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ABSTRACT 

Corrosion of the steel compression members used as bridge piles reduces the axial 

load carrying capacity significantly. The Texas Department of Transportation (TxDOT) 

initiated a research project to develop cost-effective, yet reliable methods to 

repair/strengthen the corrosion-damaged bridge steel piles.  This study was performed as 

part of the TxDOT project with focus on the development of finite element (FE) models 

that can be used to predict the behavior of un-damaged, damaged, and repaired steel piles. 

Many potential repair methods were proposed in the TxDOT project.  Among 

them, this study focused on a method which uses a fiber reinforced polymer (FRP) jacket 

to surround the damaged area and is then grouted into place.  

A series of FE models were developed to simulate existing laboratory test 

specimens.  The analysis results of the FE models were then compared to the 

experimental results to evaluate the performance of the developed FE models.  The 

performance evaluation showed that the FE models could predict the failure loads with 

the error ranging from 1% to 27%. 

Based on the knowledge built on the performance evaluation of the developed FE 

models, a series of FE models were developed and analyzed to make recommendations to 

the design of laboratory test specimens (60 in.-long W4X14 sections) of the on-going 

TxDOT project, which include the location and size of corrosion damage, and the 

strengthening details such as the number of FRP layers and size of the FRP jackets. 

The FE models developed in this study assumed that there is the 'perfect bond' 

between the steel members and grout.  Although the FE models have shown  good 

agreement with the experimental results, it is recommended using a shear stress - slip 

model to simulate the steel-grout interface behavior to further improve the accuracy of 

the developed FE models. 
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NOMENCLATURE 

Symbol       Description 

𝐴𝑔               Total cross-section area of steel and concrete 

𝐴𝑚𝑖𝑛           Minimum cross-sectional area of steel of the pile section 

𝐴𝑠𝑡              Cross-section area of steel  

𝑓𝑐′                Specified strength of concrete 

𝑓𝑐𝑐′                Strength of FRP confined concrete 

𝑓𝑙 Ultimate confining stress 

𝑓𝑦                Steel yield stress 

𝑘𝑎               Geometric reduction factor 

𝑃𝑐𝑟𝑒                Experimental column capacity 

𝑃𝑒                Elastic critical buckling resistance 

𝑃𝑛                Nominal axial capacity 

𝑃𝑜                Equivalent nominal yield resistance 

𝜙 Strength reduction factor 

𝜓𝑓               FRP strength reduction factor 
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CHAPTER 1 
INTRODUCTION 

1.1  Background 

1.1.1 General 
Aging infrastructure in the U.S. and the huge cost associated with replacement has 

encouraged the study of repair methods to extend the service life of aged and deteriorated 

civil engineering infrastructure. The most recent estimates showed that repair of damaged 

road bridges across the nation requires $170 billion dollars a year and at last count, one in 

nine bridges were rated structurally deficient [ASCE, 2013]. Many factors affect the 

service life of a structure including damage from vehicular impact, deicing chemicals, 

and corrosion. A particular concern in the current study is the corrosion of the steel 

compression column members used as bridge piles. In Texas, a field investigation 

performed by University of Houston in 2013 [Karagah et al., 2013], has shown extensive 

corrosion damage of steel H-piles localized immediately above and below the water level 

as shown in Figure 1.1 and Figure 1.2. This field investigation showed that the most 

extensive damage involved 75% loss of the flange material and voids present in the web. 

This damage has caused significant reduction in load carrying capacity and needs 

immediate replacement or repair.  

Figure 1.1 Extensive Corrosion Damage to Steel Bridge Piles Flanges, Excerpted from 
Karagah et al. [2013] 
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The Texas Department of Transportation (TxDOT) initiated a 4-year research 

project (TxDOT Project 0-6731) to develop effective repair methods for the corrosion-

damaged steel bridge piles. This study was done as part of the TxDOT project and 

presents the development of finite elements (FE) models to predict the behavior of 

corrosion-damaged steel piles strengthened with fiber reinforced polymer (FRP) jacketed 

grout.  

Figure 1.2 Schematic Drawing of Bridge Pile Geometry and Damage Location, 
Excerpted from Karagah et al. [2013] 

1.1.2 Traditional Repair Methods 
The traditional methods of strengthening corrosion damaged steel piles involve 

steel plates and welding or bolting as shown in Figure 1.3. The surface of the steel pile is 

prepared by sand blasting or water jetting. Then large steel plates are placed over the 

damaged area and clamped into place with bolts. Some methods avoid relying on faying 

surfaces but require drilling bolt holes into the pile to bolt the reinforcing plates to the 

damaged sections.  Sometimes, welding is used to fasten the plates to the pile. These 

methods can be used for underwater application but requires additional equipment and 
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cost.  Furthermore, these methods are just as vulnerable to the same corrosion that caused 

the damage to the steel piles. 

Figure 1.3 Representation of a Traditional Repair method 

1.1.3 FRP Jackets 
As an alternative to the traditional repair methods, FRP composite jackets have 

been proposed in many different forms by FRP manufacturers. This method consists of 

pre-impregnated FRP laminated sheets (so called FRP jackets) or shells being placed over 

the damaged area of the steel pile. The cementitious grout is used to fill the void between 

the FRP jacket and steel member. An example of FRP jacket repair for a damaged steel 

pile is shown in Figure 1.4. Many different types of grout are available in the current 

market. There are normal weight, normal strength concrete that are commonly used and 

easy to find. There is high strength, underwater grouts that are better suited for 

underwater applications. There is light weight and expansive concrete blends that develop 

expansive pressures inside the FRP.  
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Figure 1.4 Example of FRP Jacket and Grout Used to Repair a Damaged Steel Pile, 
Excerpted from PileMedic, LLC. [2011] 

The use of FRP composites materials for repair and strengthening of concrete 

structures has been investigated through many analytical and experimental studies over 

the past twenty years. Currently the design guidelines are specified in ACI 440.2R-08. 

[ACI 440, 2008]. The advantages of using FRP composites over the traditional 

construction materials, such as steel and concrete, are many.  FRP is not susceptible to 

corrosion. It is light weight and thus the transportation and handling is easier than steel 

and concrete.  Because of its light-weight and flexibility, it can be applied to the 

structures with complex geometry with ease.  The application using adhesive bond is 

relatively easy and does not require special expertise.  In addition, some FRP such as 

high strength CFRP sheets, provide the very high strength to volum ratio; as a result, 

strengthening have a minimal impact on the original dimensions and appearance. 

1.2 Problem Definition and Objectives of This Study 
The use of FRP jackets to increase the axial strength and ductility of reinforced 

concrete columns has been proven to be effective through many experimental and 
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analytical studies. However, the studies related to its application to steel members are 

very limited. Particularly, analytical models and/or design equations are not currently 

available for the axially-loaded steel members strengthened with FRP jackets and grout. 

In the absence of such models and equations, finite element model analysis can be a 

useful way to predict the behavior of the strengthened pile, including the axial strength 

and ductility if the FE models are developed properly. Therefore the primary objective of 

study was to develop reliable FE models to predict the entire behavior of axially-loaded 

steel members strengthened with FRP jackets and grout. 

 

1.3 Research Methodology  
The first phase of the study consisted of collecting and reviewing existing work 

pertaining to this study. This included publications on FE modeling of FRP confinement 

modeling, damaged pile studies, and current codes/specifications pertaining to the scope 

of work studied. In the second phase, a FE software package, ABAQUS, was used to 

develop different types of FE models to simulate the behavior of axially-loaded steel 

piles strengthened with FRP jackets and grout. Lastly, the performance of the FE models 

was evaluated using the experimental results collected in the literature review.  

 

1.4 Scope of the Study 
This study focused on the behavior of axially-loaded steel piles and the 

development of reliable FE models to predict their behavior. Particularly, the proposed 

FE models were developed to predict the corrosion-damaged piles strengthened with FRP 

jackets and grouts. Other types of repair and/or strengthening methods were not 

considered in the proposed FE models. 

