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Abstract 

This dissertation presents the findings of an experimental and numerical research study that 

was conducted to study the behavior of corroded steel bridge piles that are repaired using fiber 

reinforced polymer (FRP)-confined grout-based systems. The objectives of this study were to, (i) 

quantify the remaining axial capacity of steel piles with different patterns of localized corrosion, 

and (ii) develop a rational approach for the design of FRP-confined grout-based systems for 

underwater repair of corroded steel H-piles. 

To achieve the first objective, a series of small-scale and full-scale piles with simulated 

corrosion patterns were tested under concentric compression loading. Thirteen small-scale steel 

wide flange columns and seven full-scale steel H-piles with simulated deterioration were tested 

under axial compression. Deterioration was simulated by milling the flanges and webs. The test 

results indicate that the degree of reduction of the thicknesses of the flanges and webs, presence 

of through-web corrosion, and length of the corroded region were the major parameters affecting 

the axial capacity of the corroded columns. Using existing design specifications, including the 

approach adopted by the American Institute of Steel Construction (AISC) and the American 

Association of State Highway and Transportation Officials (AASHTO) and those adopted by the 

American Iron and Steel Institute (AISI) (the effective width and direct strength methods), the 

remaining axial capacity of the tested piles was predicted and compared with the measured 

capacities. The findings indicate that among the methods investigated the effective width method 

resulted in the most accurate but still conservative estimate of the axial capacity.  

Subsequently, a rational approach was developed for the design of FRP-confined grout-

based repair systems for corroded steel H-piles. Two groups of seven full-scale H-piles with 

different patterns of simulated corrosion were tested under concentric axial compression.  Each 

group was repaired using a different commercially available FRP jacket system. The fabrication 
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process was implemented underwater to simulate in-situ repairs. The test results indicate that the 

axial capacity of the repaired piles was successfully restored to the nominal capacity of the 

uncorroded piles. A complementary numerical study was conducted to further investigate the 

behavior of the repaired piles. The results of the numerical analysis showed that both the axial 

capacity and the failure mode were affected by changing the bond characteristics of the interface 

between the steel pile and the grout core of the repair system. The outcomes of the study provide 

a rational methodology for predicting the remaining capacity of corroded steel H-piles and for 

designing FRP-confined grout-based systems to retrofit corroded steel bridge piles. 
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Chapter 1 Introduction 

Deterioration of civil infrastructures including bridges has raised concerns in the engineering 

community. Deterioration due to corrosion is one of the concerns particularly for those bridges 

constructed over waterways which are approximately 83% of bridges (502,000 bridges) across 

the U.S. (Collins Engineers, 2010). According to a national survey distributed among department 

of transportations in the U.S., 26% and 48% of the 23 respondants declared corrosion of steel pile 

as a frequent or occasional problems , repectively (Texas Dpesrtment of Transportation, 2014). 

Figure 1.1 shows three bridge piles with different levels of corrosion. Degradation due to 

corrosion is typically limited in extent and makes piles nonprismatic as shown in Figure 1.1(a). 

Figure 1.1(b) shows a deteriorated pile at early stage of corrosion which is associated with losing 

flange thickness. A severely corroded pile is shown in Figure 1.1(c) with reduction in flange 

width. 

 

Figure 1.1- Different level of corrosion of bridge piles 

To maintain the functionality and safety of bridges with corroded piles, steel H-piles are 

inspected and evaluated on a regular basis. Based on the assessment outcomes and progress of 

corrosion various courses of action may be considered.  One possible course of action is to leave 

the pile as-is and ‘load post’ the bridge, that is reduce the allowable live load on the structure.  

However, load postings reduce the functionality of the roadway, could have significant social, or 

economic implications, and are difficult to enforce. Other courses of action inclue replacing the 

piles (which may require replacement of an entire bridge span or super structure, or in-situ repair.  

In-situ repairs commonly include casting concrete jackets around the corroded region (Wiswell, 

(a) (b) (c) 
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1972), or dewatering and welding or bolting steel plates to the existing pile (Five Star Products, 

Inc.; The Castle Group). Figure 1.2 shows the two alternatives implemented to maintain the piles 

functionality. 

 

Figure 1.2- Maintenance Alternatives 

If repair is an option, there are several commercially available methods to retrofit steel 

bridge pile, including FRP jacketing, concrete encasement, and bolted or welded steel plates. 

These methods are often developed and implemented based on best engineering practice. The use 

of FRP-confined grout-based systems has distinct advantages over other types of repairs.  These 

include ease of installation in remote locations, resistance to electrochemical corrosion, and 

versatility to be installed in a range of scenarios.  Further, using underwater-curing adhesives and 

grouts can eliminate the need for dewatering on-site. However, to date, there is no widely 

accepted rational approach for the design of these types of systems for the repair of steel piles 

with localized, severe corrosion. This dissertation is focused on investigating the behavior of 

FRP-confined grout systems to repair corroded steel bridge piles. 

1.1 Objectives 

This dissertation presents the findings of an experimental and numerical research study that 

was conducted to study the behavior of corroded steel bridge piles that are repaired using fiber 

reinforced polymer (FRP)-confined grout-based systems. The objectives of this study were to, (i) 

Replacement 

(a) (b) 

Repair 

(c) 



3 

 

quantify the remaining axial capacity of steel piles with different patterns of localized corrosion, 

and (ii) develop a rational approach for the design of FRP-confined grout-based systems for 

underwater repair of corroded steel H-piles. 

1.2 Scope and Organization 

This dissertation is part of a broader study to investigate the behavior of systems for 

underwater repair of steel ‘H’ piles with localized severe corrosion.  Figure 1.3 summarizes the 

overall scope of the broader study. The focus of this dissertation is on task 3, 4, and 8 as 

highlighted in the figure. The specific scope of the research documented herein, as summarized in 

Figure 1.3, is: 

 To quantify the effect of corrosion on the remaining capacity of corroded steel piles through 

testing of small-scale and full-scale pile and to evaluate the effect of different corrosion 

configurations on the pile response, 

 To evaluate the suitability of existing design-oriented models to predict the capacity of steel 

piles with severe, localized corrosion, 

 To characterize the behavior, capacities, and failure modes of corroded steel piles that are 

repaired using FRP-confined grout systems through full-scale testing and numerical 

simulation, and 

 To develop a rational methodology for the design of FRP-confined grout systems to repair 

steel piles with severe, localized corrosion,  

The full-scale experimental study of un-repaired corroded piles was a collaborative task 

since the results of those tests established the basis of comparison for both FRP-based and steel-

based repair systems (Shi et al., 2015). The experimental program, results, and discussion are 

reported independently in this dissertation for completeness. 
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Figure 1.3- Scope of the dissertation in the context of the broader study 

This dissertation consists of seven chapters.  The statement of the problem, significance of 

the research, statement of the objectives, scope and organization are summarized in this 

introductory chapter. 

Steel-Based 

Task#6 

 Comparison of Existing LCCA Tools 

Task#7 
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Design Guidelines 
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Environmental Durability Tests 
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Chapter 2 reviews the relevant literature and is organized in two parts. The first part of this 

review summarizes the studies related to predicting the axial capacity of compression members, 

with an emphasis on corroded members. The second part summarizes the studies on the 

application of FRP for strengthening of steel compression members. 

Chapter 3 presents the details and results of a small-scale experimental study that was 

conducted to study the effect of various corrosion patterns on the remaining capacity of corroded 

steel piles. The experimental results are compared with the predicted capacities obtained from 

existing design specifications. Three different approaches that are adopted by the American 

Institute of Steel Construction (AISC, 2010) and the American Iron and Steel Institute (AISI, 

2012) were considered for the comparison in this study. 

In Chapter 4 the research is extended to include the details and results of a full-scale 

experimental study.  The experimental results are compared with the predicted capacities 

obtained from the existing design specifications that are adopted by AISC and AISI. 

Chapter 5 presents the details and results of an experimental program that was conducted to 

evaluate the effectiveness of FRP-confined grout-based systems for underwater repair of steel H-

piles with severe, but localized corrosion. The chapter also presents a rational approach for the 

design of the FRP-confined grout-based systems.  

Numerical modelling of the repaired piles and comparison with the experimental results are 

presented in chapter 6.  The study is concluded in chapter 7, and recommendations for future 

work are summarized. 
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Chapter 2 Background 

Corrosion is an electro-chemical process that leads to metal loss, which may be uniformly 

distributed across exposed surfaces or localized in nature. From a structural stand point, corrosion 

can lead to loss of capacity, functionality, and integrity of structures. Steel piles, especially those 

supporting bridges over waterways, are deteriorating due to corrosion. As shown in Figure 2.1(a), 

the resulting deterioration can be very severe although it is often limited in extent and usually 

happens within the tidal zone (in marine environments), in the splash zone, or in a zone between 

the high water level and a very short distance just below the mud line as illustrated in Figure 

2.1(b).  

 

Figure 2.1- corroded steel bridge piles 

This localized corrosion makes steel piles non-prismatic, reduces their capacity, and can 

change the failure mode. This chapter presents a review of the existing literature in three relevant 

areas; summary of current column buckling formulations and design approaches, evaluation of 

deteriorated steel members due to corrosion, and evaluation of FRP-based repair systems to 

restore the capacity of corroded members. 

2.1 Global Buckling of Centrally Loaded Columns 

The elastic critical buckling load, Pcr, of a perfectly straight slender prismatic column under 

concentric compression was first studied by Euler in 1744 (Galambos T. , 1998). Euler developed 

Slender Flange and Web Localized Corrosion of Steel Bridge Piles 

(a) (b) 
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and solved the differential equations for elastic buckling of an ideal column. However, Euler 

equation cannot apply to non-slender column whose material become nonlinear under 

compression prior to global buckling. 

To predict inelastic buckling, the tangent modulus concept was introduced by Engesser in 

1889 (Galambos and Surovek, 2008). However, this approach did not account for the different 

moduli of steel during loading and unloading.  After buckling, due to the induced bending 

moment, the compression side of the column experiences increased loading, while the opposite 

side of the column experiences unloading.  According to Engesser’s tangent modulus concept the 

tangent modulus was applied to both the loading and unloading sides of the column. This 

approach was later modified by Engesser and introduced as the reduced modulus concept in 

which different moduli are adopted on the the loading and unloading sides of the column 

(Galambos and Surovek, 2008). According to this concept, the reduced modulus is a function of 

both material properties and geometric properties. Although the reduced modulus approach is 

conceptually correct, it led to  unconservative predictions of axial capacity. Consequently, for 

about 50 years, engineers preferred to use the tangent-modulus approach although it was 

conceptually less rigorous than the reduced modulus approach. 

To address this discrepancy a compression test was conducted on a small aluminun column 

composed of two rigid bars connected by a short deformable cell (Shanley, 1947). The 

deformable cell was made up of two flanges and no web in such a way that the elastic moduli of 

the two flanges were different. According to the test results, the measured load at the onset of 

buckling when the lateral deformation was zero was equal to the load that was predicted using the 

tangent modulus approach. By increasing the lateral deformation, the rate of increase in the axial 

load became smaller due to the decrease of the tangent modulus. It was concluded that the axial 

capacity of a perfectly stright column is a value between the tangent-modulus load and the 

reduced-modulus load. 



8 

 

Further improvements to the column buckling concept were made to include the effect of 

initial out-of-straightness and existence of residual stresses. In case of hot-rolled or welded built-

up steel members, residual stresses are induced in the cross section due to uneven cooling. The 

induced tensile stress in the vicinity of the weld can approach or exceed the yield strength of the 

welded material.  Heat due to flame cutting also induces stresses which can exceed the yield 

strength of the parent metal (Galambos, 1998). Studies on the effect of residual stresses on 

column strength began in late 1940s by the guidance of the Column Research Council (CRC) and 

later on continued at Lehigh University (Galambos, 1998). The effect of residual stresses on 

concentrically loaded columns was studied at Leheigh University (Tall et al., 1960). Multiple 

column curves were developed to predict the axial capacity of steel columns accounting for the 

influence of residual stresses and initial out-of-straightness (Bjorhovde, 1972). 

Bjorhovde (1972) performed deterministic and probabilistic analysis on the available data on 

axial strength, initial out-of-strightness, and residual stress obtained from previousely tested 

columns. Subsequently, two series of column curves were produced based on assuming a 

sinusodial initial out-of-streightness with maximum amplitude of L/1000 and L/1470 where L was 

the length of the columns. Finally, the column curves were grouped into three categories which 

were subsequently adopted as design curves by the Structural Stability Research Council (SSRC) 

to predict the axial strength of columns (see Figure 2.2). The selection criteria of the curves were 

the type of the cross section and specified minimum yield stress of the steel material. The LRFD 

curve in AISC specification is identical to SSRC-2P curve (Tide, 2001; Ziemian, 2010). This 

curve, which was produced for columns with initial out-of-strightness of L/1500, provides an 

average reliability index of 3. This reliability index is lower than SSRC-2 curve adopted by the 

Canadian standard, which was prepaired for initial out-of strightness of L/1000 (Bjorhovde, 

1988). 
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Figure 2.2- Comparison of multiple column curves (Bjorhovde, 1988) 

2.2 Local Buckling of Cross-Sectional Elements 

Columns with slender cross-sectional e;ements demonstrate local buckling prior to attainig 

their global strength. Elastic local buckling capacity of a plate is calcualted as 
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, (2-1) 

where  is the Poisson’s ratio of steel and k is the plate buckling coefficient. Width and thickness 

of the plate are shown by b and t respectively. The value of plate buckling coefficient depends on 

the boundary condition and length-to-width ratio (aspect ratio) of the plate. Figure 2.3 shows the 

variation of plate buckling coefficient (k) as a function of plate aspect ratio for a simply supported 

rectangular plate loaded axially along the width as calculated in (Timoshenko and Gere, 1961). 

As the plate aspect ratio increases, the dominant buckling mode, m, increases and the plate 

buckling coefficient, k, decreases.  
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Figure 2.3- Correlation between Plate Buckling Coefficient Aspect Ratio  

To investigate the buckling stress of slender cross-sectional elements within the inelastic 

range, an analytical approach was proposed by Lundquist and Stowell (1942a and 1942b). They 

used a single overall effective plate modulus in substitution of Young’s modulus to apply the 

approach to elements that buckle in the inelastic range. (Lundquist, 1939) conducted a study to 

obtain the effective plate modulus for aluminum. The effect of restraint provided by the adjacent 

element was considered by a restraint coefficient (Lundquist and Stowell, 1942c). 

One approach to consider the effect of slender cross-sectional elements on the overall 

capacity of the columns is to reduce the global buckling stress by applying a reduction factor. 

This approach calculated the reduction factor based on the onset of buckling limit state (Johnson, 

1985; AISC, 2010). Another approach is effective width method which relies on post buckling 

strength of the slender cross-sectional elements (AISC, 2010; AISI, 1012). These approaches are 

explained in detail in the following sections. 

2.3 Existing Design Specifications 

The American Institute of Steel Construction (AISC) (2010), and the American Association 

of State Highway and Transportation Officials (AASHTO) (2012) design specifications both are 

used for designing hot-rolled compression members. However, increase in the slenderness of the 

cross-sectional elements due to corrosion makes them fall into to the range of slenderness of cold-
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formed thin-walled members. Consequently, the provisions of thin-walled cold-formed structural 

members (AISI, 2012) might be applicable to predict the axial capacity of corroded piles. There 

are two methods in AISI (2012) which can be used to predict the axial capacity, AISI Effective 

Width Method (AISI-EWM) and AISI Direct Strength Method (AISI-DSM). The details of 

designing I-shape columns under compression using these three methods are described in the 

following sections. 

2.3.1 AISC and AASHTO 

AISC (2010) and AASHTO (2012) adopted SSRC-2P curve to calculate global buckling 

strength (Ziemian, 2010). The design approach considers elastic buckling and inelastic buckling 

for hot-rolled steel members with or without slightly slender element. The elastic flexural 

buckling capacity is based on a modified Euler buckling equation which considers the effect of 

initial out-of-straightness.  The inelastic flexural buckling capacity is calculated based on an 

empirical equation. Two multiplicative reduction factors, Qs and Qa, are adopted to account for 

the slenderness of unstiffened and stiffened elements, respectively. The nominal axial strength is 

calculated as 

gcrn AFP  , (2-2) 

where Ag is gross cross-sectional area of the compression member and 
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saQQQ  , (2-6) 

where Fy and E are the yield stress and elastic modulus of the material. Effective length factor, 

length of the member, and radius of gyration of the cross section are shown by K, L, and r 

respectively. Qs and Qa are stiffened and unstiffened element reduction factors.  To consider the 

reduction of capacity due to local buckling of slender flanges and webs, AISC (2010) and 

AASHTO (2012) use stiffened and unstiffened element reduction factors. These factors are 

calculated as 
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where bf and tf are width and thickness of the flange element respectively. The slender unstiffened 

reduction factor, Qs, is obtained for slender unstiffened elements, e.g., flanges of H-piles, based 

on the onset of local buckling as the governing limit state. Plate buckling coefficients, k, were 

assumed 0.7 for outstanding flange elements which reflects a state between simply supported (k = 

0.425) and fixed (k = 1.277) on one edge and free on the other edge (AISC, 2010).  There is no 

reduction in the overall axial capacity when the slenderness is above the limit defined by AISC, 

and flange element can attain the yield stress. There are two more reduction values for elastic and 

inelastic local buckling. In contrast to elastic buckling, the equation that provides the reduction 

factor for inelastic buckling region is an empirical equation which considers the effect of residual 

stresses on localized yielding capacity (AISC, 2010). 
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Figure 2.4- Slender un-stiffened element reduction factor (AISC, 2010) 

Reduction factor, Qa, for stiffened slender elements is defined as 
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where f=Fcr which is calculated based on Q=1.0. Actual width, effective width, and thickness of 

the web element are shown by h, he, and tw respectively. AISC and AASHTO adopt the modified 

effective width method from (AISI, 2012) to calculate the slender stiffened reduction factor, Qa, 

based on the post buckling strength of the stiffened slender elements. This method is explained in 

the next section. 
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2.3.2 AISI Effective Width Method (AISI-EWM) 

Using AISI-EWM, the axial capacity calculates by multiplying the effective area of the cross 

section by nominal stress. The nominal stress is calculated according to SSRC-2P curve. 

However, to account for slender elements, this method uses the effective width method. In the 

effective width method the buckled portion of a slender plate element is assumed to be ineffective 

while the remaining effective portion of the plate is assumed to support a uniformly distributed 

stress as shown in Figure 2.5. 

 

Figure 2.5- Effective width method (AISI, 0212) 

The reduction of the axial capacity is taken into consideration by reducing the gross area of 

the cross-section to an effective area. This method searches for minimum local buckling strength 

of the cross section by examining each element individually. Thus, compatibility and equilibrium 
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between cross-sectional elements are not considered by AISI-EWM in determining elastic 

buckling load (Schafer, 2008). The nominal axial strength is given by 

enn AFP  , (2-12) 

where Fn is defined as 
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 cyn forFF c   and (2-13) 
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where Fy is the yield stress and Fe is the elastic buckling stress calculated using (2-5) and the 

effective cross-sectional area, Ae, is calculated as 

tbA ee  , (2-16) 

where t is the thickness of the element and be is the effective width of the element defined as 

673.0 forbbe
and (2-17) 
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where b is the actual width of the slender element, and the reduction factor. , is defined as 
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where Fcrl is calculated using (2-1). 
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2.3.3 AISI Direct Strength Method (AISI-DSM) 

The direct strength method directly calculates the capacity of members with slender 

elements based on the properties of the entire cross-section rather than taking an element-by-

element calculation approach. As a result, interaction between cross-sectional elements is 

considered in this method (Schafer, 2008). Three possible instabilities, global, local, and 

distortional, are investigated in AISI-DSM, and the minimum is the capacity of the member. The 

nominal axial strength is given by 

 ndnlnen PPPP ,,min , (2-21) 

where Pne, Pnl, and Pnd are the nominal flexural, local, and distortional buckling strengths 

respectively. Flexural buckling is defined as 
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for local buckling, 
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where Fcrl is the minimum local buckling stress of the cross-sectional elements calculated using 

(2-1). For distortional buckling, 
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where Pcrd is the distortional buckling strength of the column. 

2.3.4 Local Buckling of Slender Elements 

The failure mode of corroded steel piles changes as a result of increase in the slenderness of 

flange and web. This makes the piles more susceptible to localized buckling. In addition, the 

relative bending stiffness of the cross-sectional elements changes due to corrosion which in turn 

leads to changing the boundary condition of the cross-sectional elements. 

The provisions of existing specifications for designing H-piles, (AISC, 2010; AASHTO, 

2012), do not consider the effect of varying the degree of web-flange interaction (Chen et al., 

2013; Seif and Schafer, 2010a). Web-flange interaction was investigated using elastic finite strip 

method (Seif & Schafer, 2010a). Using the results of the numerical analysis, the relationship 

between the predicted buckling stresses and flange-to-web slenderness ratios was studied.  

Consequently, a single plate-buckling coefficient for hot-rolled sections was developed.  

However, the introduced plate buckling coefficient was calibrated for plates with large aspect 

ratio. However, the applicability of this coefficient on predicting the axial capacity of columns 

with slender flanges and web with limited aspect ratio has not been studied yet. 
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Using nonlinear finite element analysis, the axial capacity of W-sections with modified 

flange and web slenderness ratios were calculated (Seif and Schafer, 2010b). Flange and web 

thicknesses of two long W-sections, W14×233 and W36×330 (US designations), were modified 

independently or in a fixed ratio over their entire length to investigate their influence on local 

buckling mode. Then axial capacity of these columns were compared with those predicted by 

current design specifications, AISC, AISI-EWM, and AISI-DSM. It was concluded that AISC 

provided a highly conservative prediction for columns with locally slender flanges due to 

ignoring post-buckling strength of slender un-stiffened elements. AISI-EWM resulted in the most 

accurate prediction among the other two methods. AISI-DSM predicted the axial capacity of the 

columns with fixed flange-to-web slenderness ratio. However, AISI-DSM led to conservative 

prediction when one element became more slender than the other one. To improve AISC 

prediction, an effective width method compatible with AISC specification was proposed (Seif and 

Schafer, 2014). 

Interaction between local, global, and distortional buckling of thin-walled members was 

studied by Schafer (2002), and design recommendations were proposed. Comparison of findings 

of numerical analysis with experimental results demonstrated minor local-distortional interaction 

in C and Z sections. However, no conclusion was made for global-distortional interaction in these 

types of sections, and it was suggested to use AISI-DSM which uses three separate design curves 

for global, local, and distortional buckling. To predict the local buckling strength of columns with 

slender elements using AISI-DSM, an improved method based on strain energy distribution was 

suggested (Seif and Schafer, 2011). 

In extreme cases, severe corrosion can lead to localized perforation of the column web. The 

effect of slotted perforations in the web of thin-walled, cold-formed C-channels under 

compression was studied by Moen and Schafer (2008). In a subsequent study equations were 

proposed to limit the distortional buckling stregnth to the net section strength. In addition, using 
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these equations the predicted local-global buckling strength was limited to the capacity of the net 

section for the columns with low global an local slenderness (Moen and Schafer, 2011). 

However, none of these methods are applicable to I-shaped cross-sections and all of them require 

the use of finite element analysis making them too involved for typically day-to-day design and 

analysis. 

Corrosion makes steel columns nonprismatic. Having corroded slender elements over a 

limited length introduces the aspect ratio of the plate as a new parameter which changes the plate 

bukling coefficient as illustrated in Figure 2.3. This effect could influence the plate buckling 

mode and failure capacity of steel columns with localized but severe corrosion. This effect could 

also influence the accuracy of the capacity predictions using existing design methods since, for 

local buckling, existing design methods assume that the plate aspect ratio is very large. However, 

for members with severe but localized corrosion, the aspect ratio of the reduced portion of the 

flange or web in the corroded zone may be quite small in contrast. As a result, the effect of 

corrosion on steel members was studied in the past which is summarized in the following. 

2.4 Evaluation of Deteriorated Steel Members 

Evaluating the remaining capacity of corroded piles is a challenging but important task for 

structural maintenance and rehabilitation activities. Corrosion makes steel members non-

prismatic. It can also make the cross-sectional elements susceptible to localized buckling. The 

existing design specifications in North America do not provide prediction methods for members 

with localized degradation. Consequently, the behavior of corroded steel members has been 

studied by researchers to assess the suitability of current design tools, address their shortcomings, 

and propose revisions to the current approaches as necessary. 
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2.4.1 Effect of Corrosion on Steel Structures 

Liu et al. (2005) tested seven I-shaped corroded columns with global slenderness of 213 

under uniaxial compression. They machined two 305×16 mm notches in both flanges to simulate 

corrosion.  While this approach decreased the cross-sectional area of the member, the localized 

slenderness of flanges was also reduced. This made the flanges less suseptible to local buckling 

which may not be completely representative of typical corrosion patterns. The degraded column 

demonstrated a 41% reduction of the axial capacity and failed by global buckling with a 

maximum lateral deflectation occuring at mid-height at the location of the notches. Some of the 

corroded columns were subsequently repaired with FRP-confined concrete and tested under 

compression. Using an energy method, a closed-form equation was obtained to predict elastic 

buckling load of the repaired and un-repaired struts. 

The effect of corrosion on the remaining axial compressive capacity of steel angles used in 

transmission towers was studied experimentally by Beaulieu et al. (2010). They utilized an 

accelerated procedure to create a random pattern of corrosion on sixteen steel angles. Three 

degrees of corrosion of 0%, 25%, and 40% and two levels of global slenderness of 40 and 110 

were considered as the test parameters. Comparison of the experimental results with AISC (2005) 

showed that that the code prediction was 68% lower than the measured capacity. 

An investigation on the ultimate strength of corroded steel box girders, as a representation of 

members in ship construction, was conducted by Saad-Eldeen et al., (2010, 2011). Degradation of 

mid-ship beams was simulated by exposing three box girders to running seawater.  During the 

corrosion process, weight loss measurements were conducted. Weight losses varied from 13% to 

23% of the original weight. In addition, a survey of thickness measurement at 212 points was 

conducted. The corroded girders were attached to two supporting arms and tested under four-

point bending to failure. Reduction in the thickness due to corrosion led to reduction of the 

ultimate capacity. The residual stresses in the corroded steel members reduced by 8% compared 
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to those measured in an uncorroded girder. In addition, ultimate vertical load and bending 

moment, calculated by moment-curvature analysis using measured geometry, both reduced to 

65% of the control one. Subsequently, the results of two numerical models, one with averaged 

thickness and the other with actual measured thickness from the survey, were compared against 

experimental data (Saad-Eldeen et al., 2014). 

2.4.2 Effect of Corrosion on Plate Element 

The ultimate capacity of corroded plates has also been investigated by some researchers, and 

models were proposed to predict the remaining ultimate capacity based on the results of 

parametric studies. Emprical formulas were proposed by Ok et al. (2007) to predict the ultimate 

strength of square plates with pitting corrosion under uniaxial compression. These formulas were 

obtained by applying a regression analysis to the results of a sereis of numerical analyses on 

square plates with various locations and sizes of pitting corrosion under uniaxial compression. 

The analyses showed that the effective depth, width, and location of the corrosion were the most 

important parameters affecting the ultimate compressive strength. (Huang et al., 2010) studied the 

effect of pitting corrosion on the ultimate strength of hull plates under biaxial comrepssion. Using 

the results of numerical analysis, a polynominal function was proposed to predict the reduction of 

ultimate strength based on volumetric loss and transverse-to-longitudinal in-plane stress ratio. 

Using the results of a non-linear finite element analysis, a semi-empirical method was developed 

to predict the capacity of corroded rectangular plates under biaxial compression (Jiang and 

Soares, 2012a and 2012b). Appuhamy et al. (2013) suggested equations to predict the reduction 

of yield strength, ultimate strength, and energy dissipation of corroded bridge girders under 

earthquake loading. 

2.4.3 Thickness Measurement of Corroded Elements 

In a harsh environment, corrosion is observed in the form of a pitting pattern on the surface 

of steel. For modelling purposes, it is more practical to model the pitting corrosion by applying a 
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uniform reduction in the thickness and using an average reduced thickness. Nakai et al. (2006) 

conducted a series of experimental and numerical investigations on web plates under patch 

loading. The comparison showed that using average thickness loss provided accurate evaluation 

of web crippling behavior of members with pitting corrosion. An equivalent plate thickness 

approach was also suggested by Seo et al. (2011) to predict the ultimate strength of stiffened 

panels with non-uniform corrosion under biaxial compression combined with lateral pressure. To 

investigate the relationship between the severity of corrosion and measurement techniques, a 

series of coupons were cut from a 100-year-old steel brdige girder with pitting corrosion and 

tested under tension (Appuhamy et al., 2013). Three different levels of corrosion, minor, 

moderate,and severe, were also defined corresponding to the values of minimum measured-to-

initial thickness ratios. Minor and severe were the cases with the ratios above 0.75 and below 0.5 

respectively. The moderate was corresponding to measured-to-initial thickness ratio between 0.5 

and 0.75. Subequently, several finite element models with different densities of thickness 

measurements were analized. Comparing the results showed that a coarse thickness measurement 

is adequate in case of minor corrosion. However, in case of moderate or severe corrosion, dense 

thickness measurmenst including measurements at the location of minimum thickness are 

necessary to accurately predicct the ultimate capacity and capture the effect of stress 

concentrations. 

2.5 FRP Strengthening of Steel Compressive Members 

The application of FRP in strengthening of concrete structure has been extensively studied 

(Hollaway and Cadei, 2002; Zhao and Zhang, 2007; Hollaway, 2010).  However, its application 

in strengthening or retrofitting of steel structures has not been fully developed (Zhao and Zhang, 

2007). The majority of the studies that has been conducted to date were on FRP application in 

retrofitting of steel flexural members ( Shulley et al., 1994; Gillespie et al., 1996; Tavakkolizadeh 

and Saadatmanesh, 2001; Shaat et al., 2004). However, recently more attention has been paid to 
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applying FRP for strengthening of compression members (Shaat and Fam, 2006a; Bambach and 

Elchalakani, 2007; Sundarraja and Sriram, 2014). These applications can be classified into two 

categories; applications in which FRP is bonded directly to steel substrate and applications in 

which FRP is used in conjunction with a cementitious core.  

2.5.1 FRP-Bonded Directly to Steel Compressive Members 

This section summarizes the applications in which FRP materials are directly bonded to steel 

compressive members. These applications are categorized based on the shape of steel cross 

section into strengthening of closed-sections, open-sections, and concrete-filled steel hollow 

sections. 

 Strengthening of Closed-Sections 

FRP strengthening of two types of closed-section compression members, closed circular 

sections and square HSS, resulted in gain in axial capacity and change in failure mode. 

Strengthening of short steel tubular columns with FRP wraps under axial compression was 

studied experimentally and numerically by Teng and Hu (2005 and 2007). They tested two series 

of short columns, hollow steel tubular columns, and concrete-filled steel tubular columns with 

different number of FRP wraps under compression. Strengthening led to change in the failure 

mode of the steel tubes from elephant foot buckling to inward buckling occurred far from the end. 

FRP wrapping also resulted in 10% more ultimate strength corresponding to the concrete-filled 

tubes and increased ductility up to 10 times corresponding to the hollow tube with three layers 

FRP wraps.  A nonlinear finite element model was utilized to investigate the effect of using FRP 

wraps with different elastic modulus on the behavior of hollow steel tubular columns. According 

to the results, increasing the elastic modulus of FRP wraps led to increase of ultimate load. It was 

also evident that length of the buckled shape at the end reduced with increasing the modulus of 

elasticity. 
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Effect of CFRP wrapping in strengthening of short HSS columns with artificial corrosion 

was studies by Sundarraja and Sriram (2014). Corrosion was simulated on HSS columns by 

submerging the columns in acidic emvironment for 25 days which led to a maximum of 17% 

wieght loss. Discrete CFRP stirrups were bonded to the surface of HSS columns in hoop diretion 

with different number of layers and spacing. The results demonstrated a maximum increase of 

68% in the axial capacity compared to the control corroded HSS. 

