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Executive Summary 

 

This report summarizes the details of an experimental work and finite element modeling conducted 

to evaluate: 1) the remaining axial capacity of H-piles having different corrosion severity and extension 

levels, and 2) the performance of repaired corroded H-piles. The research included testing of nine piles 

under concentric loads and eight piles under eccentric loads. Three different repair options were 

investigated. The first option included attaching concrete filled pultruded fiber reinforced polymer tubes to 

the corroded pile. The second option included attaching ultra-high performance concrete (UHPC) plates to 

the corroded piles. The third option included using concrete encased in fiber reinforced polymer (FRP) 

jackets. The three solutions were first optimized using push-out testing of thirty-eight H-piles. This was 

followed by repairing nine full-scale piles and subjecting them to concentric axial loads. Different analytical 

approaches were implemented and examined to assess the ultimate strength of the corroded and repaired 

piles. This comprehensive research revealed that corrosion changed the mode of failure of the 

experimentally investigated piles from global buckling to flange or web local buckling. The axial capacity 

of symmetrical and asymmetrical corroded piles remained the same. This occurred since the performance 

of both piles controlled by local buckling in the flanges. Therefore, introducing the asymmetrical corrosion 

did not affect that mode of buckling and hence did not affect the ultimate pile strength. Furthermore, 

decreasing the corroded length increased the experimentally investigated piles' axial capacity. Furthermore, 

eccentricity loading has a significant effect on the strength of corroded H-piles, especially in severe 

corrosion cases, which were idealized in this report using a reduction in the thickness of flanges and webs 

combined with cuts in the flange and voids in the webs. The AISC (P-Δ) was the best approach to predicting 

all corroded piles' ultimate strength subjected to concentric and eccentric axial loads. Specimens repaired 

using concrete jackets and UHPC plates were able to recover their virgin strengths. In addition, the UHPC 

plate solution is a versatile solution that can be used for rapid repair. The concrete filled pultruded FRP 

tubes solution was not able to recover the strength of the repaired pile.
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1 Chapter 1. Introduction 

 

 

 

 

H-piles are a common type of deep foundation in the bridge industry that can be embedded or protruded. 

The cross-sectional area of an H-pile is relatively small; consequently, it can be driven through compacted 

granular materials and soft rocks with limited effect on ground swelling or rising of adjacent piles 

(Hannigan et al. 2016). H-piles embedded in relatively impervious earth, deeper than two feet below the 

ground surface, are mostly free of corrosive effects because of the insufficient oxygen presence. Embedded 

H-piles, however, may be subjected to corrosion when the surrounding medium has low pH values, such as 

in acidic soils. Furthermore, H-piles protruding from the ground are exposed to corrosion at the surface and 

below the ground line. H-piles exposed to water and salts can also suffer severe deterioration in the splash 

zone. Salts can migrate to the pile's surface either from the water or due to the use of deicing solutions 

(Romanoff 1962). 

There are numerous bridges in the United States having H-piles with various corrosion levels 

caused by environmental conditions (FHWA 2015). Therefore, these piles do not meet the current axial 

load demands and need to be repaired or replaced. While corrosion may extend over a limited length and 

section of a pile, it can also be quite extensive, causing severe loss of a pile’s cross-section over a significant 

length. The severity of the corrosion is key to determining the H-pile's residual capacity and determining 

whether the H-pile can be repaired or should be replaced. Therefore, the behavior of corroded piles under 

axial loads needs to be better understood. 

1.1 Historical Corrosion Classification and Assessment 

Researchers have been developing different methods such as experimental, analytical, and non-

linear analysis to classify the corrosion levels and predict the capacity of corroded elements with different 

steel sections under different loading protocols to achieve precision in determining the appropriate solution 
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for the corroded section. For steel girder bridges, experimental results were used to develop a model taking 

into account the location and percentage of corrosion on the girder (Beaulieu et al. 2010; Bruneau et al. 

1998; Bruneau and Zahrai 1997; Jiang and Soares 2012; Karagah et al. 2015; Kayser and Nowak 1989; Liu 

et al. 2005; Ok et al. 2007; Paik et al. 2003; Ramadan 2020; Saad-Eldeen et al. 2011). Saad-Eldeen et al. 

(Saad-Eldeen et al. 2011) used a statistical model to determine the capacity of three 1400 x 800 x 600 mm 

(55x31.5x23.5 in.) corroded box girders where the corrosion was simulated with thickness reduction from 

the top, bottom, and sides of the box section by 53%, 90%, and 32%, respectively. The bending capacity of 

the corroded box dropped by 91.75% of the original capacity of the section. Sarveswaran et al. (Sarveswaran 

et al. 1998) used probability theory to develop a model based on the remaining estimated thickness of the 

corroded members to determine the reliability of four W12x30 corroded steel beams with the section having 

an average loss in the flanges and web of 33% and 15%, respectively. It was found that the lateral-torsional 

buckling was the mode of failure that was affected significantly by the reduction in the flange thickness.    

Paik et al. (Paik et al. 2003) carried out an experimental study to develop a non-linear model to 

establish a design formula to determine corroded plates' compressive strength with corrosion varying 

between 5% to 33% of the cross-sectional area (Paik et al. 2003). Corrosion was simulated as pits in the 

plates. A reduction factor was proposed based on the reduced and original cross-sectional areas, where the 

factor is multiplied by the uncorroded section capacity to determine the residual capacity. Ok et al. (Ok et 

al. 2007) developed a non-linear finite element model to study the localized corrosion effect on the axial 

capacity of simply supported steel plates. The corrosion was simulated as pits on the plate's surface with 

25% to 50% reduction in the thickness of the plate. Different parameters, including the effects of the pit 

size, location, and dimensions of the steel plate were investigated. The results revealed that increasing the 

corrosion size reduced the capacity of the plates, while the change in the slenderness of the plates did not 

have an enormous effect on the axial capacity reduction. Jiang and Soares et al. (Jiang and Soares et al. 

2012), however, used non-linear modeling for 2400 x 800 mm (95 x 31.5 in.) steel plates having 3.7% to 

44.2% cross-sectional losses due to corrosion and subjected to biaxial loading. It was found that the volume 
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loss and slenderness ratio of the plates had a significant effect on the residual capacity of the corroded 

plates. 

Beaulieu et al. (Beaulieu et al. 2010) performed experimental testing on 24 corroded 64 x 64 x 4.8 

steel angles subjected to axial loading, where the corrosion was simulated electrically using the 

experimental results to validate the AISC (AISC 2005). It was found that the AISC (AISC 2005) predicted 

an average of 1.17 of the experimental strength, as the AISC does not consider the width to thickness ratio 

and hence failed to correctly predict the initiation of the local buckling of the columns. 

Karagah et al. (Karagah et al. 2015) tested thirteen W4 x 13, 813 mm (32 in.) long-short columns 

under concentric loading with different corrosion scenarios that were formed using mechanical machining. 

The design approaches of the AISC (AISC 2005), AASHTO (AASHTO 2012), AISI-EWM, and AISI-

DSM (AISI-DSM 2007) predicted 0.92 to 1.84 of the experimental strengths of the investigated columns 

having less than 50% of the gross area losses with the AISC approach being the best approach predicting 

1.04 of the experimental strengths of the investigated columns. For columns having more than 50% of the 

gross area losses, the design mentioned above predicted 0.87 to 2.28 of the investigated columns' 

experimental strengths, with the AISI-EWM being the best design approach predicting 1.16 of the 

experimental strengths of the investigated columns. 

Shi et al. (Shi et al. 2016) tested seven full-scale, HP12x53, 4.6m (15ft.) long columns having 

different corroded section properties subjected to axial compression loading. The tested piles were guided 

to buckle around the weak axis while buckling around the strong axis was restrained. The design approaches 

of the AISC (AISC 2005), AASHTO (AASHTO 2012), and AISI-DSM (AISI-DSM 2007) predicted 1.0 to 

1.30 of the experimental strengths of the investigated columns, having less than 20% of the gross area losses 

with AISC/AASHTO approach being the best approach predicting 1.1 of the experimental strengths of the 

investigated columns. For columns having more than 20% of the gross area losses, the design mentioned 

above predicted 1.1 to 7.9 of the investigated columns' experimental strengths, the AISI-EWM being the 

best design approach, predicting 1.17 of the experimental strengths of the investigated columns. The AISI-

EWM predicted well the strength of the piles whenever local buckling controls the piles' failure, while the 
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AISC and AISI-DSM predicted well the strength of the piles whenever global buckling controls failure of 

the piles. 

Stauffer et al. (Stauffer et al. 2016) tested three HP 10x42, 1.5 m (5 ft.) long fixed-fixed corroded 

piles with 45% reduction in the cross-sectional area, which were subjected to combined axial and bending 

moment loads. Interaction diagrams developed using AASHTO (AASHTO 2012) and AISC (AISC 2005) 

conservatively estimated the corroded piles' strength capacity. 

1.2 Repair Methods Used in the Current Report 

Based on corrosion intensity, performance objectives, and feasibility, various retrofitting 

techniques such as the addition of steel plates and concrete jackets were implemented (Stauffer 2016; Wan 

2013; Wipf et al. 2003). This report explored three different approaches to repair corroded H-piles. This 

included using concrete-filled pultruded fiber-reinforced polymer (FRP) tubes, concrete encased in FRP 

jackets and ultra-high performance concrete plates. A brief overview of research on pultruded FRP, UHPC, 

and FRP wrapping is discussed in the next sections. 

1.3 Pultruded FRP 

Over the past few decades, strengthening reinforced concrete structures using fiber-reinforced 

polymer (FRP) systems has become widely accepted in the construction industry. Lately, pultruded FRP 

closed structure shapes also offer new construction potential, mostly when used as a stay-in-place formwork 

for concrete. One such application involves using concrete-filled FRP tubes (CFFT) as beams or columns 

for new construction. 

Researchers investigated CFFT having different cross-sectional shapes, including circular (Bakis 

et al. 2002; ElGawady et al. 2010; Fam and Rizkalla 2001; Fam and Rizkalla 2002; Mirmiran and Shahawy 

1997), rectangular (Belzer et al. 2013; Fam et al. 2005), and square (Ahmed and Masmoudi 2018; Donchev 

et al. 2019) to understand the response of the CFFT under axial and bending loads. 