 

1.5 Organization of Thesis 
This thesis consists of six chapters. Chapter 2 presents the results of 

comprehensive literature review. Particular attention is paid to the existing analytical and 

experimental studies. Current codes/specifications pertaining to column design and 
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confined concrete were also reviewed. Chapter 3 lists and describes the existing 

experimental work that was used to evaluate the performance of the FE models 

developed in this study. Chapter 4 presents the details of the FE models and the analysis 

procedures adopted in this study. Chapter 5 consists of a comparison of FE models to 

collected experimental results. This is done to evaluate the performance of the FE models 

in terms of the accuracy to predict the failure load and modes. Chapter 6 presents the 

design recommendations for the small-scale laboratory specimen that will be tested as 

part of the current TxDOT project.  Finally, Chapter 7 lists the conclusions and 

recommendations for future research.  
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CHAPTER 2 
LITERATURE REVIEW 

2.1 General 
A comprehensive literature review has been performed on the analytical and 

experimental works related to the behavior of axially-loaded steel piles strengthened 

with FRP jackets and grout. The review includes the current code/specifications 

pertaining to the design of axially-loaded steel piles without strengthening as well as 

the design of FRP jackets for concrete structures. This chapter summarizes the results 

of the literature review. 

2.2 Current Codes and Specifications 

2.2.1 AASHTO LRFD Bridge Design Specifications 
The current AASHTO (American Association of Highway and Transportation 

Officials) LRFD Bridge Design Specifications [AASHTO, 2010] stipulate the design 

criteria for non-composite steel compression members in the Article 6.9.4. Particularly, 

the Article 6.9.4.1 specifies the design equations to compute the nominal compressive 

resistance, 𝑃𝑛 of non-composite steel compression members as  

𝑃𝑛 = �0.658
𝑃𝑜
𝑃𝑒� 𝑃𝑜  If 𝑃𝑒

𝑃𝑜
≥ 0.44 (AASHTO Eq. 6.9.4.1.1-1)             [ 2.1] 

𝑃𝑛 = 0.877𝑃𝑒  if 𝑃𝑒
𝑃𝑜

< 0.44 (AASHTO Eq. 6.9.4.1.1-2)  [ 2.2] 

where 𝑃𝑒 is the elastic critical buckling resistance and 𝑃𝑜 is the equivalent nominal yield 

resistance. In fact, these equations were adopted from the American Institute of Steel 

Construction (AISC)’s Steel Construction Manual [AISC, 2011] without modification. 

However, Eqs. [2.1] and [2.2] can only be used to compute the nominal compressive 

resistance of prismatic members, i.e. members having consistent cross-sections over the 

entire effective length of the member. In other words, Eqs. [2.1] and [2.2] cannot be used 
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to compute the nominal compressive resistance of axially-loaded steel members 

strengthened with FRP jackets and grout, which was the focus of the current study. 

2.2.2 ACI 440.2R-08 Guide for the Design and Construction of Externally 

Bonded FRP Systems for Strengthening Concrete Structures 
Figure 2.1 shows the schematic of axially-loaded steel members strengthening 

with FRP jacket and grout. As shown in Figure 2.1, a mid portion of the steel member is 

strengthened with FRP jacket and grout. The FRP jacket system should be designed to 

properly resist the load expected in the steel member. 

Figure 2.1 Schematic of FRP Jacket Repair System 

ACI 440.2R-08 provides the equations to compute the design compressive 

resistance of reinforced concrete columns confined with externally bounded FRP, 𝜙𝑃𝑛 as: 

𝜙𝑃𝑛 = 0.85𝜙�0.85𝑓𝑐𝑐′ �𝐴𝑔 − 𝐴𝑠𝑡� + 𝑓𝑦𝐴𝑠𝑡�    (ACI Eq.12-1a)              [2.3] 
𝜙𝑃𝑛 = 0.8𝜙�0.85𝑓𝑐𝑐′ �𝐴𝑔 − 𝐴𝑠𝑡� + 𝑓𝑦𝐴𝑠𝑡�      (ACI Eq.12-1b)             [2.4] 
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where 𝜙  is a strength reduction factor, 𝑓𝑐𝑐′  is the compressive strength of confined 

concrete, 𝐴𝑔is the gross area of the concrete section, 𝐴𝑠𝑡is the total area of longitudinal 

steel, and 𝑓𝑦 is the specified yield strength of non-prestressed steel reinforcements. Eqs. 

[2.3] and [2.4] are empirical equations developed based on the limited number of 

experimental results on reinforced concrete columns wrapped with FRP sheets. Thus, the 

performance of Eqs. [2.3] and [2.4] has not been evaluated for predicting the axially-

loaded steel members strengthened with FRP jacket system. However, it is assumed in 

this study that Eqs. [2.3] and [2.4] can still be used for steel members with FRP 

strengthening, provided that the confining pressure due to FRP may not be affected by 

the cross-section of the steel pile as the longitudinal reinforcement of concrete columns 

does not significantly affects the development of confining pressure.  

2.3 Analytical Models 

2.3.1 Models to Predict the Behavior of non-prismatic axially-loaded 

members 
There are very limited numbers of studies on developing analytical models to 

predict the behavior of non-prismatic members, i.e. members having non-uniform 

flexural stiffness over the entire effective length. 

The dissertation by Wu [1991], The Elastic Stability of Steel Frames with 

Residual Stress Effects, evaluates the effectiveness of plastic collapse of inelastic sections 

with non-prismatic cross-sections. This dissertation presents a stiffness matrix analysis 

approach to calculate unstable collapse of a column utilizing second order plastic analysis. 

The second order analysis is achieved by using series of stability functions to reduce the 

flexural stiffness components of the stiffness matrix. The stability functions are based on 

a form of linear elastic analysis that do not consider axial load. The stability functions in 

essence act as factors to reduce the stiffness components of each sway or rotational 

constraint of the stiffness matrix. 
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 This dissertation compared thirty numerical analyses to the existing experimental 

results and found close alignment. However, the model could only predict the peak load 

and could not predict the post peak behavior. 

 

2.3.2 Models to Predict the Strength of Concrete Confined with FRP jackets 
As discussed in section 2.2.2, the design of FRP jacket systems are governed by 

the strength of grout confined with FRP, 𝑓𝑐𝑐′ . The determination of confined strength, 𝑓𝑐𝑐′  

of concrete (or grout) has been studied by many researchers [El-Dash and Ahmad, 1994; 

Becque et al., 2003; Lam and Teng, 2003a and 2003b; Bisby et al., 2005; and Xiao et al., 

2010]. Among them, ACI 440.2R-08 adopted Lam and Teng’s model, which can be 

expressed as 

 

𝑓𝑐𝑐′ = 𝑓𝑐′ + 𝜓𝑓3.3𝑘𝑎𝑓𝑙     (ACI Eq.12-3)                           [2.5] 

 

where 𝑓𝑐′ is the specified compressive strength of concrete, 𝑓𝑙 is the maximum confining 

pressure of the FRP jacket, 𝜓𝑓 is the FRP strength reduction factor equal to 0.95, and 𝑘𝑎 

is 1.0 as an efficiency factor for circular columns. Eq. [2.5] was originally developed for 

circular concrete columns.  However, it is used for steel columns assuming that Eq. [2.5] 

is still conservative as is the case for concrete columns. 

 
 
2.4 Experimental Work 

To the authors best knowledge, only one experimental study was performed to 

investigate the behavior of slender steel compression members strengthened with FRP 

jacket systems, although some state Departments of Transportations have already used 

FRP jackets to repair corrosion damaged steel piles [Eshani and Croarkin, 2011].  

Frauenberger et al. [2003] investigated the effectiveness of FRP jacket systems for 

strengthening damage S4×9.5 sections with various effective lengths. They used glass 

fiber reinforced polymer shells for his jacketing system and a combination of expansive 

and non-expansive grout. The results of their experimental work showed that the nominal 
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axial compressive capacity and the stiffness response of a pile with reduced cross-section 

and then strengthened with FRP jackets and grout could exceed that of the undamaged 

control. He concluded the FRP jackets and grout was an effective way to repair damage 

steel piles and that construction was easier than the traditional steel plating methods 

described in section 1.1.2. 

Frauenberger et al. has also been used to evaluate the FE models developed in the 

current study. Thus the details of the experimental program and the obtained results are 

presented in Chapter 3 of this thesis.   

2.5 Studies on Finite Element Models 
After an extensive search, no existing studies on the FE modeling of axially-loaded 

steel columns strengthened with FRP jackets and grout were found.  