The behavior of HSS columns strengthened using FRP wraps under axial compression was 

studied by some researchers (Shaat and Fam, 2006a and 2009; Bambach and Elchalakani, 2007). 

FRP wraps were applied in transvers and longitudinal directions on two opposite sides or four 

sides of a series of HSS columns. FRP stregnthening led to changing the failure mode, increaing 

energy absorption, increasing axial stiffness and strength (Shaat and Fam, 2006a and 2009). 

Strengthening of the columns with greater global slenderness resulted in more gain in axial 

strength. Predictions were provided using a modified version of provosions of standard 

CAN/CSA S16-01. The test-to-predicted ratios varied between 0.97 and 1.22. An analytical 

model using finite difference approach was also developed and validated against the experimental 

results (Shaat et al., 2006; Shaat and Fam, 2007a). The effect of non-linearity in material, 

geometric imperfection, and residual stresses were considered in the model. The ratio of the 

predicted to measured strengths varied between 0.76 and 1.25. This model was used to study the 

effect of parameters such as columns out-of-straightness, residual stresses, columns slenderness 

ratio, and number of FRP wraps. Finite element modeling followed by parametric study on HSS 

columns were also conducted by Shaat and Fam (2006b and 2007b). The results showed that the 

precentage gain in strength was highly dependent on slederness ratio of the strengthened HSS 

columns and CFRP reinforcement ratio. 
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 Strengthening of Open-Sections 

Application of FRP wraps for strengthening and stabilizing opened-sections such as 

channels, angles, or T-shaped sections was studied by Silvestre et al.(2008), Harries et al.(2009), 

and Kim and Harries (2011), respectively. An experimental and numerical investigation have 

been conducted by Silvestre et al. (2008) to study the behavior of short and long lipped channel 

steel columns strengthened with CFRP wraps. It was revealed that strengthening had no effect on 

buckling mode. However, an increase of 15% and 20% in axial capacity of the tested short and 

long columns were observed, respectively. Harries et al. (2009) studied the effect of FRP 

strengthening on increasing the stability of flanged steel compressive members. They conducted a 

series of tests on strengthened long and short steel T sections. Long columns were tested under 

concentric cyclic compressive loading, and stub columns were loaded under monotonic 

concentric compression. Only 9% increase in axial capacity was reported. Kim and Harries 

(2011) conducted a non-linear large displacement finite element modeling of CFRP-strengthened 

T-sections columns, and the results were compared with those obtained from (Harries et al., 

2009). It was concluded that CFRP retrofitting was not efficient for T-sections with web aspect 

ratio more than 60. 

 Strengthening of Concrete-Filled Steel Hollow Sections 

FRP wraps were used to improve the behavior of concrete-filled tubular columns (CFT). In 

this application FRP is wrapped directly on the surface of steel stub and provides confinement to 

the steel tube and restraints it from outward buckling.  . The axial capacity of short CFT columns 

wrapped with CFRP increased up to 2.2 times compared to the ones without FRP wrapping (Xiao 

et al., 2005). In addition, they studied the effect of CFRP sheets wrapped around potential plastic 

hinge regions in a series of long CFT columns under a constant axial load and cyclic lateral load 

applied at the top. Using CFRP wraps, confined CFT columns demonstrated more ductile and 

stable hysteretic behavior. Furthermore, local buckling and subsequent rupture of steel tube 
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delayed by applying the CFRP wraps. Another study on CFRP confined CFT stub columns under 

impact load showed that the dynamic-to-static load ratio increased up to 53% under high strain 

rate loading (Shan et al., 2007). 

The effect of CFRP wrapping for repairing CFT columns exposed to fire under compression 

(Teng and Hu, 2007a), compression-flexure (Tao et al., 2007b), and combined constant axial 

compression and lateral cyclic load (Tao et al., 2008) was studied. The specimens were exposed 

to ISO-834 standard fire for 180 min before applying the CFRP confinement. Buckling of the 

steel tubes delayed due to the effect of CFRP confinement compared to the fire-exposed control 

specimen without CFRP wrapping. Strength enhancement of the fire-exposed columns after 

CFRP strengthening varied between 5.9% and 101.8% depending on slenderness, load 

eccentricity, and number of CFRP layers. The authors concluded that in case of severely fire-

exposed CFT with high slenderness ratio or bending moments, methods such as section 

enlargement would be more efficient than CFRP-wrapping. 

2.5.2 FRP-Jacketing of Steel Compressive Members 

Another technique in strengthening of steel compression members is FRP jacketing. The 

annular space between the FRP jacket and steel column is subsequently filled with materials such 

as plain or reinforced concrete, grout, or any other filler material. FRP jacket acts as a stay-in-

place form, provides confinement, and prevents future deterioration. 

The degraded region of a series of artificailly corroded I-shaped struts were retrofitted using 

grout-filled FRP jacket and tested under axial compression (Liu et al., 2005). Corrosion of wide-

flanged compression struts was simulated by reducing the flange width over a limited length at 

mid-height. The applied method did not increase the slenderness of the flange as it occurs due to 

corrosion. The retrofitting system covered the degraded region and the two development regions 

above and below. The annular space between the FRP jacket and steel struts was filled with two 

different types of concrete, expansive and non-expansivelight-weight concrete. All the columns 
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failed by global buckling. The maximum lateral deformation of the un-repaired columns 

happened at mid-height while for the repaired ones it occurred at the section where FRP jakcet 

terminated. Comparing the axial capacity of the repaired columns showed that the longer the 

reapir system, the higher the capacity. In addition, the columns reapired with expansive light-

weight concrete demnstrated 15% more axial capacity due to the effect of active 

confinement.Using the test results, a simplified approach was proposed to design FRP-confined 

concrete system for deteriorated columns. 

An experimental study was conducted to investigate the behavior of strengthened thin steel 

plates with FRP jacketing repair system (Ekiz and El-Tawil, 2006). The FRP jackets were filled 

with polyvinyl chloride (PVC) or mortar as a core material. Those specimens with PVC core to 

steel plate were able to transfer the compression load from steel plate to the repair system more 

effectively. Bond strength varied based on the type of filling material, level of confinement 

provided by FRP jacket, and surface condition of both materials in contact. 

FRP jacketing was also used to strengthen bracing angles. Seven large-scale strengthened 

steel bracing angles were tested under cyclic axial loading (El-Tawil and Ekiz, 2009). The 

strengthening was implemented by embedding the steel angles in CFRP-wrapped mortar blocks. 

Number of CFRP layers, size of the mortar core, and presence of bond between steel and mortar 

were the test parameters. The results proved that the braces could attain the yield strength in 

compression using this strengthening technique. However, due to small number of tested 

specimens the effect of steel-mortar bond and also number of CFRP layers were not clear. 

The composite action of FRP-encased I-shaped steel columns was studied experimentally by 

Karimi et al. (2011 and 2012). In these studies the FRP encasement was wrapped around the full-

length of the steel columns, and compression was applied to the composite section including the 

confined concrete. A series of short compact GFRP-encased I-shaped steel columns were tested 

under axialcompression (Karimi et al., 2011). Axial capacity and stiffness increased up to 5.5 and 
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4 compared to the un-strengthened column, respectively. In addition, adding shrinkage reducing 

agent to the concrete mix resulted in 20% and 22% gain in axial capacity and stiffness compared 

to those counterparts without shrinkage reducing agent. It was concluded that concrete must be 

reached to a higher volumetric dilation to activate the FRP tube confinement and shringkage 

delays the confinement action of FRP wraps. 

In another study, the effect of FRP confinement and composite action were investigated by 

testing FRP-encased I-shaped steel columns with different slenderness (Karimi et al., 2012). 

Comparing the strengthenend columns with corresponding control columns, an increase of 5-10 

times in the axial capacity and 4-6 times in the axial stiffness were observed. Energy dissipation 

capacity, defined as the area underneath the axial load-deformation response, increased 15-25 

times of the un-strengthenend column. Increaseing the slenderness of the columns led to reducing 

the confinement of FRP jacket. Failure of the columns switched from FRP rupture to column 

global buckling as the slenderness increased. An analytical model was proposed to predict the 

axial capacity of these types of columns and validated against the experimental results (Karimi et 

al., 2013). Based on the parametric study conducted using the proposed analytical model, 

increaing parameters such as column-diameter-to-FRP-thickness ratio, axial stiffness of the FRP 

tube, and steel-to-concrte-area ratio resulted in gain in axial capacity of the strengthened columns. 

Researchers also studied the behavior of FRP jacking systems  filled with other types of 

materials than concrete. A series of steel columns with different cross-sectional shapes were 

strengthened with FRP jackets filled with either bamboo sticks or mortar (Feng et al., 2013a and 

2013b). The length of the retrofitting system was slightly shorter than the length of the steel 

columns so the axial load was only applied to the steel columns. The resutls showed increases in 

both axial capacity and ducitlity. Maximum gain in axial capacity was 114% and 215% for the 

columns strengthened with bamboo sticks and mortar, repectively. Similarly, ductility increased 
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6.7 times and 9.8 times for the columns strengthend with bamboo sticks and mortar, respectively, 

compared to the un-strengthenend column. 

Application of FRP jacking system in retrofitting of arificially deterioarated failed short steel 

columns was studies by Kaya et al. (2015). Thirteen 813-mm long W4x13 columns (US 

designation) with different configuration of artificial corrosion on their flanges and webs were 

repaired and tested in this study. The columns failed under axial compression with visible initial 

global and local imperfections prior to applying the repair system as reported in (Karagah and 

Dawood, 2013). The repair system was composed of GFRP-confined grout with embedded 

longitudinal rebars. The results showed that the repair system were able to restore the axail capac 

ty to between 69% and 104% of the axial capacity of the uncorroded control column. The axial 

load- shortening response of the repaired columns demonstrated hardening behavior after onset of 

buckling. Also, increasing the diameter and the number of GFRP layers increased the axial 

capacity.  

A series of numerical investigation on steel columns repaired with FRP-confined grout were 

perfomed by Griggs (2014), and the results compared to the experimetal counterpart obtained by 

Liu et al. (2005). Using a full-bond model between the steel column and confined grout, the 

developed finite element models predicted the failure mode and axial capacity accurately. 

2.5.3 Bond Behavior at Steel-Concrete Interface 

Strengthening or retrofitting creates a composite cross section. Based on the level of bond 

strength at the interface of the substrate material and the repair system, full or partial composite 

action is expected to form in the cross section. Researchers studied the bond behavior at the 

interface between repair systems and steel profile.  

To estimate the bond stress capacity of Concrete-Filled Tubes (CFTs), an equation was 

developed providing a lower bond to the true bond stress for practical columns (Roeder et al. 
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1999). A series of push-out tests were conduced to investigate the effect of intrnal stiffneres on 

steel-concrete bond strength in CFT columns (Petrus et al., 2011). According to the results, bond 

strength varied from 0.4 MPa to 0.84 MPa based on configuration of the internal stiffeners and in-

filled conrete strength. (AISC, 2010) defines a nominal bond stress of 0.40 MPa for evaluating 

the direct bond interaction of filled composite members. 

In numerical modeling of CFTcolumns, Coulumb friction model has been used widely with 

the coefficient of friction ranged from 0.05 to 0.55 (Hu et al., 2005; Ellobody and Young, 2006; 

Hu and Su, 2011; Gupta et al., 2014; Lai and Varma, 2015). For numerical modeling CFT 

columns, Lai and Varma (2015) used coefficient of friction of 0.55 with the maximum shearing 

stress of 0.40 MPa as recommended by (AISC, 2010). In this study no chemical bond or cohesive 

zone model was assigned to the interface. However, other studies such as (Liu et al., 2005) used 

bond-slip relationship for interface modeling.  

A series of pull-out tests on GFRP-confined concerete specimens with an embedded smooth 

steel bar were conduted to obtain bond-slip relationship (Frauenberger et al., 2003). The test 

parameters were type of the confined conrete, i.e., expansive and non-expansive, and embedment 

length. A bond-slip relationship was obtained with a maximum average bond strength of 3.22 

MPa and 3.38 MPa for non-expansive and expansive light-weight conrete, respectively. Another 

bond-slip relationship for expansive and non-expansive grout resulted in 3.26 MPa and 3.59 MPa 

for non-expansive and expansive light-weight conrete, respectively, as a maximum average bond 

strength (Liu et al., 2005). 
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Chapter 3 Small-Scale Experimental Study of Columns with Localized 

Corrosion 

3.1 Introduction 

To investigate the effect of partial degradation on the remaining axial capacity of 

compression members, thirteen small-scale I-shaped columns were tested under axial 

compression. The main objectives of the small-scale tests were to quantify the remaining axial 

capacity of steel columns with different corrosion patterns and to determine the suitability of 

existing design equations to predict the remaining capacity. The columns included one 

uncorroded control column and twelve columns with simulated patterns of corrosion. The 

parameters of the study were the reduction of the thickness of flanges and webs, presence of 

through-web void, unsymmetric reduction of the flange thickness, and flange width reduction. 

The outcome provided insight into the effect of the studied parameters on the reduction of the 

axial capacity of the tested columns. The results were also used to direct the full-scale 

experimental program. This chapter describes the experimental program for the small-scale tests 

and provides comparison and discussion of the findings. 

3.2 Test Specimens 

Thirteen 813 mm long W4×13 (US designation) steel columns were tested in two phases to 

investigate the effect of partial corrosion on the axial capacity of the compression members. The 

corrosion patterns were selected to be representative of corrosion patterns that were observed in 

the field. 

The testing was conducted in two phases.  In phase I the effect of flange and web corrosion 

on the axial capacity of the columns was evaluated.  One of the columns in phase I was tested as 

an uncorroded control column.  For the remaining columns, localized corrosion was simulated by 

milling the flanges and webs along a 305 mm long region at the mid-height of the columns.  
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Figure 3.1(a) illustrates the simulated corrosion pattern for a column with reductions of the flange 

and web thicknesses. Two levels of flange thickness losses, 50% and 75%, and two levels of web 

thickness losses, 30% and 60%, were considered in phase I of the study. Four columns, two with 

only web loss and two with only flange loss, were examined to study the effect of web and flange 

deterioration independently. To investigate the effect of flange and web degradation together, two 

columns with simultaneous loss of flanges and web were tested. The fillet region at the web-

flange junction remained un-milled due to practical limitations. As shown in Figure 3.1(b), each 

column in phase I was assigned a unique two-part identifier which indicates the percent reduction 

of the flange and web thicknesses, respectively. 

 

Figure 3.1- Schematic drawing and designation of the columns in phase I 

(a) Milled Columns Tested in Phase I 

(All dimensions are in millimeters.) 
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Table 3.1 summarizes the measured geometry of the seven columns tested in phase I. Due to 

fabrication tolerances, the measured thicknesses varied from the target values by up to 17%. Note 

that the total length of column 50/30 was 686 mm (about 15% shorter than the other columns). 

Table 3.1- Measured geometry and designations of the tested columns in phase I 

Column 

Designation 

Lu d bf tf tw tf,c tw,c 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

0/0 254.0 106.7 105.8 9.1 7.7 9.1 7.7 

0/30 254.0 105.9 105.9 9.0 7.2 9.0 5.4 

0/60 254.0 105.9 105.9 9.1 7.3 9.1 3.1 

50/0 254.0 107.6 105.9 9.0 7.2 4.3 7.2 

50/30 127.0 106.6 105.7 8.9 7.1 4.7 5.2 

75/0 254.0 107.4 106.0 9.0 7.2 2.0 7.2 

75/60 254.0 107.2 106.0 8.9 7.1 2.7 2.7 

In phase II, columns with more complex corrosion patterns, closer to those observed in the 

field (see Figure 3.2(a)), were studied.  In this phase six columns were tested with 75% flange 

thickness reduction and 60% web thickness reduction.  Figure 3.2(b) illustrates a schematic 

drawing of the milling patterns on the tested columns in phase II.  The influence of flange width 

reduction, through-web void, and unsymmetric flange deterioration were studied in phase II.  To 

simulate severe corrosion of the flanges, two 51-mm diameter semi-circular perforations were cut 

out of each flange in three of the tested columns. Four columns were machined with a 51 mm 

through-web void at mid-height. Also in four columns, the corroded region of each flange was 

offset by 51 mm towards opposite ends of the columns to simulate the cases with unsymmetric 

degradation, as illustrated in Figure 3.2(b). Each column in phase II was assigned a unique four- 

or five- part identifier as shown in Figure 3.2(c).  The first two parts indicate the reduction of the 

flange and web thicknesses, respectively.  The third part indicates the presence of a void in the 

web, “V”, or no void, “NV”.  The fourth part indicates symmetric, “S”, or unsymmetric, “US”, 

corrosion of the flanges.  The fifth part of the identifier, if present, indicates reduction of the 

width of the flanges “WR”. 



34 

 

 

Figure 3.2- Schematic drawing and designation of the columns in phase II 
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Table 3.2 summarizes the measured geometry of the seven columns tested in phase II. The 

nominal values of reduction of flange and web thicknesses were kept constant at 75% and 60% 

for the tested columns in phase II, respectively. However, the measured thicknesses varied from 

the target values by up to 10% due to fabrication tolerances. 

Table 3.2- Measured geometry and designations of the tested columns in phase II 

Column 

Designation 

d bf bf,c tf tw tf,c tw,c 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

75/60/NV/US 108.2 106.0 106.0 9.1 7.4 2.0 2.5 

75/60/NV/US/WR 108.0 105.6 53.0 9.1 7.4 2.8 2.6 

75/60/V/S 108.0 106.0 106.0 9.2 7.4 2.5 3.4 

75/60/V/S/WR 108.1 105.7 54.6 9.0 7.6 2.5 3.0 

75/60/V/US 107.4 106.3 106.3 9.0 7.4 2.5 3.4 

75/60/V/US/WR 107.4 105.7 55.0 8.8 7.4 2.7 3.3 

3.3 Material 

Six tension tests and a stub column test were conducted to obtain the material properties 

of the steel columns.  Four coupons from the flanges and two coupons from the web were tested 

under uniaxial tension according to ASTM A370 (2013).  Displacement rates of 0.6 and 5.1 

mm/min were applied in the elastic and plastic regions, respectively.  For the compression test, a 

406 mm long segment of the column was cut from the same W4x13 member (US designation) as 

the test columns.  The stub column was loaded concentrically up to buckling at a rate of 0.2 

mm/min.  The top was pinned about both axes while the bottom was fixed against rotation about 

both axes.  Figure 3.3 shows stress-strain curves of the tested specimens.  Table 3.3 shows the 

elastic modulus, yield stress, ultimate stress, and strain at ultimate stress of the tested tensile 

coupons and stub column tested in compression. 
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Figure 3.3- Stress-strain curves of the tested coupons and stub column 
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Table 3.3- Properties of steel columns 

Location of 

Specimen 
Test Type 

Tensile 

Modulus 

(Es) 

Yield 

Stress 

(fsy) 

Ultimate 

Stress 

(fsu) 

Strain at 

Ultimate Stress 

su 

(GPa) (MPa) (MPa) (mm/mm) 

Flange-1 Tension N/Aa 393 484 0.132 

Flange-2 Tension 187 376 472 0.139 

Flange-3 Tension 196 384 471 0.138 

Flange-4 Tension 174 394 486 0.123 

Flange (average)  186 387 478 0.133 

Flange (STDV)  9 7 6 0.00706 

Flange (C.O.V.)  0.0501 0.0189 0.0135 0.0531 

Web-1 Tension 178 460 544 0.0605 

Web-2 Tension 182 419 516 0.0787 

Web (average)  180 439 530 0.0696 

Web (STDV)  2 21 14 0.00910 

Web (C.O.V.)  0.0115 0.0471 0.0264 0.131 

Stub Column Compression 208 369 N/Ab N/Ab 

a Tensile modulus was not calculated due to receiving noisy signals in the elastic region. 
b Stub column was not loaded to ultimate loading stage. 

nominal material properties of the steel column: fsy=345 MPa, fsu=448 MPa, Es=200 GPa 

3.4 Test Setup  

All of the columns were tested under monotonic uniaxial concentric compression load using 

a servo-hydraulic Tinius-Olsen universal testing machine with a capacity of 1780 kN.  The 

columns were loaded until substantial inelastic deformations were observed using a constant 

displacement rate of 0.2 mm/min. Figure 3.4(a) shows the test setup for small-scale columns.  

The columns were free to rotate about both axes at the top. The bottom ends of the columns were 

fixed against rotation about the strong axis and free to rotate about the weak axis as illustrated in 

Figure 3.4(b) and (c).  To level the ends of the columns, a thin layer of plaster was applied to both 

ends. 
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Figure 3.4- Test setup for small-scale columns 

3.5 Instrumentation 

The axial load was measured by Tinius Olsen machine using a pressure transducer that was 

installed on the hydraulic pump which was calibrated using a load cell. A digital image 

correlation- (DIC) based non-contact measurement system (ARAMIS), shown in Figure 3.5(a), 

was used to measure full-field displacements on the front flange along the entire length of the 

columns. Figure 3.5(b) illustrates a schematic drawing of the test setup and the position of the 

DIC system. The axial shortening of the columns was measured by ARAMIS between two points 

located 102 mm from the top and bottom of the columns to eliminate the boundary effects.  

As shown in Figure 3.5(c), surface of the front flange was painted with a black and white 

speckle pattern using a non-glossy spray paint to facilitate the use of the ARAMIS system. To 

produce the speckle pattern, first the surface of the flange was painted in white. Subsequently, the 

black dots were sprayed on the white background. The size of the black dots depends on the 
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distance between the camera and the surface of the specimen. As the distance increases, the 

diameter of the dots should increase accordingly. The minimum diameter of the dots should be 

five pixels in the image. 

`  

Figure 3.5- Instrumentation of the small-scale compression test 

3.5.1 Non-Contact Measurement System (DIC) 

The DIC system consisted of a pair of 12 megapixel cameras connected to a sensor 

controller and a high performance image processing computer. The cameras captured images 

during the test every 20 sec. Then, using the tracking software named ARAMIS, the computer 
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processed the captured images and calculated the displacement and strain over the entire field of 

measurement. The motion of the speckle pattern on the surface of the specimen was tracked by 

the software. Then, comparing the subsequent images with the reference image, the deformation 

and strain was calculated (ARAMIS, 2011). 

Figure 3.6 illustrates a set of four slightly overlapped square facets that are defined on a 

random speckle pattern.  The individual facets are offset slightly two distinguish between 

adjacent facets, but in reality they all lie on the same horizontal line.  As shown in Figure 3.6, to 

define a facet, two parameters, namely facet size and step were required to be defined. The facet 

size is the number of pixels along each edge of the facets.  The facet step is the distance between 

the centroid of the adjacent facets, measured in pixels.  The reference image is the image captured 

at a reference state of deformation which was an undeformed state under zero load. All the other 

subsequent images were then compared to this reference image to calculate the deformation. 

Strains were calculated by determining the relative displacements between different sets of facets 

and dividing them by the distance between the facets.  The apparent ‘gauge length’ of the strain 

measurement were be controlled by changing the number of facets used in this calculation, 

known as the computation size. Figure 3.6 shows a case with a computation size of 3 which 

means the strain at the centroid of the middle facet is calculated by considering the deformation 

over a distance between three consecutive facets.  The relative displacement between the centroid 

of the two outer facets is used to determine the strain at the centroid of the middle facet.  

Increasing the computation size results in a more averaged strain (larger ‘gauge length’) while 

decreasing the computation size yields more accurate, but more noisy localized strains (smaller 

‘gauge length’). Facet size, facet step, and computation size of 20, 16, and 7 respectively were 

selected to process the data of small-scale columns. 
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Figure 3.6- Facet size, facet step, and computational size 

3.6 Test Results of Phase I 

The following sections present the observations and results of the columns that were tested 

in phase I. The axial load-shortening response, deformed shape, axial strain contours at peak load, 

and failure mode are reported for each column. The axial strain contours are presented for the 

front flange and indicate the initiation of global or local deformation, although no visible sign of 

deformation was observed at this loading stage. The nominal axial capacity of the undamaged 

columns, Pn,u, was calculated using the nominal geometry and material properties according using 

the equations presented in AISC (2010). The yield capacity of the corroded section, Py,c, was also 

calculated for each column using measured geometry and yield stress. 

3.6.1 Column 0/0 

The uncorroded control column, 0/0, had no artificial degradation and served as the basis of 

comparison for subsequent columns. Figure 3.7(a) shows the axial load-shortening response of 

the column.  The column was loaded monotonically up to a peak load of 956 kN. The test was 

terminated when the axial load dropped to 810 kN.  The capacity of the tested column was 17% 

greater than calculated nominal axial capacity of the control column due to having larger 
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dimensions and greater material properties than the nominal values. Using the measured 

geometry of this column and material properties of the stub column, the predicted axial capacity 

according to AISC (2010) was obtained 931 kN which is 3% smaller than the measured capacity. 

Figure 3.7(b) shows the failure mode of column 0/0 which failed by global buckling. Figure 

3.7(c) shows the axial strain contours on the front flange at the peak load. The lower axial strain 

on one side indicates the initiation of global buckling, although no visible sign of lateral 

deformation was observed at this loading stage. 

 

Figure 3.7- Failure mode and load-deformation response of column 0/0 

3.6.2 Column 0/30 

Column 0/30, had no flange degradation and 30% reduction in the web thickness. Figure 

3.8(a) shows the axial load-shortening response of the column.  The figure also shows the 

measured axial load-displacement response of the uncorroded control column for comparison 

purposes. The 0/30 column was loaded monotonically up to a peak load of 894 kN. The test was 

terminated when the axial load dropped to 770 kN.  The measured capacity of the tested column 

was 13% greater than the calculated nominal axial capacity of the control column. Figure 3.8(b) 
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shows the global deformation of column 0/30 which failed by global buckling. Figure 3.8(c) 

shows the axial strain contours on the front flange at peak load. The lower axial strain on one side 

indicates the initiation of global buckling, although no visible sign of deformation was observed 

at this loading stage. 

 

Figure 3.8- Failure mode and load-deformation response of column 0/30 

3.6.3 Column 0/60 

The column 0/60, had no flange degradation and 60% reduction in the web thickness. This 

column was loaded monotonically up to the peak load of 792 kN. The test was terminated when 

the axial load dropped to 408 kN.  Figure 3.9(a) shows the axial load-shortening response of the 

column. The figure also shows the measured axial load-displacement response of the uncorroded 

control column for comparison purposes. The erratic load–displacement trend in the post-peak 

region was attributed to a noisy load signal caused by electro-magnetic interference during the 

test. The capacity of the tested column is comparable with the nominal axial capacity of the 

control column. Figure 3.9(b) shows the global deformation of column 0/60 which failed by 

global buckling. Figure 3.9(c) shows the axial strain contours on the front flange at peak load. 
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The lower axial strain on one side indicates the initiation of global buckling, although no visible 

sign of deformation was observed at this loading stage. 

 

Figure 3.9- Failure mode and load-deformation response of 0/60 column 

3.6.4 Column 50/0 

The column 50/0 had no web degradation and 50% reduction in the flange thickness. This 

column was loaded monotonically up to the peak load of 520 kN. The test was terminated when 

the axial load dropped to 400 kN.  Figure 3.10(a) shows the axial load-shortening response of the 

column.  The figure also shows the measured axial load-displacement response of the uncorroded 

control column for comparison purposes. The capacity of the tested column is 34% less the 

nominal axial capacity of the control column. Figure 3.10(b) and (c) shows the global and local 

deformation of column 50/0 which failed by flange local buckling followed by global buckling. 

Figure 3.10(d) shows the axial strain contours on the front flange at peak load. The location of 

strain concentration indicates the initiation of flange local buckling, although no visible sign of 

localized deformation was observed at this loading stage. 
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Figure 3.10- Failure mode and load-deformation response of 50/0 column 

3.6.5 Column 50/30 

The column 50/30 had 50% and 30% reduction in the flange and web thicknesses 

respectively. This column was loaded monotonically up to the peak load of 578 kN. The test was 

terminated when the axial load dropped to 374 kN.  Figure 3.11(a) shows the axial load-

shortening response of the column.  Due to an unexpected complication during fabrication, the 

50/30 column was 127 mm shorter than the other columns in the testing program.  Consequently, 

the nominal axial capacity of this column was 20kN greater than that of the other specimens. 

Figure 3.11(b) and (c) shows the global and local deformation of column 50/30 which failed by 

flange and web local buckling. Figure 3.11(d) shows the axial strain contours on the front flange 

at peak load indicating the location of strain concentration. 
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Figure 3.11- Failure mode and load-deformation response of 50/30 column 

3.6.6 Column 75/0 

The column 75/0 had no web degradation and 75% reduction in the flange thickness. This 

column was loaded monotonically up to the peak load of 409 kN. The test was terminated when 

the axial load dropped to 325 kN.  Figure 3.12(a) shows the axial load-shortening response of the 

column. The column attained the yield capacity at the corroded section. Figure 3.12(b) and (c) 

shows the global and local deformation of column 75/0 which failed by flange local buckling. 

Figure 3.12(d) shows the axial strain contours on the front flange at peak load indicating the 

locations of strain concentration. Strain contours also shows increase of strain within the corroded 

region due to having less axial stiffness. 
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Figure 3.12- Failure mode and load-deformation response of 75/0 column 

3.6.7 Column 75/60 

The column 75/60 had 75% and 60% reduction in the flange and web thicknesses 

respectively. This column was loaded monotonically up to the peak load of 311 kN. The test was 

terminated when the axial load dropped to 205 kN.  Figure 3.13(a) shows the axial load-

shortening response of the column. The capacity of the tested column is less the nominal axial 

capacity of the control column. Figure 3.13(b) and (c) shows the global and local deformation of 

column 75/60 which failed by flange and web local buckling. Figure 3.13(d) shows the axial 

strain contours on the front flange at peak load indicating the location of strain concentration. 
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Figure 3.13- Failure mode and load-deformation response of 75/60 column 

3.7 Test Results of Phase II 

The following sections present the observations and results of the columns tested in phase II. 

All of the columns tested in this phase had a 75% reduction of the flange thickness and a 60% 

reduction of the web thickness. The effect of flange width reduction, through-web corrosion, and 

unsymmetric flange deterioration were studied in this phase. The axial load-shortening response, 

deformed shape, and strain contours in axial direction at peak load are reported for each column.  

3.7.1 Column 75/60/NV/US 

The column 75/60/NV/US had 75% and 60% reduction in the flange and web thickness 

respectively. No void created in the web, but the milling on the flanges was offset by 51 mm 

towards opposite ends. This column was loaded monotonically up to the peak load of 253 kN. 

The test was terminated when the axial load dropped to 176 kN.  Figure 3.14(a) shows the axial 

load-shortening response of the column. Figure 3.14(b) and (c) shows the global and local 

deformation of column 75/60/NV/US which failed by flange and web local buckling. Figure 
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3.14(d) shows the location of strain concentration which indicates initiation of localized 

deformation prior to appearing any visible sign on the column.  