The FRP tubes can be classified based on the fibers' directions with respect to the structural 

member. FRP tubes having fibers oriented perpendicular to a structural member to provide concrete 
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confinement were used, in addition to FRP tubes having fibers oriented parallel to a structural member to 

enhance the tested member's bending stiffness. Most of the studies focused on using pultruded FRP tubes 

with bi-directional fibers for compression members (Ahmed and Masmoudi 2018; Donchev et al. 2019) 

and uni-directional fibers for flexural members (Aslani et al. 2019; Fam et al. 2007; Fam et al. 2003; 

Mohamed and Masmoudi 2010). However, limited studies have investigated using concrete-filled 

unidirectional FRP as a compression element. 

1.4 Ultra-high Performance Concrete (UHPC) 

Recently, ultra-high performance concrete (UHPC) has received considerable attention in new 

construction and repair of infrastructure (Farhat et al. 2007; Farzad et al. 2018; Ichikawa et al. 2016) because 

of its improved tensile strength, early compressive strength, workability, and durability compared to 

conventional concrete (de Larrard and Sedran 1994; Graybeal 2011; Shafieifar et al. 2017; Wille et al. 

2011). UHPC members can reduce the required concrete section depth compared to conventional reinforced 

or prestressed concrete sections, which reduces the weight of UHPC sections compared to its counterpart 

sections by up to 70% (Perry 2006). 

The characterization of the interface between the H-pile and UHPC under monotonic load remains 

largely unknown. However, studies have been carried out on investigating the bond characteristic of 

deformed steel bars embedded in UHPC (Bae et al. 2016; Bandelt et al. 2017; Hu et al. 2020). Results 

demonstrated that UHPC has a quite high bond strength with steel bars. Wu et al. (Wu et al. 2019) analyzed 

the interfacial shear load transfer mechanism between H-pile and steel fiber reinforced concrete using push-

out testing where the steel H-pile is pushed to slide against the concrete encasement. Concrete with steel 

fibers displayed a relatively higher post-peak bearing capacity compared with the one without steel fibers. 

1.5 Bolts and CFRP Grids 

Several studies were carried out investigating high-strength bolts' behavior in steel-concrete 

composite beams. Dallam (Dallam 1968) investigated the push-out testing of 12.7, 15.9, and 19.1 mm (1/2, 

5/8, 3/4 in.) diameter A325 (ASTM A325-66) and A449 (ASTM A449-65) high strength bolts and revealed 
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that the ultimate shear capacity of shear connectors (SCs) increased with increasing the SCs diameter. High 

strength SCs displayed up to twice the shear strength than that of the welded headed shear studs. Dedic and 

Klaiber (Dedic and Klaiber 1984) carried out push-out testing on 19.1 mm (3/4 in.) A325 high strength 

bolts, with or without single embedded nuts, and found that the shear capacity of SC would be 

underestimated when analyzed by the formulae suggested by AASHTO (AASHTO 2010) for headed stud 

SC. Furthermore, while the AASHTO (AASHTO 2013) and ACI 318 (ACI 318 2014) have provided 

equations to predict the shear strength of SC embedded in normal strength concrete having compressive 

strength less than 69 MPa (10 ksi), there are no similar standards for UHPC. 

1.6 Concrete Encased in FRP Jackets 

Using concrete encased in FRP jackets provides continuous bracing along the deteriorated H-pile 

section (Florida Department of Transportation - Office of Maintenance 2011). The bond stress between a 

steel pile and a concrete jacket is crucial. However, there has been no investigation to determine the bond 

characteristics of H-piles encased in concrete and FRP jackets. Several studies were conducted to determine 

the bond strength between W-shaped, HEB-shaped (double T wide flange) steel sections, and concrete 

jackets using push-out testing (Grzeszykowski and Szmigiera 2017; Pecce and Ceroni 2010; Zheng et al. 

2016). Different parameters such as the compressive strength of concrete, the presence of steel 

reinforcement, the interface conditions, and application of axial load on the steel sections were investigated. 

It was concluded that the bond strength depends mainly on the steel section's shape, the compressive 

strength of concrete, and the interface conditions. Values of 1.4 MPa (0.20 psi) and 1.0 MPa (0.15 ksi) were 

assigned by the AISC (AISC 2005) and AASHTO (AASHTO 2014), respectively, for the interface bond 

between concrete jackets and steel members. 

While FRP jacketing is a well-established technique for repair of concrete columns and beams, 

there has been substantially less research conducted to investigate this method's effectiveness to repair steel 

piles. The combination of FRP jacketing and shear connectors in steel piles form a hybrid system to 

successfully transfer the axial load between the FRP-confined concrete and the steel pile (Vijay et al. 2016). 

However, there is no model to capture the bond-slip behavior accurately for such a combination to date.  
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1.7 Durability of Concrete Encasement 

The durability of repair materials is an essential factor for selecting a repair technique (Gomaa et 

al. 2019). The materials utilized for repairing the H-pile were UHPC, and conventional concrete filled 

pultruded CFRP tubes. The durability concerns are the resistance to freeze/thaw, wet/dry, and 

heating/cooling cycles, and H-piles' protection from any further corrosion in the future. First, for the UHPC, 

it has a superior durability performance over the conventional concrete exposed to chloride-ion penetration, 

carbonation, chemical attack, and freeze/thaw cycles due to the low water/binder ratio, very dense matrix, 

and low permeable voids (Graybeal and Tanesi 2007; Li et al. 2020). Second, the durability of FRP-

confined concrete was investigated before showing promising results. Encasing the concrete with FRP and 

exposing them to combined freeze/thaw, wet/dry, and heating/cooling cycles barely degraded the strength, 

with only a 4% reduction (Wang and ElGawady 2018; Wang and ElGawady 2019). CFRP-wrapped 

concrete cylinders subjected to freeze/thaw cycles with salt solution immersion resulted in no significant 

difference in the strength (Harichandran et al. 2017; Saenz and Pantelides 2006). A series of durability tests 

on CFFTs subjected to freeze/thaw cycles, while immersing in different mediums was performed 

(Boumarafi et al. 2015). Salt solution deteriorated CFFT strength by 9%, and air exposure degraded CFFT 

maximum strain by 10%, while pure water and an alkaline solution had little effect on the CFFTs 

(Boumarafi et al. 2015). 

1.8 The Layout of the Report  

   This report includes eleven chapters. Chapter One presents a brief overview of the problem and 

literature review. Chapter Two presents an experimental work to assess the load-carrying capacity of 

corroded piles subjected to concentric axial loads. Chapter Three presents an experimental work to assess 

the load-carrying capacity of corroded piles subjected to eccentric axial loads. Chapter Four presents the 

development of finite element models for corroded H-piles. Chapter Five presents experimental work on 

small and full-scale corroded H-piles repaired using concrete-filled pultruded CFRP tubes attached to the 

H-piles by shear connectors. Chapter Six presents push-out testing results of H-piles embedded in 

conventional and UHPC concrete jackets. Chapter Seven presents experimental work of small and full-
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scale corroded H-piles repaired using UHPC plates attached to the H-piles by shear connectors. Chapter 

Eight presents the analytical and experimental work of small and full-scale corroded H-piles repaired using 

concrete or FRP jackets, and embedded shear connectors. Chapter Nine presents the experimental and finite 

element modeling of corroded steel piles repaired using concrete encased in FRP jackets. Chapter Ten 

presents the experimental work's detailed findings to evaluate the environmental durability of the repaired 

piles. Chapter Eleven summarizes the main conclusions and findings of the research project.
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2 Chapter 2. Experimental Assessment of Corroded H-piles under Concentric Loads 

 

 

 

 

In this chapter, nine full-scale H-piles were tested under concentric monotonic axial loads. The piles 

included a reference pile and eight piles having corroded sections. The corrosion in the piles was simulated 

using a mechanical thickness reduction and/or cuts in the flanges and/or webs. The axial strengths of the 

piles were calculated using various design procedures, including the AISC, AISI-Equivalent Width Method 

(AISI-EWM), and AISI-Direct Strength Method (AISI-DSM). 

2.1 Experimental Work 

2.1.1 Test Specimens  

Nine 3,050 mm (120 in.) long 250 x 85 (10 x 42) H-piles were tested under axial compression loads 

(Table 2.1, Fig. 2.1). The test matrix included a reference un-corroded pile and eight corroded piles. Four 

piles displayed minor to moderate corrosion that was represented through a reduction in the thickness of 

the targeted webs and/or flanges, using a milling machine. The fifth specimen, W70-F50/0, had asymmetric 

minor to moderate corrosion with a reduction in the thicknesses of a web and one flange, while the other 

flange had no reduction in the thickness. This combination of reduced thickness and cuts in the webs and 

flanges allowed the investigation of a wide spectrum of corrosion cases with reduced cross-sectional areas 

ranging from 19% to 80% of the gross cross-sectional area of the members (Table 2.2). The remaining three 

specimens displayed more severe corrosion that was simulated by using reductions in the thicknesses as 

well as 152.4 x 95.25 mm (6.00 x 3.75 in.) cuts in the webs and/or two 152.4 mm (6 in.) diameter half-

circle cuts in the flanges (Fig. 2.2). All specimens had the corroded section located at the mid-span of the 

pile. Each of the corroded sections extended over a length of 304.8 mm (12 in.), except specimen W70-

F50-6, where the corroded section extended over 152.4 mm (6 in.). The geometric properties of the critical 
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and full cross-sections of the tested piles, based on the measured dimensions of each pile, are illustrated in 

Table 2.3 and Fig. 2.3. 

 
Table 2.1 Summary of the Test Specimens 

H-Pile # 
Web Flange Corrosion Extension 

(Lc) 
mm (in.) 

Reduction 
% Void Reduction 

% Cut 

W00-F00 -- -- -- -- -- 
W70-F00 70 -- -- -- 304.8 (12) 
W00-F50 -- -- 50 -- 304.8 (12) 
W70-F50 70 -- 50 -- 304.8 (12) 

W70-F50-6 70 -- 50 -- 152.4 (6) 
W70-F50/0 70 -- 0/50* -- 304.8 (12) 
W70V-F50 70 V 50 -- 304.8 (12) 
W70-F50C 70 -- 50 C 304.8 (12) 

W70V-F50C 70 V 50 C 304.8 (12) 
*Asymmetric corrosion, 50% thickness reduction in one flange only 

 
Figure 2.1 Simulated Corrosion in Specimen W70V-F50C 

 
The piles’ labels used in the current experimental work consisted of two segments (except for 

specimen W70-F50-6). The first segment started with the letter W, referring to the web, followed by the 

percentage of the reduction in the web thickness and the letter V if there was a void on the web. The second 
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segment started with the letter F, referring to flange, followed by the percentage of the reduction in the 

flange and the letter C in the case of having a cut in the flange. For example, specimen W70-F50 had a 70% 

reduction in the thickness of the web and a 50% reduction in the thickness of the flanges. Simultaneously, 

a third segment was added to specimen W70-F50-6 to represent the length in inches of the corroded section. 