2.6 Summary and Concluding Remarks 
No codes/specifications currently exist for the use of a FRP jacket and grout system 

to strengthen axially-loaded steel piles. This is probably due to the lack of experimental 

and analytical work on the subject. In the absence of reliable design equations and/or 

analytical models, FE modeling could be a useful tool to provide reliable information 

such as nominal compressive resistance, failure mode, and member stiffness. However, 

the FE model should be verified by comparing the FE results to existing experimental 

results before they are used to blindly predict the strength and failure mode of axially-

loaded steel members strengthened with FRP jacket systems. 
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CHAPTER 3 
EXPERIMENTAL PROGRAM 

3.1 General 
The FE models developed in this study should be calibrated and evaluated to 

produce accurate results. To this end, two experimental works were considered: Test Set 

1 and Test Set 2. It should be noted that no experimental work has been performed yet in 

this study; therefore, the existing experimental data available in the literature were used 

to develop and calibrate the FE models.  

Test Set 1 is the experimental work performed by University of Houston, and was 

done as part of the on-going TxDOT project (TxDOT Project 0-6731). Test Set 2 consists 

of the experimental results reported by Frauenberger et al. [2003] at University of 

Missouri-Rolla. This chapter summarizes the details of test specimens, test set up, 

material properties, and key results. 

3.2 Test Set 1 
This testing was conducted in the civil engineering department at University of 

Houston. The information presented in this section was obtained from Karagah et al. 

[2013].  These tests used a W4×13 section measuring 32 in. long. Of the many tests 

specimens evaluated in Karagah et al. [2012] only three were used in this study. These 

were the undamaged control specimen denoted as Control, damaged specimen denoted as 

75/60, and damaged specimen with void in the web denoted as 75/60/V as shown Table 

3.1. No FRP jacket strengthening was conducted in this study and the results will be used 

to evaluate buckling mode and load for damaged steel axially-loaded members.  

3.2.1 Specimen Details 
The damage was produced by milling the outer surfaces of the flange and web to 

the desired thicknesses. From here forward, damage notation will be represented as 75/60 

or 75/60/V. This stands for a 75% loss of the flange thickness, 60% loss of the web 

thickness, and ‘V’ for void or no void present in the web. The damage was produced over 
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the center 12 in. of the section as shown in Figure 3.1. Prior to destructive testing, the 

geometry of the milled piles was measured and is recorded in Table 3.1. 

Figure 3.1 Damaged Section, W4x13, 32in. 

Table 3.1 Dimensions of Test Set 1 Used for This Study 

Designation Damage 
Type 

Web 
Thickness 

(in.) 

Flange 
Thickness 

(in.) 
Void Area (𝒊𝒏.𝟐 ) 

Control 0/0 0.303 0.36 No 4.11 
75/60 75/60 0.106 0.106 No 1.33 

75/60/V 75/60/V 0.134 0.093 yes 0.87 

3.2.2 Material Properties 
Six coupon tests were conducted on the W4×13 shapes in accordance with ASTM 

A370, Standard Test Method and Definitions for Mechanical Testing of Steel Products 

[ASTM, 2008]. Three samples were from the web and three from the flange. The results 

of these tests are shown in Table 3.2.  
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Table 3.2 Material Properties of the Test Specimens of Test Set 1 

Designation 
Modulus of 
Elasticity 

(ksi) 

Yield 
Strength 

(ksi) 

Ultimate 
Strength 

(ksi) 

Strain at 
Ultimate 

Elongation 
(%) 

Flange 26,925 56.1 69.4 0.13301 29.5 
Web 26,085 63.7 76.8 0.06962 21.3 

3.2.3 Test set up for Instrumentation 
The load testing was conducted using a Tinius-Olsen universal testing machine 

with a capacity of 400 kips. Loading was applied using displacement control at a rate of 

0.008 in./min. The end conditions of the test set-up consisted of a ball joint on the top end 

and a roller support on the bottom as shown in Figure 3.2. This set-up allowed the 

column to buckle across the weak axis. 

Figure 3.2 Test Setup Used for Test Set 1, Exerpted from Karagah et al. [2013] 
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3.2.4 Test Results 
The test results of Test Set 1 are presented in Table 3.3. Inelastic global buckling 

occurred at 215 kips of axial load for the Control specimen. The damaged specimens 

failed with significantly lower loads and different failure modes. The 75/60 specimen 

failed by local buckling at 33% of the failure load of the control specimen. The 75/60/V 

failed with flange local buckling at only 19% of the failure load of the control specimen. 

 

Table 3.3 Summery of the Test Results of Test Set 1 

Designation Control 75/60 75/60/V 

Failure Mode Global 
Buckling 

Flange & Web 
Local Buckling 

Flange Local 
Buckling 

𝑷𝒄𝒓𝒆  (kips) 215 70 40 
𝑷𝒄𝒓𝒏 𝑷𝒄𝒓𝒆⁄  1 0.33 0.19 
𝑨𝒎𝒊𝒏 𝑨𝒈⁄  1 0.32 0.21 

𝑃𝑐𝑟𝑒                Experimental column capacity 
𝐴𝑔               Total cross-section area of steel and concrete 
𝐴𝑚𝑖𝑛           Minimum cross-sectional area of steel of the pile section 

 

3.3 Test Set 2 
This test set was conducted in the civil engineering department of the University 

of Missouri-Rolla. The information presented in this section was obtained from   

Frauenberger et al. [2003]. This study used a S4×9.5 section measuring 120 in. Seven 

different specimens were tested. Only these test specimens were used for this study. In 

Frauenberger et al., these three are referred to as UNIT 1 (no damage control), UNIT 2 

(damaged) and UNIT 3 (damaged/strengthened). The test results of these three test 

specimens will be used to evaluate the performance of the FE models developed in this 

study in terms of the buckling mode and load for damaged steel axially-loaded members 

strengthened with a FRP jacket and grout.    
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3.3.1 Specimen Details 
Test set 2 used S4×9.5 sections. Damage was simulated over 12 in. at the mid 

height by reducing the width of the flanges by milling. These dimensions are detailed in 

Figure 3.3 and Table 3.4. Strengthening consisted of a 6.4 in. diameter grout cylinder 

confined by a glass fiber reinforced polymer (GFRP) shell, measuring 0.1 in. thick and a 

confinement length of 36 in.  

Figure 3.3 Test Specimen Details of Test Set 2, Excerpted from Frauenberger et al. [2003] 

Table 3.4 Dimensions of Test Set 2 Used for This Study 

Designation Damage 
Type Strengthened 

Steel 
Moment of 
Inertia (𝑰𝟒) 

Area (𝒊𝒏.𝟐 ) 

Unit1 no No 0.903 2.79 
Unit2 Yes No 0.191 2.18 
Unit3 yes Yes 0.191 2.18 
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3.3.2 Material Properties 
The steel of the S4×9.5 section is classified as A36. The Young’s modulus and 

yield strength are recorded as 29,000 ksi and 60 ksi respectively as seen in Table 3.5. The 

GFRP pipe material properties are displayed in Table 3.6. No information on the 

transverse fiber direction was provided. The concrete properties, absent of the 

confinement effects, are not provided by Frauenberger et al. What was used for 

measuring the material properties of concrete was a light weight non-expansive concrete 

confined GFRP shells, and the measured properties are displayed in Table 3.7.  

 

Table 3.5 Material Properties of Steel Used in Test Set 2 

Designation 

Modulus of 

Elasticity 

(ksi) 

Yield 

Strength 

(ksi) 

ASTM A36 29000 60 

 

Table 3.6 Material Properties of FRP Used in Test Set 2 

Designation 

Modulus of 
Elasticity 

(ksi) 

Yield 
Strength 

(ksi) 
Hoop Direction 

GFRP Pipe 4200 70 
 

Table 3.7 Material Properties of Concrete Confined with FRP Used in Test Set 2 

Designation 

Modulus 
of 

Elasticity 
(ksi) 

Ultimate 
Strength 

(ksi) 

Density 
(pcf) 

Internal 
Pressure 

(psi) 

Light Weight 
(LW) Concrete 1300 10 105 0 

Expansive 
(LW) Concrete 1000 10 105 350 
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3.3.3 Test Set up for Instrumentation 
These tests were conducted using a hydraulic ram and an anchoring system 

horizontal to the floor as shown in Figure 3.4. No rollers or hinges were used at either 

end of the test specimen. The test specimen was placed on non-rotating plates and the 

ends of the test specimen were laterally braced as shown in Figure 3.4. Load was 

measured using a load cell located between the ram and test specimen. Lateral deflection 

was measured using linear variable differential transformers (LVDTs) at the mid-height 

for UNIT 1 and UNIT 2 and at the concrete/steel interface for the strengthened specimen 

(UNIT 3).  