 

Figure 3.14- Failure mode and load-deformation response of column 75/60/NV/US 

3.7.2 Column 75/60/NV/US/WR 

The column 75/60/NV/US/WR had 75% and 60% reduction in the flange and web thickness 

respectively. No void created in the web, but the milling on the flanges was offset by 51 mm 

towards opposite ends. In addition, two 51-mm diameter semi-circular perforations were cut out 

of each flange. This column was loaded monotonically up to the peak load of 311 kN. The test 

was terminated when the axial load dropped to 306 kN.  Figure 3.15(a) shows the axial load-

shortening response of the column. Figure 3.15(b) and (c) shows the global and local deformation 

of column 75/60/NV/US/WR which failed by flange and web local buckling. Figure 3.15(d) 

shows the location of strain concentration at the section with minimum flange width. 
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Figure 3.15- Failure mode and load-deformation response of column 75/60/NV/US/WR 

3.7.3 Column 75/60/V/S 

The column 75/60/V/S had 75% and 60% reduction in the flange and web thickness 

respectively. A 51-mm long void created through the web. Milling on the flanges was symmetric, 

and there was no flange width reduction in the column. This column was loaded monotonically 

up to the peak load of 178 kN. The test was terminated when the axial load dropped to 67 kN.  

Figure 3.16(a) shows the axial load-shortening response of the column. Figure 3.16(b) and (c) 

shows the global and local deformation of column 75/60/V/S which failed by flange local 

bending. Figure 3.16(d) shows the location of strain concentration at the section with through-

web void. 
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Figure 3.16- Failure mode and load-deformation response of column 75/60/V/S 

3.7.4 Column 75/60/V/S/WR 

The column 75/60/V/S/WR had 75% and 60% reduction in the flange and web thickness 

respectively. A 51-mm long void created through the web with symmetric milling on the flanges. 

In addition, two 51-mm diameter semi-circular perforations were cut out of each flange. This 

column was loaded monotonically up to the peak load of 160 kN. The test was terminated when 

the axial load dropped to 64 kN.  Figure 3.17(a) shows the axial load-shortening response of the 

column. Figure 3.17(b) and (c) shows the global and local deformation of column 75/60/V/S/WR 

which failed by flange local bending. Figure 3.17(d) shows the location of strain concentration at 

the section with through-web void. 
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Figure 3.17- Failure mode and load-deformation response of column 75/60/V/S/WR 

3.7.5 Column 75/60/V/US 

The column 75/60/V/US had 75% and 60% reduction in the flange and web thickness 

respectively. A 51-mm long void created through the web. Milling on the flanges was offset by 

51 mm towards opposite ends, and there was no flange width reduction in the column. This 

column was loaded monotonically up to the peak load of 178 kN. The test was terminated when 

the axial load dropped to 62 kN.  Figure 3.18(a) shows the axial load-shortening response of the 

column. Figure 3.18(b) and (c) shows the global and local deformation of column 75/60/V/US 

which failed by flange local bending. Figure 3.18(d) shows the location of strain concentration at 

the section with through-web void. 
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Figure 3.18- Failure mode and load-deformation response of column 75/60/V/US 

3.7.6 Column 75/60/V/US/WR 

The column 75/60/V/US/WR had 75% and 60% reduction in the flange and web thickness 

respectively. A 51-mm long void created through the web. Milling on the flanges was offset by 

51 mm towards opposite ends. In addition, two 51-mm diameter semi-circular perforations were 

cut out of each flange. This column was loaded monotonically up to the peak load of 173 kN. The 

test was terminated when the axial load dropped to 65 kN.  Figure 3.19(a) shows the axial load-

shortening response of the column. Figure 3.19(b) and (c) shows the global and local deformation 

of column 75/60/V/US/WR which failed by flange local bending. Figure 3.19(d) shows the 

location of strain concentration at the section with through-web void. 

 

 

 

0

200

400

600

800

1000

0 1 2 3 4 5 6

A
p
p

li
ed

 L
o
ad

 (
k
N

)

Axial Shortening (mm)

Global 

Deformation 
Axial Strain 

at Peak Load 

(b) 

(a) 
(d) 

75/60/V/US 

0/0 

Local Deformation 

(c) 

P
n,u

=790 kN 

Peak Load: 178 kN 

Failure: Localized Flange Local 



54 

 

 

Figure 3.19- Failure mode and load-deformation response of column 75/60/V/US/WR 

 

3.8 Discussion of the Results 

Table 3.4 summarizes the cross-sectional properties of the tested columns at the corroded 

section. Shapes of the critical cross section are presented for clarification. The contribution of the 

fillets at the flange-web junctions were not considered in calculation of the cross-sectional 

properties.  Table 3.5 summarizes the measured peak loads and failure modes of the tested 

columns in phase I and II. It also shows the normalized peak load and cross-sectional area of each 

column with respect to the peak load and cross-sectional area of the control column. The 

following sections discuss the effect of each of the parameters on the axial capacity and failure 

mode of the columns.  
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Table 3.4- Cross-sectional properties of the tested columns 

Column 

Designation 
Shape 

As,c Ix,c Iy,c rx,c ry,c bf/2tf h/tw 
(mm2) x106(mm4) (mm) 

Phase I 

0/0 
 

2616 5.06 1.81 44.0 26.3 5.79 9.93 

0/30 
 

2375 4.78 1.78 44.9 27.4 5.91 14.0 

0/60 
 

2190 4.68 1.79 46.2 28.6 5.84 24.6 

50/0 
 

1557 2.44 0.852 39.6 23.4 12.3 10.7 

50/30 
 

1463 2.48 0.931 41.2 25.2 11.2 14.6 

75/0 
 

1059 1.29 0.391 34.9 19.2 27.1 10.7 

75/60 
 

822 1.39 0.545 41.2 25.7 19.3 28.6 

Phase II 

75/60/NV/US 
 

657 1.06 0.404 40.2 24.8 26.1 31.0 

75/60/NV/US/WR 

 

684 0.234 0.315 18.5 21.5 18.6 30.0 

75/60/V/Sb 

 

261 0.244 0.000132 21.6 0.503 N/Aa N/Aa 

75/60/V/S/WRb 

 

137 0.0342 0.0000724 11.2 0.513 N/Aa N/Aa 

75/60/V/USb 

 

262 0.246 0.000132 21.7 0.503 N/Aa N/Aa 

75/60/V/US/WRb 

 

282 0.263 0.000167 21.6 0.544 N/Aa N/Aa 

a Flange and web slenderness ratios were not applicable to the column with through-

web void since only flexural buckling of a single flange ligament was considered 
b Geometric properties are reported for a single flange only. 

As,c: cross-sectional area at corroded section 

Ix,c and Iy,c: strong and weak-axis moments of inertia, respectively 

rx,c and ry,c: strong and weak-axis radii of gyration, respectively 

(KL/r)max: maximum global slenderness ratio of the column 

(bf/2tf) and (h/tw): flange and web slenderness ratios, respectively 
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Table 3.5-Degradation of the specifications of the tested columns in phase I and II 

Column Designation 
Peak Load 

Corroded/ 

Control Peak 

Load 

Corroded/ 

Control 

Cross-

Sectional 

Area 

Failure Mode 

(kN)    

Phase I 

0/0 956 1.00 1.00 Global buckling 

0/30 894 0.935 0.908 Global buckling 

0/60 792 0.828 0.837 Global buckling 

50/0 520 0.544 0.595 Flange local buckling 

50/30 578 0.605 0.559 Flange and web local buckling 

75/0 409 0.428 0.405 Flange local buckling 

75/60 311 0.325 0.314 Flange and web local buckling 

Phase II 

75/60/NV/US 253 0.265 0.251 Flange and web local buckling 

75/60/NV/US/WR 311 0.325 0.261 Flange and web local buckling 

75/60/V/S 178 0.186 0.200 Localized flange bending 

75/60/V/S/WR 160 0.167 0.105 Flange local bending 

75/60/V/US 178 0.186 0.200 Flange local bending 

75/60/V/US/WR 173 0.181 0.216 Flange local bending 

3.9 Independent Reduction of Flange or Web Thickness 

Reduction of the flange thickness had a more significant effect on the capacity of the 

columns with simulated corrosion than reduction of the web thickness. The axial capacities of 

columns 0/30 (30% web thickness reduction) and 0/60 (60% web thickness reduction) were 

respectively 6% and 17% less than that of the uncorroded control column, 0/0. However, columns 

with flange degradation, i.e., 50/0 (50% flange thickness reduction) and 75/0 (75% flange 

thickness reduction), had capacities that were respectively 46% and 57% less than the uncorroded 

control column. This is due to the fact that reducing web thickness increases the weak-axis radius 

of gyration in contrast to reducing flange thickness as shown in Table 3.4. Weak-axis radius of 

gyration increased 4% and 8% for columns 0/30 and 0/60, respectively, and decreased 11% and 

27% for columns 50/0 and 75/0, respectively. This effect combined with reduction of the cross-

sectional area led to less reduction of the axial capacity for the columns with only reduction of 

web thickness. 
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The columns with only web thickness reduction failed by global buckling, although the 

failure mode for the columns with only reduction of the flange thickness was flange local 

buckling. According to (AISC, 2010), a web element with 60% reduction of the thickness is still 

considered as a non-slender element. However, reducing the flange thickness by 50% made it just 

on boarder of being considered as a slender element as shown in Table 3.4. 

3.9.1 Simultaneous Reduction of Flange and Web Thickness 

Simultaneous flange and web degradation led to a more substantial reduction in the axial 

capacity. Comparing columns 0/30 to 50/30 and 0/60 to 75/60 shows that reduction of the axial 

capacity was significant when reduction of the flange thickness was added to the section with 

existing reduction of the web thickness. In contrast, comparing 50/0 to 50/30 and 75/0 to 75/60 

showed that adding reduction of the web thickness to the columns with existing flange thickness 

reduction did not dramatically reduce the axial capacity. This confirms that flange corrosion 

played a predominant role in determining the capacity reduction for the geometries and corrosion 

patterns considered in this study. 

Figure 3.20 shows the correlation between the normalized peak load and cross-sectional area 

of the tested columns with respect to the peak load and cross-sectional area of the control column. 

Reduction of the cross-sectional area demonstrates a linear relationship with reduction in the axial 

capacity with R2=0.985. This supports the rating approach of approximating the remaining axial 

capacity of corroded columns by assessment of the reduction of the cross section and 

proportionally reducing the initial design axial capacity for short columns. 
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Figure 3.20- Correlation between the loss of axial capacity and loss of cross section 

3.9.2 Unsymmetric Reduction of Flange Thickness 

According to the test results, unsymmetric reduction of the flange thickness did not have 

significant effect on the axial capacity of the tested columns. Comparing columns 75/60 to 

75/60/NV/US, 75/60/V/S to 75/60/V/US, and 75/60/V/S/WR to 75/60/V/US/WR showed a 

maximum of 10% variation in the axial capacities due to the unsymmetric nature of the corrosion 

pattern. Unsymmetric degradation of flange thickness did not change the failure mode compared 

to the symmetric counterparts. 

3.9.3 Reduction of Flange Width 

In severe cases of corrosion the width of flanges may be reduced at the most heavily 

corroded section due to extreme loss of material near the tips of the flanges. This effect was 

studied by testing three columns with two semi-circular perforations cut out of each flange. 

According to the teste results reduction in the width of flange did not have significant influence 

on the axial capacity of the tested columns. Comparing the columns 75/60/V/S to 75/60/V/S/WR, 
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75/60/V/US to 75/60/V/US/WR, and 75/60/NV/US to 75/60/NV/US/WR demonstrated that 

reduction of flange width caused maximum of 10% variation in the remaining axial capacity. This 

was attributed to the fact that the reduction of the flange width effectively decreased the flange 

slenderness at the section of the width reduction and failure occurred due to flange local buckling 

at the sections above or below the flange perforations where the flange slenderness was higher. 

3.9.4 Through-Web Corrosion 

Four columns with through-web voids and different configurations of deterioration 

otherwise were tested. All of the columns had axial loads between 160 kN and 178 kN which, on 

average, correspond to 18% of the capacity of the uncorroded control column. This significant 

reduction of the axial capacity was due to the severe loss of the cross-sectional area of the column 

which, at the most severely corroded locations was 78% to 90% loss of the cross-sectional area. 

The failure mode for the four columns was bending of the two flange ligaments adjacent to 

the web void. Absence of the supporting web caused the flange ligaments to bend about their 

weak axes in a beam buckling mode as opposed to the two-way bending that is associated with 

typical flange local buckling. 

3.10 Comparison with Existing Design Specifications 

Provisions of AISC (2010), AISI-EWM, and AISI-DSM (AISI, 2012) were used to predict 

the remaining axial capacity of the tested column. The calculated capacities of the corroded 

columns using these design approaches required several assumptions, some of which were 

inherent to the development of the design models and others which were implemented to 

represent as closely as possible the physical reality of the tested columns: 

 The columns were assumed to be prismatic with uniform section loss caused by corrosion 

along the entire length. This is an inherent assumption in all of the design models investigated 
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and represents the most significant deviation from the physical reality of columns with 

localized, severe corrosion. 

 The effective length factors, K, about the weak and strong axes for global buckling were 

assumed to be 1.0 and 0.8, respectively, based on the boundary conditions provided in the 

test. 

 For local buckling calculations the unloaded edges of the web and flanges were considered as 

fixed-fixed and fixed-free, respectively, and Loaded edges were assumed to be simply 

supported. Consequently, plate buckling coefficient for web and flanges were assumed to be 

kw=6.97 and kf =1.28, respectively. 

 To calculate the capacity of the columns with through-web voids only the global buckling of 

the two flange ligaments adjacent to the void with the length of L=51 mm was considered. 

The critical buckling stress was calculated for one single flange ligament, and then to obtain 

the nominal capacity, the critical stress multiplied by the cross-sectional area of the two 

flange ligaments. 

 Based on the experimental observation (see Figure 3.21), the effective length factor for one 

single flange ligament, K, about its weak and strong axes for global buckling were assumed to 

be 1.2 and 0.65, respectively. 

 

Figure 3.21- Strong and weak-axis effective legnth factor 

 The maximum slenderness ratio, (KL/r)max, for the columns with a through-web void 

calculated with L=51 mm. The cross-sectional properties for the columns with through-web 

Kweak-axis= 1.20 

Kstrong-axis= 0.65 

L=51mm 
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void, i.e., 75/60/V/S, 75/60/V/S/WR, 75/60/V/U, and 75/60/V/US/WR, were calculated for a 

single flange ligament. 

 The material properties obtained from stub column test were used for global and local 

buckling calculations. Poisson’s ratio of =0.3 was assumed for the calculations. 

3.10.1 AISC Method 

Calculations of axial capacity of the tested columns in accordance with AISC (2010) are 

summarized in Table 3.6. Measured-to-predicted axial capacity ratios with their mean values, 

standard deviations (STDV), and coefficients of variation (COV) are also presented in Table 3.6.  

A ratio of the nominal strength, Pn,c ratio, greater than 1.0 indicates that the prediction is 

conservative. 

Table 3.6- Prediction of the axial capacity of the tested columns using AISC 

Column 

Designation 

(KL/r)max Fe Qs Qa Q=QsQa Fcr Pn,c 
Test/AISC 

Capacity 

 (MPa)    (MPa) (kN)  

Phase I 

0/0 30.9 2154 1.00 1.00 1.00 365 955 1.00 

0/30 29.7 2329 1.00 1.00 1.00 365 868 1.03 

0/60 28.4 2550 1.00 1.00 1.00 366 801 0.989 

50/0 34.7 1704 1.00 1.00 1.00 364 567 0.918 

50/30 27.2 2784 1.00 1.00 1.00 366 535 1.08 

75/0 42.3 1150 0.531 1.00 0.531 194 205 1.99 

75/60 31.6 2062 0.814 1.00 0.814 297 245 1.27 

Phase II 

75/60/NV/US 32.8 1913 0.573 1.00 0.573 210 138 1.50 

75/60/NV/US/WR 44.0 1064 0.837 1.00 0.837 303 207 1.32 

75/60/V/S 85.7 280 N/Aa N/Aa N/Aa 213 111 1.56 

75/60/V/S/WR 84.0 292 N/Aa N/Aa N/Aa 217 60 2.68 

75/60/V/US 85.7 280 N/Aa N/Aa N/Aa 213 111 1.60 

75/60/V/US/WR 79.2 328 N/Aa N/Aa N/Aa 230 130 1.33 

       Mean 1.45 

       STDV 0.485 

       COV 0.335 
a flange and web slenderness ratios were not applicable to the columns with through-web void since 

only flexural buckling of a single flange ligament was considered 
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3.10.2 AISI-EWM 

Table 3.7 presents the local buckling stresses, Fcr, of the corroded web and flange elements 

calculated according to (AISI, 2012). 

Table 3.7- Effective Width of the Corroded Web and Flange 

Column Designation 

Effective Width of the Corroded Web 
Effective Width of the Corroded 

Flange 

k Fcr   he k Fcr   bfe 

 (MPa)   (mm)  (MPa)   (mm) 

Phase I 

0/0 6.97 13320 0.161 1.00 88.4 1.28 7181 0.219 1.00 106 

0/30 6.97 6716 0.233 1.00 88.0 1.28 6894 0.230 1.00 106 

0/60 6.97 2170 0.410 1.00 87.7 1.28 7058 0.228 1.00 106 

50/0 6.97 11492 0.178 1.00 89.6 1.28 1581 0.480 1.00 106 

50/30 6.97 6177 0.243 1.00 88.7 1.28 1921 0.436 1.00 106 

75/0 6.97 11487 0.177 1.00 89.3 1.28 328 1.05 0.752 79.7 

75/60 6.97 1608 0.476 1.00 89.3 1.28 644 0.753 0.940 99.7 

Phase II 

75/60/NV/US 6.97 1367 0.516 1.00 90.0 1.28 353 1.02 0.771 81.8 

75/60/NV/US/WR 6.97 1461 0.497 1.00 89.7 1.28 698 0.719 0.965 102 

75/60/V/S N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 

75/60/V/S/WR N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 

75/60/V/US N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 

75/60/V/US/WR N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 
a flange and web slenderness ratios were not applicable to the columns with through-web 

void since only flexural buckling of a single flange ligament was considered 

Table 3.8 summarizes the calculation of axial capacity of tested columns according to AISI-

EWM (AISI, 2012). The nominal axial stress, Pn,c, was obtained by multiplying the nominal 

stress, Fn, to the effective cross-sectional area, Ae. The effective cross-sectional area was 

calculated using the effective web and flange width as presented in Table 3.7. The critical 

buckling stress using AISI-EWM is much less sensitive to the element slenderness since this 

method introduces a reduction in the area of the section to account for the effect of local buckling 

on the loss of capacity. Measured-to-predicted axial capacity ratios with their mean values, 

standard deviations (STDV), and coefficients of variation (COV) are also presented in Table 3.8. 

A ratio of the nominal strength, Pn,c ratio, greater than 1.0 indicates that the prediction is 

conservative. 
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Table 3.8- Prediction of the axial capacity of the tested columns using AISI-EWM 

Column 

Designation 

Fe c Fn Ae Pn,c 
Test/EWM 

Capacity 

(MPa)  (MPa) (mm2) (kN)  

Phase I 

0/0 2154 0.414 343 2616 898 1.06 

0/30 2329 0.152 365 2375 868 1.03 

0/60 2550 0.145 366 2190 801 0.989 

50/0 1704 0.177 364 1557 567 0.918 

50/30 2784 0.139 366 1463 535 1.08 

75/0 1150 0.216 362 956 346 1.18 

75/60 2062 0.161 365 787 287 1.08 

Phase II 

75/60/NV/US 1913 0.167 365 559 204 1.25 

75/60/NV/US/WR 1064 0.224 361 673 243 1.28 

75/60/V/S 280 1.15 213 522 111 1.56 

75/60/V/S/WR 292 1.12 217 275 60 2.68 

75/60/V/US 280 1.15 213 524 111 1.60 

75/60/V/US/WR 328 1.06 230 564 130 1.33 

     Mean 1.31 

     STDV 0.443 

     COV 0.338 

3.10.3 AISI-DSM 

Table 3.9 summarizes the calculation of the axial capacity of the tested columns 

according to AISI-DSM, (AISI, 2012). The AISI-DSM includes predictions of the overall and 

local buckling capacities. Prediction of distortional buckling requires the use of finite strip 

method for prismatic members.  For the tested columns, which are non-prismatic, the 

experimental results and the results of finite element analysis (Shi et al., 2014) showed that 

distortional buckling mode was not a predominant failure mode. As such, calculation of the 

distortional buckling capacity was not considered in calculation of axial capacity of the corroded 

columns. Measured-to-predicted axial capacity ratios with their mean values, standard deviations 

(STDV), and coefficients of variation (COV) are also presented in Table 3.9. A ratio of the 

nominal strength, Pn,c ratio, greater than 1.0 indicates that the prediction is conservative. 
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Table 3.9- Prediction of the axial capacity of the tested columns using AISI-DSM 

Column 

Designation 

Overall Buckling Load Local Buckling Load 
Pn,c 

Test/DSM 

Capacity Py Pcre c Pne Pcrl l Pnl 

(kN) (kN)  (kN) (kN)  (kN) (kN)  

Phase I 

0/0 965 5636 0.414 898 18784 0.219 898 898 1.06 

0/30 876 5532 0.398 820 15952 0.227 820 820 1.09 

0/60 808 5583 0.380 760 4752 0.400 760 760 1.04 

50/0 575 2653 0.465 525 2462 0.462 525 525 0.992 

50/30 540 4073 0.364 511 2811 0.426 511 511 1.13 

75/0 391 1217 0.566 341 347 0.992 292 292 1.40 

75/60 303 1695 0.423 281 530 0.729 281 281 1.11 

Phase II 

75/60/NV/US 242 1257 0.439 224 232 0.981 192 192 1.32 

75/60/NV/US/WR 252 727 0.589 218 477 0.676 218 218 1.43 

75/60/V/S 193 146 1.148 111 N/Aa N/Aa N/Aa 111 1.56 

75/60/V/S/WR 101 80 1.125 60 N/Aa N/Aa N/Aa 60 2.68 

75/60/V/US 193 147 1.148 111 N/Aa N/Aa N/Aa 111 1.60 

75/60/V/US/WR 208 185 1.060 130 N/Aa N/Aa N/Aa 130 1.33 

        Mean 1.37 

        STDV 0.427 

        COV 0.313 
a flange and web slenderness ratios were not applicable to the columns with through-web void since only 

flexural buckling of a single flange ligament was considered 

3.10.4 Comparison 

Figure 3.22 shows the comparison of the tested-to-predicted axial capacity ratios. The 

predicted capacities were calculated in accordance with AISC, AISI-EWM, and AISI-DSM. The 

data points above the dashed line indicate conservative predictions. 

 

Figure 3.22- Comparison of the tested-to-predicted axial capacity ratio 
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As shown in Figure 3.22, for cases with less than 50% loss of the cross-sectional area the 

predicted capacities are relatively accurate using all three methods.  However, when the loss of 

the cross-sectional area is greater than 50%, the prediction by AISC becomes overly conservative 

compared to the predictions from the two AISI methods.  This is due to the fact that AISC does 

not account for post-buckling strength.  In addition, AISC model was developed based on results 

from compression members with only slightly slender elements. The other two models, AISC-

EWM and AISC-DSM, are applicable to thin-walled members with highly slender elements.  The 

AISI-EWM, while still being quite conservative, gives the most accurate prediction of the 

capacity among the other methods with a mean ratio of 1.31 and a coefficient of variation of 

0.338.  These results are consistent with the findings of others for prismatic members (Seif and 

Schafer, 2010). Some of the predictions are slightly un-conservative. This is attributed to the fact 

that the contribution of fillets at flange-web junction was not considered in calculation of the 

cross-sectional properties. 

3.11 Summary 

To investigate the effect of partial degradation on the remaining axial capacity of 

compression members, thirteen small-scale I-shaped columns with simulated corrosion were 

tested under axial compression. The columns included one uncorroded control column and twelve 

columns with simulated patterns of corrosion. The parameters of the study were the reduction of 

the thickness of flanges and webs, presence of through-web void, unsymmetric reduction of the 

flange thickness, and flange width reduction.  

Increasing the reduction of the flanges and web thicknesses led to decreasing of the axial 

capacity and change of failure mode from global buckling to flange and web local buckling. The 

results showed that flange corrosion played a predominant role in determining the capacity 

reduction for the geometries and corrosion patterns considered in this study. Reduction of the 

cross-sectional area demonstrates a linear relationship with reduction in the axial capacity with 
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R2=0.985. The most significant reduction of the axial capacity (83% reduction) was 

corresponding to the column with through-web void with 90% loss of the cross-sectional area. 

Unsymmetric degradation of the flange thicknesses and reduction of the flange width did not 

demonstrate any significant effect on the axial capacity or failure mode of the tested columns. 

The results were also used to direct the full-scale experimental program. 

Provisions of AISC (2010), AISI-EWM, and AISI-DSM (AISI, 2012) were used to predict 

the remaining axial capacity of the tested column, and the results compared with the experimental 

ones. Comparison showed that for the cases with less than 50% loss of the cross-sectional area 

the predicted capacities are relatively accurate using all three methods.  However, when the loss 

of the cross-sectional area is greater than 50%, the prediction by AISC becomes overly 

conservative compared to the predictions from the two AISI methods.  AISI-EWM provided the 

most accurate prediction, but still conservative among all with the mean value and C.O.V. of the 

measured-to-predicted capacity ratios of 1.31 and 0.338 respectively. 
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Chapter 4 Experimental Study of Full-Scale Piles with Simulated 

Corrosion 

4.1 Introduction 

To investigate the effect of corrosion on the remaining axial capacity of corroded steel 

bridge piles, seven full-scale H-piles were tested under axial compression. The piles included one 

uncorroded control pile and six piles that were machined to simulate different corrosion patterns. 

The parameters of the study were the degree of flange and web thickness loss, presence of 

through-web corrosion, and length of the corroded region. The results provided a basis of 

comparison for the second part of the study to investigate the effectiveness of the repair systems. 

This chapter describes the experimental program and provides comparison and discussion of the 

findings. 

4.2 Test Specimens 

Seven simply supported HP310×79 with the length of 4572 mm were tested under concentric 

compression such that the behavior of the test piles was representative of the expected behavior 

of existing piles. The length of the pile was calculated by adding the length of fixity to the 

maximum measured clear length of the piles observed in the field survey and multiplying by the 

appropriate effective length factor K.  The length of fixity is defined as the distance from the 

ground surface to the point below the ground surface where the pile is assumed to be fixed.  The 

clear length of the pile is defined as the distance from the ground surface to the bottom of the bent 

cap. The influence of the pile embedment in soil on the effective length of the pile for global 

buckling was studies by (Bethlehem Steel Corp.; Davisson and Robinson, 1965; Chen, 1997; 

Hughes et al., 2007; AASHTO, 2012).  The method proposed in the (AASHTO, 2012) was 

adopted to estimate the length of fixity assuming a soft clay soil type. One of the piles was tested 

as an uncorroded control pile. The other six piles were machined to represent different corrosion 

patterns. The corrosion patterns on the six piles were created by milling the thickness of the 
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flanges and the web to simulate the loss of thickness associated with corrosion. Figure 4.1 shows 

the machining of the piles using a computer numerically controlled (CNC) milling machine. 

 

Figure 4.1- Corrosion simulation using CNC milling machine 

In the field the corrosion is located closer to one of the points of inflection than the other. 

Consequently, the centroid of the corroded region was located at 1524mm from one end of the 

piles to represent the field experimentally. Besides, parametric studies of corroded columns 

showed that the location of the corroded region does not have a significant effect on the 

remaining axial capacity of the corroded columns (Shi et al., 2014). Figure 4.2 shows the 

schematic drawing of the corroded region. The nominal levels of reduction in the flange 

thicknesses were 0%, 40%, and 80%. The thicknesses of the webs were reduced by 20% and 60% 

distributed evenly between the two faces of the webs. As shown in Figure 4.2, one pile had a 51-

mm through-web void. The extent of the corroded region was 305 mm for five piles and 914mm 

for one pile. 

Milling Machine Milling 914 mm of Flange 

Milling 305 mm of Flange Milling 305 mm of Web 

(a) (b) 

(c) (d) 
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Figure 4.2- Schematic drawing of the location and geometry of the milled region 

Figure 4.3 shows the identifier used to designate the repaired piles. The first and second 

sections indicate the nominal reduction of the flange and web thicknesses, respectively, in 

percent. The thirde section indicates the presence of a through-web void (V) or that the  milled 

region is three times longer than the basic case(3).  Otherwise, the third section is omitted. 

 

Figure 4.3- Designation of the repaired piles 

Table 4.1 summarizes the measured flange and web thicknesses, tf,c and tw,c, respectively, in 

the milled regions of the piles. These thicknesses are the average of the measured values at 

several points using an ultrasonic thickness gauge. Table 4.1 also presents the calculated cross-

sectional area, As,c, and weak-axis moment of inertia, Iy,c, at the reduced sections. 

Lc 

4572 mm 

tw=11.0 mm tw,c 

bf=307mm 

tf=11.2 mm tf,c 

d=304mm 

(c) Flange View 

(b) Web View 

(d) Milled Web without Void 

(a) Milled Flange 

1524 mm 

Centroid of the Milled Region 

(e) Milled Web with Void 

 

51mm 

void 

_ _  /  _ _  /  _  Loss of Flange Thickness (%) 

Loss of Web Thickness (%) 

Presence of Web Void (V) or 

 914-mm (3-ft) Long Deterioration (3) 

 

 



70 

 

Table 4.1- Measured geometry and designations of the control H-piles at milled section 

Pile Designation 

tf,c tw,c As,c Iy,c 

(mm) (mm) (mm2) 
x106 

(mm4) 

0/0 11.6 11.0 10240 56.3 

0/20 11.7 9.5 9860 56.6 

40/20 7.3 7.8 6720 35.5 

40/60 6.1 4.1 4930 29.7 

80/60 2.6 4.8 2920 12.4 

80/60/V 2.9 4.9 1790 14.1 

80/60/3 3.6 4.5 3470 17.4 

4.3 Materials 

To evaluate the material properties of the steel piles, three coupons from the flanges and one 

coupon from the web were tested according to ASTM A370 (2013). Table 4.2 shows the tensile 

modulus, Es, yield stress, fsy, ultimate stress, fsu, and strain at ultimate stress, su, of the steel piles. 

The average, standard deviation, STDV, and coefficient of variation, C.O.V., of the measured 

values for the flange coupons are presented in Table 4.2 as well. Figure 4.4 shows stress-strain 

curves of the tested tensile coupons. 