Table 2.2 Actual Dimensions of the Tested Piles 

 
Table 2.3 Properties of the Critical Cross-Section of the Test Specimens 

Designation Shape Amin 
(in.2) 

Af 
(in.2) 

Aw 
(in.2) Aw/Af 

rmin 
(in.) 

L 
(in.) KL/rmin bf/2tf h/tw 

W00-F00 
 

12.04 8.57 3.46 0.40 2.46 120 48.87 12.14 21.46 

W70-F00 
 

9.67 8.49 1.18 0.14 2.73 120 44.03 12.14 69.18 

W00-F50 
 

7.68 4.22 3.45 0.82 2.16 120 55.60 24.22 21.51 

W70-F50 
 

5.43 4.26 1.17 0.27 2.58 120 46.57 23.87 69.78 

W70-F50-6 
 

5.44 4.30 1.14 0.27 2.59 120 46.41 23.87 71.65 

W70-F50/0 
 

7.76 6.57 1.19 0.18 2.68 120 44.83 22.49 68.59 

W70V-F50 
 

4.79 4.39 0.40 0.09 2.75 120 43.63 23.76 8.10 

W70-F50C 
 

2.83 1.61 1.21 0.75 0.90 120 133.03 10.29 69.78 

W70V-F50C 
 

2.22 1.73 0.49 0.28 1.04 120 115.09 9.74 8.44 

 

H-Pile # 

Original Section Corroded Section 
Flange Web Reduced Flange Reduced Web 

tf,o,N 
(in.) 

tf,o,S 
(in.) 

tw,o 
(in.) 

tf,f,N 
(in.) 

tf,f,S 
(in.) 

bf,f 
(in.) 

tw,f, 

(in.) 
Void 
(in.) 

W00-F00 0.425 0.426 0.374 -- -- -- -- -- 
W70-F00 0.415 0.428 0.385 -- -- -- 0.116 -- 
W00-F50 0.421 0.426 0.373 0.211 0.213 -- -- -- 
W70-F50 0.423 0.425 0.377 0.211 0.212 -- 0.115 -- 

W70-F50-6 0.426 0.423 0.373 0.216 0.211 -- 0.112 -- 
W70-F50/0 0.424 0.428 0.383 0.224 -- -- 0.117 -- 
W70V-F50 0.425 0.424 0.411 0.213 0.212 -- 0.125 6x3.75 
W70-F50C 0.418 0.411 0.379 0.209 0.198 4.075 0.115 -- 

W70V-F50C 0.419 0.426 0.368 0.210 0.213 4.073 0.120 6x3.75 
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Figure 2.2 Schematic of Milling Configurations 

2.1.2 Material Properties 

Three replicate steel coupons were cut from a flange and a web of a pile and tested per ASTM 

E8/E8M to determine their tensile strengths (Table 2.4). The axial strains were measured using a 25.4 mm 

(1 in.) extensometer attached to each coupon (Fig. 2.4). The steel coupons displayed different yielding stress 

followed by yielding plateau and strain hardening until the coupons reached their ultimate strengths (Table 

2.4). 

2.1.3 Test Setup and Loading Protocol 

A 4,450 kN (1,000 kips) self-sustained test frame was used for testing the piles (Fig. 2.5). The 

frame consisted of two rigid exterior beams (beams A and B in Fig. 2.5) connected using six 35 mm (1.375 

in.) diameter Grade 150 DYWIDAG bars. A movable rigid beam (beam C in Fig. 2.5) rested on four rollers 
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and was guided using two rail tracks to ensure unidirectional movement. It was also used to apply the axial 

loads to the test specimens. 

A test specimen had pin-pin boundary conditions. Each end of the pile was placed inside a steel 

shoe, which in turn was connected to a half-sphere that was rotating on a swivel plate that was attached to 

the exterior beam at one end of the pile or the movable beam at the other end of the pile. The load was 

applied monotonically at a rate of 155 kN/min (35 kips/min) using an oil pump and two 2,225 kN (500 

kips) hydraulic jacks until rupture occurred and the test specimen became unstable. The hydraulic jacks 

applied the load against one of the rigid exterior beams and the movable beam at the other end. The movable 

beam then applied the load to the test specimen. 

 

 

 
Figure 2.3 Installation of Strain Gauges on H-pile: (a) Type 1 for Minor and Moderate Corroded Piles, 

and (b) Type 2 for Severely Corroded Piles 
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(a) (b) 

Figure 2.4 H-piles Average Stress-strain Curve (a) Flange, and (b) Web 

 
An 890 kN (200 kips) load cell and strain gauges were placed on each of the DYWIDAG bars to 

monitor the applied load. The axial force in a pile was obtained as the sum of the values of the load cells 

installed on the post-tensioned bars (Fig. 2.6). The load cells were also monitored during loading to ensure 

that the pile was loaded uniformly. 

 
 

 
Figure 2.5 Test Setup (self-sustained test frame) 
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Figure 2.6 Layout of the SPs 

 
Table 2.4 Mechanical Properties of H-pile Flange and Web 

 Yield Stress 
MPa (ksi) 

Ultimate stress 
MPa (ksi) 

Modulus of Elasticity (E)  
GPa (103 ksi) 

Flange 324 (47) 517 (75) 181 (26.25) 
Web 407 (59) 503 (73) 182 (26.40) 

 

2.2 Results 

The axial capacity, ultimate shortening, and modes of failure are illustrated in Table 2.5. The residual 

axial strength after buckling occurred was measured at the smaller of an axial shortening of 25.4 mm (1 in.) 

or at the test end since some piles did not reach an axial deformation of 25.4 mm (1 in.) at failure. Fig. 2.7 

illustrates the axial force versus axial shortening for all the piles.  The axial shortening was obtained using 

the average of the string potentiometers placed next to each pile along its full length. Strain gauge 

measurements at different pile sections are presented in Appendix A for the brevity of the main chapters of 

this report. 

Pile W00-F00 responded elastically, with an initial stiffness of 479.6 kN/mm (27.38 x 105 lb. /in), 

representing 99% of the analytical value (Table 2.4) (calculated using EA/L where E is the modulus of 

elasticity, A is the net cross-sectional area of the pile, and L is the total length of the pile being 3048 mm 

(120 in)). Yielding of the steel H-pile initiated in the web of a cross-section located at the end of the pile, 

as noticed by examining the strain gauges measurements. The load continued to increase beyond yielding 
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until local buckling in the flanges occurred at a load of 2,970kN (668.5 kips) (Fig. 2.7a), leading to a gradual 

reduction in the pile’s strength. 

 
Table 2.5 Results for the Tested Piles 

Pile 
Peak Axial 
Capacity 

Axial Shortening 
at Peak Modes of Failure* 

kips in. 
W00-F00 669 0.40 FLB, GB 
W70-F00 570 0.70 WLB, GB 
W00-F50 361 0.32 FLB 
W70-F50 280 0.25 FLB, WLB 

W70-F50-6 302 0.30 FLB, WLB 
W70-F50/0 278 0.33 FLB, WLB 
W70V-F50 265 0.24 FLB, WLB 
W70-F50C 166 0.21 FLB, WLB 

W70V-F50C 150 0.25 FLB, WLB 
* FLB: Flange Local Bucking, WLB: Web Local Buckling, GB: Global Buckling 

 

Reducing the thickness of the web by 70% and the flange by 50% in piles W70-F00 and W00-F50, 

respectively, led to an average reduction in the initial stiffness of approximately 33% compared to the 

reference pile. This represents an average of 2% lower stiffness than those analytically calculated. The 

analytical stiffness of the corroded piles was calculated using two spring components in series, i.e., the 

stiffness of the corroded length and un-corroded length. For W70-F00, the reduced web thickness yielded 

first at 2,144 kN (482 kips), followed by local buckling in the flange and the web at a load of 2,535 kN (570 

kips), which triggered global buckling, and the loads then dropped abruptly (Fig 2.7b). For pile W00-F50, 

the reduced flange thickness yielded first at 1,606 kN (361 kips), which was followed by local buckling in 

the flange and the web at a load of 1,606 kN (361 kips), which also triggered global buckling, and the loads 

then dropped abruptly (Fig 2.7c). Both piles W70-F00 and W00-F50 maintained residual capacities of 247 

kN (55.7 kips) and 445 kN (100 kips), respectively, at a displacement of 25.4 mm (1 in.), representing 9.7% 

and 28% of their peak loads (Fig 2.7b and c). 

Reducing the corrosion extent to 152.4 mm (6 in.) in pile W70-F50-6 led to reductions of 25% and 

55% in the initial stiffness and strength compared to those of the reference pile (Fig. 2.7 e). At the same 
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time, it increased the peak load by 8% compared to that of the corresponding pile with a 304.8 mm (12 in.) 

long corroded section (W70-F50). The flanges were locally yielded at 1347.8 kN (302 kips), which 

triggered global buckling, then the load dropped abruptly. The pile maintained a residual capacity of 445 

kN (100 kips) at a displacement of 25.4 mm (1 in.), which represented 33% of the peak load (Fig. 2.7e). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2.7 Axial Force vs. Shortening for: (a) W00-F00, (b) W70-F00, (c) W00-F50, (d) W70-F50, 
(e) W70-F50-6, (f) W70-F50/0, (g) W70V-F50, (h) W70-F50C, and (i) W70V-F50C 
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(g) 

 
(h) 

 
(i) 

The onset of yielding strain 
 

Figure 2.7 Axial Force vs. Shortening for: (a) W00-F00, (b) W70-F00, (c) W00-F50, (d) W70-F50, (e) 
W70-F50-6, (f) W70-F50/0, (g) W70V-F50, (h) W70-F50C, and (i) W70V-F50C (Cont’d) 

 

Introducing asymmetry into the corrosion system did not significantly change the performance of 

the piles. Similar to the previous two piles, W70-F50 and W70-F50/0 displayed an average of 28% 

reduction in the initial stiffness compared to that of the virgin pile (Fig. 2.7 d and f). The flanges and webs 

locally yielded at 1245 kN (280 kips) and 1236 kN (278 kips), respectively, followed by global buckling, 

and the load then dropped abruptly. The piles maintained an average residual capacity of 400 kN (90 kips) 

at a displacement of 25.4 mm (1 in.), which represented an average of 32% of the average peak loads. 