Figure 3.4 Test Set-up Used for Test Set 2, Excerpted from Frauenberger et al., [2003] 

3.3.4 Test Results 
The test results are summarized in Table 3.8 and it clearly shows that the FRP 

jackets and grout significantly increase the failure load. That is, UNIT 3, damaged steel 

columns strengthened with FRP and grout showed the failure load of 68.2 kips, which 

was 56% greater than that of UNIT 1, undamaged control specimens.  
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Table 3.8 Test Set 2 Results 

Designation Unit1 Unit2 Unit3 

Failure Mode Global 
Buckling 

Global 
Buckling 

Flange Local 
Buckling 

𝑷𝒄𝒓𝒆  (kips) 43.8 25.9 68.2 

𝑷𝒄𝒓𝒏 𝑷𝒄𝒓𝒆⁄  1 0.59 1.56 

𝑨𝒎𝒊𝒏 𝑨𝒈⁄  1 0.78 0.78 
𝑃𝑐𝑟𝑒                Experimental column capacity 
𝐴𝑔               Total cross-section area of steel and concrete 
𝐴𝑚𝑖𝑛           Minimum cross-sectional area of steel of the pile section 

Figure 3.5 presents the load-lateral deflection curves for all test specimens in Test 

Set 2 measured at the maximum lateral deflection point. As shown in the figure, UNIT 3, 

damaged specimen strengthened with FRP jacket and grout, showed a similar stiffness to 

that of UNIT 1, un-damaged control specimen. Meanwhile, UNIT 2, damaged specimen 

exhibited a significant decrease in the stiffness as compared to that of UNIT 1. This 

implies that FRP strengthening can increase not only the failure load, but also the 

stiffness of the damaged member. 
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Figure 3.5 Load-Lateral Deflection Curves of the Test Set 2 Specimens, Excerpted from 
Frauenberger et al. [2003] 
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CHAPTER 4 
DESCRIPTION OF THE FE MODELS DEVELOPED IN THIS 

STUDY 

This chapter presents the details of the FE models developed in this study, such as 

element types, boundary conditions, loading and analysis procedures, and materials 

properties and constitutive laws.  The FE models were developed using a commercial 

FEM software package, ABAQUS in this study. 

4.1 Types of FE Models 
A total of 12 models were developed, as shown in Table 4.1, to determine the best 

model in terms of failure load and mode prediction, element types for steel members and 

bond behavior at the steel and grout interface.  Some used 2-dimensional shell elements 

(referred to as 2D shell element hereafter) for steel members and the others used 3-

dimensional solid elements (referred to as 3D solid elements hereafter).  For FRP jackets 

and grout, 2D shell elements and 3D solid elements were used, respectively.  The FE 

models were developed to simulate the experimental work (i.e., Test Sets 1 and 2) 

described in Chapter 3 and the results of the FE model analysis was compared to the 

experimental results of Test Sets 1 and 2.  Based on the comparison, the performance of 

each FE model was evaluated.  The performance evaluation results are discussed in detail 

in Chapter 5.  

4.2 General Analysis Procedure 
This section describes the general analysis procedures applied to all FE models 

developed in this study.  A total of six major analysis steps were used as shown in Figure 

4.1.  

Step 1 was to build model geometry, and assign element size and types, material 

properties, and boundary conditions as shown in Figure 4.2.  The dimensions of all FE 

models were determined based on to the actual dimensions of the corresponding test 

specimens (see Table 4.1). 
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Table 4.1 Types of FE Models Developed in this Study 

FE 
MODEL 
Number 

Structures 
to be 

modeled 

Exp. Results to be 
Compared Element Types Bond Behavior 

between Steel 
Members and 

Grout 
Test 
Set 

Specimen 
ID 

Steel 
Members 

FRP 
Jackets Grout

1 
Axially-

Loaded Steel 
Member 

without FRP 
strengthening 

1 

Control 
2D Shell 

None None N.A. 

2 75/60 
3 75/60/V 
4 Control 

3D Solid 5 75/60 
6 75/60/V 
7 

Axially-
Loaded Steel 
Member with 

FRP 
strengthening 

2 

Unit 1 
2D Shell 

None None N.A. 
8 Unit 2 None None N.A 
9 Unit 3 2D Shell 3D Solid Perfect Bond 

10 Unit 1 
3D Solid 

None None N.A. 
11 Unit 2 None None N.A 
12 Unit 3 2D Shell 3D Solid Perfect Bond 

Figure 4.1 General Analysis Procedure for the FE Models Developed in this Study 

Step 1 
Construct FE Model Geometry 
Assign Element Types, Material Properties and Boundary Conditions 

Step2 
Perform Eigen-Value Analysis to Determine the Proper Imperfection Profile for Buckling Analysis 

Step3 
Assign the Imperfection Profile Determined in Step 2 to the FE Model Developed in Step 1 

Step4 
Run the Buckling Analysis on the FE Model with the Imperfection Profile using "Riks Analysis" 

Step5 
Analyze the Obtained FE Analysis Results to Get the Failure Load and Failure Mode. 

Step6 
Compare the FE Results to the Experimental Results 
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Figure 4.2 An Example of FE Model Created in Step 1 

Steps 2 and 3 were to perform 'Eigen-Value Analysis' to determine ‘Imperfection 

Profile’ for bulking analysis and assigned the pre-determined imperfection profile to the 

original FE model developed in Step 1.  This analysis was not intended to determine the 

buckling failure load and failure mode of the FE model.  Instead, Eigen-Value Analysis 

determined the out-of-straightness along the height of FE models, i.e., imperfection 

profile.  In this study, the first modal shape as shown in Figure 4.3 was used. This pre-

determined imperfection profile was assigned in the FE model developed in Step 1 which 

was perfectly straight in the longitudinal direction.  Without this imperfection profile, the 

bucking analysis results were not realistic. For example, Figures 4.4(a) and 4.4(c) show 

the failure load and failure modes of FE models with imperfection profile assigned in the 
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models while Figures 4.4(b) and 4.4(d) are for FE models without imperfection profile. 

As seen in the Figure 4.4(b) and Figure 4.4(d), it was found that the failure mode of the 

FE models without imperfection profile was due to the local flange buckling caused by 

the non-eccentric loading (i.e., there is no lateral deflection), which was not seen in the 

actual experiment.  Meanwhile, the FE models with imperfection showed global bucking 

as well as the local flange buckling with the lateral deflection, which was seen in the 

actual experiment.  In ABAQUS, the imperfection profile determined from Eigen-Value 

Analysis could automatically be incorporated into the FE models developed in Step 1.  In 

other words, the element nodes could be automatically adjusted according to the 

imperfection profile with the maximum out-of-straightness at the mid-height.  The 

maximum out-of-straightness value is defined as the maximum lateral imperfection at the 

mid-height of the FE models as shown in Figure 4.3. 

Figure 4.3 The First Modal Shape Obtained from Eigen-Value Analysis Used for 
Imperfection Profile 

Maximum Out-Of-
Straightness at Mid-Height 
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Figure 4.4 Examples of the FE Models Showing Different Failure Modes Depending on 
the Imperfection Profile 

The out-of-straightness value (referred to as the imperfection value hereafter) 

affects the failure load significantly.  Five preliminary analyses were carried out to 

investigate the sensitivity of imperfection value as shown in Figure 4.5. As shown in the 

figure, the failure load (i.e., buckling load) decreases significantly if the imperfection 

value is greater than a certain limitation. The AISC Steel Manual [AISC, 2010] stipulates 

that the imperfection value should be greater than or equal to 1/1000 of the length of 

(a) Un-Damaged Control (b) Un-Damaged Control 

(c) Corrosion-Damage near the 
Mid-Height 

(d) Corrosion-Damage near the 
Mid-Height 
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members for 'Secondary P-delta Analysis'.  Therefore, the FE models developed in this 

study used the imperfection value of 1/1000 of the effective length (the height of the 

models) in all cases. 

Figure 4.5  Different Behaviors of a FE Model with Different Imperfection Values 

The imperfection profile, however, have some limitations, especially for the FE 

models with 3D solid elements for steel members.  In ABAQUS, the original coordinates 

of the nodes in FE models change according to the applied imperfection profile (usually 

the first modal shape) and the out-of-straightness value.  In other words, the nodes of 

elements displace in accordance with the applied imperfection profile.  It is called ‘RE-

MESHING’ in ABAQUS.  However, when the nodal displacement is large, ‘RE-

MESHING’ cannot be completed and thus the analysis is terminated with error, probably 

due to the maximum displacement being greater than the ‘OVER CLOSURE’ tolerance 

range. “OVER CLOSURE’ tolerance is defined as limit state that nodes can be shifted. 