Table 4.2- Measured properties of steel piles
 

Location of 

Coupons 

Tensile Modulus 

(Es) 

Yield Stress 

(fsy) 

Ultimate 

Stress 

(fsu) 

Strain at Ultimate 

Stress 

su 

(GPa) (MPa) (MPa) (mm/mm) 

Flange-1 198 357 454 0.173 

Flange-2 203 365 463 0.186 

Flange-3 187 357 462 0.164 

Flange (average) 196 360 459 0.174 

Flange (STDV) 6.83 3.45 4.04 0.00880 

Flange (C.O.V.) 0.0348 0.0959 0.00879 0.0505 

Web 221 418 491 0.0797 

nominal material properties of the steel pile: fsy=345 MPa, fsu=448 MPa, Es=200 GPa 
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Figure 4.4- Stress-strain curves of the tested coupons 

4.4 Test Setup  

Figure 4.5(a) shows the 2670-kN self-reacting test frame that was used for testing the full-

scale piles. Both ends of the piles were free to rotate about the weak axis and fixed about the 

strong axis as shown in Figure 4.5(b) and (c). The piles were loaded up to the peak load in 

horizontal configuration using a 69-MPa pump and 2670-kN jack at a rate of 89 kN/min (see 

Figure 4.5(d)). The axial load was measured by three 890-kN load cells installed in a triangular 

configuration located behind, and concentric with the jack as shown in Figure 4.5(d) and (e). The 

centroid of each pile was precisely aligned with centroid of test frame using a pair of laser levels 

to minimize the unintentional eccentricity as indicated in Figure 4.5(f). To maintain the piles in 

their vertical position, two horizontal rollers located underneath the piles close to both ends were 

supporting them during the test (see Figure 4.5(g)). 
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Figure 4.5- 2670-kN Self-reacting compressive test frame 

4.5 Instrumentations 

Figure 3.5(a) shows a schematic drawing of the instrumentation that was attached to the 

tested piles. The axial shortening of the piles was measured by taking the average of four linear 

string potentiometers mounted symmetrically between the two end plates as shown in Figure 

3.5(b). Full-field strain measurement over the top flange within the corroded region was achieved 

using a non-contact digital image correlation (DIC) known as ARAMIS. As shown in Figure 

3.5(c), the surface of the steel pile within the corroded region was painted with a black and white 

speckle pattern using a non-glossy spray paint to facilitate the use of the ARAMIS system. Facet 

size, facet step, and computational size of 25 pixels, 20 pixels, and 5 facets were selected 

respectively for post-processing of the DIC images. 
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Figure 4.6- Instrumentation of the full-scale compression test 

4.6 Test Results 

The following sections present the test observations and results for the tested piles. The 

deformed shape, strain contours in longitudinal direction, and axial load-shortening response are 

reported for each pile. 

4.6.1 Pile 0/0 (Uncorroded Control Pile) 

Figure 4.7 shows the axial load-shortening response of the pile with the measured peak load 

of 2771 kN.  The dotted line indicates the nominal axial capacity, Pn,u, of HP310×79 with the 

length of 4572 mm calculated in accordance with (AISC, 2010) using nominal material properties 
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and geometry. The measured capacity of the control pile is about 8% higher than the calculated 

nominal capacity due to having greater cross section and yield strength. 

 

Figure 4.7- Axial load-shortening response of the uncorroded control pile 

The uncorroded control pile, 0/0, was experienced one loading cycle up to 400 kN to seat the 

specimen. Then, it was loaded up the peak load monotonically. No visible signs of lateral 

deformation were observed during the test up to the peak load. After attaining the peak load the 

pile began to buckle gradually.  The test was terminated when the axial load dropped to 2504 kN 

while the pile exhibited visible lateral deformation as shown in Figure 3.7(a). Figure 3.7(b) shows 

the longitudinal strain contours at peak load, as measured by the ARAMIS DIC system on the top 

surface of the top flange of the pile.  The measured longitudinal strain contours indicate the 

formation of a strain gradient across the width of the flange which is consistent with the initiation 

of global buckling, although at this stage no sign of lateral deformation was observed visually. 

Strain contours at the ultimate loading stage clearly indicate decompression on one side of the 

flange corresponding to excessive lateral deformation of the pile.  
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Figure 4.8- Global deformation and strain countors of the uncorroded control pile 

4.6.2 Pile 0/20 

The axial load-shortening response of the pile is shown in Figure 3.8. The axial capacity of 

the tested pile, Pn,c, is about 5% higher than the nominal axial capacity, Pn,u. 

 

Figure 4.9- Axial load-shortening response of pile 0/20 
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The pile 0/20 was experienced one loading cycle up to 260 kN to seat the specimen. Then, it 

was loaded up the peak load monotonically. No visible signs of lateral deformation were 

observed during the test up to the peak load. After attaining the peak load the pile began to buckle 

gradually.  The test was terminated when the axial load dropped to 2385 kN due to excessive 

visible lateral deformation as shown in Figure 4.10(a). Longitudinal strain contours at peak load 

on the top surface within the top corroded flange, as shown in Figure 4.10(b), indicates initiation 

of global buckling, although at this stage no sign of lateral deformation was observed visually. 

Longitudinal strain contours at the ultimate loading stage indicate decompression on one side of 

the flange which was corresponding to excessive lateral deformation of the pile.  

 

Figure 4.10- Global deformation and strain countors of pile 0/20 

4.6.3 Pile 40/20 

The axial load-shortening response of the pile is shown in Figure 4.11. The axial capacity of 

the tested pile, Pn,c, is about 25% lower than the nominal axial capacity, Pn,u. 

Peak Ultimate 
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Figure 4.11- Axial load-shortening response of pile 40/20 

 

After applying one loading cycle up to 440 kN to seat the specimen, the pile 40/20 was 

loaded up the peak load monotonically. No visible signs any deformation was observed during 

the test up to the peak load. After attaining the peak load at 1935 kN, the load began to drop 

gradually. At the load level of 1837 kN, the axial load suddenly dropped to 351 kN due to flange 

local buckling followed by global lateral deformation of the pile. Figure 3.9(a) and (b) show the 

global deformation and flange local buckling of the tested pile, respectively. Longitudinal strain 

contours at peak load within the corroded flange, as shown in Figure 3.9(c), indicates initiation of 

flange local buckling at the spots with strain concentration, although at this stage no sign of 

deformation was observed. Strain contours at the ultimate loading stage indicate strain relief on 

edge of the corroded flange where the local buckling happened.  
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Figure 4.12- Global deformation, local deformation, and strain countors of pile 40/20 

4.6.4 Pile 40/60 

The axial load-shortening response of the pile is shown in Figure 4.13. The axial capacity of 

the tested pile, Pn,c, is about 42% lower than the nominal axial capacity, Pn,u. 

 

Figure 4.13- Axial load-shortening response of pile 40/60 

(a) 

(b) 

(c) 

Peak 

Ultimate 

0

500

1000

1500

2000

2500

3000

3500

0 5 10 15 20 25 30

A
p

p
li

ed
 L

o
ad

 (
k

N
)

Axial Shortening (mm)

Pn,u 

40/60 

0/0 

Peak Load: 1481 kN 

Failure Mode: Flange Local Buckling/Web Local Buckling 



79 

 

After applying one loading cycle up to 220 kN to seat the specimen, the pile 40/60 was 

loaded up to the peak load monotonically. No visible signs any deformation was observed during 

the test up to the peak load. After attaining the peak load at 1481 kN, the load began to decrease 

gradually. At the load level of 1455 kN, the axial load suddenly dropped to 810 kN due to flange 

and web local buckling followed by global lateral deformation. Figure 3.10(a) and (b) show the 

global deformation and flange and web local buckling of the tested pile, respectively. 

Longitudinal strain contours at peak load within the corroded flange, as shown in Figure 3.10(c), 

indicate initiation of flange local buckling at the spots with strain concentration, although at this 

stage no sign of deformation was observed. Strain contours at the ultimate loading stage indicate 

strain relief on edge of the corroded flange where the local buckling happened.  

 

Figure 4.14- Global deformation, local deformation, and strain countors of pile 40/60 

4.6.5 Pile 80/60 

The axial load-shortening response of the pile is shown in Figure 4.15. The axial capacity of 

the tested pile, Pn,c, is about 68% lower than the nominal axial capacity, Pn,u. 
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Figure 4.15- Axial load-shortening response of pile 80/60 

 

The pile 80/60 was experienced one loading cycle up to 200 kN to seat the specimen. Then, 

it was loaded up the peak load monotonically. No visible signs any deformation was observed 

during the test up to the peak load. After attaining the peak load at 810 kN, the load began to drop 

gradually. At the load level of 731 kN, the axial load suddenly dropped to 454 kN due to flange 

and web local buckling followed by global deformation. Figure 3.12(a) and (b) show the global 

deformation and flange and web local buckling of the tested pile, respectively. Longitudinal strain 

contours at peak load within the corroded flange, as shown in Figure 3.12(c), indicate initiation of 

flange local buckling at the spots with strain concentration, although at this stage no sign of 

deformation was observed. Strain contours at the ultimate loading stage indicate strain relief on 

edge of the corroded flange where the local buckling happened.  
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Figure 4.16- Global deformation, local deformation, and strain countors of pile 80/60 

4.6.6 Pile 80/60/V 

The axial load-shortening response of the pile is shown in Figure 4.17. The axial capacity of 

the tested pile, Pn,c, is about 78% lower than the nominal axial capacity, Pn,u. 

 

Figure 4.17- Axial load-shortening response of pile 80/60/V 
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After applying one loading cycle up to 110 kN to seat the specimen, the pile 80/60/V was 

loaded up to the peak load monotonically. No visible signs any deformation was observed during 

the test up to the peak load. After attaining the peak load at 552 kN, the load began to drop 

gradually to 233 kN where the test was terminated due to excessive axial deformation (about 10 

mm).  Figure 3.11(a) and (b) show the global deformation and flange localized bending of the 

tested pile, respectively. Longitudinal strain contours at peak load within the corroded flange, as 

shown in Figure 3.11(c), indicate initiation of flange localized bending at the spots with strain 

concentration, although at this stage no sign of deformation was observed. Strain contours at the 

ultimate loading stage indicate strain relief on edge of the corroded flange where the localized 

bending happened.  

 

Figure 4.18- Global deformation, local deformation, and strain countors of pile 80/60/V 

4.6.7 Pile 80/60/3 

The axial load-shortening response of the pile is shown in Figure 4.19. The axial capacity of 

the tested pile, Pn,c, is about 72% lower than the nominal axial capacity, Pn,u. 
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Figure 4.19- Axial load-shortening response of pile 80/60/3 

 

The pile 80/60/3 was loaded up to the peak load monotonically. No visible signs any 

deformation was observed during the test up to the peak load. After attaining the peak load at 707 

kN, the load began to drop gradually 585 kN where the test was terminated. The pile failed by 

flange and web local buckling followed by global deformation. Figure 3.13(a) and (b) show the 

global deformation and flange and web local buckling of the tested pile, respectively. 

Longitudinal strain contours at peak load within the corroded flange, as shown in Figure 3.13(c), 

indicate initiation of flange local buckling at the spots with strain concentration, although at this 

stage no sign of deformation was observed. Strain contours at the ultimate loading stage indicate 

strain relief on edge of the corroded flange where the local buckling happened.  
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Figure 4.20- Global deformation, local deformation, and strain countors of pile 80/60/3 

 

4.7 Discussion of the results 

Table 4.3 summarizes the measured peak load and failure mode of the tested piles. It also 

shows the normalized peak load and cross-sectional area of each pile with respect to the peak load 

and cross-sectional area of the control pile. The effect of deterioration on the failure mode and 

axial capacity of the tested full-scale piles are discussed in the following sections. 
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Table 4.3-Degradation of the specifications of the tested piles due to corrosion 

Pile 

Designation 

Peak Load 

Corroded/ 

Control 

Peak Load 

Corroded/ 

Control 

Cross-

Sectional 

Area 

Failure Mode 

(kN)    

0/0 2771 1.00 1.00 Global buckling 

0/20 2687 0.970 0.959 Global buckling 

40/20 1935 0.699 0.673 Flange local buckling 

40/60 1481 0.534 0.494 Flange and web local buckling 

80/60 810 0.293 0.292 Flange and web local buckling 

80/60/V 552 0.199 0.180 Flange local bending 

80/60/3 707 0.255 0.348 Flange and web local buckling 

4.7.1 Failure Mode 

As the level of deterioration increased, and the cross sectional element, i.e., flanges and web, 

became more slender, the failure mode switched from Global buckling to flange and web local 

buckling. The uncorroded control pile and the pile 0/20 failed by global buckling. However, the 

dominant failure mode for all the other piles with deteriorated flanges was flange local buckling. 

In the case of severe corrosion with a through-web void, the dominant failure mode was 

localized flange bending. In the absence of the support provided by the web the two ligaments of 

the flanges that were adjacent to the void demonstrated one-way bending, as opposed to two-way 

plate buckling. This change in the failure mode should be considered when provisions of existing 

design specifications are used to predict the axial capacity of the deteriorated piles. 

Extending the length of the corroded region resulted in a higher mode of flange local 

buckling. Comparing piles 80/60 to 80/60/3 shows that when the length of the corroded region 

was extended from 315 mm to 914 mm, the failure mode shifted from first-mode flange local 

buckling (with the flange deforming into a single half-sine wave) to third-mode flange local 

buckling (with the flange deforming into three half-sine waves).  
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4.7.2 Axial Capacity 

Figure 3.20 shows the correlation between the normalized peak load and cross-sectional area 

with respect to the peak load and cross-sectional area of the control pile. Reduction of the cross-

sectional area demonstrates a linear relationship with reduction in the axial capacity with 

R2=0.983. This relationship is similar to the one observed in testing small-scale columns. 

 

Figure 4.21- Correlation between the loss of axial capacity and loss of cross section 

As presented in Table 4.3, axial capacity reduces by increasing the level of deterioration. 

However, the effect of reduction of the flange thickness is more significant than reduction of the 

web thickness since the flanges have more contribution in weak-axis moment of inertia and 

global slenderness. Comparing the axial capacity of piles 40/20 to 40/60 shows that adding 40% 

loss of the web thickness led to 23% reduction in the axial capacity. On the other hand, 

comparing 40/60 to 80/60, revealed adding 40% loss of the flange thickness resulted in 45% loss 

of axial capacity. The same conclusion can be drawn by comparing 0/0 to 0/20 and 0/20 to 40/20. 

Extending the length of the corroded region increased the flange aspect ratio. This, in turn, 

led to reduction of the flange buckling coefficient and critical flange buckling load. 
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Consequently, the axial capacity of pile 80/60/3 reduced more than 80/60, although, the measured 

loss of the cross-sectional area of pile 80/60/3 is less than pile 80/60. 

4.8 Comparison with Existing Design Specifications 

The provisions of existing design specifications were used to predict the remaining axial 

capacity of the tested piles. Provisions of the AISC (2010) and AISI-EWM, and AISI-DSM 

(AISI, 2012), were used for predictions. The provisions of these specifications are presented in 

appendix 1 in detail. To facilitate the implementation of these design approaches to piles with 

localized severe corrosion, the following assumptions were made: 

 The piles were assumed to be prismatic with uniform section loss caused by corrosion along 

the entire length. 

 To be consistent with the boundary conditions imposed by the test setup, the effective length 

factor, K, about the weak and strong axes for global buckling were assumed to be 1.0 and 

0.65, respectively. 

 For local buckling calculations, the unloaded edges of flanges were considered as fixed-free, 

and loaded edges were assumed to be simply supported. Consequently, the plate buckling 

coefficient for flanges were assumed to be kf =1.28. 

 For local buckling calculations, the unloaded edges of the web were considered as fixed-

fixed, and loaded edges were assumed to be simply supported. As a result the plate buckling 

coefficient for web was assumed to be kw= 6.97. 

 To calculate the capacity of the pile 80/60/V only the global buckling of the two flange 

ligaments adjacent to the void with the length of L=51 mm was considered. The critical 

buckling stress was calculated for one single flange ligament, and then to obtain the nominal 

capacity, the critical stress multiplied by the cross-sectional area of the two flange ligaments. 
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 Based on the experimental observation (see Figure 3.21), the effective length factor for one 

single flange ligament, K, about its weak and strong axes for global buckling were assumed to 

be 1.2 and 0.65, respectively. 

 

Figure 4.22- Strong and weak-axis effective legnth factor 

 Measured flange and web material properties were used to calculate the critical local buckling 

stresses. However, for global buckling the measured flange material properties was used 

since the flanges play a predominant role in the global buckling capacity. 

 Table 4.4 summarizes the cross-sectional properties of the tested piles at the corroded section. 

Note that the contribution of fillets at flange-web junction did not considered in calculation of 

the cross-sectional properties. The maximum slenderness ratio, (KL/r)max, for the pile with a 

through-web void calculated with L=51 mm. The cross-sectional properties for pile 80/60/V 

were calculated for a single flange ligament. 

Table 4.4- Cross-sectional properties of the tested piles 

Pile 

Designation 

As,c Ix,c Iy,c rx,c ry,c (KL/r)max bf/2tf h/tw 
(mm2) x106(mm4) (mm) 

0/0 9980 316 54.2 178 73.7 62.0 13.2 25.5 

0/20 9570 313 54.2 181 75.3 60.7 13.2 29.5 

40/20 6720 203 35.5 174 72.7 62.8 20.9 36.0 

40/60 4930 164 29.7 182 77.7 58.9 25.0 68.9 

80/60 2910 72.3 12.4 158 65.2 70.1 60.1 59.3 

80/60/Va 896 7.05 0.000634 88.7 0.841 72.5 N/Ab N/Ab 

80/60/3 3470 98.1 17.4 168 70.8 64.6 42.8 62.9 
a Geometric properties are reported for a single flange only 
b Flange and web slenderness ratios were not applicable to the pile with through-web void 

since only flexural buckling of a single flange ligament was considered 

As,c: cross-sectional area at corroded section 

Ix,c and Iy,c: strong and weak-axis moments of inertia, respectively 

rx,c and ry,c: strong and weak-axis radii of gyration, respectively 

(KL/r)max: maximum global slenderness ratio of the pile 

(bf/2tf) and (h/tw): flange and web slenderness ratios, respectively 

Kweak-axis= 1.20 Kstrong-axis= 0.65 

L=51mm 
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4.8.1 AISC Method 

Calculations of axial capacity of the tested columns in accordance with AISC (2010) are 

summarized in Table 4.5. Measured-to-predicted axial capacity ratios with their mean values, 

standard deviations (STDV), and coefficients of variation (COV) are also presented in Table 4.5.  

A ratio of the nominal strength, Pn,c ratio, greater than 1.0 indicates that the prediction is 

conservative. 

Table 4.5- Prediction of the axial capacity of the tested piles using AISC 

Pile Designation 
Fe Qs Qa Q=QsQa Fcr Pn,c 

Test/AISC 

Capacity 

(MPa)    (MPa) (kN)  

0/0 503 0.996 1.00 0.980 263 2630 1.06 

0/20 525 0.998 1.00 0.980 266 2550 1.06 

40/20 490 0.751 1.00 0.751 215 1441 1.34 

40/60 558 0.600 0.680 0.408 132 648 2.29 

80/60 394 0.104 0.806 0.0839 29.3 85.2 9.52 

80/60/V 369 N/Aa N/Aa N/Aa 239 429 1.29 

80/60/3 464 0.205 0.751 0.154 52.8 183 3.86 

      Mean 2.92 

      STDV 2.85 

      COV 0.978 
a flange and web slenderness ratios were not applicable to the pile with through-web void since 

only flexural buckling of a single flange ligament was considered 

4.8.2 AISI-EWM 

Table 4.6 presents the local buckling stresses, Fcr, of the corroded web and flange elements 

calculated according to (AISI, 2012). 

Table 4.6- Effective Width of the Corroded Web and Flange 

Pile 

Designation 

Effective Width of the Corroded Web Effective Width of the Corroded Flange 

k Fcr   he k Fcr   bfe 

 (MPa)   (mm)  (MPa)   (mm) 

0/0 6.97 2120 0.355 1.00 282 1.28 1202 0.471 1.00 307 

0/20 6.97 1590 0.412 1.00 282 1.28 1202 0.474 1.00 307 

40/20 6.97 1080 0.496 1.00 282 1.28 516 0.716 0.967 297 

40/60 6.97 294 0.967 0.799 225 1.28 361 0.872 0.857 263 

80/60 6.97 398 0.786 0.916 258 1.28 62.7 1.98 0.449 138 

80/60/V N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 

80/60/3 6.97 353 0.858 0.866 244 1.28 124 1.45 0.585 180 
a flange and web slenderness ratios were not applicable to the pile with through-web void since only 

flexural buckling of a single flange ligament was considered 
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Table 4.7 summarizes the calculation of axial capacity of tested columns according to AISI-

EWM (AISI, 2010). The nominal axial stress, Pn,c, was obtained by multiplying the nominal 

stress, Fn, to the effective cross-sectional area, Ae. The effective cross-sectional area was 

calculated using the effective web and flange width as presented in Table 4.7. The critical 

buckling stress using AISI-EWM is much less sensitive to the element slenderness since this 

method introduces a reduction in the area of the section to account for the effect of local buckling 

on the loss of capacity. Measured-to-predicted axial capacity ratios with their mean values, 

standard deviations (STDV), and coefficients of variation (COV) are also presented in Table 4.7. 

A ratio of the nominal strength, Pn,c ratio, greater than 1.0 indicates that the prediction is 

conservative. 

Table 4.7- Prediction of the axial capacity of the tested piles using AISI-EWM 

Pile 

Designation 

Fe c Fn Ae Pn,c 
Test/EWM 

Capacity 

(MPa)  (MPa) (mm2) (kN)  

0/0 503 0.846 267 9980 2660 1.04 

0/20 525 0.828 270 9570 2580 1.04 

40/20 490 0.857 265 6570 1740 1.11 

40/60 558 0.803 275 4160 1140 1.30 

80/60 394 0.956 245 1930 475 1.71 

80/60/V 369 0.988 239 1790 429 1.29 

80/60/3 464 0.881 260 2390 621 1.14 

     Mean 1.23 

     STDV 0.217 

     COV 0.176 

4.8.3 AISI-DSM 

Table 4.8 summarizes the calculation of the axial capacity of the tested piles according to 

AISI-DSM (AISI, 2012). The AISI-DSM includes predictions of the overall and local buckling 

capacities. The experimental results presented previously and a rigorous finite element analysis 

(Shi et al., 2015) showed that distortional buckling did not occur for the section shapes and 

member geometries that were considered in this study. As such, calculation of the distortional 

buckling capacity did not considered in calculation of axial capacity of the corroded piles. 

Measured-to-predicted axial capacity ratios with their mean value, standard deviation (STDV), 
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and coefficient of variation (COV) are also presented in Table 4.8. A ratio greater than 1.0 

indicates that the prediction is conservative.  

Table 4.8- Prediction of the axial capacity of the tested piles using AISI-DSM 

Pile 

Designation 

Overall Buckling Load Local Buckling Load 
Pn,c 

Test/DSM 

Capacity Py Pcre c Pne Pcrl l Pnl 

(kN) (kN)  (kN) (kN)  (kN) (kN)  

0/0 3590 5020 0.846 2660 11990 0.471 2660 2660 1.04 

0/20 3440 5020 0.828 2580 11500 0.474 2580 2580 1.04 

40/20 2420 3290 0.857 1780 3470 0.716 1780 1780 1.09 

40/60 1770 2750 0.803 1350 1450 0.967 1180 1180 1.26 

80/60 1050 1150 0.956 715 183 1.98 378 378 2.14 

80/60/V 645 660. 0.988 429 N/Aa N/Aa N/Aa 429 1.29 

80/60/3 1250 1610 0.881 903 429. 1.45 596 596 1.19 

        Mean 1.29 

        STDV 0.360 

        COV 0.278 
a flange and web slenderness ratios were not applicable to the pile with through-web void since 

only flexural buckling of a single flange ligament was considered 

4.8.4 Comparison of Design Equations 

Figure 4.23 compares the axial capacity ratios for the AISC, AISI-EWM, and AISI-DSM 

design approaches. 

 

Figure 4.23- Comparison of the tested-to-predicted axial capacity ratio 
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As shown in Figure 4.23, for cases with less than 50% loss of the cross-sectional area, i.e., 

0/20 and 40/20 the predicted capacities are up to 1.3 times the measured capacity using all three 

methods.  However, when the cross-sectional loss is above 50%, the prediction by AISC becomes 

highly conservative (up to 9.5 times of the measured value). For pile 80/60 and 80/60/3, the 

capacities predicted by the AISC method were 3.75 and 9.22 times the measured capacities, 

respectively.  The other two models, AISC-EWM, and AISC-DSM, are explicitly developed for 

thin-walled members.  The AISI-EWM, while still being quite conservative, gives the most 

accurate prediction of the capacity among the methods evaluated with a mean ratio of 1.20 and a 

coefficient of variation of 0.18.  These results are consistent with the findings of others for 

prismatic members (Seif and Schafer, 2010).  The predicted capacities of pile 80/60/V are 

identical using the three methods since only global buckling of the two flange ligaments was 

considered in the calculation and all three models use the same approach to predict global 

buckling capacities. 

4.9 Summary 

To investigate the effect of corrosion on the remaining axial capacity of corroded steel 

bridge piles, seven full-scale H-piles were tested under axial compression. The piles included one 

uncorroded control pile and six piles that were machined to simulate different corrosion patterns. 

The parameters of the study were the degree of flange and web thickness loss, presence of 

through-web corrosion, and length of the corroded region. 

Increasing the reduction of the flanges and web thicknesses led to decreasing of the axial 

capacity and change of failure mode from global buckling to flange and web local buckling. 

Reduction of the cross-sectional area demonstrates a linear relationship with reduction in the axial 

capacity with R2=0.983. The most significant reduction of the axial capacity (80% reduction) was 

corresponding to the column with through-web void with 83% loss of the cross-sectional area. 
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The results provided a basis of comparison for the second part of the study to investigate the 

effectiveness of the repair systems.  

Provisions of AISC (2010), AISI-EWM, and AISI-DSM (AISI, 2012) were used to predict 

the remaining axial capacity of the tested column, and the results compared with the experimental 

ones. Comparison showed that for the cases with less than 50% loss of the cross-sectional area 

the predicted capacities are relatively accurate using all three methods.  However, when the loss 

of the cross-sectional area is greater than 50%, the prediction by AISC becomes overly 

conservative compared to the predictions from the two AISI methods.  AISI-EWM provided the 

most accurate prediction, but still conservative among all with the mean value and C.O.V. of the 

measured-to-predicted capacity ratios of 1.23 and 0.176 respectively. This conclusion is similar to 

the one from small-scale test. 
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Chapter 5 Experimental Study of Full-Scale Repaired Piles 

5.1 Introduction 

To investigate the effectiveness of FRP-based repair systems to retrofit corroded steel bridge 

piles, fourteen full-scale piles with representative corrosion patterns were tested under axial 

compression. Two different FRP jacket systems were considered in the study. The results of the 

previously tested corroded, un-repaired piles provided a basis for comparison of the results. The 

tested, repaired piles had the same corrosion patterns as the corroded control piles. The results of 

the repaired piles are compared with those of their un-repaired counterparts to investigate the 

effectiveness of the repair system to restore the axial capacity. 

5.2 Proposed Approach for Design of Grouted FRP Jacket Repair Systems 

The objective of retrofitting corroded piles is to restore their degraded capacity, Pn,c, to the 

capacity in the un-corroded condition, Pn,u. The FRP-confined grout system has two functions; (1) 

stabilizing slender cross-sectional elements and (2) directly resisting a portion of the applied load. 

The design approach is illustrated schematically in Figure 5.1 for a corroded HP310×79 pile with 

a 60% reduction of the web thickness. The axial capacity of the corroded pile with different 

degrees of reduction of the flange thickness was calculated using the AISI Effective Width 

Method (AISI-EWM) and is shown by the solid diagonal line in Figure 5.1. The solid horizontal 

line indicates the nominal capacity of the un-corroded pile. This is the retrofitting target. The 

dotted diagonal line shows the yield capacity of corroded section, Py,c, if local buckling and 

global buckling are prevented. Regions  and  in Figure 5.1  indicate the increase of the 

nominal axial capacity of the corroded pile that can be achieved by preventing local buckling of 

the slender flanges and web. To fully realize this level of capacity increase, global buckling of the 

pile must be prevented as well.  Region  in the figure indicates that for piles with 60% 

reduction of the web thickness and less than 20% reduction of the flange thickness, restraining 
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local and global buckling of the pile is sufficient to restore the capacity to the retrofitting target 

(the nominal strength of the un-corroded pile).  Region  indicates that for piles with more than 

20% corrosion of the flanges the yield capacity of the corroded section is inadequate to reach the 

retrofitting target.  For these piles, load must be transferred out of the pile and into the repair 

system above the corroded region and reintroduced into the pile below the corroded region.  This 

may be achieved by the bond between the grout and the steel, by friction, or by mechanical 

anchorage.  

 

Figure 5.1- Design approach to repair corroded HP310×79 with 60% loss of web thickness 

According to Figure 5.1, as the level of deterioration increases, the repair system is required 

to carry a greater portion of the axial load transferred from the steel pile. This is due to the fact 

that the yield capacity of the corroded section is not adequate to compensate the loss of axial 

capacity. The various components of the grouted FRP jacket repair system are designed to 

achieve these required functions based on the extent and degree of the corrosion as described in 

the following sections.  
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5.2.1 FRP-Confined Grout Repair System 

Three classes of repair system are defined, namely minor, moderate, and major. Figure 5.2 

illustrates the key components of the three classes of repair. The repair system consists of an FRP 

jacket, expansive grout, longitudinal steel reinforcing bars, and headed stud anchors. In the minor 

repair configuration, local buckling of the slender flanges and web is restrained by the expansive 

grout. The FRP jacket provides confinement, restrains the dilation of the grout core and prevents 

separation of the grout core from the steel pile. Minor loss of the weak-axis bending stiffness of 

the corroded pile is assumed to be compensated by the additional bending stiffness provided by 

the grout and FRP jacket. As the degree of corrosion increases, localized deterioration and 

cracking may compromise the integrity of the grout core.  Consequently, in the moderate repair 

configuration, longitudinal steel reinforcing bars are embedded in the grout as shown in Figure 

5.2(b) to reinforce the grout and restore the weak-axis moment of inertia of the corroded section 

of the pile. In this case, the more substantial loss of the cross-section of the pile could decrease 

the yield capacity of the section such that it is no longer sufficient to transmit the required load. In 

this case, simply stabilizing the slender elements and delaying global buckling is insufficient to 

restore the capacity. Rather, a fraction of the applied load must be transferred from the steel pile 

to the repair system. In the moderate repair configuration the bond at the steel-grout interface is 

assumed to be adequate to transmit this additional load. In cases of severe corrosion, the amount 

of the load that must be transferred to the repair system may exceed the bond strength of the steel-

grout interface. As illustrated in Figure 5.2(c), headed-stud anchors attached to the web are 

engaged to provide mechanical anchorage and transfer the excess load in these cases. The anchors 

are installed in the load introduction regions above and below the corroded region.  
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Figure 5.2- Classification of the repair systems 

5.2.2 Failure Modes 

Considering the FRP-confined grout system described above and using the design approach 

explained earlier, six possible strength-based failure modes for the repaired piles are considered. 

 Yielding of the Steel Pile at the Un-Corroded Section 

The nominal axial capacity of un-corroded pile, Pn,u, is limited to yield capacity of the 

uncorroded section, Py,u. The pile can attain Py,u if global buckling of the pile is restrained. 

 Yielding of the Steel Pile at the Corroded Section 

By restraining the corroded region, the corroded section is able to attain its yield capacity. If 

the yield capacity of the corroded section, Py,c, is less than the nominal axial capacity of un-

corroded pile, Pn,u, the load must be transferred to the repair system through bond at the steel-

grout interface or through mechanical anchorage. 
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 Debonding at the Steel-Grout Interface 

The excess load that must be transmitted from the pile to the repair system can be 

transmitted across the steel-grout interface by bond or mechanical anchorage. If the amount of the 

axial load transferred from the pile to the grout exceeds the bond strength of the interface 

debonding may occur. In this case, mechanical anchors can be designed to transmit the excess 

load across the interface. 

 Crushing of the Grout 

The crushing capacity of the grout cylinder should be sufficient to resist the additional force 

that must be transmitted by the repair system. 

 Rupture of the FRP Jacket 

Lateral dilation of the grout core induces hoop stress in the FRP jacket due to confinement. 

If this hoop stress exceeds the strength of the FRP material rupture of the jacket may occur. 

 Global Buckling of the Pile 

The repaired system is designed to restore the capacity of the repaired pile to the nominal 

capacity of the uncorroded pile (retrofitting target). Consequently, the global buckling capacity of 

the repaired pile should be at least equal to that of the uncorroded pile. 