Introducing the V and C cuts in the piles did not significantly change the general performance of 

the piles. Piles W70V-F50, W70-F50C, and W70V-F50C displayed an average reduction of 29% in the 

initial stiffness compared to that of the reference pile (Fig. 2.7 g-i). The flanges and web locally yielded at 

1,178 kN (265 kips), 738 kN (166 kips), and 667 kN (150 kips), respectively, which triggered global 

buckling, and the load then dropped abruptly. For W70V-F50, the piles maintained a residual capacity of 
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467 kN (105 kips) at a displacement of 25.4 mm (1in.), which represented 62% of the peak load, while for 

W70-F50C and W70V-F50C the load dropped abruptly until there was no resisting load at a displacement 

of 15.7 mm (0.62in.), and  17.27 mm (0.68in.), respectively (Fig. 2.7 h and i). 

 

2.3 Discussion 

Altering the cross-section of the piles to mimic corrosion affected both the cross-sectional area and 

moment of inertia of the piles. The relation between the minimal cross-sectional areas, the moment of inertia 

around the weak axis, and moment of inertia around the strong axis at the corroded sections normalized by 

the corresponding quantities at the full sections of the investigated piles vs. the peak load of each pile 

normalized by that of the un-corroded pile are shown in (Fig. 2.8). The coefficients of determination, R2, 

values are also shown in the figure. The figure indicates strong correlations between all three quantities and 

the axial load with R2 values ranging from 0.88 to 0.95 with the highest R2 for the normalized moment of 

inertia around the strong axis, i.e., x-axis. This occurred since the modes of failure of all piles except the 

reference one were mixed, initiated due to local yielding at the corroded section which triggered local 

buckling followed by global buckling. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2.8 Relation between Loss of the Normalized Axial Capacity and Normalized (a) Cross-sectional 
Area, (b) Strong Moment of Inertia, and (c) Weak Moment of Inertia 
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2.4 Design Considerations 

One of the main challenges for maintenance engineers is to determine the residual axial capacity of 

corroded piles using simple analytical tools. Appendix A presents the use of four different design 

approaches to predict the strength of corroded piles. Those approaches are the AISI (AISI 2007) effective 

width method (AISI-EWM), the AISC method (AISC 2005), AISI direct strength method (AISI-DSM), and 

AISC with P-Δ effect (AISC – (P- Δ)). It should be noted that those analytical models were developed and 

recommended for un-corroded steel sections having uniform cross sections. Therefore, one of the 

challenges in adopting those approaches is to address the issue of having corroded sections with reduced 

cross section and/or cuts in a member. 

The experimental loads of each pile, PExp, normalized by the nominal strength, Pn, calculated using 

each of the four design methods, are presented in Tables 2.6 and 2.7 and Fig. 2.9. The accuracy of the 

models was a function of the corrosion severity and symmetry of the corrosion. All analytical methods were 

conservative in predicting Pn of all specimens except the W70-F50/0 which had asymmetrical corrosion. 

The PExp/Pn of W70-F50/0 ranged from 0.76 to 0.99 for all methods except AISI-DSM which predicted 

1.06. During the experimental work, having asymmetrical corrosion did not significantly reduce the 

strength of the pile since failure was triggered due to local buckling followed by global buckling. Local 

buckling depends mainly on the characteristics of the slenderest plate at a section. 

For minor and moderate corroded piles, i.e., sections without V or C cuts, the AISC and AISC-(P-

∆) had very similar PExp/Pn with an average of 1.09 and 1.07 as well as coefficient of variation of 0.15 and 

0.14, respectively. Therefore, they were considered the best predictors for the strength. This was followed 

by AISI-EWM, which had an average of 1.39 and coefficient of variation of 0.23. The AISI-DSM, however, 

was the most conservative one with an average of 1.47 and coefficient of variation of 0.14. For severely 

corroded piles, all methods except AISC- (P-Δ) were too conservative with PExp/Pn ranging from 4.29 to 

5.88. The AISC - (P-∆) predicted PExp/Pn ranging from 1.10 to 1.20. 
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Table 2.6 Comparison between the Axial Capacities of the Tested Specimens Using AISC/AASHTO and 
AISC with (P-Δ) Effect 

Designation 
 Exp. 

 
AISC-AASHTO 

 
AISC - (P-Δ) 

 Amin/Ag 
PEXP 

(Kips) 
Pn 

(Kips) PEXP/Pn 
Pn 

(Kips) PEXP/Pn 

W00-F00  1.00 668.50  567.00 1.18  581.30 1.15 

W70-F00  0.80 571.00  466.05 1.22  471.07 1.21 

W00-F50  0.64 360.81  343.41 1.05  346.15 1.04 

W70-F50  0.45 279.67  254.62 1.10  258.95 1.08 

W70-F50-6  0.45 302.86  254.83 1.19  263.35 1.15 

W70-F50/0  0.64 277.70  363.18 0.76  360.65 0.77 

W70V-F50  0.39 265.30  225.70 1.18  230.69 1.15 

W70-F50C  0.24 166.04  36.19 4.59  138.37 1.20 

W70V-F50C  0.19 149.63  35.32 4.24  136.02 1.10 
*1 kips=4.45 kN, 1in. = 25.4 mm 
 

Table 2.7 Axial Capacities Comparison of the Tested Specimens Using AISI-EWM and AISI-DSM 

Designation 
 Experimental 

 
AISI-EWM 

 
AISI-DSM 

 Amin/Ag 
PEXP 

(Kips) 
Pn 

(Kips) PEXP/Pn 
Pn 

(Kips) PEXP/Pn 

W00-F00  1.00 668.50  567.45 1.18  425.39 1.57 

W70-F00  0.80 570.60  437.14 1.31  335.16 1.70 

W00-F50  0.64 360.81  293.18 1.23  269.4 1.37 

W70-F50  0.45 279.67  167.00 1.67  187.18 1.49 

W70-F50-6  0.45 302.86  166.98 1.81  186.95 1.62 

W70-F50/0  0.64 277.70  304.04 0.91  262.95 1.06 

W70V-F50  0.39 265.30  157.62 1.68  174.68 1.52 

W70-F50C  0.24 166.04  32.97 5.04  28.22 5.88 

W70V-F50C  0.19 149.63  34.86 4.29  32.12 4.66 
*1 kips=4.45 kN, 1in. = 25.4 mm 
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(a)  (b)  

   
(c) (d) 

Figure 2.9 Relation between the Normalized Axial Load, PEXP/Pn, and Normalized Cross-sectional Area, 
Amin/Ag, for: (a) AISC-AASHTO, (b) AISC (P-Δ effect), (c) AISI-DSM, and (d) AISI-EWM
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3 Chapter 3. Experimental Investigation of Corroded H-piles under Eccentric Loads 

 

 

 

 

Eight 250x85 (10x42) H-piles were tested under eccentric axial loading during this project, and the results 

are presented in this chapter. The test results were compared with existing design codes and then used to 

conduct a parametric study on the effects of the severity and location of corrosion as well as load 

eccentricity on the strength of the piles. 

3.1 Experimental Work 

3.1.1 Test Specimens 

Eight full-scale H-piles having a cross-section of 250x85 mm (10x42 in.) and length of 3,050 mm 

(120 in.) were investigated under axial compression loads. The piles consisted of four groups: 1) un-

corroded reference, 2) minorly corroded, 3) moderately corroded, and 4) severely corroded. Each group 

had two percentages of eccentricity measured from the center of the pile: 10% and 30% (Table 3.1 and Fig. 

3.1). The performance of the piles under eccentric loads was compared to that of similar piles tested under 

concentric loads, available in Chapter Two. 

All corrosion was simulated by reducing the thickness over a length of 304.8 mm (12 in.) located 

in the middle of each pile. The minor and moderate corrosion was simulated by reducing the web thickness 

by 70% and/or flanges by 50% from their original thicknesses. The severe corrosion had both reductions in 

the web and flange thicknesses with the addition of a 152.4 x 95.25 mm (6 x 3.75 in.) void in the web and 

two 152.4 mm (6 in.) diameter semi-circle cuts in each flange (Fig.3.2). The percentages of reductions in 

the thickness and cuts were selected to mimic real corrosion scenarios while investigating a wide spectrum 

of corroded sections. The measured geometric properties of the smallest cross-section of the tested 

specimens are presented in Tables 3.2 and 3.3. 
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Figure 3.1 Representative Column for Eccentricity 

Table 3.1 Test Matrix for H-Piles 

Eccentricity % Identifier  Web Flange Corrosion Extension  
(Lc) Reduction % Void Reduction % Cut 

0% (Chapter 2) W00-F00-0% -- -- -- -- -- 
0% (Chapter 2) W70-F00-0% 70 -- -- -- 304.8mm (12in.) 
0% (Chapter 2) W70-F50-0% 70 -- 50 -- 304.8mm (12in.) 
0% (Chapter 2) W70V-F50C-0% 70 V 50 C 304.8mm (12in.) 

10% W00-F00-10% -- -- -- -- -- 
10% W70-F00-10% 70 -- -- -- 304.8mm (12in.) 
10% W70-F50-10% 70 -- 50 -- 304.8mm (12in.) 
10% W70V-F50C-10% 70 V 50 C 304.8mm (12in.) 
30% W00-F00-30% -- -- -- -- -- 
30% W70-F00-30% 70 -- -- -- 304.8mm (12in.) 
30% W70-F50-30% 70 -- 50 -- 304.8mm (12in.) 
30% W70V-F50C-30% 70 V 50 C 304.8mm (12in.) 

 

Each one of the piles was assigned a three-segment identifier. The first segment was the letter W, 

referring to web, followed by the percentage of the reduction in the thickness of that web and the letter V, 

indicating the void (if any). The second segment was the letter F, referring to flange, followed by the 

percentage of the reduction in the thickness of that flange followed by the letter C, indicating the cut in the 

flange (if any). The third segment was the percentage of the eccentricity. For example, specimen W70-F50-

e = eccentricity 
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30% was a corroded pile with a 70% reduction in the thickness of the web, a 50% reduction in the thickness 

of the flange, and a 30% eccentricity in the loading. 