As an alternative to the Eigen-Value Analysis, a technique called 'LOFTING' can be used. 

In ‘LOFTING’ the cross-section of the 3D section is laid out and a crooked path 

simulating a half sign wave of desired amplitude is laid out. This is to say that the 
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member is generated using the prescribed cross-section and extruding it through a pre-

defined path along its longitudinal axis. This 'LOFTING' was used for three FE models 

(FE models #4 through 6 in Table 4.1) while all other FE models adopted the Eigen-

Value Analysis in Step 2 and the results of the three FE models were used to evaluate the 

effectiveness (advantages and disadvantages) of both techniques, Eigen-Value Analysis 

and ‘LOFTING’. 

Step 4 was to run the analysis of the FE model with imperfection profile.  In this 

step, ‘Riks’ Analysis, a numerical analysis technique, was used. ‘Riks’ Analysis was 

chosen for its ability to analyze non-linear material properties, snap through buckling, 

compatibility with Eigen-value buckling analysis, and incremental approach. The ‘Riks’ 

step in ABAQUS uses the Newton’s method and a 1% incrimination to converge on the 

roots of the nonlinear equilibrium equation. This method uses a pre-defined displacement 

and solves for load and strain, making it ideal to simulate the displacement controlled 

method used in experiments [Dassault Systèmes, 2010].  Loading was simulated using 

'displacement control'. The displacement was modeled as 0.05 in. at both ends with 

opposite signs to induce compression of the member. At every successfully converging 

step, displacement was increased by another 0.05 in. This was continued until the FE 

model reaches a prescribed stopping point or the analysis could no longer converge. 

In Step 5, the FE analysis results were collected and reduced to find the failure 

load and the failure mode of the FE model. Step 6 was to compare the FE results to the 

experimental results. 

In ABAQUS, many element types are provided for different purpose.  The 

following element types were used in different FE models developed in this study. The 

C3D8R element used to model steel piles is a first order, 3D, 8 node, Hexagonal, brick 

element with reduced integration. The C3D10 element used for the grout is a second 

order, 3D, 10 node, tetrahedron used to calculate stress in grout regions. The S4R element 

used for steel piles and FRP jackets is a first order, 2D, 4 node, large-strain, shell element 

with reduced integration used to model 2D steel and FRP parts. 
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4.3 Details of FE Models 
This section presents the details of FE models such as dimensions, element types 

and size, boundary conditions and constitutive models for materials used. 

4.3.1 FE Models to Simulate the Damaged and Undamaged Steel Piles 

without FRP Strengthening 
The FE models presented in this section were developed to simulate the test 

specimens (denoted as Test Set 1 in Chapter 3 and Table 4.1) used in the experimental 

study performed by the researcher at the University of Houston as part of the current 

TxDOT project.  The test specimens (Test Set 1) consist of one undamaged control 

specimen (denoted as CONTROL), one damaged specimen (denoted as 75/60, i.e., 75% 

loss of flange thickness and 60% loss of web thickness) and one damaged specimen with 

void in the web (denoted as 75/60/V, i.e., 75% loss of flange thickness, 60% loss of web 

thickness and a void in the web measuring 2 in. in the longitudinal direction and 

extending across the height of the web).  Refer to Chapter 3 for more details.  None of the   

test specimens were strengthened to compensate for the damage.  Therefore, the FE 

models developed in this section were used to evaluate the performance of FE models 

with respect to the capability to simulate the behavior of steel piles without FRP 

strengthening. 

The FE models in this section are presented in Table 4.2.  These models represent 

a W4×13 section measuring 32 in. long. As shown in Table 4.2, there are two different 

groups of FE models: one group is the FE models with 2D shell elements and the other is 

the FE models with 3D solid elements.  The dimensions of the FE models were 

determined based on the geometry presented in Figure 3.1 and Table 3.1 of Chapter 3. A 

web depth of 4.0 in. was used and the web section was assigned a thickness of 0.28 in. 

Flanges were considered to have a width of 4.0 in. and a thickness of 0.345 in.  For the 

FE models with damaged region, the flange thickness and web thickness were reduced as 

described in Table 3.1. 
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Table 4.2 FE Models Developed to Simulate the Test Set 1 (Test Specimens of an 
Experimental Study Performed at the University of Houston) 

2D Models 3D Models 
Designation Control 75/60 75/60/V Control 75/60 75/60/V 

FE Model 
Un-deformed 

Shape 

Flange 
Element 
Size (in.) 1×1 1×1 1×1 0.45×1×0.1 0.45×1×0.1 0.45×1×0.1 
Element 
Types S4R S4R S4R C3D8R C3D8R C3D8R 

Web 
Element 
Size (in.) 1×1 1×1 1×1 1×1×0.1 1×1×0.1 1×1×0.1 
Element 
Types S4R S4R S4R C3D8R C3D8R C3D8R 

See Chapter 4.2 for description of each element type 

The material properties for the steel members were modeled as 'homogeneous, 

isotropic, and bi-linear elastic-plastic as shown in Figure 4.6, which was based on the 

experimental results provided by the University of Houston (see Table 3.2 for more 

detail). 

The FE models were allowed to rotate freely across their weak axis at the top and 

bottom surfaces. The top connection was also allowed to rotate across the strong and 

longitudinal axis. All translations except the longitudinal direction are constrained. 
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Figure 4.6 Stress-Strain Relationship of Steel Used for the FE Models to Simulate Test 
Set 1 Performed by the University of Houston 

4.3.2 FE Models the Damaged and Undamaged Steel Piles with FRP 

Strengthening 
The FE models presented in this section was developed to simulate the test 

specimens (denoted as Test Set 2 in Chapter 3 and Table 4.1) used in the experimental 

study performed by Frauenberger et al.[2003] the University of Missouri-Rolla. The test 

specimens (Test Set 2) included one undamaged control specimen (denoted as UNIT 1), 

one damaged specimen (denoted as UNIT 2) and one damaged specimen strengthened 

with FRP (denoted as UNIT 3).  Refer to Chapter 3 for more details.  The FE models 

described in this section was used to evaluate the performance of FE models with respect 

to the capability to simulate the behavior of steel piles with FRP strengthening. 

The FE models are presented in Table 4.3. These models represent a S4×9.5 

section measuring 133 in. although the actual test specimen was 120 in. long.  The 

change of the length was done to reflect the actual boundary condition more accurately in 

the FE models (i.e., the fixity of both ends needed to re-defined).  Further explanation 
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will be given later in this section.  As shown Table 4.3, there are two different groups of 

FE models: one group is the FE models with 2D shell elements for steel members and the 

other is the FE models with 3D solid elements for steel members.  The dimensions of the 

FE models were determined based on the geometry presented in Figure 3.3 of Chapter 3. 

A web depth of 4 in. was used and the web section was assigned a thickness of 0.326 in. 

Flanges were considered to have a width of 2.796 in. and a thickness of 0.293 in. The 

damaged region of the FE models was simulated along 12 in. of the mid height by 

reducing the width of the flanges from 2.796in. to 0.625 in.   

The strengthening system was simulated as a 6.4 in.-diameter FRP jackets filled 

with grout. The FRP jackets were modeled using 2D shell elements while the grout was 

modeled using 3D solid element.  The length of the FRP jackets is 36 in.  

Three materials were used in the FE models: steel, FRP and grout. The material 

properties of the steel for S4×9.5 sections were obtained from Frauenberger et al. [2003].  

However, Frauenberger et al. [2003] provided only the yield strength and the elastic 

modulus for steel. Therefore, the entire stress-strain relationship used for FE analysis was 

assumed as shown in Figure 4.7. 

 The FRP jackets were made of glass fiber reinforced polymer (GFRP) laminates. 