5.2.3 Design Considerations 

The objective of designing the repair system is to restore the axial capacity of corroded piles, 

Pn,c, to the axial capacity of the un-corroded pile, Pn,u. The amount of the load that must be 

restored, Pf, is defined as 

cnunf PPP ,,  . (5-1) 

Therefore, each of the components of the system must be designed to ensure that the repair 

system can transmit this additional load as described in the following sections. 
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5.2.3.1 FRP Jacket 

The FRP jackets in the repair system primarily serve three functions: (i) act as a stay-in-

place form to simplify casting of the grout core, (ii) provide confinement to prevent premature 

splitting of the grout core, and (iii) prevent moisture ingress which could lead to further damage 

in the repaired region. Two commercially-available FRP-based repair systems, referred to as F1 

and F2, were used in this study. The number of layers, diameter, and length of the FRP jackets 

were determined based on the following considerations. 

 Number of Layers and Diameter of the Jacket 

Figure 5.3 shows the configuration of the F1 and F2 FRP jackets. As shown in Figure 5.3(a), 

the F1 jacket consisted of a 2-ply prefabricated flexible CFRP laminate with an un-balanced 

bidirectional fiber lay-up. The primary direction of the fibers was oriented in hoop direction of 

the jacket. The pre-cut laminate was wrapped around the pile in a continuous spiral and bonded to 

itself using an underwater adhesive to form a continuous thin-walled cylinder. The F2 jacket 

consisted of 2 FRP laminates as illustrated in Figure 5.3(b). The interior laminate was a uni-

directional, prefabricated GFRP laminate with the fibers oriented in the hoop direction.  It was 

fabricated as an open cylinder that was wrapped around the pile and fastened by applying an 

adhesive to the overlap region and fastening the overlap with self-tapping screws.  The exterior 

laminate was a one-ply, unidirectional CFRP laminate that was installed by hand using a wet lay-

up technique and an under-water curing resin.  

 

Figure 5.3- F1 and F2 jacket configurations 
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The minimum diameter of the FRP jacket is governed by the diagonal dimension of the 

cross-section of the pile. The confinement pressure, fl, provided by an FRP jacket with a diameter 

of D is given by (ACI440.2R, 2008) 
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, (5-2) 

where tfi is the thickness and Efi is the tensile modulus of the ith FRP layer, fe,min is the minimum 

effective rupture strain at failure of all of the FRP layers, and n is the total number of FRP layers.  

For FRP laminates that are wrapped into a circular cylinder, the effective rupture strain can be 

taken as 55% of the ultimate strain of a flat laminate, fu (ACI440.2R, 2008).  Therefore, the 

confinement pressure can be written as 
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where fu,min is the minimum rupture strain of all of the FRP layers.  For confining circular 

concrete columns, ACI committee 440 recommends a minimum confinement ratio, fl/fc’ of 0.08 

(where fc’ is the 28-day strength of the unconfined concrete) to ensure that the confined concrete 

exhibits a hardening behavior (ACI440.2R, 2008). 

 Length of the Jacket 

In the case of minor repairs, grouted FRP jacket should completely encase the corroded 

region of the pile to restrain the slender flanges and web and to prevent local buckling. While in 

theory, little to no overlap onto the un-corroded portion of the pile should be necessary, for 

practical purposes an extension of 457 mm from each end of the corroded region is recommended 

to provide a moderate degree of anchorage and stress transfer in the load introduction region. In 

the case of moderate repairs, the additional force, Pf, must be transferred from the steel pile to the 

repair system through bond at the steel-grout interface.  This load transfer is provided in two load 
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introduction regions with the length of Ld, one above and one below the corroded region as 

illustrated in Figure 5.4. So, the total length of the FRP jacket, LFRP, is 

dcFRP LLL 2 , (5-4) 

where Lc is the length of the corroded region. 

 

Figure 5.4- Length of the FRP jacket 

Assuming a uniform distribution of shear stress at the steel-grout interface along the entire 

load introduction region, the length of the load introduction region, Ld can be calculated as 
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where Pf is the force that must be transferred from the pile to the repair system, max, is maximum 

average shear stress that can be developed along the steel-grout interface, and Lp is the perimeter 

length of the cross section of the steel pile.  Figure 5.5 shows two bond-slip relationships for steel 

sections embedded in confined expansive concrete. The bond-slip relationships proposed by 

Frauenberger et al. (2003) and Liu et al. (2005) result in maximum bond strengths, of 3.38 and 

3.59 MPa, respectively. For the purpose of preliminary design the maximum average shear stress 

that can be developed along the steel-grout interface, max, was taken as 2.07MPa. 
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Figure 5.5- Bond-slip relationships for steel sections embedded in confined expansive 

concrete 

5.2.3.2 Grout 

The function of the grout in the system is to (i) restrain local buckling of the corroded 

flanges and web, and (ii) carry part of the axial load which transferred from the pile to the repair 

system through the load introduction region. The axial capacity of the grout core, Pg, can be 

calculated as 

ggg AfP '85.0 , (5-6) 

where Ag is the cross-sectional area of the grout core and fg
’ is the ultimate compressive strength 

of the unconfined grout.  This capacity should exceed the force, Pf, which is required to be 

transferred to the repair system.  Even for a moderate strength grout (25 MPa), the axial capacity 

of the grout core considering the dimensions of the piles tested in this study is 3115 kN.  This is 

1.1 times greater than the capacity of the undamaged control pile which suggests that crushing of 

the grout core will not be a predominant failure mode. 
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provisions for steel headed stud anchors in composite components (AISC, 2011) to transfer the 

load Pf from the steel pile to the repair system as 

saunv AFQ  , (5-7) 

where Qnv is the nominal shear strength of a single stud anchor, Fu is the specified tensile strength 

of the anchor, and Asa is the cross-sectional area of the steel headed stud anchor. For a threaded 

anchor rod the cross-sectional area can be calculated as (ACI318, 2014) 

2

4747.2

4 
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n
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, (5-8) 

where nt is the number of threads per centimeter, and da is the major diameter of the threaded 

anchor rod. In addition, the detailing requirement for normal weight concrete should comply with 

the following 

aa dh 5 , (5-9) 

14 sda  , and (5-10) 

ads 322  , (5-11) 

where ha is steel headed stud anchor shank length to the top of the stud head, s1 and s2 are the 

center-to-center spacing of steel headed stud anchors in longitudinal and transverse directions 

respectively (as shown in Figure 5.6). Also steel anchors should have at least 25 mm of lateral 

clear grout cover. 

 

Figure 5.6- Headed-stud anchor configuration 

Corroded Region 
FRP Jacket 

Anchors 

ha 

da 

s
 

s
 



104 

 

5.2.3.4 Longitudinal Reinforcing Bars 

Corrosion reduces the weak-axis bending stiffness of the pile and thus the global buckling 

capacity. Longitudinal reinforcing bars are provided inside the FRP jacket as shown in Figure 5.7 

to compensate the loss of the weak-axis bending stiffness in case of moderate to severe corrosion.  

 

Figure 5.7- Configuration of the longitudinal reinforcing bars in the repaired pile 

The diameter and locations of the longitudinal reinforcing bars should be calculated such 

that the weak-axis moment of inertia of the repaired cross section is greater than or equal to that 

of the original un-corroded steel pile. Conservatively in this calculation only the contributions of 

the corroded steel section and the steel reinforcing bars are considered.  That is, the contribution 

of the grout core and the FRP jacket to the flexural stiffness of the system are neglected for the 

purpose of calculating the weak axis global buckling strength of the section. The bending 

stiffness of the repaired cross section was calculated as 
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where Iy is the weak axis moment of inertia. The other geometric variables are defined as 

illustrated in Figure 5.7. 
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5.3 Materials 

5.3.1 FRP 

Table 5.1 summarizes the nominal material properties of the F1 and F2 jacket as reported by 

the manufacturers. F1-CFRP is a bidirectional laminate with the 0-deg direction installed in hoop 

direction of the jacket. F2-CFRP and F2-GFRP are unidirectional laminae with the main fibers 

installed in hoop direction of the jacket. According to (ACI440.2R, 2008), the minimum 

confinement ratio is defined as 

08.0' gl ff , (5-15) 

where fl and fg
’ are FRP confinement pressure and ultimate compressive strength of the 

unconfined grout, respectively. Confinement pressure, fl, is calculated using (5-3). Using the 

properties as reported by manufacturers, an average grout compressive strength of fg
’=41.4 MPa, 

and a jacket diameter of D=432 mm, the confinement ratio for F1 and F2 jackets are 0.060 and 

0.088, respectively. This indicates that F1 jacketing system does not satisfy the minimum 

confinement ratio. 

Table 5.1- Properties of the FRP material used for F1 (PileMedic LLC) and F2 (Fyfe Co.  

LLC) repair systems as reported by the manufacturers 

FRP 

System 
Fiber Type 

Thickness 
Fiber 

Direction 
Ef ffu fu 

Fiber 

Volume 

Fraction 

Fiber 

Density 

Aerial 

Weight 

of 

Fabrics 

(mm)  (GPa) (MPa) 
(mm/ 

mm) 
(%) 

(gr/ 

cm3) 

(gr/ 

m2) 

F1 Carbon 0.7 

0-deg 49.3 698 0.0085 

N/Aa N/Aa N/Aa 

90-deg 20.3 443 0.0142 

F2 

Carbon 

(exterior layer) 
1.0 0-deg 85.1 979 0.012 N/Aa 1.74 644 

Glass (interior 

layer) 
1.3 0-deg 26.1 575 0.022 33 2.55 915 

a Not reported; Ef : tensile elastic modulus, ffu: ultimate tensile strength, fu: strain at ultimate strength 

Table 5.2 shows the properties of underwater-curing epoxies used for F1 and F2 repair 

systems as reported by the manufacturers. Both epoxies had two components, resin and hardener. 
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Table 5.2- Properties of the adhesive used for F1 (QuakeWrap LLC) and F2 (Fyfe Co. LLC)  

repair systems as reported by the manufacturers 

FRP 

System 
Underwater Adhesive 

Curing 

Time 

Compressive 

Strength 

Tensile 

Strength 

(hour) (MPa) (MPa) 

F1 QuakeBond UR220 12 80.7 38.6 

F2 Tyfo SW-1 8-10 48.3-55.2 N/Aa 
a Not reported 

5.3.2 Grout 

Table 5.3 summarizes the compressive strength and elastic modulus obtained from testing 

100×200 mm grout cylinders after 28 days according to (ASTM C39 and C469, 2014). The 

shortening of the cylinders was measured using a 127-mm average extensometer (Epsilon, model 

3542RA-0500-250T-ST). Figure 5.8 and Figure 5.9 show the stress-strain relationships of the 

tested grout cylinders of F1 and F2 repair system at the time of casting. Due to propagation of 

cracks after the behavior became nonlinear, the strain measurements are only valid within the 

linear region. The compressive moduli of the grout samples were obtained by calculating the 

slope of the fitted regression line on the data points whose stress level were less than half of the 

ultimate strength. 

Table 5.3- Properties of the grout used for the repair systems 

Repaired Pile 

Designation 

Compressive 

Modulus 

(Eg) 

Ultimate 

Strength 

(fg
’) 

(GPa) (MPa) 

0/20-F1 25 42.3 

40/20-F1/R 24 43.7 

40/60-F1/R 27 44.4 

80/60-F1/R 27 33.2 

80/60-F1/RA 24 37.2 

80/60/V-F1/RA 28 35.2 

80/60/3-F1/RA 25 33.2 

0/20-F2 28 46.3 

40/20-F2/R 31 50.1 

40/60-F2/R 29 48.7 

80/60-F2/R 29 50.0 

80/60-F2/RA 28 35.6 

80/60/V-F2/RA 32 50.9 

80/60/3-F2/RA 29 39.7 

Eg: elastic modulus, fg
’: ultimate compressive strength 
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Figure 5.8- Stress-strain relationships of the tested grout cylinders taken from of F1 repair 
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Figure 5.9- Stress-strain relationships of the tested grout cylinders taken from of F2 repair 
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Figure 5.10 compares the measured compressive strength of the tested grout cylinders to the 

compressive strength provided by manufacturer. The mean value of compressive strength of F1 

and F2 grout samples are 38.5 MPa and 45.9 MPa respectively. 

 
Figure 5.10- Comparison of the measured compressive strength to the compressive stregnth 

provided by manufacturere 

5.3.3 Headed-Stud Anchors 

The headed-stud anchors were made of threaded rods with nt = 3 threads per centimeter (8 

threads per inch) and nominal tensile strength of Fu = 862 MPa. Two heavy duty nuts were 

attached to both ends of the threaded rod using epoxy. Installation of the nuts is explained in the 

fabrication section. 

5.3.4 Longitudinal Reinforcing Bars 

The reinforcing bars were tested according to (ASTM706-14, 2014) under uniaxial tension. 

Figure 5.11 shows stress-strain relationships of the tested reinforcing bars. 
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Figure 5.11- Stress-strain relationship of the tested reinforcing bars 

Table 5.4 presents the properties of the longitudinal reinforcing bars used for the retrofitting 

systems. The average, standard deviation, STDV, and coefficient of variation, C.O.V., of the 

measured values are presented in Table 5.4 as well. 
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Table 5.4- Properties of the longitudinal reinforcing bars used for the repair systems 

Reinforcing 

Bara 

Nominal 

Diameter 

Tensile 

Modulus 
(Es) 

Yield 

Stress 
(fsy) 

Ultimate 

Stress 
(fsu) 

Strain at 

Ultimate 

Stress 

(su) 

(mm) (GPa) (MPa) (MPa) (mm/mm) 

#6-1 19.1 198 479 726 0.123 

#6-2 19.1 216 486 750 N/Ab 

#6-3 19.1 203 479 719 N/Ab 

#6-4 19.1 209 465 726 N/Ab 

#6-5 19.1 206 459 717 0.121 

Mean 19.1 206 474 721 0.122 

STDV  5.99 10.1 11.9 0.000690 

C.O.V.  0.0290 0.0214 0.0165 0.00566 

#8-1 25.4 237 424 621 0.125 

#8-2 25.4 205 421 622 0.130 

#8-3 25.4 231 434 648 0.117 

Mean 25.4 224 426 631 0.124 

STDV  13.8 5.86 12.6 0.00544 

C.O.V.  0.0614 0.0137 0.0200 0.0439 
a US Designation, Grade A706, Es: tensile elastic modulus, fsy: yield strength, 

fsu: ultimate tensile strength, su: strain at ultimate stress 
b Test was terminated before rupture of the bar. 

5.3.5 Steel Piles 

To evaluate the material properties of the steel piles, three coupons from the flanges and one 

coupon from the web were cut out. Four tension coupons were tested according to (ASTM A370, 

2013). Table 5.5 shows the elastic modulus, yield stress, ultimate stress, and strain at ultimate 

stress of the steel piles. The detailed results were presented in chapter 4 of this dissertation. 

Table 5.5- Material properties of steel piles
 

Location of 

Coupons 

Tensile Modulus 

(Es) 

Yield Stress 

(fsy) 

Ultimate 

Stress 

(fsu) 

Strain at Ultimate 

Stress 

(su) 

(GPa) (MPa) (MPa) (mm/mm) 

Flange 196 360 459 0.1742 

Web 221 418 491 0.0797 

nominal material properties of the steel pile: Es=200 GPa, fsy=345 MPa, fsu=448 MPa 

5.4 Details and Construction of the Test Specimens 

A total of fourteen deteriorated HP310×79 piles were tested under axial compression. The 

piles were tested in two groups of seven, each group being repaired using a different FRP-based 
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repair system denoted F1 and F2, respectively. The deterioration patterns were selected to be the 

same as those used for the unrepaired, corroded control piles. 

5.4.1 Deteriorated Steel Piles 

The corrosion patterns for the tested piles were created by milling the thickness of flanges 

and web to a certain level to increase the slenderness of these elements and make them 

susceptible to local buckling. Figure 5.12 presents a schematic of the corroded regions for the 

tested piles. The length of the piles was 4572 mm, and the centroid of the corroded region was 

located at 1524mm from one end of the piles. Three levels of nominal reduction of the flange 

thickness were considered: 0%, 40%, and 80%. The thickness of the web was reduced 

symmetrically by either 20% or 60%. One pile in each group had a 51-mm through-web void as 

illustrated in Figure 5.12. The extent of the corroded region, Lc, was 305 mm for six of the piles 

while one pile in each group had a 914mm extent of the corroded region, Lc. 

 

Figure 5.12- Schematic drawing of the location and geometry of the milled region 

Lc 

4572 mm 

tw=11.1 mm tw,c 

bf=308mm 

tf=11.1 mm tf,c 

d=305mm 

(e) Flange View 

(d) Web View 

(b) Milled Web without Void 

(a) Milled Flange 

1524 mm 

Centroid of the Milled Region 

(c) Milled Web with Void 

 

51mm 

Void 
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Table 5.6 summarizes the measured flange and web thickness, tf,c and tw,c, within the milled 

region of the corroded piles repaired with the F1 and F2 systems. The table also presents the 

calculated area, As,c, and weak-axis moment of inertia, Iy,c, of the milled section for each pile. The 

same specimen designation method was used to identify the piles as was used for the corroded, 

un-repaired control piles. A two or three-part identifier was used. The first two parts represent 

nominal percentage of reduction in the flange and web thickness respectively. The third part, if 

present, shows either the existence of 51 mm void in the web, “V”, or a 914 mm extent of the 

milled region, “3”. There were two piles of the 80/60 configuration tested in each group which 

identified with and without asterisk in the tables. 

Table 5.6- Measured geometry and designations of the repaired H-piles at milled section 

Repaired Pile 

Designation 

tf,c tw,c As,c Iy,c Lc 

(mm) (mm) (mm2) 
x106 

(mm4) 
(mm) 

0/20-F1 11.2 8.4 9236 54.30 305 

40/20-F1/R 7.5 8.8 7077 36.37 305 

40/60-F1/R 7.4 4.8 5925 36.11 305 

80/60-F1/R 3.0 5.2 3294 14.47 305 

80/60-F1/RA 3.1 4.5 3194 15.09 305 

80/60/V-F1/RA 3.1 4.6 3215 15.09 305 

80/60/3-F1/RA 3.2 4.2 3186 15.71 914 

0/20-F2 11.1 8.8 9352 54.26 305 

40/20-F2/R 7.4 8.9 7054 35.85 305 

40/60-F2/R 7.5 5.5 6150 36.41 305 

80/60-F2/R 3.4 5.0 3510 16.62 305 

80/60-F2/RA 3.2 4.5 3226 15.35 305 

80/60/V-F2/RA 3.1 5.4 3467 15.34 305 

80/60/3-F2/RA 3.6 5.6 3790 17.42 914 

The remaining axial capacities of the corroded piles before installation of the repair systems 

were calculated using two different methods, the AISI-EWM and a non-linear finite element 

analysis. Using the AISI-EWM the capacity was calculated once using measured geometry and 

nominal material properties and another time using measured geometry and measured material 

properties. The approach using nominal material properties was adopted as being representative 

of the case when the design engineer does not have more detailed information about the in-situ 

material properties, such as a material testing report, which may not be available for older in-
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service structures.  The finite element model presented in Shi et al. (2015) was adopted. The 

modeling was implemented in the commercial finite element package ABAQUS version 6.12 

(SIMULIA, 2012).The piles were modeled using four-noded reduced integration shell element 

with an element size of 25×25 mm. Th total number of nodes and elements were 6697 and 6480, 

respectively. Regarding the boundary conditions, at the supports only rotation about the weak 

axis was permitted while the other degrees of freedom were restrained. The piles were 

compressed by imposing an axial shortening at one end. 

The first global and local buckling modes were determined from an eigen value analysis and 

applied as initial imperfections with amplitudes of L/1000 (L is the length of pile) and t/10 (t is 

the greater of the flange or web thicknesses) as shown in Figure 5.13. 

 

Figure 5.13- Global and local imperfection 

Residual stress distributions as described in (Seif and Schafer, 2010) were applied in the 

model with a maximum compressive stress of 30% of fsy at the flange tips, as illustrated in Figure 

5.14. 

(a) Global Imperfection 

(b) Local Imperfection 

L/1000 = 4.6 mm 

t/10 = 1.1 mm 
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Figure 5.14- Residual stress magnitude and distribution 

A modified Riks method was used for nonlinear analysis which incorporated large 

displacement effects. The average computation time was 33 second per core processor. More 

detailed information about FE modelling can be found in (Shi et al., 2015). Table 5.7 summarizes 

the predicted capacities of the corroded piles, Pn,c. 

Table 5.7- Prediction of the remaining nominal axial capacity, Pn,c, of the deteriorated piles 

Repaired Pile 

Designation 

Nominal Axial Capacity of Corroded Piles 

(Pn,c)  

FEA AISI-EWMa AISI-EWMb 

(kN) (kN) (kN) 

0/20-F1 2560 2455 2521 

40/20-F1/R 2122 1812 1842 

40/60-F1/R 1701 1555 1578 

80/60-F1/R 789 603 611 

80/60-F1/RA 706 569 574 

80/60/V-F1/RA 332 520 534 

80/60/3-F1/RA 588 560 565 

0/20-F2 2568 2477 2543 

40/20-F2/R 2056 1780 1823 

40/60-F2/R 1880 1613 1650 

80/60-F2/R 826 653 673 

80/60-F2/RA 714 576 583 

80/60/V-F2/RA 345 532 548 

80/60/3-F2/RA 786 719 746 
a using measured geometry and nominal material properties, b using 

measured geometry and measured material properties 

 

 

+54 MPa 

-103 MPa 

+54 MPa 

-80 MPa 

-25 MPa 

+27 MPa 

+54 MPa 

(a) Adopted Residual Stress (b) Modeled Residual Stress 
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5.4.2 Fabrication and Installation of the Repair Systems 

The installation of the repair system was implemented in a 1.70 m deep steel tank to simulate 

as closely as possibly an on-site repair application.  The repairs were conducted in five steps as 

summarized below: (i) preparation and installation of the end-caps, (ii) preparation and 

installation of the reinforcing bars and anchors, (iii) submerging the corroded piles in water, (iv) 

installation of the FRP jackets, and (v) casting grout. 

 Preparation and Installation of End-Caps 

Figure 5.15 shows the installation of the end caps at the base of the piles.  The end-caps were 

made of 508×254 mm plywood boards. The thicknesses of the plywood boards were 19 and 38 

mm for 1219 and 1981 mm long repair systems, respectively. The shape of the H-pile cross 

section was cut out of the end caps to ensure a tight fit between the piles and the end caps. The 

plywood end caps were reinforced with light gauge steel angles that were screwed to one side of 

the boards as shown in Figure 5.15(a). The boards were subsequently mounted to the piles and 

care was taken to ensure that the end caps were installed perpendicular to the pile’s longitudinal 

axis (see Figure 5.15(b)). Finally, the end-caps were clamped to the piles using four heavy-duty 

C-clamps as shown in Figure 5.15(a). Figure 5.15(c) shows the silicone rubber sealant that was 

used to fill the voids between the end-cap and steel pile. 

 

Figure 5.15- Installation of end-caps 

¾ “ Plywood 

C-Clamp 

(a) 
Steel 

Angle 

(b) (c) 
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 Preparation and Installation of Reinforcing Bars and Anchors 

Figure 5.16 shows the installed reinforcing bars on the piles with and without anchors.  

Longitudinal reinforcing bars were installed for the piles with 40 or 80% reduction of the flange 

thickness, namely 40/20-F1/R, 40/20-F2/R, 40/60-F1/R, 40/60-F2/R, 80/60-F1/R, 80/60-F2/R, 

80/60-F1/RA, 80/60-F2/RA, 80/60/V-F1/RA, 80/60/V-F2/RA, 80/60/3-F1/RA, and 80/60/3-

F2/RA piles.  The #6 and #8 reinforcing bars (US designation) were held in place using tie wires 

that were wrapped around the reinforcing bars, piles, and anchors as indicated by the arrows in 

Figure 5.16(a) and (b). 

 

Figure 5.16- Installation of reinforcing bars 

The anchors consisted of 305 mm long, 25 mm diameter threaded rods (UNC thread) with 

double heavy nuts that were used to snug tighten the anchors to the web of the piles and to 

provide a head similar to that of a headed anchor. Figure 5.17(a) shows the partially assembled 

anchors. Anchors were installed on the three piles with the most severe loss of section in each 

group, i.e., 80/60-F1/RA, 80/60-F2/RA, 80/60/V-F1/RA, 08/60/V-F2/RA, 80/60/3-F1/RA, and 

80/60/3-F2/RA. Eight 27 mm diameter holes were drilled in the web of each pile using a 

magnetic drill as shown in Figure 5.17(b), four above and four below the milled region.  In an 

underwater application this can be achieved using a pneumatic drill.  Figure 5.17(c) shows the 

installed anchors. 

(a) (b) 
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Figure 5.17- Installation of headed-stud anchor 

 Submerging the Corroded Piles 

Figure 5.18 shows the 6.70×2.45×1.70m tank that was used to simulate the underwater 

repair process. All seven piles in each group were placed at once into the tank. The piles rested on 

the edge of the tank in an inclined configuration to ensure that the milled region was submerged 

in water after filling the tank as shown in Figure 5.18(a). The tanks were filled with potable 

municipal water after installing the end-caps, reinforcing bars, and anchors but before the jacket 

installation as shown in Figure 5.18(b).  The end-caps, reinforcing bars, and anchors were 

installed prior to filling the tank with water to simplify the lab installation process. Installing 

these components in a dry condition is not expected to influence the structural performance of the 

system.  

 

Figure 5.18- Tank used to simulate underwater repair process 

25mm Diameter 

Threaded Rod 
305 mm 

2H Nuts Bonded 

to the Rods  (a) (b) (c) 

(a) (b) 
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 Installation of FRP Jackets 

Before installing the FRP jackets, the repair tank was filled with water to submerge the 

milled region of the piles. Each group of seven piles was repaired with different type of FRP 

jacket. That is, all of the piles that were repaired with the F1 jackets were submerged and repaired 

together and all of the piles that were repaired with the F2 jackets were submerged and repaired 

together.  

 Installation of F1-Type FRP Jacket 

Figure 5.19 shows the process of installing the F1-type FRP jackets. The FRP laminate for 

the F1 repair system was pre-cut to the desired length and shipped to the laboratory by the 

manufacturer. As shown in Figure 5.19(a), the laminate was hand sanded with 60 grit sand paper 

to roughen the surface and wiped clean with a piece cotton cloth. Figure 5.19(b) shows the 

application of an underwater-curing epoxy to the surface of the laminate. After applying the 

epoxy the laminate was immediately transferred to the tank, wrapped around the pile, and pressed 

against the end-cap as shown in Figure 5.19(c). A 3.05-m long laminate was wrapped completely 

around each pile twice (providing a jacket with two layers of CFRP) with a minimum of 203-mm 

of overlap length at the end of the wrap. For the piles with degradation along 305 mm in the 

longitudinal direction of the pile, a 1219-mm long repair was implemented resulting in load load 

introduction lengths of 457 mm above and below the corroded regions. For the pile with a 914-

mm long corroded region, two 1219-mm wide laminates were provided with a 457-mm overlap 

located at the center of the milled region resulting in a total repair length of 1981 mm (see Figure 

5.19(d)). The installation of the jackets on the seven piles required one day of labor by one 

experienced representative from the manufacturer and two graduate student assistants.  The jacket 

installations were achieved using hand tools and minimal power tools and did not require any 

heavy equipment. The epoxy cured for a week before casting the grout. The jacket installation 
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was done in May 2014 when the average temperature and relative humidity were 24 °C and 65%, 

respectively. 

 

Figure 5.19- Installing FRP jacket for F1 FRP-based repair system 

 Installation of F2-Type FRP Jacket 

Figure 5.20 shows the installation of the F2-type FRP jackets. The F2 FRP jackets consisted 

of 2 laminates. The interior laminate was a pre-fabricated, unidirectional GFRP cylinder with the 

primary fibers oriented in the hoop direction of the jacket. The jacket, which had a nominal 

diameter of 457 mm, had an un-bonded vertical seam that ran the entire length of the jacket which 

allowed it to be easily installed around the pile.  As shown in Figure 5.20(a), (b), and (c), the 305-

mm wide overlapping seam was sealed using self-tapping screws spaced at 152 mm on-center and 

an underwater curing epoxy adhesive. The exterior laminate was a wet lay-up unidirectional 

CFRP that was installed with the structural fibers oriented in the hoop direction. The lengths of 

      

(a) (b) (c) 

    

(d) 

1219-mm Wide Laminate 

1981-mm Wide Laminates 

457-mm Overlap 

914 mm 

305 mm 

Corroded Region 
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the jackets in the longitudinal direction of the pile were 1219 and 1981 mm for the piles with 305 

mm and 914 mm corroded regions respectively. As shown in Figure 5.20(d), the carbon fiber was 

shipped to the site in 610-mm wide rolls, and cut into 1727-mm long pieces which provided one 

complete wrap around the pile with a 305 mm overlap. Figure 5.20(e) shows the fibers that are 

being impregnated with an underwater-curing epoxy. Finally, the impregnated carbon fabric was 

transferred to the pile and installed on the GFRP jacket as shown in Figure 5.20(f). Installation of 

the jackets on all seven piles was completed in three days by three experienced representatives 

who were sent by the manufacturer.  The jacket installation was completed using basic hand and 

power tools and did not require any heavy equipment. The epoxy cured for a week before casting 

the grout. The jacket installation was done in July 2014 when the average temperature and 

relative humidity were 30 °C and 71%, respectively. 

 

Figure 5.20- Installing FRP jacket for F2 FRP-based repair system 

 

Pneumatic 

Drill 
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 Casting Grout 

Two types of grout were used to fill the FRP jackets. The grout was cast by an independent 

contractor with previous experience in concrete repair and field installation of FRP. The F1 

jackets were filled using an underwater curing hydraulic cement-based grout that was supplied by 

the jacket manufacturer as part of the repair system.  The F2 jackets were filled using an 

expansive grout that was provided by the manufacturer but supplied by a third party.  Both 

manufacturers indicated that any underwater curing expansive, hydraulic cement based grout 

could be used. Casting of F1 and F2 jackets were done in June and August 2014, respectively. 

The values of average temperature during casting of F1 and F2 repair systems were 30 °C and 32 

°C, respectively. Also, casting of F1 and F2 systems were achieved when the values of relative 

humidity were 73% and 70%, respectively. 

Figure 5.21 shows the casting process. Grout was mixed in a bucket using a hand mixer and 

then poured into a grout pump as shown in Figure 5.21(a) and (b). As illustrated in Figure 

5.21(c), the grout was cast using a tremie approach in which the grout hose was lowered into the 

bottom of the jacket and gradually extracted as grout was cast. This was done to the extent 

possible within the constraints of the laboratory environment. The piles were left submerged in 

the repair tank for one month after casting to represent field conditions during curing of the grout 

in an underwater application. Testing of the first pile started at least two weeks after removing the 

piles from the tank and testing of the piles lasted for four months. 
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Figure 5.21- Grout casting 

When grouting the F1 jackets, the available grouting hoses were too short to achieve a 

complete tremie installation for all of the piles.  Consequently, voids were observed after 

removing the piles from the tanks and removing the end-caps of piles 0/20-F1 and 40/20-F1/R. 

The presence of the voids could also be audibly detected by lightly knocking on the jackets using 

a blunt tapping tool. The voids were subsequently filled with the same type of grout in dry 

conditions after removing the piles from the water tanks. Figure 5.22(a) and (b) shows the two 

piles before and after filling the voids with grout. Longer pump hoses were used to cast the grout 

for the piles with the F2 jackets to ensure that the nozzle could be fully inserted into the jackets.  