 
Figure 3.2 Schematic of Milling Configuration 

 
Table 3.2 Actual Dimensions of the Tested Piles 

 

 

Groups H-Pile # 

Original Section Corroded Section 
Flange Web Reduced Flange Reduced Web 

tf,o,N 

(in.) 
tf,o,S 

(in.) 
tw,o 

(in.) 
tf,f,N 

(in.) 
tf,f,S 
(in) 

bf,f 
(in.) 

tw,f, 

(in) 

Void 
(in.) 

Reference W00-F00 0.425 0.426 0.374 -- -- -- -- -- 
Reference W00-F00-10% 0.425 0.424 0.378 -- -- -- -- -- 
Reference W00-F00-30% 0.420 0.423 0.382 -- -- -- -- -- 

Minor corrosion W70-F00 0.415 0.428 0.385 -- -- -- 0.116 -- 
Minor corrosion W70-F00-10% 0.421 0.421 0.378 -- -- -- 0.113 -- 
Minor corrosion W70-F00-30% 0.424 0.422 0.380 -- -- -- 0.114 -- 

Moderate corrosion W70-F50 0.423 0.425 0.377 0.211 0.212 -- 0.115 -- 
Moderate corrosion W70-F50-10% 0.426 0.424 0.392 0.213 0.212 -- 0.118 -- 
Moderate corrosion W70-F50-30% 0.420 0.419 0.381 0.210 0.21 -- 0.114 -- 

Severe corrosion W70V-F50C 0.419 0.426 0.368 0.21 0.213 4.073 0.12 6x3.75 
Severe corrosion W70V-F50C-10% 0.422 0.425 0.375 0.211 0.213 4.075 0.113 6x3.75 
Severe corrosion W70V-F50C-30% 0.426 0.423 0.373 0.213 0.211 4.071 0.112 6x3.75 
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Table 3.3 Sectional Properties at Minimum Cross Section Based on the Measured Dimensions 

Designation Shape 
Amin  

(in. 2) 

Af  

(in.2) 

Aw  

(in.2) 
Aw/Af 

rmin 

 (in.) 

L  

(in.) 
KL/rmin bf/2tf h/tw 

W00-F00  12.00 8.56 3.00 0.35 2.46 120 48.80 11.85 21.46 

W00-F00-10% 
 

11.98 8.54 3.03 0.36 2.45 120 49.00 11.88 21.23 

W00-F00-30%  12.00 8.50 3.07 0.36 1.75 120 68.52 11.94 21.01 
W70-F00  9.42 8.49 0.92 0.11 1.96 120 61.34 11.95 69.78 

W70-F00-10% 
 

9.38 8.48 0.94 0.11 2.43 120 49.30 11.97 68.59 

W70-F00-30%  9.43 8.52 1.00 0.12 1.96 120  61.22 11.91 64.20 
W70-F50  5.32 4.27 0.92 0.22 0.66 120 182.48 23.76 69.78 

W70-F50-10% 
 

5.35 4.27 0.96 0.23 0.67 120 178.55 23.76 66.88 

W70-F50-30%  5.26 4.23 0.90 0.21 2.63 120 45.62 23.99 71.65 
W70V-F50C  2.48 1.73 0.11 0.07 0.98 120 122.68 9.61 8.96 

W70V-F50C-10% 
 

2.45 1.73 0.12 0.07 0.97 120 123.78 9.61 8.23 

W70V-F50C-30%  2.45 1.74 0.13 0.07 3.75 120 31.99 9.57 8.10 
Note: 𝑘𝑘𝑘𝑘 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚⁄  was determined using 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 at the reduced section 
 
 
3.1.2 Material Properties 

The same material properties in Chapter Two were implemented in this chapter. 

3.1.3 Test Setup and Loading Protocol 

Specimens were tested using the same test setup and loading protocol that was explained in Chapter 

Two. The only difference here is that the axial load was applied using 10% and 30% eccentricities (Fig. 

3.3). 
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Figure 3.3 Test Setup (self-sustained test frame) 

 
3.1.4 Experimental Results Comparison to the Available Codes 

The axial force, axial shortening, and modes of failure are illustrated in Table 3.4. Figs. 3.4 through 

3.7 display the relationship between the axial force (calculated as the summation of the reading of the load 

cells installed on the post-tensioned bars) and axial shortening (obtained from the readings of the two SPs 

connected between the moving and fixed beams for the test specimens). 

 
Figure 3.4 Axial Force-axial Shortening Relation: (a) W00-F00, (b) W00-F00-10%, (c) W00-F00-30% 
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For H-pile W00-F00, the web was yielded at one end of the pile, followed by local buckling of the 

flanges until the failure at an axial load of 2,970 kN (669 kips), which dropped the pile strength gradually 

(Fig. 3.4a). For W70-F00-0%, the web suffered from local yield at 482 kips, followed by the local yield of 

the flange at a load of 2,535 kN (571 kips) to trigger the global buckling at the critical section (the middle) 

of the pile. After that, the load dropped abruptly due to the yield of the whole section. The measured residual 

capacity was 247 kN (55.7 kips), representing 9.7% of the peak load (Fig. 3.5a). Similarly, for W70-F50-

0% and W70V-F50C-0%, both flanges and web were yielded locally at 1,245 kN (280 kips), and 667 kN 

(150 kips), respectively. A global buckling occurred in the middle section of the pile, and the load dropped 

gradually. (Fig. 3.6a, 3.8a). For the reference specimens, piles W00-F00-10% and W00-F00-30% failed at 

2,034 kN (457kips) and 1,050 kN (236 kips) with a drop in the capacity of 32% and 65%, respectively, 

compared to the similar pile with no eccentricity (Chapter Two). The flanges and the web yielded until an 

ultimate axial shortening of 19.8 mm (0.77 in.). A global buckling was triggered when the critical section 

on the middle was fully yielded (Fig. 3.5). 

 
Figure 3.5 Axial Force-axial Shortening Relation: (a) W70-F00, (b) W70-F00-0%, (c) W70-F00-30% 
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For the minor corrosion specimens, piles W70-F00-10% and W70-F00-30% failed at 1785 kN (401 

kips), and 1046 kN (235 kips), respectively, with a drop in the capacity of 30% and 59%, respectively, 

compared to the similar pile with no eccentricity, where the web suffered from local yielding and 

maintained yielding until a total axial shortening of 5.8 mm (0.23 in.), and 19.5 mm (0.77 in.) respectively. 

Global buckling was triggered when the critical section in the middle was fully yielded (Fig. 3.6).  

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.6 Axial Force-axial Shortening Relation: (a) W70-F50, (b) W70-F50-10%, (c) W70-F50-30% 

For the moderate corrosion specimens, piles W70-F50-10% and W70-F50-30% failed at 993 kN 

(223 kips) and 427 kN (96 kips), respectively, with a drop in the capacity of 20% and 66%, respectively, 

compared to the similar pile with no eccentricity, where the flange and web suffered from local yielding 

that triggered global buckling at the critical section on the middle at an axial shortening of 6.1 mm (0.24 

in.), and 4.6 mm (0.18 in.), respectively; then, the piles sustained residual capacities of 267 kN (60 kips), 

and 111 kN (25 kips) which represent 27%, and 26% of the peak loads at a displacement of 50.8 mm (2 in.) 

(Fig. 3.6). 
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Figure 3.7 Axial Force-axial Shortening Relation: (a) W70V-F50C, (b) W70V-F50C-10%, (c) W70V-

F50C-30% 
 

For the severe corrosion specimens, piles W70V-F50C-10% and W70V-F50C-30% failed at 290 

kN (65 kips) and 174 kN (39 kips), respectively, with drop values in the capacities of 57% and 74%, 

respectively, compared to the similar pile with no eccentricity, where the flange and web suffered from 

local yielding that triggered global buckling at the critical section on the middle at an axial shortening of 

3.3 mm (0.13 in.), and 4.3 mm (0.17 in.), respectively. The piles sustained a residual capacity of 267 kN 

(15 kips) and 89 kN (20 kips), which represents 23% and 51% of the peak load at a displacement of 50.8 

mm (2 in.) (Fig. 3.7). 

By comparing the effect of eccentricity on different groups, the severe corrosion specimens were the most 

sensitive specimens to the eccentricity as the load dropped significantly with an eccentricity of 10% by 57% 

compared to an average of 27% from the other groups with the capacity of the same specimens with no 

eccentricity. Similarly, for the higher eccentricity of 30%, the severe corrosion group was the most sensitive 
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group with a drop in the capacity of 74% compared to an average of 63% drop from all the other groups 

with the capacity from the same specimens with no eccentricity. 

Table 3.4 Results for the Tested Piles 

Groups Pile 
Axial Capacity Axial Shortening Modes of 

Failure kips in. 

Reference 
W00-F00 669 0.40 FLB, GB 

W00-F00-10% 457 0.27 FLB, WLB 
W00-F00-30% 236 0.77 FLB, WLB 

Minor 
W70-F00 571 0.62 WLB, GB 

W70-F00-10% 401 0.23 WLB, GB 
W70-F00-30% 235 0.77 WLB, GB 

Moderate 
W70-F50 280 0.31 FLB, WLB 

W70-F50-10% 223 0.24 GB 
W70-F50-30% 96 0.18 GB 

Severe 
W70V-F50C  150 0.25 FLB, WLB 

W70V-F50C-10% 65 0.13 GB 
W70V-F50C-30% 39 0.17 GB 

*1 kips=4.45 kN, 1in. = 25.4 mm 
* FLB: Flange Local Bucking, WLB: Web Local Buckling, GB: Global Buckling 

 
 
3.1.5 Discussion of the Results  

Fig. 3.8 illustrates the effect of the eccentricity on the axial force of the same cross-section. When 

there was no corrosion on the pile W00-F00, the load dropped from 669 kips to 457 kips in the case of 10% 

eccentricity, which represented 68% of the concentric pile, and from 669 kips to 236 kips in the case of 

30% eccentricity, which represented 35% of the concentric pile (Fig. 3.8a). For pile W70-F00 in the case 

of 10% eccentricity, the load dropped from 571 kips to 401 kips which represented 70% of the concentric 

pile, while for the 30% it dropped from 571 kips to 235 kips, which represented 41% of the concentric load 

(Fig. 3.8b). Similarly, for W70-F50 in the case of 10% eccentricity, the axial load dropped from 280 kips 

to 223 kips, which represented 80% of the concentric load, while for the 30% eccentricity, it dropped from 

280 kips to 96 kips, which represented 34% of the concentric load (Fig. 3.8c). 

