmed that for 3 mm, 6 mm, and 12 mm thicknesses, 

7%, 37%, and 75% increases in the peak load occurred, respectively. 

Radial deformation variation for different degrees of deterioration of concrete 

showed an 82% and 182% increase in radial deformation by decreasing Young’s 

modulus of concrete to 50% and 30% of its original value when no lining was applied 

inside of the pipe. For a 12 mm lining, radial deformation increased by 57% and 116% for 

50% and 30% of the original Young’s modulus, respectively. 
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By decreasing the Young’s modulus of the lining to 50% of its original value, a 

14% reduction in peak load for 3 mm and 12 mm lining thicknesses was measured while 

the radial deformation at the peak load did not change.  

The effect of applying epoxy lining inside of the manhole structure with different 

degrees of deterioration under soil, water and traffic load shows that for a partially 

deteriorated manhole, the epoxy lining did not significantly affect radial deformation of the 

deteriorated structure. Comparison of the results for a partially deteriorated manhole 

structure with epoxy lining under different loading configurations shows that adding the 

water and traffic load increased lateral deformation and lateral pressure acting on the 

manhole structure by three times. In the case of a fully deteriorated manhole structure, 

the composite structure was only capable of carrying soil pressure, and it failed before 

adding water pressure to the structure. For this case, the epoxy lining decreased radial 

deformation by about 20%. Increasing the thickness of the lining from 6 mm to 12 mm, 

resulted in a 22% smaller deformation in the case of a fully deteriorated manhole 

structure. 

5.2 Recommendations for Future Study 

For further consideration of the effect of polymeric lining on the structural 

behavior of different concrete members, the following recommendations are proposed: 

- Flexural tests can be performed on deteriorated concrete beams to study the 

effect of coating materials on improvement of flexural behavior of deteriorated 

concrete samples. 

- Buried concrete pipes with and without linings can be instrumented to study the 

behavior of resultant composite pipe under actual field conditions. 

- The developed model for pipe can be used to create a design criterion for 

polymeric coated concrete pipes. 



 

98 

- Due to the lack of study on full scale deteriorated manhole structures, research 

can be performed by instrumenting an existing deteriorated manhole structure 

before and after applying epoxy lining under existing loads to study the behavior 

of the composite structure in the field. 

- The generated manhole model can be used to study the behavior of composite 

manhole structures with different depths to obtain the effect of manhole depth on 

the performance of the rehabilitated structure. 
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