 

Figure 5.22- Filling the two piles with end-void 

The grouting operation of the piles that were repaired using the F2 jackets required an 

excessive amount of grout. The process was halted after filling 5 of the 7 jackets to inspect the 

Pump Hose  Grout Pump Hand Mixer 

(a) (b) (c) 

0/20-F1 40/20-F1/R 0/20-F1 40/20-F1/R 

(a) (b) 
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seal at the bottom of the jackets.  The cause of the excessive use of grout was attributed to an 

incomplete seal at the bottom of two of the jackets. Figure 5.23 shows the end cap of two of the 

piles that were repaired with F2 jackets. The photos were taken after draining the repair tank for 

the inspection. The inspection indicated that the jacket at the base of the 80/60/3-F2/RA pile was 

larger than the plywood seal allowing grout to leak out of the base as shown in Figure 5.23(a).  

This was due to a taper of the jacket in the as installed condition which resulted in the diameter of 

the jacket at the base being 47 mm. larger than the diameter of the jacket at the top. The pile was 

sealed using tape and shrink wrap before re-filling the tank and casting as shown in Figure 5.23 

(b). Figure 5.23(c) shows the bottom of pile 80/60-F2/RA which also exhibited an incomplete 

seal between the jacket and the end-cap. Careful inspection of the seals at the base of the piles 

prior to grouting is recommended.  If possible, the base of the repair should be monitored during 

the grouting operation to detect leaking grout as soon as possible.  In addition the volume of grout 

being pumped into the jacket should be monitored and compared to theoretical values to indicate 

alarm of any excessive or unexpected use of grout.   

 

Figure 5.23- Sealing condition of the piles repaired with F2 repair system 

5.5 Details of the Repair Systems as Installed 

Each of the repaired piles was assigned a multi-part identifier as summarized in Figure 5.24. 

The first two parts indicate the percentage loss of flange and web thicknesses, respectively. The 

presence of a through-web void, or an elongated milled region (three times longer than the basic 

case), is indicated by a V or a 3, respectively in the thrid section in the first part of the designation 

Tapered Jacket 

Sealing with 

Shrink Wrap 

Incomplete 

Sealing 

(c) (b) (a) 
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as shown in Figure 5.24. The second part has three sections identifying the type of the FRP jacket 

(F1 or F2), presence of the longitudinal reinforcing bar (R), and presence of the headed-stud 

anchors (A), respectively. 

 

Figure 5.24-Designation of the repaired piles 

Table 5.8 summarizes the geometric specifications of the F1 and F2 repair systems. As 

mentioned earlier, there were two piles in each group with 80% loss of the flange thickness and 

60% loss of the web thickness (80/60 pile configurations). One of these in each group included 

headed anchors in the repair while the other in each group was repaired without anchors to 

investigate the effect of mechanical anchorage on the behavior of the repaired piles. Due to the 

fabrication process, the diameter of the bottom of the FRP jacket of the 80/60/3-F2/RA pile was 

47 mm larger than the diameter at the top of the jacket. 

Table 5.8- Geometric specification of the F1 and F2 repair systems 

Repaired Pile 

Designation 

Longitudinal 

Reinforcing bars 
 

Headed-Stud 

Anchors 
 FRP Jacket 

Nominal 

Diameter 
Length  

Nominal 

Diameter 
Length  

Average 

Diameter 
Length 

(mm) (mm)  (mm) (mm)  (mm) (mm) 

0/20-F1 N/A N/A  N/A N/A  434 1245 

40/20-F1/R 19 1219  N/A N/A  453 1245 

40/60-F1/R 19 1219  N/A N/A  447 1245 

80/60-F1/R 25 1219  N/A N/A  435 1245 

80/60-F1/RA 25 1219  25 305  448 1245 

80/60/V-F1/RA 25 1219  25 305  429 1245 

80/60/3-F1/RA 25 1981  25 305  439 1956 

0/20-F2 N/A N/A  N/A N/A  451 1219 

40/20-F2/R 19 1219  N/A N/A  451 1219 

40/60-F2/R 19 1219  N/A N/A  451 1219 

80/60-F2/R 25 1219  N/A N/A  453 1219 

80/60-F2/RA 25 1219  25 305  452 1219 

80/60/V-F2/RA 25 1219  25 305  449 1219 

80/60/3-F2/RA 25 1981  25 305  457/504a 2032 
a tapered jacket, 457 mm and 504 mm at the top and bottom of the repair region respectively 

_ _  /  _ _  /  _  -  _ _  /  _  _ Loss of Flange Thickness (%) 

Loss of Web Thickness 

(%) 

Type of FRP Jacket (F1 or F2) 

Presence of Rebars (R) 

Presence of Anchors (A) 

Presence of Web Void (V) or 

 914-mm (3-ft) Long Deterioration (3) 
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5.6 Test Setup  

The repaired piles were tested using the 2670-kN self-reacting test frame that was used to 

test corroded control piles. Both ends of the piles were free to rotate about their weak axes and 

fixed about their strong axes. The piles were loaded in a horizontal configuration at a rate of 89 

kN/min up to the peak load. Chapter 4 of this dissertation presents a detailed description of the 

test frame. 

5.7 Instrumentations 

A similar instrumentation scheme was adopted for measurement of the repaired piles as that 

used in the measurements of the un-repaired, corroded control piles. The axial load was measured 

using three load cells, each with a capacity of 890 kN (Transducer Techniques Load Cells, Model 

CLC-200K). The load cells were installed in a triangular configuration located behind the jack as 

shown in Figure 5.25(a). The axial shortening of the piles were measured by taking the average of 

the four linear string potentiometers (UniMeasure Potentiometer, Model PB20 ) that were 

mounted symmetrically at the four corners of the tested piles between the two end plates as 

shown in Figure 5.25(a) and (b). Four linear potentiometers (Celesco String Pot, Model SM1-7) 

were mounted on both ends of the grout cylinder, as shown in Figure 5.25(c), to measure the slip 

between the steel pile and grout cylinder. Two electrical resistance strain gauges (Texas 

Measurement Strain Gauge, Model FLA-5-11-3LT) were installed to measure the hoop strains in 

the FRP jacket at the center of the repair system.  The gauges were installed on either side of the 

web as illustrated in Figure 5.25(a). 
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Figure 5.25- Instrumentation of repaired corroded piles 

5.8 Test Results 

Two groups of seven repaired corroded piles each were tested under axial compression. The 

two groups of piles were repaired with two different grout-filled FRP jacket systems. In the 

following sections the behavior of the piles that were repaired with the two FRP repair systems 

are presented, discussed and compared to the corresponding corroded control piles for each of the 

damage levels considered in this study. The yield capacity of the corroded section, Py,c, plotted 

with the load-shortening responses for each pile group is the average value of the yield capacity 

for all the repaired and un-repaired corroded sections in that pile group. Yield capacity at the 

corroded sections was calculated based on the measured dimensions and measured material 

properties.  The nominal axial capacity of the uncorroded HP310×79, Pn,u, which is also plotted in 

load-shortening responses, was calculated in accordance with (AISC, 2010) using nominal 
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geometry and nominal material properties. The nominal axial capacity, Pn,u, is the retrofitting 

target. 

5.8.1 0/20 Pile Group 

All of the piles that were tested in this group had no simulated flange corrosion and 20% 

reduction of the web thickness along a 305 mm of the length. The piles were repaired with grout-

filled FRP jacket with no reinforcing bars or anchors. Figure 5.26 compares the axial load-

shortening responses of the piles in the 0/20 group. The response of the uncorroded control pile, 

0/0, is also shown in the figure for comparison purposes. The figure indicates that the average 

yield capacity of the corroded section is higher than the measured axial capacity of uncorroded 

control pile. The axial capacities of the two piles that were repaired using the two different FRP-

based repair systems, Pn,r, were greater than the axial capacity of the uncorroded control pile and 

approached the yield capacity of the corroded section indicating that the onset of non-linearity 

was imminent. 

 

Figure 5.26- Axial load-shortening behavior of 0/20 pile group 

The repaired piles were loaded up to the peak load monotonically. The axial load-shortening 

response of the repaired piles, shown in Figure 5.26, remained linear up to the peak load. The 

recorded peak axial loads for the 0/20-F1 and 0/20-F2 piles were 2913 kN and 2949 kN 

respectively. The tests were terminated when the capacity of the hydraulic loading system was 
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reached. No non-linearity or visible sign of lateral deformation was observed. Figure 5.27 shows 

the repaired piles after testing. As shown Figure 5.27, no failure was observed for 0/20-F1 and 

0/20-F2 piles. Before the test, the piles were examined by tapping the FRP jacket, and no air 

voids were discovered. 

 

Figure 5.27- Piles 0/20 repaired with the F1 and F2 repair systems after testing 

Figure 5.28 shows the axial load-slip relationship of the 0/20-F1 and 0/20-F2 piles. There are 

two curves for each pile, each corresponding to a slip measurement at one end of the repaired 

region. The dashed line indicates the measured steel-grout slip at the end of the repair that is 

closest to the fixed side of the pile (fixed end). The solid line shows the measured slip at the end 

of the repair that is closest to the loaded end of the pile (jacking end). Positive values indicate that 

the steel surface slipped into the grout cylinder. Both piles demonstrated comparable amounts of 

slip at the two ends.  
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Figure 5.28- Comparing the slip at steel-grout interface of 0/20 repaired piles 

Figure 5.29 shows the relationship between the axial load and the measured hoop strain in 

FRP jackets for piles 0/20-F1 and 0/20-F2. For a given load level the hoop strain in the F1 jacket 

is slightly higher than F2 jacket.  This is attributed to the lower stiffness of the F1 jacket 

compared to the F2 jacket.  The low measured strains suggest that the grout cores remained intact 

throughout the test and did not exhibit significant lateral dilations that would have engaged the 

confinement effect of the FRP jackets. 

 

Figure 5.29- Comparing FRP hoop strain of 0/20 repaired piles 

5.8.2 40/20 Pile Group 

All of the piles that were tested in this group had 40% reduction of the flange thickness and 
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grout-filled FRP jacket with four #6 longitudinal reinforcing bars embedded in the grout. Figure 

5.30 compares the axial load-shortening responses of 40/20 pile group. The response of the 

uncorroded control pile, 0/0, is also shown in the figure for comparison purposes. The yield 

capacity of corroded section, Py,c, is less than the axial capacity of uncorroded pile, Pn,u, as shown 

in Figure 5.30. The axial capacity of both repaired piles, Pn,r, increased beyond the yield capacity 

of the corroded section indicating that the corroded section attained the yield stress. 

 

Figure 5.30- Axial load-shortening behavior of 40/20 pile group 

The repaired piles were loaded up to the peak load monotonically. The axial load-shortening 

response of the repaired piles, shown in Figure 5.30, remained linear up to the peak load. The 

recorded peak axial loads for the 40/20-F1/R and 40/20-F2/R piles were 2949 kN and 2945 kN, 

respectively. The tests were terminated when the capacity of the hydraulic loading system was 

reached. No non-linearity or visible sign of lateral deformation was observed. Figure 5.31 shows 

the repaired piles after testing. As shown Figure 5.31, no failure was observed for 40/20-F1/R and 

40/20-F2/R piles. Before the test, the piles were examined by tapping the FRP jacket, and no air 

voids were discovered. 
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Figure 5.31- Piles 40/20 repaired with the F1 and F2 repair systems after testing 

Figure 5.32 shows the axial load-slip relationship of 40/20-F1/R and 40/20-F2/R. There are 

two curves for each pile, each corresponding to a slip measurement at one end of the repaired 

region. The dashed line indicates the measured steel-grout slip at the end of the repair that is 

closest to the fixed side of the pile (fixed end). The solid line shows the measured slip at the end 

of the repair that is closest to the loaded end of the pile (jacking end). Positive values indicate that 

the steel surface slipped into the grout cylinder. Both piles demonstrated comparable amounts of 

slip at the two ends.  

 

Figure 5.32- Comparing the slip at steel-grout interface of 40/20 repaired piles 
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Figure 5.33 shows the relationship between the axial load and the measured hoop strain in 

FRP jacket for the piles 40/20-F1/R and 40/20-F2/R. For a given load level the hoop strain in the 

F1 jacket is slightly higher than F2 jacket.  This is attributed to the lower stiffness of the F1 jacket 

compared to the F2 jacket. The slight jump in hoop strain of 40/20-F1/R is an indication of 

localized cracking of the grout inside the jacket in the vicinity of the strain gauge. 

 

Figure 5.33- Comparing FRP hoop strain of 40/20 repaired piles 

5.8.3 40/60 Pile Group 

All of the piles that were tested in this group had 40% reduction of the flange thickness and 

60% reduction of the web thickness along a 305 mm of the length. The piles were repaired with 

grout-filled FRP jacket with four #6 longitudinal reinforcing bars embedded in the grout. Figure 

5.34 compares the axial load-shortening responses of 40/60 pile group. The yield capacity of 

corroded section, Py,c, is less than the axial capacity of uncorroded pile, Pn,u, as shown in Figure 

5.34. The axial capacity of both repaired piles, Pn,r, increased beyond the yield capacity indicating 

that the repair system effectively restrained the slender flanges and webs. In addition, the repair 

system was able to completely restore the axial capacity of these corroded piles to the axial 

capacity of uncorroded pile as shown in Figure 5.34. 
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Figure 5.34- Axial load-shortening behavior of 40/60 pile group 

The axial load- shortening response of the repaired piles remained linear up to 2500 kN and 

2700 kN for the 40/60-F1/R and 40/60-F2/R piles, respectively. Testing of the pile 40/60-F1/R 

was terminated when the load decreased to 2242 kN after a short plateau and visible lateral 

deformation as shown in Figure 5.35(a). However, no post peak response was obtained for the 

pile 40/60-F2/R due to limitation of capacity of the hydraulic loading system. Figure 5.35(a) 

shows the pile 40/60-F1/R which failed by global buckling. However, no failure was observed for 

the pile 40/60-F2/R as shown in Figure 5.35(b). 

 

Figure 5.35- Piles 40/60 repaired with the F1 and F2 repair systems after testing 
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After the test, the FRP jacket was removed from pile 40/60-F1/R. Removal of the jacket 

indicated the presence of significant air voids in the grout on top of one of the flanges as shown in 

Figure 5.35(c). The grout was removed to inspect the condition of the flange in the area with the 

reduced flange thickness.  No localized deformation was observed in either flange within the 

corroded region as shown in Figure 5.35(d) and (e). 

Figure 5.36 shows the axial load-slip relationship of 40/60-F1/R and 40/60-F2/R. There are 

two curves for each pile corresponding to slip measurement at each end of the repair region. 

Noting the sign of the slip values, the steel surface slipped into the grout cylinder. The pile 

repaired with the F1 jacket demonstrated slightly more slip compared to the one repaired with F2 

jacket. This is attributed to higher stiffness of F2 jacket relative to F1 jacket which provided more 

confinement resulted in less slip. 

 

Figure 5.36- Comparing the slip at steel-grout interface of 40/60 repaired piles 

 

Figure 5.37 shows the relationship between the axial load and hoop strain in FRP jacket of 

the piles 40/60-F1/R and 40/60-F2/R. The hoop strain in F2 jacket is slightly higher than F1 

jacket at the same load due to having higher stiffness. 
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Figure 5.37- Comparing FRP hoop strain of 40/60 repaired piles 

5.8.4 80/60 Pile Group 

All of the piles that were tested in this group had 80% reduction of the flange thickness and 

60% reduction of the web thickness along a 305 mm of the length. The piles were repaired with 

grout-filled FRP jacket with four #8 longitudinal reinforcing bars embedded in the grout. In two 

of the piles, 80/60-F1/RA and 80/60-F2/RA, four headed-stud anchors were attached to the web 

above and below the corroded region. The other two piles, 80/60-F1/R and 80/60-F2/R, had no 

anchor. Figure 5.38 compares the axial load-shortening responses of the piles in the 80/60 group. 

The axial capacity of the repaired piles, Pn,r, increased beyond the yield capacity of the corroded 

section, Py,c, as shown in Figure 5.38, indicating an effective restraining of the slender flanges and 

webs by the repair system. The repair was able to successfully restore the axial capacity of all the 

repaired piles in this group except 80/60-F1/R to the axial capacity of uncorroded pile. The piles 
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Figure 5.38- Axial load-shortening behavior of 80/60 pile group 

Piles 80/60-F1/R and 80/60-F2/R were loaded up to 1800 kN and 2000 kN linearly where 

the axial stiffness demonstrated a degradation. Afterwards, the loading continued to increase till 

the FRP jacket of the piles 80/60-F1/R and 80/60-F2/R ruptured at peak loads of 2473 kN and 

2744 kN, respectively, as indicated in Figure 5.38 by black dots, and the load dropped to about 

70% of the peak load. For the piles 80/60-F1/RA and 80/60-F2/RA, the axial load-shortening 

responses of the repaired piles remained linear up to 2000 kN and 2200 kN, respectively, where 

the axial stiffness degraded. The loading continued to increase up to the peak of 2905 kN and 

2873 kN for the piles 80/60-F1/RA and 80/60-F2/RA, respectively. Testing of these two piles was 

terminated at these stages, due to limitations of capacity of the hydraulic loading system.  
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indicated rupture of the interior layer of the FRP jacket as shown in Figure 5.39(c).  Removal of 

the jacket also indicated the presence of air voids in the grout above the top flange as shown in 

Figure 5.39(d). The grout was removed using a jack hammer to observe the web and flanges in 

the corroded regions. The flanges and web exhibited localized crumpling deformation within the 

corroded region as shown in Figure 5.39(e) - (g). Crumpling deformation is defines as a shape 

which is formed by contracting a plate into wrinkles. This type of deformation is typically 

observed in the front part of vehicles in case of an impact of a head-on collision. 

 

Figure 5.39- Pile 80/60-F1/R after testing 

 80/60-F2/R 

Figure 5.40(a) shows the tested 80/60-F2/R pile.  The pile failed by rupture of FRP jacket 

which first occurred partially on the top corroded flange (see Figure 5.40(b)).  Subsequently, 

another FRP rupture was initiated and propagated through the bottom flange which was followed 

by separation of the grout from the steel pile as shown in Figure 5.40(c) and (g). After the test, the 
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repair materials were removed from the pile. It was observed that the flanges and web 

demonstrated localized crumpling deformation within the corroded region as shown in Figure 

5.40(d) - (f). 

 

Figure 5.40- Pile 80/60-F2/R after testing 

 80/60-F1/RA 

This pile is similar to pile 80/60-F1/R, but it also included anchors attached to the web. 

Figure 5.41(a) shows the tested 80/60-F1/RA pile.  The test was terminated when the capacity of 

the hydraulic loading system was reached before any failure was observed. After the test, the 

repair materials were removed for more detailed investigation. As shown in Figure 5.41(b), air 

voids were observed in the grout of the pile, but they were not located within the corroded region. 
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Both flanges demonstrated localized crumpling deformation as shown in Figure 5.41(c) and (d). 

However, the amplitude of the localized deformations was smaller than its counterpart (80/60-

F1/R) which is attributed to the effect of adding the anchors to the repair system. Adding 

mechanical anchors to the repair system enhanced the composite action between the steel pile and 

the repair system by preventing the grout from separation after the corroded region began to 

buckle. 

 

Figure 5.41- Pile 80/60-F1/RA after testing 

 80/60-F2/RA 

This pile is similar to pile 80/60-F2/R, but it also included anchors attached to the web.  

Figure 5.42(a) shows the tested 80/60-F2/RA pile.  The test was terminated when the capacity of 

the hydraulic loading system was reached before any failure was observed. After the test, the 

repair materials were removed for a more detailed investigation of the grout core. As shown in 

Figure 5.42(b), air voids were observed in the grout of the pile repaired with F2 system adjacent 

to the top flange at the end of the region with simulated corrosion. The top flange demonstrated 

localized deformation at the section adjacent to the void. However, no localized deformation was 
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observed in the bottom flange or web as shown in Figure 5.42(c) and (d).  Figure 5.42(e) shows 

the headed-stud anchors after removing the grout using an electric jack hammer. No visible sign 

of damage was observed in the anchors. 

 

Figure 5.42- Pile 80/60-F2/RA after testing 

Figure 5.43 shows the axial load-slip relationships of the repaired piles in the 80/60 group. 

There are two curves for each pile corresponding to slip measurement at each end of the repair 

region.  Comparing Figure 5.43(a) and (b) reveals that slip at the steel-grout interface of the piles 

that were repaired with headed-stud anchors is less than their counterparts without mechanical 

anchorage. Noting the sign of the slip values, the steel surface slipped inside the grout cylinder. 

The piles repaired with the F1 jackets demonstrated slightly more slip compared to the ones 

repaired with the F2 jackets.  This was attributed to the lower stiffness of the F1 jacket which 

provided less confinement of the grout core. This can be addressed by increasing the number of 

layers in the F1 jacket to match the hoop stiffness of the F2 jacket.  
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Figure 5.43- Comparing the slip at steel-grout interface of 80/60 repaired piles (a) piles  

without mechanical anchors, and (b) piles with mechanical anchors. 

Figure 5.44 shows the relationship between the axial load and hoop strain in FRP jacket of 

the 80/60 repaired pile group. The hoop strain in the F1 jacket is higher than that in the F2 jacket 

at the same load due to lower stiffness of the F1 jacket relative to F2 jacket.  Further, comparing 

Figure 5.44 (a) and (b) indicates that the presence of the mechanical anchors in the load 

introduction region helped to reduce the hoop strains in the FRP jackets at a given load for both 

types of jacket. 
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Figure 5.44- Comparing FRP hoop strain of 80/60 repaired piles 

5.8.5 80/60/V Pile Group 

All of the piles that were tested in this group had 80% reduction of the flange thickness and 

60% reduction of the web thickness along a 305 mm of the length. A 51-mm through-web void 

was also created to simulate severe corrosion. The piles were repaired with grout-filled FRP 

jacket with four #8 longitudinal reinforcing bars embedded in the grout. Four headed-stud 

anchors were also attached to the web above and below the corroded region. Figure 5.45 

compares the axial load-shortening responses of 80/60/V pile group. The axial capacity of both 

repaired piles, Pn,r, increase beyond the yield capacity and the axial capacity of uncorroded pile. 

This indicates that the repair system completely restored the axial capacity of the corroded piles 

by restraining the slender flanges within the corroded region to attain the yielding capacity. 

0

500

1000

1500

2000

2500

3000

3500

0 0.002 0.004 0.006 0.008 0.01

A
p

p
li

ed
 L

o
ad

 (
k

N
)

FRP Hoop Strain (mm/mm)

80/60-F2/R 

80/60-F1/R 

80/60-F1/RA 

80/60-F2/RA 

Jacking  Fixed  

  

0

500

1000

1500

2000

2500

3000

3500

0 0.002 0.004 0.006 0.008 0.01

A
p

p
li

ed
 L

o
ad

 (
k

N
)

FRP Hoop Strain (mm/mm)



144 

 

 

Figure 5.45- Axial load-shortening behavior of 80/60/V pile group 

The axial load- shortening response of the repaired piles, shown in Figure 5.45, remained 

linear up to 1600 kN for both repaired piles. Subsequently, as the load continued to apply, the 

behavior became non-linear and the axial stiffness degraded. After attaining a peak load of 2629 

kN, the flanges of the pile 80/60/V-F1/RA buckled locally out of the repaired region and caused 

an abrupt reduction of the load to 921 kN as shown in Figure 5.45.  Testing of the pile 80/60/V-

F2/RA was terminated prior to failure when the load reached to 2913 kN due to limitation of 

capacity of the hydraulic loading system. 

 80/60/V-F1/RA 

Figure 5.46(a) shows the tested 80/60/V-F1/RA pile which failed by local buckling of the 

flanges just beyond one end of the repaired region as shown in Figure 5.46(b). Figure 5.46(c) 

shows air voids in the grout adjacent to the top flange that were observed after removing the FRP 

jacket. These caused the top flange to demonstrate a different pattern of local deformation from 

the bottom flange as shown in Figure 5.46(e) and (f). No visible sign of damage was observed in 

the headed-stud anchors as indicated in Figure 5.46(d). 
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Figure 5.46- Pile 80/60/V-F1/RA after testing 

 80/60/V-F2/RA 

Figure 5.47(a) shows the tested 80/60/V-F2/RA pile which demonstrated no failure. The test 

was terminated when the capacity of the hydraulic loading system was reached. After removing 

the FRP jacket, air voids were observed in the grout as shown in Figure 5.47(b), but they were not 

within the corroded region. Both flanges exhibited crumpling deformations within the corroded 

region as shown in Figure 5.47(c) and (d). 
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Figure 5.47- Pile 80/60/V-F2/RA after testing 

Figure 5.48 shows the axial load-slip relationship of 80/60/V repaired pile group. There are 

two curves for each pile corresponding to slip measurement at each end of the repair cylinder.  

Noting the sign of the slip values, the steel surface slipped into the grout cylinder. The pile 

repaired with F1 jacket demonstrated slightly more slip compared to the one repaired with F2 

jacket due to having lower stiffness. 
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Figure 5.48- Comparing the slip at steel-grout interface of 80/60/V repaired piles 

Figure 5.49 shows the relationship between the axial load and hoop strain in FRP jacket of 

the 80/60/V repaired pile group. The hoop strains in both FRP jackets are comparable. 

 

Figure 5.49- Comparing FRP hoop strain of 80/60/V repaired piles 

5.8.6 80/60/3 Pile Group 

All of the piles that were tested in this group had 80% reduction of the flange thickness and 

60% reduction of the web thickness along a 914 mm of the length. The piles were repaired with 

grout-filled FRP jacket with four #8 longitudinal reinforcing bars embedded in the grout. Four 

headed-stud anchors were also attached to the web above and below the corroded region. Figure 

5.50 compares the axial load-shortening responses of 80/60/3 pile group. The axial capacity of 

both repaired piles, Pn,r, increase beyond the yield capacity and the axial capacity of uncorroded 
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pile. This indicates that the repair system completely restored the axial capacity of the corroded 

piles by restraining the slender flanges and web within the corroded region to attain the yielding 

capacity. 

 

Figure 5.50- Axial load-shortening behavior of 80/60/3 pile group 

The axial load-shortening response of the repaired piles, shown in Figure 5.50, remained 

linear up to 1900 kN and 2300 kN for 80/60/3-F1/RA and 80/60/3-F2/RA, respectively. 

Subsequently, as the load continued to apply, the behavior became non-linear and the axial 

stiffness degraded. Testing of the piles was terminated prior to failure when the hydraulic loading 

system reached its capacity at the peak of 2816 kN and 2833 kN for the piles 80/60/3-F1/RA and 

80/60/3-F2/RA, respectively. 

 80/60/3-F1/RA 

Figure 5.51(a) shows the tested 80/60/3-F1/RA pile which demonstrated no failure. After 

removing the FRP jacket, air voids were observed in the grout which caused localized 

deformation in the adjacent slender flange as indicated in Figure 5.51(b) and (g). The bottom 

flange and headed-stud anchors demonstrated no visible deformation as shown in Figure 5.51(c) 

and (f). Figure 5.51(d) shows localized deformation in the web which happened adjacent to the 

air voids in the grout. Figure 5.51(e) shows a longitudinal cut mark on the internal layer of the 

FRP jacket due to being in contact with the tip of the corroded flange. This highlights the 
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importance of proper placement of protective spacers between the FRP jacket and the corroded 

pile during construction. 

 

Figure 5.51- Pile 80/60/3-F1/RA after testing 

 80/60/3-F2/RA 

Figure 5.52(a) shows the tested 80/60/3-F2/RA pile which demonstrated no failure. The 

repair system was removed after the test for more investigation. As shown in Figure 5.52(f), there 

were air voids in the grout located outside of the corroded region. No sign of deformation existed 

in the flanges and web as can be seen in Figure 5.52(b) - (d). Also, no deformation was observed 

in the headed-stud anchors (see Figure 5.52(e)). Figure 5.52(g) shows that the jacket diameter 

was 47 mm larger at one end compared to the other end 
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Figure 5.52- Pile 80/60/3-F2/RA after testing 

Figure 5.53 shows the axial load-slip relationship of 80/60/3 repaired pile group. There are 

two curves for each pile corresponding to slip measurement at each end of the repair cylinder.  

Noting the sign of the slip values, the steel surface slipped into the grout cylinder. The pile 

repaired with F1 jacket demonstrated slightly more slip compared to the one repaired with F2 

jacket due to having lower stiffness. 
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Figure 5.53- Comparing the slip at steel-grout interface of 80/60/3 repaired piles 

Figure 5.54 shows the relationship between the axial load and hoop strain in FRP jacket of 

the 80/60/3 repaired pile group. The hoop strain in F1 jacket, due to having lower stiffness, is 

higher than F2 jacket at the same load. 

 

Figure 5.54- Comparing FRP hoop strain of 80/60/3 repaired piles 

5.9 Comparison and Discussion 

Table 5.9 summarizes the axial capacities and failure modes of the tested repaired and un-

repaired piles. Also, presence of air voids adjacent to the corroded region is indicated for each 

repaired piles. Comparison and discussion of the results are presented in the following sections. 
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Table 5.9- Axial capacities and failure modes of the tested repaired and un-repaired piles 

Pile Designation 

Measured 

Capacity 
Failure Mode 

Air Void 

Adjacent to 

Corroded Region 

(kN)   

0/0 2771 Global buckling N/Aa 

0/20 2687 Global buckling N/Aa 

0/20-F1 2913 No failure N/Ab 

0/20-F2 2949 No failure N/Ab 

40/20 1935 Flange local buckling N/Aa 

40/20-F1/R 2949 No failure N/Ab 

40/20-F2/R 2945 No failure N/Ab 

40/60 1481 Flange and web local buckling N/Aa 

40/60-F1/R 2598 Global buckling Yes 

40/60-F2/R 2865 No failure No 

80/60 810 Flange and web local buckling N/Aa 

80/60-F1/R 2473 FRP rupture Yes 

80/60-F2/R 2744 FRP rupture No 

80/60-F1/RA 2905 No failure No 

80/60-F2/RA 2873 No failure Yes 

80/60/V 552 Flange local bending N/Aa 

80/60/V-F1/RA 2473 Flange local buckling Yes 

80/60/V-F2/RA 2744 No failure No 

80/60/3 707 Flange and web local buckling N/Aa 

80/60/3-F1/RA 2816 No failure Yes 

80/60/3-F2/RA 2833 No failure No 
a Not applicable to un-repaired piles 
b The FRP jacket was not removed and so the presence or absence of voids in the grout could 

not be observed. 

5.9.1 Axial Capacity 

Figure 5.55 shows plots the ratios of the axial capacity of the repaired piles to the nominal 

axial capacity of uncorroded control pile (retrofitting target), Pn,r/Pn,u, as a function of the reduced 

cross-sectional area of the corroded section of the pile. The dashed line represents the retrofitting 

target which is the nominal axial capacity of the un-corroded pile, calculated according to (AISC, 

2010) for a 4572-mm long HP310×79. The data points above the dashed line indicate that the 

repair system completely restored the axial capacity of the corroded piles. The axial capacity ratio 

for the piles repaired with F1 and F2 FRP jacket are shown by solid and hollow markers, 

respectively. 
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Figure 5.55- Ratio of the axial capacity of the repaired piles to the control uncorroded pile 

As shown in Figure 5.55, the tested FRP-confined grout repair system was able to effectively 

restore the axial capacity of the corroded piles to the nominal axial of uncorroded pile. The only 

exception was pile 80/60-F1/R.  While the design calculations indicated that this pile would 

require mechanical anchors, anchors were not provided for comparison with pile 80/60-F1/RA to 

investigate the effect of anchorage. The axial capacity of the pile 80/60-F1/RA was fully restored 

to the nominal axial capacity of the uncorroded pile. Comparison of the capacity of pile 80/60-

F1/R with that of 80/60-F2/R suggests that similar effect could have been achieved adding the 

number of layers of the F1 jacket and eliminating air voids in the grout. 