For the severe corrosion W70V-F50C in the case of 10% eccentricity, the axial load dropped from 

150 kips to 65 kips, which represented 43% of the concentric load. In comparison, in the case of 30% 

eccentricity, it dropped from 150 kips to 39 kips, which represented 26% of the concentric axial load (Fig. 
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3.8d). Which means for the minor and moderate corrosion where the reduction on the cross-sectional area 

was less than 75%, the eccentricity has a constant effect on the reduction of the remaining axial force, which 

varies from 68% - 80% of the original capacity in the case of 10% eccentricity and from 34% - 41% in the 

case of 30% eccentricity. In the case of severe corrosion where the loss in the cross-section was more than 

75%, the eccentricity has a significant effect on the remaining axial capacity of the pile, where in the case 

of 10% eccentricity, the capacity dropped to 36% while in the case of 30% eccentricity it dropped to 26%. 

 
Figure 3.8 Effect of Eccentricity on Force-axial Shortening Relation: (a) W00-F00, (b) W70-F00, (c) 

W70-F50, (d) W70V-F50C 

 
Fig. 3.9 and Table 3.4 illustrate that the eccentricity has a significant effect on the capacity of 

corroded piles, where for the reference pile W00-F00 the axial capacity dropped by 32% with 10% 

eccentricity and 65% with 30% eccentricity compared to the 0% eccentricity axial capacity. For W70-F00 

the axial capacity dropped by 30% with 10% eccentricity and 59% with 30% eccentricity compared to the 

0% eccentricity axial capacity. For W70-F50 the axial capacity dropped by 20% with 10% eccentricity and 

66% with 30% eccentricity, while for the severe corrosion W70V-F50C the axial capacity dropped by 57% 

with10% eccentricity and 74% with 30% eccentricity compared to the 0% eccentricity axial capacity.  
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Figure 3.9 Effect of Eccentricity on the Axial Force for Different Corroded Piles 

 

Fig. 3.10 illustrates the correlation between the loss of axial capacity under different eccentricity 

percentages to three parameters. The first factor is the cross-sectional area to the original area of the tested 

piles. It shows that there was a strong correlation between the loss in the axial force and the loss in the 

cross-sectional area (Fig 3.10a), while the correlation was weak between the loss in the axial capacity with 

the reduced moment of inertia in the weak and strong direction, as shown in Figs. 3.10b and 3.10c. 

 

   
(a) (b) (c) 

Figure 3.10 Correlation between Loss of Axial Capacity and (a) Cross-sectional Area, (b) Strong Moment 
of Inertia, (c) Weak Moment of Inertia 

 
3.2 Design Considerations 

3.2.1 AISC and AASHTO 

Eqn. 3.1 was used by the AISC (2017) and AASHTO (2012) for the design of members subjected 

to combined axial force and flexure moment. 
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𝑃𝑃𝑟𝑟
𝑃𝑃𝑚𝑚

+
8
9
𝑀𝑀𝑟𝑟

𝑀𝑀𝑚𝑚
≤ 1.0 (Eqn. 3.1) 

where all terms are defined in the notation section in Appendix A, the nominal axial strength, Pn, of the 

steel piles is defined using the effective cross-sectional area, Ae, and critical buckling stress, Fcr per Eqn. 

3.2, while the nominal flexure strength of the steel piles, Mn, is defined per Eqn. 3.3 depending on the 

slenderness of the flange. 

𝑃𝑃𝑚𝑚 = 𝐹𝐹𝑐𝑐𝑟𝑟𝐴𝐴𝑒𝑒 (Eqn. 3.2) 

𝑀𝑀𝑚𝑚 = 𝐹𝐹𝑦𝑦𝑍𝑍𝑦𝑦,                                                                   𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑘𝑘𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 (Eqn. 3.3a) 

𝑀𝑀𝑚𝑚 = 𝑀𝑀𝑝𝑝 − �𝑀𝑀𝑝𝑝 − 0.7𝐹𝐹𝑦𝑦𝑆𝑆𝑦𝑦��
𝜆𝜆 − 𝜆𝜆𝑝𝑝𝑝𝑝
𝜆𝜆𝑟𝑟𝑝𝑝 − 𝜆𝜆𝑝𝑝𝑝𝑝

� , 𝑓𝑓𝐶𝐶𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑘𝑘𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 (Eqn. 3.3b) 

𝑀𝑀𝑚𝑚 = 𝐹𝐹𝑦𝑦𝑆𝑆𝑦𝑦,                                                                    𝑠𝑠𝑘𝑘𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑟𝑟 𝑓𝑓𝑘𝑘𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓 (Eqn. 3.3c) 

3.2.2 AISC with P-Δ Effect  

To consider the secondary moment effect, i.e., the P-Δ effect, the AISC adopts Eqns. 3.4 and 3.5 

to calculate the axial and moment capacities of a pile. 

𝑃𝑃𝑟𝑟 = 𝑃𝑃𝑚𝑚 + 𝐵𝐵2𝑃𝑃𝑙𝑙𝑙𝑙 (Eqn. 3.4) 

𝑀𝑀𝑟𝑟 = 𝐵𝐵1𝑀𝑀𝑚𝑚 + 𝐵𝐵2𝑀𝑀𝑙𝑙𝑙𝑙 (Eqn. 3.5) 

𝐵𝐵2 =
1

1 −
𝛼𝛼𝑃𝑃𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦
𝑃𝑃𝑒𝑒 𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦

≥ 1 (Eqn. 3.6) 

𝑃𝑃𝑒𝑒 𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦 = 𝑅𝑅𝑚𝑚
𝐻𝐻𝐻𝐻
∆𝐻𝐻

 (Eqn. 3.7) 

where 𝑃𝑃𝑚𝑚 and 𝑀𝑀𝑚𝑚 are calculated based on Eqns. 3.2 and 3.3, respectively, while the values of 𝑃𝑃𝑙𝑙𝑙𝑙 and 𝑀𝑀𝑙𝑙𝑙𝑙 

were calculated using 𝐻𝐻 𝑥𝑥 (𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 2� )
∆𝐻𝐻

 and 𝐻𝐻 𝑥𝑥 (𝐻𝐻𝑙𝑙𝑠𝑠𝑙𝑙 2� ), respectively, where H is an equivalent lateral force. The 

parameter B1 is a multiplier factor that considers the lateral deformation of the column due to compression 

loads and is considered in this study equal to 1. At the same time, B2 was calculated using an iterative 
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process per Eq. 3.6 where Pstory equal to Pn was adopted in this manuscript. The iteration process started 

with assuming ∆H for a given Pn and then determine the corresponding lateral force H that creates bending 

moment equivalent to Pn. ∆H; then, determining the deflection in the middle of the column δ due to the force 

H using simple beam deflection considering the weighted average moment of the column (to consider the 

corroded section). The process continued until ∆H became equal to δ. 

3.3 Comparisons of the Experimental Results and Analytical Models 

Fig. 3.11 and Table 3.5 display the measured experimental strength, Pmax, normalized by the 

calculated strength values, Pn, calculated using the AISC/AASHTO and AISC (P-Δ) methods as a function 

of the minimum cross-sectional area normalized by the cross-sectional area (Amin/Ag). Both analytical 

methods were conservative in predicting the strengths of the investigated piles. The normalized strengths, 

Pmax/Pn, using AISC/AASHTO and AISC (P-Δ) ranged from 0.79 to 4.29, and 1.02 to 1.22, respectively, 

with an average Pmax/Pn of 1.54, and 1.12, respectively, (Table 3.5). 

Table 3.5 Evaluating the Axial Capacity of the Tested Specimens Using Existing Design Specifications 

Groups Designation 
Experimental  AISC /AASHTO  AISC (P-Δ) 

Amin/Ag 
Pmax 

(Kips)  Pn 
(Kips) Pmax/Pn  Pn 

(Kips) Pmax/Pn 

Reference 
W00-F00 1.0 669  567 1.18  581.30 1.15 

W00-F00-10% 1.0 457  406 1.13  411.10 1.11 
W00-F00-30% 1.0 236  259 0.91  215 1.10 

Minor 
W70-F00 0.785 571  466 1.23  471.10 1.21 

W70-F00-10% 0.783 401  350 1.15  395.00 1.02 
W70-F00-30% 0.786 235  233 1.01  204 1.15 

Moderate 
W70-F50 0.443 280  255 1.10  259.00 1.08 

W70-F50-10% 0.445 223  187 1.19  200.10 1.11 
W70-F50-30% 0.438 96  122 0.79  85 1.13 

Severe 
W70V-F50C 0.207 150  35 4.29  136.02 1.10 

W70V-F50C-10% 0.205 65  27 2.41  59.00 1.10 
W70V-F50C-30% 0.204 39  18.50 2.11  32 1.22 

*1 kips=4.45 kN, 1in. = 25.4 mm 
 

For all the groups except for the severe corrosion, both methods predicted the capacity 

conservatively of the pile for both 0% and 10% eccentricity with an average PExp/Pn of 1.16 and 1.11 for 
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AISC/AASHTO, and AISC (P-Δ), respectively. The higher eccentricity of 30% the AISC/AASHTO over-

predicted the capacity with an average PExp/Pn of 0.9. In contrast, for the AISC (P-Δ) it predicted the capacity 

with an average PExp/Pn of 1.13. 

For the severe corrosion group, the AISC/AASHTO missed the prediction of the capacity with an 

average PExp/Pn of 2.94, while the AISC (P-Δ) predicted the capacity with an average PExp/Pn of 1.14. 

 

  
(a) (b) 

Figure 3.11 Normalized Strength vs. Normalized Cross-sectional Area: (a) AISC-AASHTO, and (b) 
AISC (P-Δ) 

 
3.4 Parametric Study 

The AISC (P-Δ) predicted 82% to 98.5% of the strengths of the piles presented in this manuscript. 