The stress-strain relationship is presented in Figure 4.8. It should be noted that 

Frauenberger et al. [2003] provided the strength and modulus of elasticity in the 

longitudinal direction (hoop direction) and thus the stress-strain relationship for the 

transverse direction shown in Figure 4.8 was an assumption based on the fact that the 

strength and modulus of elasticity in the transverse direction is smaller than those in the 

longitudinal direction. It should also be assumed that the material properties of the FRP 

jackets in the transverse direction does not significantly affect the FE analysis results 

since the passive confining effect developed by the FRP jackets depends primarily on the 

material properties in the longitudinal direction. 
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Table 4.3 FE Models Developed to Simulate the Test Set 2 (Test Specimens of an 
Experimental Study Performed at the University of Missouri-Rolla) 

2D Models 3D Models 

FE Model ID UNIT1 UNIT2 UNIT3 UNIT1 UNIT2 UNIT3 

FE Model 
Un-deformed 

Shape 

Flange 
Element 
Size (in.) 1×0.5 1×0.5 1×0.5 0.45×1× 

0.1 
0.45×1× 

0.1 
0.45×1× 

0.1 
Element 
Types S4R S4R S4R C3D8R C3D8R C3D8R 

Web 
Element 
Size (in.) 1×1 1×1 1×1 0.6×0.6×

0.1 
0.6×0.6× 

0.1 
0.6×0.6× 

0.1 
Element 
Types S4R S4R S4R C3D8R C3D8R C3D8R 

Grout 

Element 
Size (in.) - - 0.8×0.8×1 - - 0.8×0.8×1 

Element 
Types - - C3D8R/ 

C3D10 - - C3D8R/ 
C3D10 

FRP 
Element 
Size (in.) - 0.75×1 - - 0.75×1 

Element 
Types - - S4R - - S4R 

See Chapter 4.2 for description of each element type 
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Figure 4.7 Stress-Strain Relationship of the Steel for S4×9.5 Sections Used for the FE 
Models to Simulate Test Set 2 (Test Specimens of an Experimental Study Performed at 

the University of Missouri-Rolla) 

Figure 4.8 Stress-Strain Relationship for Glass Fiber Reinforced Polymer Laminate for 
FRP Jackets Used for the FE Models to Simulate Test Set 2 (Test Specimens of an 

Experimental Study Performed at the University of Missouri-Rolla) 
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The grout inside the FRP jackets is light-weight concrete. However, Frauenberger 

et al. [2003] reported only the compressive strength and modulus of elasticity for the 

light-weight concrete confined with FRP jackets, which could not be used in the FE 

modeling.  Therefore, it was assumed for the light-weight concrete that the compressive 

capacity was 7 ksi and the modulus of elasticity was 4,770 ksi.  The Poisson’s ratio was 

assumed to be 0.167.  The ‘Damaged Plasticity Model’ as defined in ABAQUS was used 

to model the behavior of the grout inside the concrete. 

The FE model analysis were performed based on the assumption of perfect bond 

between the steel member and grout inside the FRP jackets.  The bond-slip characteristics 

were investigated using a set of pull-out test by Frauenberger et al. [2003].  The pull-out 

tests were performed on the concrete cylinders with a plain steel bar being embedded in 

the concrete cylinder as shown in Figure 4.9. The shear stress and slip were measured 

while the steel bar was being pulled out. Three sets of specimens were considered with 

different bond lengths: 2 in., 6 in. and 8 in. as shown in Figure 4.9.  The test results are 

shown in Figure 4.10.  As shown in Figure 4.10, the maximum shear stress ranged from 

0.41 ksi to 0.53 ksi while the shear stress at the initial slip corresponded to approximately 

0.2 ksi and greater in all cases.  For the FE models used in the current study, the shear 

stress was measured less than 0.2 ksi in all cases, and thus, the concept of perfect bond 

between the steel member and the grout could be used.  
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Figure 4.9 Pull-Out Test Set-Up to Determine the Slip Characteristics between 
Steel and Grout, Excerpted from Frauenberger et al. [2003] 

Figure 4.10 Pull-Out Test Results from, Excerpted from Frauenberger et al. [2003] 

The test set-up for Test Set 2 is shown in Figure 3.4.  As shown in the figure, both 

ends seemed to be fixed.  However, it was not reported by Frauenberger et al. (2003) that 

both ends were completely fixed using mechanical fasteners or welding.  This created an 
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issue in FE modeling.  In other words, the effective length had to adjust to reflect the 

correct fixity at both ends.  This adjustment was completed based on a series of FE 

models for S4×9.5 section without FRP strengthening (i.e. UNIT 1 of Test Set 2) with 

different effective length and compared to the actual experimental result as shown in 

Figure 4.11.  As shown in Figure 4.11, among others, the FE model with the effective 

length of 133 in. and the fixed boundary condition at both ends showed the best 

prediction in terms of its behavior, especially the failure load, when it was compared to 

the actual experimental results of UNIT 1 of Test Set 2.  Therefore, the effective length of 

133 in. and the fixed boundary condition at both ends were used for all FE models to 

simulate Test Set 2. 

 

 
Note: '3D' = 3D solid elements for steel members, ' 'L=120 in etc.’ = FE model length  

Figure 4.11 Comparison of FE Models for Unit 1 of Test Set 2 (Steel Members without 
FRP Strengthening) with the Actual Experimental Results 

 

Experimental Results 
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CHAPTER 5 
PERFORMANCE EVALUATION OF FE MODELS 

5.1 General 
The performance of the FE models developed in Chapter 4 was evaluated against 

the experimental results (Test Sets 1 and 2) presented in Chapter 3.  The evaluation was 

focused on the failure load prediction as well as the failure modes at the time of failure. 

5.2 FE Models to Simulate the Damaged and Undamaged Steel Piles 
without FRP Strengthening 

This section presents the analysis results of the FE models to simulate Test Set 1 

(an experimental study performed by the University of Houston, see Chapter 3 for more 

detail). 

The analysis results of the FE models with 2D shell elements are summarized in 

Table 5.1 along with the corresponding experimental results.  In Table 5.1, the peak load, 

crP , is defined as the load at the time of initial buckling, and was the largest load that the 

laboratory test specimen and the FE model experienced.  As shown in Table 5.1, the FE 

models under-predicted the actual peak loads as compared to the experimental results. 

For Control Specimen, the peak load of the corresponding FE model was 99% of the 

experimental results.  For the damaged specimen, 75/60, the peak load of the 

corresponding FE model was only 73%.  For the damaged specimen with a void in the 

web, 75/60/V, the peak load of the corresponding FE model was 93% of the experimental 

result.  The failure modes (i.e., deformed shapes of the FE models) were also compared 

in Table 5.1 and the results appeared to be very similar to those of the laboratory 

specimens.  Control Specimen failed due to the global buckling while all damaged 

specimens failed due to the flange local buckling and the web local buckling.  The 

deformed shapes of the FE models showed the similar deformation pattern of the 

laboratory specimens. Overall, it can be said that the FE models with 2D shell elements 

can predict the behavior of steel pile with/without damage relatively well with the 

accuracy ranging from 73% to 99%. 



Texas Tech University, David M. Griggs, May 2014 

38 

Table 5.2 summarizes the analysis results of the FE models with 3D solid 

elements. The corresponding experimental results are presented in Table 5.2 as well.   As 

shown in Table 5.2, the FE models under-predicted the actual peak loads as compared to 

the experimental results.  For Control Specimen, the peak load of the corresponding FE 

model was 98% of the experimental results.  For the damaged specimen, 75/60, the peak 

load of the corresponding FE model was only 84%.  For the damaged specimen with a 

void in the web, 75/60/V, the peak load of the corresponding FE model was 90% of the 

experimental result.  The failure modes were also compared in Table 5.2 and the results 

are very similar to those of the laboratory specimens.  Control Specimen failed due to the 

global buckling while all damaged specimens failed due to the flange local buckling and 

the web local buckling.  The deformed shapes of the FE models showed the similar 

deformation pattern of the laboratory specimens as shown in Table 5.2.  Overall, it can be 

said that the FE models with 3D solid elements can predict the behavior of steel pile 

with/without damage relatively well with the accuracy ranging from 84% to 98%. . 

The overall performance of the FE models with 2D shell elements is similar to 

that of the FE models with 3D solid elements in terms of both the peak load and the 

failure mode prediction, although the peak load prediction of the FE models with 3D 

solid elements were slightly better than that of the FE models with 2D shell elements, 

particularly if the damage were present. 
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Table 5.1 Comparison of the Experimental Results with the Analysis Results of the FE 

Models using 2D Shell Elements – Test Set 1 

Model Type 
Control 75/60 75/60/V 

Exp. 
Result FEM Exp. 

Result FEM Exp. 
Result FEM 

Failure 
Mode 

GB GB FLB/WLB FLB/WLB FLB FLB 
Peak Load, 

crP  (kips) 215 kips 214 kips 70 kips 51 kips 40 kips 37 kips 

,FEM

,exp

100cr

cr

P
P

×

(%) 
- 99% - 73% - 93% 

GB = Global Buckling, FLB = Flange Local Buckling, WLB = Web Local Buckling 
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Table 5.2 Comparison of the Experimental Results with the Analysis Results of the FE 

Models using 3D Solid Elements – Test Set 1 

Model Type 
Control 75/60 75/60/V 

Exp. 
Result FEM Exp. 