Comparing the corresponding piles repaired with F1 and F2 FRP jacket indicates that gains 

in axial capacity using both FRP systems were comparable. Noting that the presence of air voids 

in the grout especially adjacent to the slender flange or web caused major reduction in the axial 

capacity. This is concluded by comparing 40/60-F1/R to 40/60-F2/R, 80/60-F1/R to 80/60-F2/R, 

and 80/60/V-F1/RA to 80/60/V-F2/RA. 
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5.9.2 Failure Mode 

Table 5.10 compares the failure mode of the steel piles tested with and without the repair 

system. This comparison shows the repair system changed the failure mode of the repaired piles. 

Table 5.10- Comparing the failure mode of the steel piles tested with and without the repair  

Pile Designation Failure Mode of the Steel Pile 

Air Void 

Adjacent to 

Corroded 

Region 

0/0 Global buckling N/Ab 

0/20 Global buckling N/Ab 

0/20-F1 No failurea N/Ac 

0/20-F2 No failurea N/Ac 

40/20 Flange local buckling N/Ab 

40/20-F1/R No failurea N/Ac 

40/20-F2/R No failurea N/Ac 

40/60 Flange and web local buckling N/Ab 

40/60-F1/R Global Buckling Yes 

40/60-F2/R No Failurea No 

80/60 Flange and web local buckling N/Ab 

80/60-F1/R Flange and Web Crumpling Yes 

80/60-F2/R Flange and Web Crumpling No 

80/60-F1/RA Flange and Web Crumpling No 

80/60-F2/RA 
Flange and Web Crumpling/ 

Premature Flange Local Deformation 
Yes 

80/60/V Flange local bending N/Ab 

80/60/V-F1/RA 

Flange Local Buckling Outside the Repair System 

Flange and Web Crumpling/ 

Premature Flange Local Deformation 
Yes 

80/60/V-F2/RA Flange and Web Crumpling No 

80/60/3 Flange and web local buckling N/Ab 

80/60/3-F1/RA Premature Flange Local Deformation Yes 

80/60/3-F2/RA No Failurea No 
a The test was terminated when the capacity of the hydraulic loading system was reached 

before any significant damage of the repaired pile was observed 
b Not applicable to the un-repaired piles 
c The FRP jacket was not removed and so the presence or absence of voids in the grout 

could not be observed. 

The repair system restrained the corroded flange and web effectively and caused a change in 

the failure mode of the steel piles. The corroded control piles with 20% web deterioration, i.e., 

0/20 and 40/20, failed by global buckling and flange local buckling respectively. However, no 

global deformation in the repaired pile with 20% web deterioration was observed for the repaired 

piles with 20% web deterioration, i.e., 0/20-F1, 0/20-F2, 40/20-F1/R, and 40/20-F2/R. Regarding 

the repaired steel pile only, no further investigation was conducted by removal of their repair 
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system since their axial load-shortening responses were linear up to the peak load. The corroded 

control pile 40/60 failed by flange and web local buckling.  The pile 40/60-F1/R failed by global 

buckling, but no localized deformation was observed within the corroded region of the steel pile 

after removal of the repair system. 

Based on the experimental observations and comparing the failure modes of the repaired and 

un-repaired piles with 40% or less reduction in the flange thickness, the failure mechanism is 

explained as the following. Confining the corroded region with the repair system prevented the 

slender flanges and web from local buckling. The amount of the shearing load transferred through 

the interface at the peak load was smaller than the bond strength at steel-grout interface because 

the cross-sectional loss was not severe. Consequently, global buckling occurred prior to failure of 

the steel-grout bond and initiation of flange and web local deformation within the corroded 

region. 

For the piles with 80% reduction in flange thickness and 60% reduction in the web 

thickness, the repair system changed the failure mode of the slender cross sectional elements from 

flange and web local buckling to crumpling deformation. The corroded control pile 80/60 failed 

by flange and web local buckling in the first mode. The repaired piles 80/60-F1/R, 80/60-F2/R, 

80/60-F1/RA, and 80/60-F2/RA demonstrated flange and web crumpling deformation along the 

corroded region. The FRP jacket in piles 80/60-F1/R and 80/60-F2/R demonstrated rupture at the 

peak load. The corroded control corroded pile with a 51mm through-web void, 80/60/V, failed by 

localized flange bending adjacent to the void. However, by restraining the corroded region, 

crumpling deformation was observed within the corroded region of the repaired piles 80/60/V-

F1/RA and 80/60/V-F2/RA. 

Based on these observations the hypothesis on the failure mechanism of the repaired piles 

with 80% reduction of the flange thickness is the following. As the load increased the shearing 

force transferred to the repair system through the steel-grout interface increased beyond the bond 
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capacity. Subsequently, more axial load applied to the corroded section after bond failure, and the 

flanges and web in the corroded region began to yield and buckle or crumple locally within the 

repair system.  The out-of-plane deformations of the flanges pushed the grout outward which, in 

turn, induced hoop strains in the FRP jacket. Further increase in the axial load eventually resulted 

in rupture of the FRP jacket due to attaining its ultimate stress. 

Using headed-stud anchors attached to the web within the load introduction region reduced 

the axial deformation of the steel pile led to localized deformation within the corroded region 

with smaller amplitude compared to the counterparts repaired without anchors. This is concluded 

by comparing the localized deformation of the piles 80/60-F1/R and 80/60-F2/ to 80/60-F1/RA 

and 80/60-F2/RA. A hypothesis based on the observations is that as the pile was loaded, the 

flanges and web in the corroded region began to yield and buckle or crumple locally within the 

repair system.  The out-of-plane deformations of the flanges and web pushed the grout outward 

which mobilized hoop strains in the FRP jacket.  For piles with mechanical anchors, as the grout 

tried to separate from the steel surface, the anchors were engaged in tension and prevented the 

grout from separation.  Therefore, the observed amplitude of the buckles for the repaired piles 

with anchors was less than the amplitude of the buckles for the piles without anchors. 

Presence of air voids in the grout adjacent to the corroded region caused premature localized 

deformation of the corroded elements. Comparing 80/60-F1/RA to 80/60-F2/RA, 80/60/V-F1/RA 

to 80/60/V-F2/RA, and 80/60/3-F1/RA to 80/60/3-F2/RA shows premature localized deformation 

within the corroded region due to lack of restraint of the flanges by the grout core. 

5.9.3 FRP Confinement and Slip at Steel-Grout Interface 

Hoop strain in the FRP jacket at peak load increased by increasing the level of deterioration. 

This is attributed to increase of the localized flanges and web deformation within the corroded 

region as the level of deterioration increases. As a result, the surrounding grout expands more to 

accommodate this localized deformation and induces more hoop strain in the FRP jacket. 
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Slip at peak load increased by increasing the level of deterioration. This is due to the fact 

that by increasing the level of deterioration more localized deformation occurs within the milled 

region. This increased the axial shortening of the steel pile. The mismatch between the axial 

shortening of the corroded steel pile and the repair system increased the shearing stresses and slip 

at the steel-grout interface. 

Comparing the piles repaired with F1 jacket to those repaired with F2 jacket, e.g., 40/20-

F1/R to 40/20-F2/R or 80/60-F1/R to 80/60-F2/R, shows that generally hoop strain and slip at 

steel-grout interface in the F1 FRP jacket were slightly higher than F2 jacket. This is attributed to 

lower elastic stiffness of the F1 FRP jacket in hoop direction relative to F2 jacket. Using nominal 

material properties, the elastic stiffnesses of the F1 and F2 jackets, Efitfi, are calculated as 69 

kN/mm and 119 kN/mm, respectively, where Efi and tfi are the elastic moduli and thicknesses of 

the ith FRP layer in the jackets, respectively. This shows F2 jacket provided more confinement 

pressure and reduced the slip and separation at the steel-grout interface. 

Comparing 80/60-F1/R to 80/60-F1/RA and 80/60-F1/R to 80/60-F2/RA demonstrated that 

hoop strains in FRP jacket and slip at steel-grout interface were higher for the piles repaired 

without headed-stud anchors relative to the ones with the embedded anchors. This is consistent 

with the hypothesis explained the failure mechanism earlier. The piles without anchors 

demonstrated more localized deformation within the corroded region which, in turn, induced 

more hoop strain in the FRP jacket. 

5.10 Summary 

To restore the axial capacity of corroded steel piles to their nominal axial capacity, two 

commercially-available FRP-based repair systems, referred to as F1 and F2, were used in this 

study. A design approach was proposed considering possible failure modes for the repaired piles. 

Based on the proposed design approach, FRP-based repair system was designed to repair fourteen 

full-scale piles with representative corrosion patterns. The installation of the repair system was 
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implemented in a water-filled steel tank to simulate in-situ repairs. According to the test results, 

the repair system successfully restored the axial capacity of the piles to the retrofitting target. In 

addition, the repair system changed the failure mode of the steel piles. Comparing the axial 

capacity, slip at steel-grout interface, and FRP hoop strain showed that F1 jacket provided less 

confinement effect due to having less stiffness relative to F2 jacket. Possible failure mechanism 

based on the test observations was explained. 
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Chapter 6 Finite Element Modeling of Full-Scale Repaired Piles 

6.1 Introduction 

A numerical study was conducted to simulate the behavior of corroded steel piles that are 

repaired with FRP-confined grout and to complement the experimental investigation.  Modeling 

of an individual repaired pile under axial compression was the focus of this numerical analysis. 

The length of the pile from bent cap to the point of fixity, where below that the pile is assumed to 

have no lateral deflection, was modeled with identical boundary condition as the test setup.  The 

effect of soil or water did not include in the model. A major component of this numerical 

investigation was to examine the assumed bond characteristics between the steel pile and the 

confined grout and to quantify the parameters of bond-slip characteristics that were used to 

represent the steel-grout interface. The numerical framework was used to predict the response of 

the 14 repaired full-scale piles that were tested in the experimental program.   

6.2 Description of the Finite Element Model 

Finite element modeling was implemented using the commercial finite element package 

ABAQUS v. 6.12 (SIMULIA, 2012) . General static solution method, which uses full Newton 

approach, was selected as a solution technique. The model accounted for material and geometric 

non-linearity, residual stresses, initial imperfections, and imperfect bond at the grout/steel 

interface.  

6.2.1 Elements Type and Mesh Size 

Figure 6.1 illustrates the components of a modeled repaired pile with a through-web void. 

The FRP jacket and steel piles were modeled with four-noded shell elements with six degrees of 

freedom at each node, linear shape functions (S4). The grout was modeled using eight-noded, 3D 

continuum brick elements with three degrees of freedom at each node, linear shape functions 

(C3D8). Truss elements were employed to model reinforcing bars and anchors.  They modeled 
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with two-noded three dimensional truss element with three degrees of freedom at each node, 

linear shape function (T3D2). Steel end plates were modeled at the ends of the pile to restrain 

warping and to represent the thick loading plates that were used in the experimental program.  In 

bridge applications one end of the steel pile is embedded in the ground while the other is typically 

embedded in a concrete bent cap.  This embedment would have a similar restraining effect as the 

steel plates used in this analysis.  Since nodal degrees of freedom of solid and shell elements are 

not compatible, ABAQUS uses a coupling formulation at shell-solid interface to address this lack 

of compatibility. The displacement of the shell node constrains to the displacement of the 

corresponding solid node. In addition, the rotation of the shell node at the interface constrains to 

the rotation of the corresponding line of the nodes in solid part (SIMULIA, 2012). 

 

Figure 6.1- Components of modeled repaied piles 

In previous studies, both linear and quadratic shell elements were used to model thin-walled 

steel columns (Schafer et al., 2010) or steel tubes in contact with concrete (Ellobody and Young, 

2006). To investigate the sensitivity of the response to mesh size and element type, pile 40/60-

F2/R was modeled with different mesh sizes and element types. Three different mesh sizes, 51 

mm, 25 mm, and 13 mm, were selected to conduct the sensitivity analysis. In addition, the results 
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of the analysis with linear and quadratic shape functions with 51-mm mesh size were compared. 

The mesh size (h-refinement) and element type (p-refinement) for all of the components of the 

model were refined simultaneously.  That is, uniform element types (linear or quadratic) and 

mesh sizes were used throughout the entire model.  Table 6.1 summarizes the element types 

considered in the sensitivity analysis along with the corresponding designations used in 

ABAQUS. 

Table 6.1- Type of elements used to model each part in sensitivity study 

Part 
Shape 

Function 
Element Designation 

Pile 

Linear 

S4 4-node linear general shell, finite membrane strain 

Grout C3D8 8-node linear brick 

FRP S4 4-node linear general shell, finite membrane strain 

Reinforcing bars T3D2 2-node linear 3D truss 

Pile 

Quadratic 

S8R 8-node quadratic thick shell, reduced integration 

Grout C3D20 20-node quadratic brick, reduced integration 

FRP S8R 8-node quadratic thick shell, reduced integration 

Reinforcing bars T3D3 3-node quadratic 3D truss 

Table 6.2 summarizes the number of nodes and elements associated with the different mesh 

sizes. The models ran on Maxwell cluster using 8 core processors. The table also shows the 

computation time in seconds per processor core. The FE model with the mesh size of 51 mm was 

analyzed with both linear and quadratic elements. The analysis for the other two mesh sizes was 

conducted using only linear elements. 

Table 6.2- Comparison of the number of nodes, elements, and computational time for  

different mesh sizes and element types 

Component 

Mesh Size 

51mm 25mm 13 mm 

Linear Shape 

Functions 

Quadratic 

Shape 

Functions 

Linear Shape Functions Linear Shape Functions 

# of 

Elements 

# of 

Nodes 

# of 

Nodes 

# of 

Elements 
# of Nodes 

# of 

Elements 
# of Nodes 

Pile 1620 6920 10268 6480 11888 25920 31544 

Grout 1776 2800 10038 10656 14210 78336 91762 

FRP 648 675 1998 2592 2646 10272 10379 

Reinforcing bar 100 96 196 192 196 384 388 

Total 10495 4140 22500 19920 28940 114912 134073 

Computational 

Time (s/core) 
260 574 394 4303 
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Figure 6.2 shows the effect of the element size and shape functions on the predicted axial 

load-shortening relationship of the 40/60-F2/R pile as compared to the measured response. The 

figure indicates that the predicted response is not sensitive to the mesh size or element type up to 

peak load. However, the model with 51-mm linear elements predicts a slightly higher post peak 

capacity than the other models. Considering the computational time and axial load-shortening 

response 25-mm linear element was selected for the modeling of the rest of the repaired piles. 

 

Figure 6.2- Sensitivity of load-shortening response to different mesh size and type 

Table 6.3 shows the element type and size selected for FE modeling of the tested repaired 

piles. Since the pile considered in the sensitivity study did not include anchors element type and 

mesh size of the anchor elements were selected to be the consistent with those of the reinforcing 

bar elements. 

Table 6.3- Selected element type and mesh size for FE modeling 

Part Element Type Element Size (mm) 

Pile S4 25×25 

Grout C3D8 25×25×25 

FRP S4 25×25 

Reinforcing bars T3D2 25 

Anchors T3D2 25 
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6.2.2 Boundary Conditions 

Figure 6.3 shows the modeled pile with the un-restrained degrees of freedom, in a global 

sense. The repaired piles were modeled with both ends fixed against rotation about the strong axis 

and free to rotate about the weak axis to represent the boundary conditions used during testing. At 

the fixed end of the pile translation was restrained in three perpendicular directions. At the 

jacking end translation was restrained in the global X and Y directions but the pile was free to 

translate in axial, global Z, direction as shown in Figure 6.3. The pile was loaded in displacement 

control by increasing the Z-direction displacement at the jacking end.   

 

Figure 6.3- Applied boundary conditions to FE model 

6.2.3 Initial Out-of-Straightness 

Initial out-o-straightness of columns is considered as a half-sine lateral deformation 

(Ziemian, 2010; AISC, 2010;  Seif and Schafer, 2010a; Shi et al., 2014). Figure 6.4 shows the 

global initial imperfection applied after installation of the repair system on the pile since 

otherwise the distance between the adjacent nodes of the steel pile and grout core in contact 

would be beyond the acceptable tolerences. In the current FE model, initial imperfection was 

applied as a half-sine lateral deformation applied to the repaired pile. To apply the initial 

imperfection, prior to analyzing the pile under axial deformation the repaired pile was analyzed 

under a half-sine lateral displacement until the maximum magnitude of deflection at mid-span 

reached to a pre-defined value. A sensitivity analysis to assess the impact of the magnitude of the 

Fixed End 
Jacking End 
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initial imperfection was conducted by considering pile 40/60-F2/R. The pile was analyzed under 

two maximum magnitudes of the lateral deformations at mid-span, L/1000=4.6 mm and 

L/1500=3.1 mm. 

 

Figure 6.4- Applied initial global imperfection to FE models 

Figure 6.5 compares the axial load-shortening responses of the pile 40/60-F2/R analyzed 

with two different maximum magnitude of lateral deformation at mid-span. Increasing the 

maximum initial imperfection by about 50% resulted in 5% decrease in the peak load. The 

amplitude of the initial global imperfection, was taken as L/1000 since this is the maximum 

value used to develop the column curves in the existing AASHTO and AISC design 

specifications (Ziemian, 2010) 

 

Figure 6.5- Effect of initial imperfection on axial load-shortening response 
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6.2.4 Material Properties 

The following sections describe the material models that were adopted for the steel piles, 

steel reinforcing bars, steel anchors, grout, and FRP jackets in the finite element analyses. 

 Steel Piles 

A bilinear elasto-plastic material model was used for the steel piles. In the elastic region an 

isotropic model was defined using the measured elastic modulus and Poisson’s ratio of the steel 

as obtained from the tension coupon tests reported in Chapter 5. An isotropic hardening model ( 

Mises yield surface with associated plastic flow) with yield stress, ultimate stress, and 

corresponding plastic strains were used to define the inelastic region. Table 6.4 summarizes the 

properties assigned to the flange and web elements. The tensile modulus, yield stress, ultimate 

stress, and ultimate plastic strain were measured while the Poisson’s ratio was assumed. 

Table 6.4- Assigned properties to steel flange and web elements
 

Part 

Tensile 

Modulus 

Yield 

Stress 

Ultimate 

Stress 

Ultimate 

Plastic 

Strain 

Poisson's 

Ratio 

[GPa] [MPa] [MPa] [mm/mm]  

Flange 196 360 459 0.1724 0.3 

Web 221 418 491 0.0778 0.3 

The magnitude and distribution of residual stresses as defined by Seif and Schafer (2010a) 

were adopted in this study as shown in Figure 6.6. The maximum compressive and tensile 

residual stresses were calculated as 

MPaf yc 1033.0  and (6-1) 

 
MPa

tdttb

tb

fwff

ff

ct 54
2

















 . (6-2) 

Figure 6.6(a) shows the idealized distribution of residual stresses while Figure 6.6(b) shows 

the discretized form that was adopted in this study based on the selected 25 mm element size and 

considering equilibrium of forces in the axial direction. 
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Figure 6.6- Residual stress magnitude and distribution 

Figure 6.7 compares the axial load-shortening response of the tested pile and FE modeling. 

As illustrated in this figure, incorporating the residual stresses in the model led to a 13% 

reduction of the peak load as compared to a similar model without residual stresses and had no 

influence on post-peak response. The adopted residual stress distribution and magnitude were 

applied to all the modeled piles throughout this numerical analysis. 

 

Figure 6.7- Effect of residual stress on axial load-shrotening response 
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 Steel Reinforcing Bars 

Similarly to the steel piles a bi-linear elasto-plastic material model was used to model the 

steel reinforcing bars. Table 6.5 presents the material properties that were adopted for the rebar 

elements. Measured values were adopted for the tensile modulus, yield stress, ultimate stress, and 

corresponding ultimate plastic strain. While nominal values were adopted for the diameter and 

Poisson’s ratio. 

Table 6.5- Assigned properties to reinforcing bar elements 

Part 
Diameter 

Tensile 

modulus 

Yield 

stress 

Ultimate 

stress 

Ultimate 

plastic 

strain 

Poisson's 

ratio 

(mm) (GPa) (MPa) (MPa) (mm/mm)  

Rebar #6a 19 206 474 721 0.1195 0.3 
Rebar #8a 25 224 426 631 0.1220 0.3 

 Steel Anchors 

A linear-elastic isotropic model was used for the steel anchors. Table 6.6 shows the assigned 

properties to anchor elements. The tensile modulus and Poisson’s ratio are nominal values. The 

effective diameter was calculated by considering the effect of threads in reducing the cross-

sectional area.  

Table 6.6- Assigned properties to anchor elements 

Part 

Effective 

diameter 

Tensile 

modulus 

Poisson's 

ratio 

(mm) (GPa)  

Anchor 22 200 0.3 

 Grout 

Since crushing of the grout was not observed in the experimental study an isotropic elastic 

stress-strain model was assigned to the grout using the measured initial elastic modulus. No 

failure was defined for the grout material. Table 6.7 summarizes the measured compressive 

modulus assigned to the grout elements of the modeled piles. 
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Table 6.7- Assigned properties to grout elements 

Pile 

Compressive 

modulus 

(GPa) 

 Pile 

Compressive 

modulus 

(GPa) 

0/20-F1 25  0/20-F2 28 

40/20-F1/R 24  40/20-F2/R 31 

40/60-F1/R 27  40/60-F2/R 29 

80/60-F1/R 27  80/60-F2/R 29 

80/60-F1/RA 24  80/60-F2/RA 28 

80/60/V-F1/RA 28  80/60/V-F2/RA 32 

80/60/3-F1/RA 25  80/60/3-F2/RA 29 

 FRP Jackets 

The FRP jackets were modeled as orthotropic, layered, elastic materials as summarized in 

Table 6.8.  The F1 system consisted of one type of CFRP while the F2 system consisted of two 

types of FRP, one GFRP and one CFRP. 

Table 6.8-Assigned properties to FRP elements 

FRP 

Laminate 

Thickness 

per layer 
E1 E2 G12 G13 G23  

(mm) (GPa) (GPa) (GPa) (GPa) (GPa) (mm/mm) 

F1-CFRP 0.7 49 20 19 19 0.0 0.3 

F2-CFRP 1.0 85 3.0 3.0 3.0 0.0 0.3 

F2-GFRP 1.3 26 3.0 3.0 3.0 0.0 0.3 

6.2.5 Grout-Steel Pile Interface Properties 

This FE models include several interfaces as summarized in Table 6.9. Tie constraints were 

employed at all of the interfaces except the grout-steel pile interface.  In the tie model, all of the 

degrees of freedom at the nodes on the slave surface were constrained to the corresponding 

degrees of freedom of the adjacent nodes on the master surface which represents a perfect bond 

condition. 

Table 6.9- Existing interfaces in FE model 

Interface Interaction Type Master Surface Slave Surface 

Grout-Steel Pile Surface-to-surface contact Steel pile Grout 

Grout-FRP Tie constraint Grout FRP 

Grout-Rebar Tie constraint Grout Rebar 

Grout-Anchor Tie constraint grout anchor 
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For the surface-to-surface contact model the bond characteristics, i.e., bond stiffness and 

strength in tangential and normal directions, were utilized to correlate the movement of the node 

on the slave nodes to the adjacent nodes on the master surface based on a bond stress-slip 

relationship as shown in Figure 6.8 for the tangential direction (SIMULIA, 2012). Contact 

properties are defined using cohesive and friction properties at the interface. The cohesive 

properties include the bond stiffnesses in the normal and tangential directions, Kn and Ks, bond 

strengths in the normal and tangential directions, n and s, and fracture energy, G as shown in 

Figure 6.8(a). Friction is defined by coefficient of friction, (see Figure 6.8(b)). To investigate 

the influence of bond characteristics at the grout-steel pile interface on the behavior of the 

repaired piles, a sensitivity analysis was conducted. Pile 80/60-F2/R was used for the sensitivity 

analysis since this was the only pile which exhibited complete separation between the grout and 

the steel pile during the failure process (after rupture of the FRP jacket at the end of the test). 

 

Figure 6.8- Cohesive and friction properties in tangential direction 

6.2.5.1 Bond-Slip Model 

Figure 6.9 shows the bond-slip relationship proposed by Liu et al. (2005) for the interface 

between FRP-confined expansive concrete and steel. The dashed line in the figure represents a 

simplified bi-linear bond-slip model from the proposed model which was used in the numerical 

modeling. 
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Figure 6.9- Comparing of the proposed model (Liu et al., 2005) and simplified model 

In addition, the pile was analyzed under two other extreme cases, full-bond and low-bond 

interaction at the grout-steel pile interface. Full-bond interaction was defined by using a tie model 

at the interface. A friction type contact with a coefficient of friction, of 0.1 was used to define 

the low-bond interaction. Table 6.10 summarizes the characteristics of the defined interface 

models. 

Table 6.10-Bond characteristics of the existing models 

Model 
Interaction 

Type 

Coefficient 

of friction 

() 

Normal 

Stiffness 

(Kn) 

Normal 

Stress 

(n) 

Tangential 

Stiffness 

(Ks=Kt) 

Tangential 

Stress 

(s=t) 

Fracture 

energy 

(G) 

 N/mm3 N/mm2 N/mm3 N/mm2 N/mm 

Full-bond 
Tie 

constraint 
N/Aa N/Aa N/Aa N/Aa N/Aa N/Aa 

Low 

friction 

Surface-to-

surface 

contact 

0.1 N/Aa N/Aa N/Aa N/Aa N/Aa 

Liu et al., 

2005 

Surface-to-

surface 

contact 

N/Aa 135.5 0.69 35.2 3.59 3.15 

a This parameter did not apply to the model 

Figure 6.10 compares the axial load-shortening responses of the tested pile to the analyzed 

piles with different bond characteristics. Modeling the bond at steel-grout interface using the 

relationship proposed by Liu et al. (2005) led to a response closer to the full-bond model than 

low-friction model. The responses of the full-bond model and the model by Liu et al. (2005) were 

linear up the peak load with 30% and 15% higher axial stiffnesses, respectively, than the 

measured axial stiffness. This indicates that the full-bond and Liu et al. (2005) models are not 
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representative of the actual bond behavior. Consequently, a series of sensitivity analyses were 

conducted to investigate the influence of different bond characteristics on the axial load-

shortening response. 

 

Figure 6.10- Comparison of full-bond, low friction, and Liu et al. (2005) bond-slip  

relationship 

6.2.5.2 Effect of Tangential Bond Stiffness, Ks 

Figure 6.11 compares the load-shortening responses of the tested pile and responses obtained 

by changing the tangential stiffness, Ks, of the steel-grout interface. As shown in Figure 6.11, 

modeling the pile with tangential stiffnesses of 35.2, 13.6, and 2.7 N/mm3 at the interface resulted 

in 16%, 13% and 5% errors, respectively, in the calculated axial stiffnesses of the modeled pile 

compared to the measured value. All of the modeled piles failed by global buckling. A tangential 

stiffness, Ks, of 2.7 N/mm3 was selected for modeling the rest of the piles. 
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Figure 6.11- Effect of tangential bond stiffness on axial load-shortening response 

6.2.5.3 Effect of Tangential Bond Strength, s 

Three different tangential bond strengths 3.59, 2.07, and 1.38 MPa were studied, and the 

results showed that the dominant failure mode changed by reducing the bond strength. Figure 

6.12 (a) shows the pile with a bond strength, s, of 3.59 at the steel-grout interface.  In the figure 

the FRP-confined grout repair system has been removed for clarity.  Using this tangential bond 

strength the modeled pile demonstrated global lateral deformation accompanied by local buckling 

of the flange in the uncorroded region, just outside the repair system. Reducing the bond strength 

to 2.07 or 1.38 MPa led to localized crumpling deformation within the corroded region as shown 

in Figure 6.12 (b).  

 

Figure 6.12- Changing the pile deforamtion by decreasing the bond strnegth 
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Figure 6.13 compares the load-shortening responses of the tested pile to the responses 

obtained by changing the tangential bond strength, s, of the steel-grout interface. Point 1 and 2 

are associated with changes in the axial stiffness of the piles with 1.38 and 2.07 MPa bond 

strengths, respectively. Point 3 corresponds to the peak load of the pile with bond strength of 3.59 

MPa. 

The response of the pile with bond strength of 3.59 MPa showed a descending branch after 

the peak load, point 3 in Figure 6.13, due to the local and global buckling of the pile. The 

responses of the other piles with lower bond strengths, i.e., s=1.38 and 2.07 MPa, demonstrated 

hardening responses after a change in the axial stiffness at points 1 and 2 in Figure 6.13. For the 

pile with bond strength of s=1.38 MP, the load at which the axial stiffness degraded is 15% 

lower than the corresponding load for the pile with bond strength of s=2.07 MPa. However, the 

slopes of the responses after stiffness degradation are comparable for these two piles. The 

analysis of the piles modeled with shearing bond stress of 1.38 MPa and 2.07 MPa terminated 

prior to observing any drop in the axial load. 

 

Figure 6.13- Effect of tangential bond strength on axial load-shortening response 
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Figure 6.14 shows shearing stress contours at steel-grout interface at the load levels 

corresponding to points 1, 2, and 3. Note that the axial load increases 23% from point 1 to point 

3. Comparing Figure 6.14 (a), (b), and (c) reveals that at the load level of 2086 kN corresponding 

to point 1, the shearing stress at the steel-grout interface with s=1.38 MPa attained the maximum 

strength, indicating the initiation of the bond failure, while the other two piles with higher bond 

strengths did not reach their bond capacities. Subsequently, the pile with the bond strength 

ofs=1.38 MPa began to demonstrate localized crumpling deformation within the corroded region 

due to failure of the bond between the steel pile and restraining grout. At the higher load level of 

2442 kN corresponding to point 2, the pile bond strength of s=2.07 MPa also reached to its bond 

strength at the steel-grout interface, as indicated in Figure 6.14(e), and this led to degradation of 

the axial stiffness. However, shearing stress at the steel-grout interface for the pile with the bond 

strength of s=3.59 MPa was below its bond strength as shown in Figure 6.14(d). Finally, when 

the load reached 2575 kN corresponding to point 3, the pile with the bond strength of s=3.59 

MPa began to deform globally without exhibiting any failure at the steel-grout interface (see 

Figure 6.14(f)). 

 

Figure 6.14- Comparison of shearing stress contours at different load levels 
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Considering the axial load-shortening response and failure mode of the steel pile observed in 

the test, the bond strength of s=1.38 MPa was selected to model rest of the tested piles.  Figure 

6.15 compares the Mises stress contours on the corroded flange of the piles modeled with three 

different shearing bond strengths. Yielding of the flange material was defined 360 MPa in the 

model. As shown in Figure 6.15(a), (b), and (c), corroded flange fully yielded at the load level of 

2086 corresponding to point 1. This shows that the repair system successfully restrained the 

corroded flange. Increasing the load beyond point 1 caused initiation of yielding of uncorroded 

flange in the piles with higher bond strength of 2.07 MPa and 3.59 MPa as shown in Figure 

6.15(d),(e), and (f). 