Therefore, the AISC (P-Δ) was adopted to conduct a comprehensive study to better understand the 

parameters that affect the axial capacity of corroded H-piles subjected to eccentric loads. Those parameters 

included the percentage of the reduction in the thickness of the web and flanges, corrosion extension along 

the length of the pile, area of the voids in the corroded web, and the diameter of the cut in the corroded 

flange. The axial capacity of the piles were determined under eccentricities of 0%, 10%, and 30%.  
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The piles used in this section were labeled similarly to those used during the experimental work. The 

dimensions and properties of the piles used in this section are similar to those presented in the experimental 

work section with a default corroded section length of 308mm (12 in.) located at the middle of the pile 

length except for the corrosion extension parameter. 

3.4.1 Web Reduction Percentage 

    The flange thickness of the piles was reduced by 50% from its nominal thickness, while the web 

thickness reductions ranged from 0% to 90% (Table 3.6, Fig. 3.12). Using the AISC method resulted in 

axial force capacities ranging from 88.5% to 101%, 91% to 102%, and 94% to 100% of those predicted 

using the P-Δ method for 0%, 10%, and 30% eccentricities (Fig. 3.12), respectively.  

Table 3.6 Axial Capacities of the Piles Having Reduced Web Thicknesses 

Pile 
designation 

Web 
Corrosion   

(%) 

Flange 
Corrosion 

(%) 

AISC/AASHTO AISC (P-Δ) effect 
Pn  

kN (Kips) 
Pn  

kN (Kips) 
10% ecc. 30% ecc. 10% ecc. 30% ecc. 

W00-F00 0 0 1820 (409) 1153 (259) 1829 (411) 1166 (262) 
W00-F50 0 50 963 (216) 598 (135) 1035 (233) 625 (140) 
W25-F50 25 50 921 (207) 585 (132) 962 (216) 602 (135) 
W50-F50 50 50 799 (180) 533 (120) 877 (197) 566 (127) 
W70-F50 70 50 717 (161) 495 (111) 699 (157) 486 (109) 
W90-F50 90 50 637 (143) 456 (103) 632 (142) 454 (102) 

 

The capacity of the pile was sensitive to the reductions in the flange; reducing the flange thickness 

by 50% while preserving the thickness of the web resulted in a drop of an average of 56% in the original 

capacity of the pile. When a 25% reduction in the thickness of the web was introduced, severe reductions 

ranging from 51% and 53% to 63% of the original pile strength, depending on the introduced eccentricity, 

were predicted using the AISC/AASHTO and AISC (P-Δ), methods, respectively. Beyond 25% reduction 

in the web thickness, increasing the reduction in the web thickness decreased the strength of the piles 

linearly, reaching 35% to 46% and 35% to 59%, depending on the imposed eccentricity, for the 

AISC/AASHTO, and AISC (P-Δ), methods, respectively. 
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(a)  (b)  

Figure 3.12 Force vs. Reduction in Web Percentage Using: a) AISC, and b) AISC (P-Δ) 

 
3.4.2 Flange Reduction Percentage 

The flange thickness of each pile in this group was reduced by up to 90% of its original thickness 

while that of the web was reduced by 50% from its original thickness (Table 3.7). Using the AISC method 

resulted in axial force capacities ranging from 73% to 104%, 83% to 102%, and 91% to 101% of those 

predicted using the P-Δ method for 0%, 10%, and 30% eccentricities (Fig. 3.13), respectively.  

Table 3.7 Axial Capacities of the Piles Having Reduced Flange Thicknesses 

Pile Designation 
Web 

Corrosion   
(%) 

Flange 
Corrosion 

(%) 

AISC & AASHTO AISC (P-Δ) effect 
Pn  

kN (Kips) 
Pn  

kN (Kips) 
e = 10%  e =30% e = 10% 30% ecc. 

W00-F00 0 0 1820 (409) 1153 (259) 1829 (411) 1166 (262) 
W50-F00 50 0 1606 (361) 1064 (239) 1666 (375) 1090 (245) 
W50-F25 50 25 1158 (260) 779 (175) 1193 (268) 794 (179) 
W50-F70 50 70 524 (118) 342 (77) 510 (115) 336 (76) 
W50-F90 50 90 237 (53) 138 (31) 286 (64) 153 (34) 

 

The capacity of the pile was not that sensitive to the reductions in the web, reducing the web 

thickness by 50% while preserving the thickness of the flange resulted in a drop of 9% in the original 

capacity of the pile. For 25% reduction in the thickness of the flange, significant reductions ranging from 

64% to 68% and 65% to 68% of the original pile strength were predicted using the AISC/AASHTO and 

AISC (P-Δ) methods, respectively, depending on the applied eccentricity. Beyond 25% reduction in the 
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flange thickness, increasing the reduction in the web thickness linearly decreased the strength of the piles, 

reaching 12% to 30% and 13% to 29%, depending on the imposed eccentricity, for the AISC/AASHTO, 

and AISC (P-Δ), methods (Fig. 3.13), respectively. 

  
(a)  (b)  

Figure 3.13 Relation between Force and Flange Corrosion Reduction Percentage Using: a) AISC, and b) 
AISC (P-Δ) 

 

3.4.3 Void Areas in the Web 

This group represented severe corrosion where the flange thickness was reduced by 50% combined 

with 152 mm (6 in.) diameter cuts in the flanges from each side. Furthermore, the thicknesses of the webs 

of the piles were reduced by 70% combined with 101.6 mm x 101.6 mm (4 in.x4 in.) to 304.8 mm x 203.2 

mm (12 in.x8 in) voids in the webs (Table 3.8). 

The AISC method cannot be used in the case of severe corrosion since the AISC assumes prismatic 

members with a constant cross-section. Having the void and cut in the cross-section of the corroded section 

resulted in discontinuity and abrupt change in the moment of inertia and cross-sectional area. The P-Δ 

method, however, can consider such changes in the cross-sectional area and inertia. The P-Δ method 

indicated that the void size had insignificant effects on the axial load of the piles. Changing the void size 

from 102 x 102 mm (4 x 4 in.) to 305 x 204 mm (12 x 8 in.) decreased the pile axial capacity by 21%, 14%, 

and 10% for piles having eccentricities of 0%, 10%, and 30% (Fig. 3.14). 
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Table 3.8 Axial Capacities of the Piles Having Voids in Web 

Pile Designation 
Web void 

Dimensions 
(In. x in.) 

Flange Cut 
Diameter 

(in.) 

AISC & AASHTO AISC (P-Δ) Effect 
Pn  

kN (Kips) 
Pn  

kN (Kips) 
10% ecc. 30% ecc. 10% ecc. 30% ecc. 

W00-F00 0 0 1820 (409) 1153 (259) 1829 (411) 1166 (262) 
W70-F50C 0 6 196 (44) 114 (26) 265 (59) 133 (30) 

W70V-F50C-4x4 4 x 4 6 108 (24) 77 (17) 263 (59) 133 (30) 
W70V-F50C-6x4 6 x 4 6 108 (24) 77 (17) 261 (58) 132 (30) 
W70V-F50C-8x6 8 x 6 6 108 (24) 77 (17) 248 (56) 129 (29) 
W70V-F50C-12x8 12 x 8 6 107 (24) 75 (17) 228 (51) 122 (27) 

*1in. = 25.4 mm 
 

  
(a) (b) 

Figure 3.14 Relation between Axial Force Capacity and Corrosion Void Area in the Web Using: a) AISC, 
and b) AISC (P-Δ) 

 
3.4.4 Corrosion in the Flanges 

This group represented severe corrosion where the flange thickness was reduced by 50% combined 

with 76.2 mm (3 in.) to 203.2 mm (8 in.) diameter cuts. The webs of the piles were also reduced by 70% 

combined with 101.6 mm x 101.6 mm (4 in.x4 in.) web void (Table 3.9). 

Fig. 3.15 and Table 3.9 show that the AISC method predicted axial capacities up to 13% higher 

than those predicted using the P-Δ method for specimens with a reduction in the flange cross-sectional area 

below 56% (specimens having cuts up to 4 in. diameter). This conclusion held true for 10% and 30% 

eccentricity values. For specimens with more than 56% reduction in the cross-sectional area of the flanges, 

the AISC method predicted axial capacities much higher than those predicted using the P-Δ method. 

Therefore, it is not recommended to use the AISC method for such cases.  The figure and table, also, show 
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that the eccentricity has a significant effect on reducing the axial capacity of the piles, where the 10% and 

30% eccentricity values dropped the axial capacities with an average of 15% and 30% compared to those 

of the concentrically loaded piles, respectively. 

Table 3.9 Axial Capacities of the Piles Having Cuts in the Flange 

Pile 
Designation 

Web Void 
Dimensions 

(In. x in.) 

Flange Cut 
Diameter 

(in.) 

AISC & AASHTO AISC (P-Δ) Effect 
Pn  

kN (Kips) 
Pn  

kN (Kips) 
10% ecc. 30% ecc. 10% ecc. 30% ecc. 

W00-F00 0 0 1820 (409) 1153 (259) 1829 (411) 1166 (262) 
W70-F50C-3 4 x 4 

4 x 4 
 4 x 4 
4 x 4 

3 554 (125) 327 (74) 491 (110) 303 (68) 
W70-F50C-4 4 456 (102) 258 (58) 423 (95) 247 (56) 
W70-F50C-6 6 196 (44) 114 (26) 265 (59) 133 (30) 
W70-F50C-8 8 38 (8.4) 24.4 (5.5) 99 (22) 41 (9.2) 

*1in. = 25.4 mm 
 

  

(a)  (b)  
Figure 3.15 Relation between Force and Corrosion Cut Diameter in Flange Using: a) AISC, and b) AISC 

(P-Δ) 

 
3.4.5 Corrosion Longitudinal Extension 

The thicknesses of the flanges and webs were reduced by 50% and 70% of their original 

thicknesses, respectively (Table 3.10). Furthermore, the corroded length in this group ranged from 51 mm 

(2 in.) to 457 mm (18 in.). 

Fig. 3.16 shows the effect of variation of corrosion lengths on the capacity of the corroded piles, 

where the AISC/AASHTO method resulted in the same strength regardless of the length of the corrosion 
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since the local buckling was the controlled mode of failure in all the studied cases. The P-Δ method, 

however, considers the effect of the corrosion length. Using the P-Δ method for the case of concentric loads, 

the mode of failure changed from global buckling to local buckling when the corrosion length exceeded 

304 mm (12 in.), while in the case of 10% eccentricity, the mode of failure changed from global to local 

buckling when the corrosion length exceeded 203 mm (8 in.), and for the case of 30% eccentricity, the 

modes of failure changed from global to local buckling when the corrosion length exceeded 152 mm (6 in.) 