Result FEM Exp. 
Result FEM 

Failure 
Mode 

GB GB FLB/WLB FLB/WLB FLB FLB 
Peak Load,

crP  (kips ) 215 210 70 59 40 36 

,FEM

,exp

100cr

cr

P
P

×

(%) 
- 98% - 84% - 90% 

GB = Global Buckling, FLB = Flange Local Buckling, WLB = Web Local Buckling 

5.3 FE Models the Damaged and Undamaged Steel Piles with FRP 
Strengthening 

This section presents the analysis results of the FE models to simulate Test Set 2 

(an experimental study performed by the University of Houston, see Chapter 3 for more 

detail).  It was the original plan, as presented in Table 4.1, to use two different 

approaches to generate FE models for Test Set 2: one with 2D shell element for steel 

piles and the other with 3D solid element for steel members.  Based on the knowledge 

obtained from the analysis results of the FE models for Test Set 1, it was found that the 

FE models performed relatively well regardless of the element types for steel members 
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when FRP strengthening (i.e., FRP jackets and grout) was not used in the model.  

However, during the course of developing the FE models for Test Set 2 which included 

one laboratory specimen strengthened with FRP and grout, it was found that only 3D 

elements for steel piles could be used to define the surface interaction between the steel 

piles and the grout inside the FRP jackets.  Therefore, only the FE models with 3D solid 

elements for steel piles were analyzed in this study.  The analysis results are summarized 

in Figure 5.1 and Table 5.3, along with the corresponding experimental results.   

Figure 5.1 presents the load vs. lateral displacement at the mid-height for the FE 

models and the laboratory specimens.  It should be noted that only three laboratory 

specimens (UNITS 1, 2, and 3) were considered in this study.  It can be seen in Figure 5.1, 

the behavior of the FE models are very similar to that of the actual laboratory specimens, 

particularly for the FRP-strengthened specimen, UNIT 3. 

As shown in Table 5.3, the FE models predicted the actual peak loads relatively 

well as compared to the experimental results.  For the control specimen, UNIT 1, the 

peak load of the corresponding FE model was 107% of the experimental results.  For the 

damaged specimen, UNIT 2, the peak load of the corresponding FE model was only 

112%.  For the damaged specimen strengthened with FRP, UNIT 3, the peak load of the 

corresponding FE model was 104% of the experimental result. 

Table 5.3 Comparison of the Peak Loads between the Experimental Results and 
the Corresponding FE Models – Test Set 2 

Model Type 
UNIT 1 UNIT 2 UNIT 3 

Exp. 
Result FEM Exp. 

Result FEM Exp. 
Result FEM 

Peak Load,
crP  (kips ) 43.8 47.2 25.9 28.9 68.2 71.1 

,FEM

,exp

100cr

cr

P
P

×

 (%) 
- 107% - 112% - 104% 
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Figure 5.1 Comparison of the Load vs. Lateral Deflection Relationships between the 
Experimental Results and the Corresponding FE Models – Test Set 2 

Figure 5.2 presents a photo of the failed laboratory specimens as well as the 

deformed shapes of the FE models at the peak load.  As shown in Figure 5.2, the 

deformed shapes of the FE models are very similar to the actual failure modes of the 

laboratory specimens, especially for the ones strengthened with FRP and grout.  Thus, it 

can be said that the FE model can predict the failure mode of steel pile strengthened with 

FRP and grout. 

FEA 
Results 

Experiment
al Results 
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Figure 5.2 Comparison of the Failure Modes of the Laboratory Test Specimens and the 
FE Models – Test Set 2 

5.4 Summary 
Based on the comparison between the analysis results of the FE models and the 

corresponding experimental results presented in this chapter, it was found that 2D shell 

elements and 3D solid elements can be used for steel members without FRP 

strengthening.  The FE models with both 2D shell and 3D solid element can predict the 

failure load and failure mode with the accuracy ranging from 73% to 99%.  In the case of 

the steel piles strengthened with FRP and grout, it is recommended to use 3D solid 

elements for steel members primarily because only 3D solid elements are capable of 

UNIT 1 UNIT 2 UNIT 3 

UNIT 2 

UNIT 3 UNIT 1 
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defining the surface interaction effectively between the steel piles and the grout inside the 

FRP jackets.  The FE models with 3D solid elements for steel members were developed 

to simulate the laboratory specimen strengthened with FRP and grout.  The FE analysis 

results were in good agreement with the experimental results in terms of the failure mode 

and load prediction as well as the load vs. lateral displacement relationship.  
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CHAPTER 6 
SUGGESTIONS FOR THE DESIGN OF TEST SPECIMENS FOR 

THE CURRENT TxDOT PROJECT  

6.1 General 
The current TxDOT project entitled ‘TxDOT Project 0-6731 Repair of 

Deteriorated Steel Piles’ were initiated to develop cost-effective, but reliable methods to 

repair corrosion-damaged bridge steel piles.  This project is being performed by 

University of Houston (lead agency) and Texas Tech University.  Full-scale testing is 

being conducted on 15 ft.-long HP-shape steel piles at University of Houston to 

investigate the effectiveness of various repair methods.  At Texas Tech University, small-

scale testing is being conducted on 5 ft long W4×13 sections to investigate the long-term 

behavior of the select repair methods due to the various environmental conditions such as 

freeze-thaw cycles, high-temperature cycles, and high-humidity cycles.  The details of the 

small-scale specimens tested at Texas Tech University are presented in Figures 6.1 and 

6.2. 

The two different damage levels were defined in the small-scale tests: one is 4 in. 

damage at the mid-height as shown in Figure 6.1 and the other is 12 in. damage with a 

void in the web as shown in Figure 6.2.  In the damaged region, the flange thickness and 

the web thickness was reduced by 75% and 60%, respectively.  The corrosion-damage 

was artificially generated by milling the flange and web surface in the laboratory at Texas 

Tech University. 

Many commercial repair methods are available in the current market.  However, 

their performance have not yet been evaluated in detail and thus designers and practicing 

engineers rely much on the design guidelines provided by the FRP repair/strengthening 

industry, which were usually developed from the previous experience without 

comprehensive research into the performance of the repaired system.  The current 

TxDOT project will produce the design guidelines based on a comprehensive analytical 

and experimental program. 
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As one of the potential repair methods, FRP jacketing with grouting materials was 

proposed.  However, there exist no analytical models and/or design equations for such 

repair system as discussed in Chapter 2.  This study was, therefore, performed to help 

design the FRP jacketing system using FE model analysis. 

Figure 6.1 Details of the Small-Scale Test Specimen  with 4 in. Damage at Mid-Height 
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Figure 6.2 Details of the Small-Scale Test Specimen with 12 in. Damage and a Void in 

the Web at Mid-Height 

6.2 Details of FE Models 
Five different FE models were developed as shown in Table 6.1.  The FE model 

denoted as ‘Control’ represents the undamaged steel pile.  D/75/60 is named for the FE 

model to simulate the corrosion-damaged steel pile, with 75% loss of the flange thickness 

and 60% loss of the web thickness. FRP/75/60/T6 is the corrosion-damaged steel pile 

strengthened with FRP jacket and grout while the FRP jacket extends 6 in. beyond the 

damaged region.  FRP/75/60/T12 is the corrosion-damaged steel pile strengthened FRP 

jacket and grout while the FRP jacket extends 12 in. beyond the damaged region.  