 

Figure 6.15- Comparison of Mises stress contours at different load levels 

6.2.5.4 Effect of Fracture Energy 

Figure 6.16 compares the response obtained from the test to the calculated axial load-

shortening response of the repaired pile 80/60-F2/R with different values of fracture energy at the 

steel-grout interface. Increasing the value of the fracture energy increased the axial deformation at 

the peak load. The pile modeled with the lowest value of fracture energy, G=3.15 N/mm, showed 

a softening response immediately after the onset of non-linearity at an axial shortening of 6.9 

mm. However, the piles analyzed with the fracture energy values of 17.5 and 175 N/mm 

exhibited no softening responses after the bond failure and attained 37% and 71% higher axial 
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shortening at peak load compared to the pile with fracture energy of 3.15 N/mm. All three 

modeled piles demonstrated localized flange and web crumpling deformations. The analysis of 

the pile modeled with G=17.5 N/mm terminated prior to observing any drop in the axial load. The 

fracture energy value of G=175 N/mm was selected for analyzing the rest of the pile due to 

providing comparable prediction of the axial load-shortening response to the one obtained from 

the test. 

 

Figure 6.16- Effect of fracture energy on axial load-shortening response 

6.2.5.5 Effect of Coefficient of Friction 

Figure 6.17 compares the response obtained from the test to the calculated axial load-

shortening response with different values of coefficients of friction at the steel-grout interface. In 

previous studies in which numerical modeling of concrete filled tube (CFT) columns was 

conducted, coefficients of friction ranged from 0.05 to 0.55 (Hu et al., 2005; Ellobody and 

Young, 2006; Hu and Su, 2011; Gupta et al., 2014; Lai and Varma, 2015). Two values of the 

coefficient of friction, 0 and 0.55, were used to examine the senssivity of the FE model. 

Increasing the value of the coefficient of friction from 0 to 0.55 increased the slope of the axial 

load-shortening response after the bond failure by 63%. Localized deformation of the steel pile 

within the corroded region was observed for both pile analyzed with values of coefficient of 
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friction of 0 and 0.55. The analysis of the modeled piles terminated prior to observing any drop in 

the axial load. Coefficient of friction of 0.55 was selected to analyze the rest of the piles due to 

providing higher axial stiffness after the bond failure which was comparable to the one from the 

test. 

 

Figure 6.17- Effect of coefficient of friction on axial load-shortening response 

6.2.5.6 Effect of Normal Bond Stiffness and Strength 

Figure 6.18(a) and (b) compare the axial load-shortening response of the tested pile to the 

modeled piles with different normal bond stiffnesses and strengths, respectively. No influence on 

the axial load-shortening response or the predicted failure mode was observed. The analysis of 

the modeled piles terminated prior to observing any drop in the axial load. However, the analysis 

of the modeled piles with lower normal bond stiffness and strength terminated at a lower axial 

shortening than the counterparts modeled with higher values of normal bond stiffness and 

strength. As a result, the normal bond strength and stiffness of Kn= 27.1 N/mm3 and n= 6.9 

N/mm2 were selected for analyzing the rest of the piles. 

0

500

1000

1500

2000

2500

3000

3500

0 10 20 30 40 50 60

A
p

p
li

ed
 L

o
ad

 (
k

N
)

Axial Shortening (mm)

m=0 m=0.55

80/60-F2/R 

Test 

=0 =0.55 

K
n
=27.1 N/mm

3

 

K
s
=2.7 N/mm

3

 


n
=0.69 N/mm

2

 


s
=1.38 N/mm

2 

G=175 N/mm FE 



178 

 

 

Figure 6.18- Effect of normal bond stiffness and strength on axial load-shortening response 

6.2.5.7 Adopted Bond Characteristics for FE Modeling 

Based on the results of the sensitivity analysis and comparison of the axial load-shortening 

response of the tested pile 80/60-F2/R with the FE predictions, the bond characteristics 

summarized in Table 6.11 were used to define the steel-grout interface. 

Table 6.11- Assumed bond characteristic for FE modeling 

Normal bond stiffness (Kn) 27.1 N/mm3 

Tangential bond stiffness (Ks) 2.7 N/mm3 

Normal bond strength (
n
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Tangential bond strength (
s
) 1.38 N/mm2 

Bond fracture energy (G) 175 N/mm 

Coefficient of friction () 0.55 

6.3 Comparison and Discussion 

Using the measured geometry, the developed FE model was used to analyze the tested piles, 

and the results were compared to the experimental results to validate the model. The following 

sections compare the axial capacity, load-shortening response, failure mode, and load-slip 

relationship obtained from numerical analyses with the tested ones. 
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6.3.1 Axial Capacity 

Table 6.12 and Table 6.13 compare the measured and predicted axial capacities for the piles 

that were repaired using the F1 and F2 systems, respectively. They also show the ratio of the 

measured peak load to the predicted peak load with calculated mean, standard deviation (STDV) 

and coefficient of variation (C.O.V.). Inspection of the tables indicates that for all but one of the 

tested piles (80/60-F1/R) the finite element model under-predicted the axial capacity. 

Conservative prediction are attributed to using maximum suggested residual stresses and initial 

geometric imperfection. For the unconservative case, the model only over-predicted the capacity 

by 4% which is due to the presence of significant air voids in the grout of the tested pile.  With 

the exception of two piles (80/60/V-F1/RA and 80/60/V-F2/RA) was within 20% of the measured 

capacity. The higher values of measured-to-predicted peak load of the piles with through-web 

void attributed to absence of the web which caused the corroded flanges to demonstrate no post 

peak strength. 

Table 6.12- Comparison of the Test and FE peak load for piles repaired with F1 jacket 

Pile Designation 

Peak Load 

(Measured) 

Peak Load 

(Predicted) 

Peak Load Ratio 

(Measured/Predicted) 

(kN) (kN)  

0/20-F1 2913a 2502 1.16 

40/20-F1/R 2949a 2474 1.19 

40/60-F1/R 2598 2483 1.05 

80/60-F1/R 2473 2561 0.966 

80/60-F1/RA 2905a 2482 1.17 

80/60/V-F1/RA 2629 1599 1.64 

80/60/3-F1/RA 2816a 2502 1.13 

  Mean 1.19 

  STDV 0.201 

  C.O.V. 0.169 
a The test was terminated when the capacity of the hydraulic loading 

system was reached prior to failure of the pile. 

 

 

 



180 

 

Table 6.13- Comparison of the Test and FE peak load for piles repaired with F2 jacket 

Pile Designation 

Peak Load 

(Measured) 

Peak Load 

(Predicted) 

Peak Load Ratio 

(Measured/Predicted) 

(kN) (kN)  

0/20-F2 2949a 2513 1.17 

40/20-F2/R 2945a 2513 1.17 

40/60-F2/R 2865a 2539 1.13 

80/60-F2/R 2744 2677 1.03 

80/60-F2/RA 2873a 2513 1.14 

80/60/V-F2/RA 2913a 1613 1.81 

80/60/3-F2/RA 2833a 2560 1.11 

  Mean 1.22 

  STDV 0.243 

  C.O.V. 0.199 
a The test was terminated when the capacity of the hydraulic loading 

system was reached prior to failure of the pile. 

6.3.2 Axial Load-Shortening Response 

Figure 6.19 and Figure 6.20 compare the axial load-shortening responses of the tested piles 

that were repaired with the F1 and F2 FRP system, respectively, with those obtained from the FE 

models. The tested repaired piles with 0% and 40% reduction of the flange thickness, with the 

exception of 40/60-F1/R, did not demonstrate any failure during the test due to limitation of the 

hydraulic loading system. The pile 40/60-F1/R demonstrated a global buckling failure mode. 

However, the FE model was able to predict the complete axial-load shortening response and post-

peak behavior. Comparison of the measured and predicted responses and peak loads for these 

piles suggests that failure was imminent. For the piles with 80% reduction in the thickness of the 

flanges, the onset of non-linearity of the repaired piles was predicted accurately. However, the 

predicted stiffnesses in the inelastic range are 65% and 75% lower than the tested values for the 

piles 80/60-F1/R and 80/60-F2/R, respectively. Comparing the predicted to measured inelastic 

stiffnesses after cohesive bond failure for the piles with mechanical anchors, piles 80/60-F1/RA, 

8/60-F2/RA, 80/60/V-F1/RA, 80/60/V-F2/RA, 80/60/3-F1/RA, and 80/60/3-F2/RA, shows that 

the errors are even higher. This is attributed to the fact that the modeled anchors were only 

effective in the normal direction since they were defined as truss elements. Modeling the anchors 
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using beam element which had bending and shear stiffness did not converged. Further numerical 

investigation using different techniques to model the anchors should be undertaken. 

 

Figure 6.19- Comparison of the test and FE load-shortening response for the piles repaired  

with F1 jacket 
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Figure 6.20- Comparison of the test and FE load-shortening response for the piles repaired  

with F2 jacket 
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deformation. Figure 6.22(a) shows the predicted failure mode of the 40/60-F1/R pile after 

applying 51 mm of axial shortening. According to the experimental observations, only the pile 

40/60-F1/R demonstrated a global buckling failure mode, and the rest did not fail due to the 

limitation of the hydraulic loading system. Figure 6.22(b) shows the global deformation of the 

pile 40/60-F1/R after 13 mm axial shortening. HP 310×79 piles are very close to having slender 

flanges and that a slight increase of the flange thickness may have changed the failure mode and 

increased the capacity. 

 

Figure 6.21- Comparison of the deformation of the tested and modeled pile 40/60-F1/R 

The predicted failure mode of the piles with 80% reduction of the flange thickness was 

flange local crumpling within the corroded region. Figure 6.22(a), (b), and (c) illustrate the 

localized deformation of the piles 80/60-F1/R, 80/60/V-F1/RA, and 80/60/3-F1/RA along the 

(a) (b) 



184 

 

corroded region, respectively. The corroded flanges of the corresponding piles after the test are 

shown in Figure 6.22(d), (e), and (f). Comparing Figure 6.22(a) - (d) and Figure 6.22(b) - (e) 

indicate that the patterns of flange localized deformations are similar but not identical. In 

addition, pile 80/60/V-F1/RA demonstrated flange local buckling follow by global deformation 

during the test as shown in Figure 6.22(g), while the modeled 80/60/V-F1/RA failed by flange 

local buckling within the corroded region.  HP 310×79 piles are very close to having slender 

flanges and that a minor reduction of flange thickness may have shifted the predicted failure 

mode and reduce the predicted capacity slightly. Due to the limitation of the loading system, no 

localized deformation or failure was observed in the pile 80/60/3-F1/RA as shown in Figure 

6.22(f)  

 

Figure 6.22- Comparison of the deformation of the tested and modeled piles with 80%  

reduction of the flange thickness 
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Table 6.14 and Table 6.15 present the maximum predicted in-plane principal stresses in the 

FRP jackets and the maximum and minimum predicted principal stresses in the grout cylinders 

for the modeled piles repaired with F1 and F2 system, respectively. The maximum predicted 

stresses in hoop direction in the FRP jackets did not reach the FRP ultimate stress in any of the 

modeled piles. As shown in Table 6.14 and Table 6.15 the maximum stress-to-nominal strength 

ratio was obtained as 0.728 corresponding to pile 80/60-F1/R. However, FRP jacket ruptured in 

the tested piles 80/60-F1/R and 80/60-F2/R. The values of minimum principal stress presented in 

Table 6.14 and Table 6.15 are beyond the measured ultimate compressive strength of the grout 

used in the repair systems.  Comparing the maximum hoop stresses of F1 and F2 FRP jacket in 

Table 6.14 and Table 6.15 reveals that the level of stress in F1 jacket is higher than F2 jacket 

since F1 jacket has lower tensile stiffness in hoop direction relative to F2 jacket resulting in a 

lower degree of confinement of the grout core. This is consistent with the experimental 

observations where hoop strains in F1 jacket were higher than F2 jacket. 

 

Table 6.14- Maximum and minimum principal stresses observed in FRP jacket and grout  

cylinder in FE model for the pile repaired with F1 system 

 FRP Jacket Grout 

Pile Designation 

Max. Stress 

in Hoop 

Direction 

Nominal 

Strength 

in Hoop 

Direction 

Max 

Stress/ 

Nominal 

Strength 

Ratio 

Max. 

Principal 

Stress 

Min. 

Principal 

Stress 

Ultimate 

Strength 

Min. 

Principal 

Stress/ 

Ultimate 

Strength 

(MPa) (MPa)  (MPa) (MPa) (MPa)  

0/20-F1 134 698 0.192 39.2 -62.1 42.3 1.47 

40/20-F1/R 126 698 0.181 43.1 -66.4 43.7 1.52 

40/60-F1/R 127 698 0.182 48.4 -73.6 44.4 1.66 

80/60-F1/R 508 698 0.728 73.0 -94.4 33.2 2.84 

80/60-F1/RA 446 698 0.639 61.3 -92.5 37.2 2.49 

80/60/V-F1/RA 177 698 0.254 41.6 -148 35.2 4.20 

80/60/3-F1/RA 276 698 0.396 41.3 -91.3 33.2 2.75 
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Table 6.15- Maximum and minimum principal stresses observed in FRP jacket and grout  

cylinder in FE model for the pile repaired with F2 system 

 FRP Jacket Grout 

Pile Designation 

Max. 

Stress in 

Hoop 

Direction 

Nominal 

Strength 

in Hoop 

Direction 

Max 

Stress/ 

Nominal 

Strength 

Ratio 

Max. 

Principal 

Stress 

Min. 

Principal 

Stress 

Ultimate 

Strength 

Min. 

Principal 

Stress/ 

Ultimate 

Strength 

(MPa) (MPa)  (MPa) (MPa)  (MPa) 

0/20-F2 66.3 575 0.115 46.2 -72.2 46.3 1.56 

40/20-F2/R 65.1 575 0.113 48.4 -77.4 50.1 1.54 

40/60-F2/R 66.0 575 0.114 50.1 -80.5 48.7 1.65 

80/60-F2/R 192 575 0.333 66.0 -101 50.0 2.02 

80/60-F2/RA 173 575 0.301 59.6 -93.3 35.6 2.62 

80/60/V-F2/RA 94.3 575 0.163 55.4 -172 50.9 3.38 

80/60/3-F2/RA 120 575 0.209 41.3 -96.5 39.7 2.43 

Figure 6.23(a) clearly indicates stress concentrations at the tips of the flanges in the FRP 

jacket at the ultimate loading stage for the pile 80/60-F2/R. This pile demonstrated rupture of the 

FRP jacket which occurred along the tips of the bottom flange of the tested pile. Figure 6.23(b) 

shows the concentration of maximum tensile principal stresses in the grout on the top flange. This 

is caused by the confinement pressure applied to the top and the load from buckled flange applied 

to the bottom of the grout part. 

 

Figure 6.23- Stress contours in FRP jacket and grout cylinder 

6.3.4 Slip at Steel-Grout Interface 

Figure 6.24 and Figure 6.25 compare the measured and predicted axial load-slip responses of 

the piles at the jacking and fixed ends. 

(a) FRP Jacket (Max. In-Plane Principal Stress) (b) Grout Cylinder (Max. Principal Stress) 
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Figure 6.24-Comparison of measured and predicted slip at steel-grout interface for the  

piles repaired with F1 jacket 
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Figure 6.25-Comparison of measured and predicted slip at steel-grout interface for the  

piles repaired with F2 jacket 

The good agreement between the initial slope of the linear region and the point where the 
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However, the differences between the slopes of the responses after bond failure for the piles with 

anchorage suggest that the anchors were not effective in the modeled piles. This is due to defining 

anchors as truss elements which only could be activated after the grout began to separate from the 

steel surface in normal direction, and they were not effective in shear. 

6.4 Summary 

A series of numerical analyses were conducted to further investigate the behavior of the 

repaired piles and the results were compared with those obtained from the full-scale experimental 

study. A linear elastic material model was assigned to the grout elements. Bond at the steel-grout 

interface was studied by conducting a series of sensitivity analyses using the developed FE 

model. Bond characteristics at steel-grout interface were selected based on the results of the 

sensitivity analysis. The FE model used to predict the behavior of the tested repaired piles. The 

axial load shortening responses, failure modes, and load-slip responses were compared with 

experimental results. 

Comparison showed that the predictions of the axial capacity of the tested piles using FE 

model were conservative in all cases, except the pile 80/60-F1/R due to the presence of 

significant air voids in the grout. In addition, the failure mode of all the modeled piles with 0% 

and 40% reduction in the flange thickness was flange local buckling outside the repaired region 

followed by global deformation of the piles. No localized deformation within the corroded region 

was observed. In the experimental study, the only pile with less than 80% reduction of the flange 

thickness which failed was 40/60-F1/R. This pile failed by global buckling. HP 310×79 piles are 

very close to having slender flanges and that a minor reduction of flange thickness may have 

shifted the predicted failure mode and reduce the predicted capacity slightly. Regarding the piles 

with 80% reduction of the flange thickness, the modeled piles failed by flange local buckling 

within the corroded region. However, the patterns of localized deformation were different from 

the ones observed in the experimental program. 
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The FE model was not successful in predicting the rupture of the FRP jacket as it occurred in 

the experimental study. However, the locations of stress concentration in the FRP jacket were 

consistent with the location where rupture of the FRP jacket initiated during the test. The location 

of stress concentrations in grout indicate that localized deformation of the corroded flange pushed 

the grout outward and caused an increase in confinement pressure induced by the FRP jacket. 

Comparing the load-shortening responses showed that the assumed tangential bond stiffness 

and strength were able to predict the behavior accurately. However, the assumed values for 

coefficient of friction, bond fracture energy, normal bond stiffness and strength were the possible 

reasons for the discrepancies observed in the responses obtained from FE models compared to the 

test results. Furthermore, the truss element used to model the anchors was not able to effectively 

represent the anchors 

Further numerical study is required using (i) non-linear model for the grout, (ii) different 

types of elements for the anchors, and (iii) measured bond characteristics at steel-grout interface 

to model the piles accurately. 
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Chapter 7 Summary, Conclusions, and Recommended Future Work 

This chapter summarizes the major conclusions of the experimental, analytical, and 

numerical studies that were conducted to (i) quantify the remaining capacity of steel piles with 

localized severe corrosion, and (ii) characterize the behavior of corroded piles that are repaired 

with FRP-confined grout-based systems.  Recommendations for future research studies are also 

presented. 

7.1 Summary and Conclusion 

7.1.1 Evaluation of the Axial Capacity of Corroded Piles 

To establish a basis to investigate the behavior of the repair system, two series of small and 

full-scale experimental studies were conducted. In the small-scale study, thirteen 813-mm long 

W4x13 (US designation) columns were tested in two phases with simulated patterns of corrosion. 

The corrosion patterns were limited in extent and implemented on the flanges and web of the 

columns using a CNC milling machine. The parameters of the study were the effect of 

independent reduction of the flange or web thickness, simultaneous reduction of the flange and 

web thickness, unsymmetric reduction of the flange thicknesses, reduction of the flange width, 

and the effect of through-web corrosion. The results of the small-scale study were used to direct 

the full-scale experimental program. Full-scale tests were conducted on seven 4572-mm long 

HP310x79 piles. The test parameters were the effect of simultaneous reduction of the flange and 

web thicknesses, through-web corrosion, and extent of the corroded region. Provisions of AISC 

(2010), AISI-EWM, and AISI-DSM (AISI, 2012) were used to predict the remaining axial 

capacity of the tested piles, and the results were compared with the measured axial capacities. 

The findings of these studies resulted in the following conclusions: 

 Increasing the degree of corrosion of the piles resulted in a greater reduction of the axial 

capacity. Removing 82% of the cross-sectional area, corresponding to the piles with through-



192 

 

web voids and severe loss of the flanges, resulted in 80% loss of the axial capacity relative to 

the axial capacity of uncorroded control pile. The remaining capacity was proportional to the 

remaining cross-sectional area of the pile. As the level of deterioration of the cross section 

increased the failure mode transitioned from global buckling to local buckling.  In the 

presence of through-web corrosion failure occurred to localized buckling of the flanges on 

either side of the web void in a beam buckling mode rather than in a traditional two-way plate 

bending local buckling mode. Reduction of the axial capacity and changing the failure mode 

are attributed to reduction of the cross-sectional area and increasing the flange and web 

slenderness. 

 Three existing design specifications, namely AISC, AISI effective width method (AISI-

EWM), and AISI direct strength method (AISI-DSM), were used to predict the remaining 

axial capacity of the tested corroded specimens. The AISC and AISI models were developed 

for prismatic hot-rolled and cold-formed thin-walled members, respectively. Comparison 

showed that when the loss of the cross-sectional area was less than 50% the maximum 

measured-to-predicted capacity ratios were 1.34, 1.11, and 1.09 using the AISC, AISI-EWM, 

and AISI-DSM, respectively. However, for greater values of cross-sectional loss the 

prediction by the AISC method becomes overly conservative with the maximum measured-

to-predicted capacity ratio of up to 9.52. This was attributed to the fact that AISC does not 

account for the post-buckling strength of the slender flanges.  In contrast, AISI-EWM 

provided the most accurate prediction among all of the evaluated methods with the overall 

mean value and coefficient of variation of 1.23 and 0.176 of measured-to-predicted capacity 

ratio, respectively. Reduction of the flange thickness has a greater impact on the remaining 

axial capacity than the reduction of the web thickness. This is because reducing the flange 

thickness decreases the radius of gyration of the corroded section in addition to reducing the 

cross-sectional area. However, by reducing the web thickness only the cross-sectional area 

decreases.  
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 Extending the length of the corroded region increased the aspect ratio of the slender segments 

of the flanges and web. This in turn reduced the plate buckling coefficients, critical local 

buckling stresses, and axial capacity of piles with corrosion extending over a greater length of 

the pile. 

 According to the test results, the reduction of the axial load carrying capacity correlates well 

with the reduction of the cross-sectional area in the corroded region with R2 value of 0.985 

and 0.983 in small-scale and full-scale tests respectively.  This supports the rating approach 

of approximating the remaining axial capacity of corroded piles by assessment of the 

reduction of the cross-sectional area and proportionally reducing the initial design axial 

capacity for piles that exhibit inelastic buckling behavior. 

 Test results revealed that localized reduction in the width of the flange and unsymmetric 

degradation of the flanges did not have a significant impact on the axial strength of the 

columns.  

 The AISC design specification assumes a constant value of the plate buckling coefficient, k, 

which represents a specific level of fixity at the flange and web boundary conditions. This 

assumption is valid within the range of the flange and web slenderness of standard hot-rolled 

cross sections defined in this specification. However, corrosion can change the relative 

stiffness of the flanges and the web slenderness such that the assumed plate buckling 

coefficient may no longer be applicable for plate buckling strength calculation. This is a 

possible reason for the observed discrepancies between the prediction by these specifications 

and experimental results. 

 The design specifications considered in this study assume a large plate aspect ratio to 

calculate plate buckling coefficients. For a plate with large aspect ratios, the plate buckling 

coefficient converges to an asymptotic value, a lower bound that is adopted in the studied 

design specifications for prismatic members. However, based on the field observations, 
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corrosion of steel piles is limited in extent, and the assumption of large plate aspect ratio may 

result in conservative the axial capacity predictions. 

7.1.2 Behavior of Piles Repaired with FRP-Confined Grout-Based Systems 

The results of the experimental study on the remaining axial capacity of corroded specimens 

provided a basis of comparison for the second part of the dissertation focused on evaluating FRP-

confined grout-based repair systems for retrofitting corroded steel bridge piles. The second part 

consisted of experimental and numerical studies. In the experimental study, fourteen full-scale H-

piles with simulated patterns of corrosion were tested under axial compression. The patterns of 

corrosion were identical to the seven full-scale piles that were tested in the first part of this 

dissertation. The piles were divided into two groups each including seven piles. Two different 

commercially available FRP jacketing systems were used to repair each group. The level of 

flange and web deterioration, existence of through-web voids, length of the corroded region, type 

of FRP jacket, and existence of mechanical anchors within the load introduction region were the 

main parameters considered in this part of the study. To simulate the real application, the whole 

repair process was implemented while the piles were submerged underwater. A finite element 

model was developed for the repaired piles using ABAQUS. A series of sensitivity analyses were 

conducted to quantify the bond characteristics using the developed FE model. In addition, all the 

tested repaired piles were analyzed numerically using the FE model and the results were 

compared to the experimental findings. The outcome of the study resulted in the following 

conclusions:  

 All of the corroded piles that were repaired with FRP-confined grout repair systems, except 

80/60-F1/R, were able to attain the retrofitting target which was to restore the nominal axial 

capacity of the uncorroded pile. The 80/60-F1/R pile was intentionally repaired without 

mechanical anchors (although the proposed design methodology indicated that anchors were 

required) to investigate the effect of the anchorage.  
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 Based on the experimental and numerical observations, a rational design methodology was 

proposed that can be used to design FRP-confined grout repair systems for steel piles with 

severe but localized corrosion.  The proposed design methodology accounts for yielding of 

the section, global buckling of the repaired pile, confinement of the grout core by the FRP 

jacket, debonding at the steel-grout interface, and mechanical anchorage of the grout core to 

the steel pile. 

 The deformation of the steel piles that were repaired with FRP-confined grout changed due 

to the restraint provided by the repair system compared to the corroded control piles. For the 

piles with 0% and 40% reduction of the flange thickness, the deformation of the steel piles 

changed from localized flange and web buckling to global buckling. For the piles with 80% 

reduction of the flange thickness, the piles failed by localized crumpling of the corroded 

flanges and web inside the repair system. 

 The results of the experimental study and numerical analysis were used to explain the failure 

mechanism of the repaired piles. For the tested piles with 0% and 40% reduction of the flange 

thickness, restraining the corroded region by the repair system prevented the corroded flanges 

and web from buckling locally. Consequently, global buckling of the pile occurred prior to 

bond failure. For the tested piles with 80% reduction of the flange thickness, the repair 

system provided lateral support to the corroded region. While the grout core remained bonded 

to the steel pile, stress was transferred to the grout core.  Consequently, yielding of the 

corroded cross-section occurred at a larger load than predicted based on the yield capacity of 

the corroded steel section alone. The grout core debonded from the steel pile after yielding of 

the corroded section, but before global buckling of the pile. Consequently, the axial stiffness 

of the pile degraded after the bond failure. Due to loss of bond at the steel-grout interface, 

crumpling of the corroded region of the steel pile occurred which pushed the restraining grout 

outward and increased the hoop strain in the FRP jacket which was acting to confine the 

grout core. This eventually led to rupture of the FRP jacket.  The presence of mechanical 
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anchors contributed both to the shear stress transfer at the steel-grout interface and prevented 

the outward motion of the grout after crumpling of the pile thereby reducing the demand on 

the FRP jacket. 

 Comparison of numerical analysis to the experimental results revealed that the behavior of 

the repaired piles including axial capacity, axial load-shortening response, and failure mode 

are sensitive to the bond characteristics between the steel pile and the confined grout. 

Comparison showed that the initial axial stiffness of the load-shortening response of the 

repaired piles was affected by the tangential bond stiffness at the steel-grout interface. 

Reducing the tangential bond stiffness resulted in reduction in the axial stiffness of the 

repaired pile. In addition, comparing the measured and predicted axial load-shortening 

behaviors for the pile with 80% reduction of the flange thickness showed that the onset of 

non-linearity of the piles depends on the magnitude of the tangential bond strength at the 

steel-grout interface. Increasing the tangential bond strength can also change the failure mode 

of the repaired pile from localized crumpling of the corroded pile inside the repair to flange 

local buckling outside of the repair followed by global buckling.  

 Comparing the corresponding piles repaired with F1 and F2 FRP jacketing systems indicated 

the gains in axial capacity using both FRP systems were comparable. However, hoop strains 

in the FRP laminate and slip at the steel pile-grout interfaces were slightly higher for the F1 

jacket. This was attributed to the lower elastic stiffness of F1 FRP jacket which was 

substantially thinner than the F2 jacket resulting in less confinement of the grout core. 

Additional confinement could be provided by adding one additional layer of FRP using the 

F1 system which is expected to result in a similar response.  

 Using headed-stud anchors attached to the web within the load introduction region reduced 

the amplitude of the pile localized deformation within the corroded region. The anchors also 

reduced the axial shortening and the slip at the steel-grout interface. The increased axial 

stiffness of the piles that were repaired with anchors compared to those that were repaired 
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without anchors shows that after bond failure the anchors were able transfer shearing force 

from the steel pile to the grout. The hoop strain in the FRP jacket of the piles that were 

repaired with headed-stud anchors was also lower than the hoop strain in the FRP jacket of 

those piles that were repaired without anchors. This shows that the anchors effectively 

prevented the grout from separating from the steel surface. The piles without anchors 

demonstrated more localized deformation within the corroded region which, in turn, induced 

more hoop strain in the FRP jacket. 

 Based on the numerical analysis, maximum predicted in-plane stresses in the F1 FRP jacket 

were higher than F2 FRP jacket which was consistent with the experimental observations. 

According to the numerical results, the location of stress concentrations in FRP jacket was 

observed along the tips of the flanges. This was consistent with the location where rupture of 

the FRP jacket initiated during testing. In addition, the location of stress concentrations in the 

grout core located on the top flange in the FE models indicate that localized deformation of 

the corroded flange pushed the grout outward and caused an increase in the confinement 

pressure induced by the FRP jacket. 

 The discrepancies between the numerical and experimental results in terms of axial load-

shortening responses and failure mode are attributed to (i) uncertainty in the values of bond 

fracture energy and coefficient of friction at the steel-grout interface, (ii) element type used to 

model the headed-stud anchors, (iii) material model used for confined grout and (iv) 

complexities associated with the failure process and the interaction between components 

during this process. 
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7.2 Limitations and Recommendation for Future Work 

7.2.1 Evaluation of the Axial Capacity of Corroded Piles 

The small-scale and full-scale experimental studies of corroded columns identified the major 

parameters affecting the axial capacity and failure mechanism of the corroded piles. However, the 

following factors still need to be addressed: 

 This study only considered the corroded piles under uniaxial compression. However, 

battered piles, piles experiencing lateral loads from debris collecting at their bases, or 

eccentrically loaded piles may behave as beam-columns transmitting both axial loads and 

bending moments. Quantification of the remaining capacity and repair of beam-columns 

should be addressed in future studies. 

 Effect of corrosion on residual stress magnitude and distribution was not addressed in the 

current study and should be considered due to the sensitivity of the remaining capacity to 

the magnitude of the residual stresses.  

 Developing a closed-form mechanics based approach to predict the capacity of H-piles 

with localized corrosion requires is recommended.  

 The findings of this study are limited to short HP-shaped hot-rolled compression 

members with low slendernesses that fail by inelastic buckling. However, the effect of 

corrosion on the remaining axial capacity of corroded members with different cross-

sectional shapes, slendernesses, and fabrication process requires more investigation. 

7.2.2 Evaluation of the Behavior of FRP-Confined Grout System 

The current experimental and numerical study on FRP-confined grout repair system resulted 

in better understanding of the behavior of the repaired piles, proposing a design methodology, and 

validating against the research outcome. However, further study would expand the knowledge in 

detailed aspects of the behavior. Recommendations for future work include: 
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 The implemented FE model needs to be improved to incorporate the non-linear material 

properties of the grout, to provide a more rigorous treatment of the mechanical anchors to 

incorporate compatible element formulations, and to more comprehensively treat the grout-

steel pile interface. 

 The outcome of the numerical analysis showed that the response of the repaired piles was 

affected significantly by steel-grout bond characteristics. As a result, the bond behavior at the 

corroded steel pile and confined grout interface needs to be investigated experimentally to 

develop a bond-slip relationship for this particular case. 

 The current study focused on the behavior of concentrically loaded piles.  The behavior of 

eccentrically loaded piles, piles exposed to concentric axial loads and lateral loads, and the 

behavior of piles with bi-axial bending requires additional investigation. 

 Environmental durability of the repair system, especially in marine environments, requires 

further investigation to quantify the deterioration of the repair system under typical exposure 

conditions. 
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