FRP/75/60/T12/V is the corrosion-damaged steel pile with a void in the web, 

strengthened FRP jacket and grout while the FRP jacket extends 12 in. beyond the 

damaged region. 
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Table 6.1 Summary of the the FE Models Used for the Test Specimen Designs of the 
Current TxDOT Project 

FE Model ID Control D/75/60 FRP 
/75/60/T6 

FRP 
/75/60/T12 

FRP 
/75/60/T12/

V 

FE Model 
Un-deformed 

Shape 

Flange 
Element 
Size (in.) 0.45×1×0.1 1×1×0.1 0.45×1×0.1 0.45×1×0.1 0.45×1×0.1 

Element 
Types C3D8R C3D8R C3D8R C3D8R C3D8R 

Web 
Element
Size (in.) 1×1×0.1 1×1×0.1 1×1×0.1 1×1×0.1 1×1×0.1 
Element 
Types C3D8R S4R C3D8R C3D8R C3D8R 

Grout 

Element 
Size (in.) - - 0.5×0.25×0.5 0.5×0.25×0.5 0.5×0.25×0.5 

Element 
Types - - C3D8R/ 

C3D10 
C3D8R/ 
C3D10 

C3D8R/ 
C3D10 

FRP 
Element 
Size (in.) - 0.5×0.5 0.5×0.5 0.5×0.5 
Element 
Types - - S4R S4R S4R 

FE Models ‘FRP/75/60/T12’ and ‘FRP/75/60/T12/V’ are identical.  The only difference is that 
‘FRP/75/60/T12/V’ has a void in the web while ‘FRP/75/60/T12’ does not. 
See Chapter 4.2 for description of each element type 
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The W4×13 sections for steel piles will be ASTM A36 steel.  Therefore, the yield 

strength of 36 ksi was used for the FE models.  For FRP jackets, pre-cured bi-directional 

carbon fiber reinforced polymer (CFRP) laminates (brand name PileMedicTM PLC100.60 

CFRP Laminates) will be used.  The tensile strength and modulus of elasticity in the 

longitudinal direction are 101 ksi and 7,150 ksi, respectively.  The tensile strength and 

modulus of elasticity in the transverse direction are 64.2 ksi and 2,940 ksi, respectively.  

The thickness of the CFRP laminates is 0.026 in. and one layer will be applied for 

strengthening with an 8 in.-diameter according to the manufacturer recommendations.  

The grout will also be provided by the same manufacturer (brand name PileMedic TM 

Under Water Grout).  The strength of the grout is 7 ksi at 7 days and 9.1 ksi at 28 days, 

respectively. 

The FE models were developed following the procedures described in Chapters 3 

and 4, and 3D solid elements were used for steel piles and grout while 2D shell elements 

were used as shown in Table 6.1. 

6.3 Analysis Results and Discussion 

6.3.1 Determination of Damage Location 
In bridge steel piles, corrosion occurs near the water level, which is not always at 

the mid-height of the steel piles.  The behavior of steel piles may changes as the 

corrosion-damage location in the steel piles changes.  However, it was not feasible to test 

all cases in the laboratory that can be seen in the field mainly because of the time and cost 

constraints.  Therefore, it was necessary to determine the damage location in the test 

specimens, which could represent the most common (or the worst case).  To achieve this 

goal, a series of FE model analysis were conducted.  In this series of analysis, only two 

FE models were used as shown in Table 6.2: the un-damaged ‘Control’ and ‘75/60’ while 

three damage locations (at mid-height, at 1/4 of the height from the bottom, and at the 

bottom) were considered for ‘75/60’.   
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Table 6.2 Summary of the Analysis Results for the FE Models to Determine the Effects 
of Damage Locations 

FE Model ID Control 75/60 75/60 75/60 
Damage Location - Mid-Height At 1/4 Height At Bottom 

Failure Modes 

GB FLB/WLB FLB/WLB FLB/WLB 

Peak Load, crP
(kips) 

176.6 40.5 41.5 42.6 

,control

100cr

cr

P
P

×

(%) 
100% 29% 29% 29% 

GB = Global Buckling, FLB = Flange Local Buckling, WLB = Web Local Buckling 

The analysis results are also summarized in Table 6.2 and the results show the 

peak loads of the damaged steel piles were significantly smaller than the undamaged 

control pile; but they were similar to each other regardless of the damage locations.  This 

implies that the damage location may not affect the peak load significantly.  Therefore, it 

is suggested that the damage be artificially made at the mid-height.  This will allow the 

symmetrical behavior with respect to the line passing through the mid-height of the pile 

so that strain measurement and lateral displacement measurement can be more 

predictable prior to testing. 



Texas Tech University, David M. Griggs, May 2014 

 

 

51 

6.3.2 Effectiveness of FRP Jacketing 
Five analyses have been performed as summarized in Table 6.3.  As shown in 

Table 6.3, the damaged steel pile (D/75/60) showed 71% decrease in the peak load as 

compared to the undamaged control pile (Control).  Meanwhile, the strength loss could 

be restored by FRP strengthening in all cases.  Even with the 6-in. extra length of FRP 

jacket past the damaged region (FRP/75/60/T6), the peak loads of the strengthened 

systems appeared to be 20% higher than that of the undamaged control.  However, the 6-

in. extension may not be recommended because the FE models developed in this study 

used ‘perfect bond’ concept; while the bond between the steel pile and the grout cannot 

be ‘perfect’.  Therefore, it is suggested that 8 in. diameter of one-layer CFRP jackets be 

used with the 12-in. extension past the damaged region. 

 

6.4 Summary 
A series of FE model analysis were performed using the knowledge build on the 

previous work described in Chapters 4 and 5.  It was found that the damage location may 

not affect the peak load significantly.  Therefore, it is suggested that the damage be 

artificially made at the mid-height. In addition, it is suggested that 8 in. diameter of one-

layer CFRP jacket be used with the 12-in. extension past the damaged region. 
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Table 6.3 Summary of the Analysis Results for the FE Models to Determine the Effects 
of FRP Strengthening 

FE Model ID Control D/75/60 FRP/75/60/T6 FRP/75/60/ 
T12 

FRP/75/60/ 
T12/V 

Failure Modes 

GB FLB/WLB FLB FLB FLB 
Peak Load, crP

(kip ) 
176.6 40.5 211.4 219.7 219.7 

,control

100cr

cr

P
P

×

(%) 
100% 29% 120% 124% 124% 

GB = Global Buckling, FLB = Flange Local Buckling, WLB = Web Local Buckling 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK  

7.1 Summary of the Work Performed in this Study 
A research project was initiated by TxDOT to develop cost effective, yet reliable 

methods to repair corrosion-damaged bridge steel piles.  This study was performed as 

part of the TxDOT project.  

A comprehensive literature review was conducted on the current design 

codes/specifications, as well as the existing analytical and experimental studies.  The 

review revealed that there were no design equations and analytical models to predict the 

failure load of steel pile strengthened with FRP jacket and cementitious grout.  Therefore, 

it was decided to develop FE models to understand the behavior of steel piles 

strengthened with FRP and grout prior to performing a comprehensive experimental 

study.  Various types of FE models were developed and their performance was evaluated 

using the experimental results available in the existing literature.  Based on the 

performance evaluation, the following conclusions were drawn. 

7.2 Conclusions 
1. 2D shell elements can be used to model the steel piles with/without damage.  The

failure load and failure mode prediction of the FE models with 2D shell elements

was acceptable with the accuracy ranging from 73% to 99%, when compared to

the existing experimental results.

2. 3D solid elements can also be used to model the steel piles with/without damage.

The failure load and failure mode prediction of the FE models with 3D solid

elements was slightly better than that of the FE models with 2D shell elements,

with the accuracy ranging from 84% to 98%, when compared to the existing

experimental results.

3. All the FE models developed in this study used the ‘perfect bond’ concept.

However, in order to define the surface interaction properties, it is preferred to use
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3D shell elements for steel piles and grout, since 2D shell elements for steel piles 

and 3D solid element for grouts always requires the perfect bond for the models to 

run. 

4. The FE models for the damaged steel piles strengthened with FRP jacket and

grout predict the peak failure load while deviating only 4.3% when compared to

an existing experimental result.  The failure mode and the load vs. lateral

deflection relationship can also be predicted well by the FE model and show very

close alignment.

5. A series of FE models developed in this study showed that the damage location

may not affect the failure load significantly.

6. The FE models developed in this study showed that the FRP strengthening can

increase the axial strength of corrosion-damaged steel piles significantly and the

strength restoration can exceed the original design strength of the undamaged

piles.

7.3 Recommendations for Future Work 
The FE models developed in this study used the perfect bond between the steel 

piles and grout, which was acceptable based on the experimental results that show the 

shear stress at the interface of steel pile and grout of the laboratory specimen was less 

than the critical shear stress to cause the slipping.  However, the perfect bond concept 

may not work when the shear stress becomes large enough to develop slipping.  Thus, it 

is necessary to introduce a proper shear stress transfer model in the FE models proposed 

in this study. 

The FE models developed in this study used ‘pin-pin’ or ‘fixed-fixed’ conditions 

at the top and bottom of the models.  While this is a simple way to investigate the 

behavior of steel piles, it is recommended to model steel piles with the bottom portion 

confined in soil and the top portion connected to the bridge pier caps.  In other words, 

bridge pier as a system should be modeled by introducing the soil-structure interaction 

characteristics.  
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