(Fig. 3.16). 

Table 3.10 Axial Capacities of Piles Having Different Corrosion Lengths 

Pile 
Designation 

Web 
Corrosion   

(%) 

Flange 
Corrosion 

(%) 

Corrosion 
Length  
mm (in) 

AISC & AASHTO AISC (P-Δ) effect 
Pn  

kN (Kips) 
Pn  

kN (Kips) 
10% ecc. 30% ecc. 10% ecc. 30% ecc. 

W00-F00 0 0 304 (12) 1820 (409) 1153 (259) 1829 (411) 1166 (262) 
W70-F50-2 70 50 51 (2) 717 (161) 495 (111) 975 (219) 606 (136) 
W70-F50-4 70 50 102 (4) 717 (161) 495 (111) 839 (189) 551 (124) 
W70-F50-6 70 50 152 (6) 717 (161) 495 (111) 748 (168) 510 (115) 
W70-F50-8 70 50 203 (8) 717 (161) 495 (111) 698 (157) 486 (109) 
W70-F50-12 70 50 304 (12) 717 (161) 495 (111) 615 (138) 445 (100) 
W70-F50-18 70 50 457 (18) 717 (161) 495 (111) 592 (133) 433 (97) 

 

  
(a) (b) 

Figure 3.16 Relation between Force and Corrosion Extension Using a) AISC, and b) AISC (P-Δ) 

3.5 Proposed Interaction Diagrams 

The purpose of this section is to develop an easy way to assess the corrosion based on different 

interaction diagrams. Four piles: W00-F00, W70-F00, W70-F50, and W70V-F50C representing reference, 
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minorly, moderately, and severely corroded piles were investigated under axial load. The interaction 

diagrams were performed using the two analytical methods, AISC and AISC (P-Δ). Fig. 3.17 illustrates the 

results where it was found that minor corrosion has minimal effect on the axial capacity of the pile, while 

moderate and severe corrosion reduced the axial capacity of the pile by an average of 67% and 86% 

compared to that of the un-corroded pile. 

  
(a) (b) 

Figure 3.17 Axial Load vs Bending Moment Interaction Diagrams Using a) AISC, and b) AISC (P-Δ)
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4 Chapter 4. Finite Element Modeling of Piles Subjected to Concentric and Eccentric Axial 

Loads 

 

 

 

 

This chapter presents nonlinear finite element models (FEMs) of H-piles that were subjected to axial loads. 

The FEMs were validated against the experimental results gathered from five H-piles tested by Shi et al. 

(Shi et al. 2015). The main parameter in this set of data was the severity of the corrosion of the investigated 

piles. The developed FEMs were used to conduct a numerical parametric study investigating the severity 

of corrosion in the form of corrosion location, extension, and form. The FEMs were developed using LS-

DYNA multi-purpose software (LS-DYNA 971 Manual). 

4.1 FE Model Calibration 

Five piles, a reference pile and four corroded piles having pin-pin boundaries were investigated 

during an experimental work (Shi et al. 2015) and simulated during this chapter. The corrosion was 

simulated using a 20% to 80% reduction in the thickness of the web and/or 20% to 60% reduction in the 

thickness of the flange (Table 4.1). The piles’ designation consisted of two numbers: the first one 

representing the reduction in the thickness of the web, followed by the second one representing the 

reduction in the thickness of the flanges. 

Table 4.1 Summary of the Results of the Investigated Piles (Modified after Shi and Dawood 2015) 

Pile 
Designation 

Loss of Cross-section 
(%) 

Axial Capacity 
(kN) 

Loss of Axial 
Capacity (%) Failure Mode 

0/0 0.0 2771 0.0 GB 
0/20 3.1 2688 3.0 GB 

20/40 32.7 1936 30.1 FLB 
40/60 48.2 1481 46.6 FLB,WLB 
80/60 67.9 811 70.7 FLB,WLB 
Note: GB = global buckling; FLB = flange local buckling; WLB = web local buckling 
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4.1.1 Geometry 

A 310 x 79 (12 x 53) H-pile having a length, measured from the top of the lower loading plate to 

the bottom of the upper loading plate, of 4750 mm (187 in.) was modeled (Fig. 4.1). A 400 x 400 x 100 

mm (15.75 x 15.75 x 4 in.) plate and a 100 mm (4 in.) diameter x 400 mm (15.75 in.) long cylinder were 

used to load the piles. 

Each FE model had 5,248 elements and 6,840 nodes. The H-pile cross-section was modeled using 

a fully integrated shell element type 16 with an average element length of 50 mm (2 in.). The loading plates 

and cylinders were modeled using 50 mm (2 in.) long solid elements having constant-stress one-point 

quadrature integration. Surface-to-surface contact elements were used to simulate the interface between the 

loading plate and pile. This type of contact considers slip and separation that occurs between master and 

slave contact pairs. Node-to-surface contact elements were used between the loading cylinder and the pile. 

The coefficient of friction for all of the contact elements was taken as 0.6. 

 

 

Figure 4.1 Three-dimensional (3D) View of the Simulated H-pile 
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4.1.2 Loading and Boundary Conditions 

The loading plate and cylinder used at each end of each investigated pile replicated the pin-pin 

boundary conditions used during the experimental work. The plate ensured the uniform distribution of the 

applied axial load on the piles (Fig. 4.1). The loading plates had no constraints, while the displacements of 

the loading cylinders were constrained in the Y- and X-directions (Fig. 4.2). Furthermore, displacement in 

the Z-direction of the bottom-loading cylinder was constrained. It should be noted that using the loading 

cylinder triggered buckling around the weak axis while precluding buckling around the strong axis. All 

piles were subjected to displacement-controlled concentric axial compressive load until the FEMs could 

not proceed any further due to numerical instability, designated as pile failure.  

 

 
Figure 4.2 Vertical and Horizontal Constraints for the Loading Plates 

 

4.1.3 Material and Element Types 

4.1.3.1 H-pile 

An elastoplastic constitutive model, 003-plastic_kinamatic, readily available in LS-DYNA, was 

adopted to model the webs and flanges of the piles. This model requires the following three material 

parameters for the used steel to be fully defined: (1) the elastic modulus, E, (2) the steel’s yield stress, and 

(3) Poisson’s ratio, υ. The elastic modulus and the yield stress of the flanges were 196.0 GPa (28427ksi) 

and 360.0 MPa (52.2ksi), respectively, while those for the webs were 221.0 GPa (32053ksi) and 418.0 MPa 

(60.6ksi), respectively. Both the webs and flanges used a Poisson’s ratio υ value of 0.3. 
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4.1.3.2 Loading Plates and Cylinders 

The loading plates and cylinders were modeled using anisotropic material, 001-elastic. The following 

three parameters are required to fully define this material model: (1) density, (2) E, and (3) υ. The mass 

density, E, and υ used during this study were 7.83x10-06 Kg/mm3 (0.32 lb. /in3.), 500 GPa (72520 ksi), and 

0.3, respectively. An axial compressive load was applied to all the nodes at the top of the upper cylinder 

until failure occurred. 

4.2 Results and Discussion 

The FE models were able to capture the test specimens’ behavior in terms of initial stiffness and peak 

load with an error ranging from 0.4% to 10%. The FEMs were not biased in terms of peak loads, as it 

overestimated the strengths of two specimens and underestimated the strength of three specimens. The 

FEMs predicted quite well the modes of failure (Fig. 4.3). Both the FEMs and experimental testing showed 

that all piles reached their yielding loads, which was followed by either global buckling in the case of piles 

0/0 and 0/20 (Fig. 4.4 (a, b)), or local buckling in the flange or web, depending on the thickness of the 

corroded section (Fig. 4.4 (c, d, e)). 

 

Table 4.2 Summary of the FE and Experimental Results Used for the Model Validation 

 Axial Capacity  
Error 
(%) 

 
Mode of Failure  Experimental  FE   

Pile kN kN   Experimental  FE 
0/0 2771  2707  2  GB  GB 
0/20 2688  2678  0.4  GB  GB 
20/40 1936  2188  13  FLB  FLB 
40/60 1481  1630  10  FLB,WLB  FLB,WLB 
80/60 810  728  10  FLB,WLB  FLB,WLB 

 

4.3 Effects of Eccentricity on the Strengths of Corroded Piles 

The FEMs developed in this work were used to examine the effects of the eccentricity on the response 

of the corroded piles. Eccentricity values of 50 mm (2 in.), 100 mm (4 in.), and 150 mm (6 in.), 
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corresponding to eccentricity-to-pile width (e/t) values of 17%, 33%, and 50% were tested (Fig. 4.6). This 

resulted in analysis of fifteen piles. 

 

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.3 Experimental (Belarbi and Dawood 2015) versus FEM Results for Specimens: (a) 0/0, (b) 
0/20, (c) 20/40, (d) 40/60, and (e) 80/60 
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The eccentricity of the applied load decreased the axial capacity of the investigated piles (Figs. 4.6 

and 4.7 as well as Table 4.3). All specimens displayed a significant reduction in strength ranging from 25% 

to 47% of the peak axial load at e/t of 17%. Beyond that and up to e/t of 50%, the strength reduction was 

linear with approximately the same rate in the cases of no, minor, or severe corrosion up to approximately 

48% reduction in the cross-sectional area. Increasing the corrosion severity, however, increased the effect 

of the eccentricity on the peak axial loads. For pile 20/40, the strength reduction was nonlinear, as the mode 

of failure changed with increased load eccentricity. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.4 Comparison between the Modes of Failure of the Experimental and Finite Element Models: (a) 
0/0, (b) 0/20, (c) 20/40, (d) 40/60, and (e) 80/60 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4.5 Three-dimensional (3D) View of Simulated H-piles with Different Eccentricity Values of: (a) 

e=0 mm, (b) e=50 mm, (c) e=100 mm, and (d) e=150 mm 

 
Table 4.3 Failure Loads with Different Load Eccentricities 

 

For piles subjected to small eccentricity, the mode of failure was global buckling, reducing the peak 

load by 45% at e/t of 17%. However, for a high eccentricity of 100 mm (4 in.) or higher, the mode of failure 

   Dimensions FE Results 

   Flange Web Red. 
Flange 

Red. 
Web 

Failure 
Load 

Failure 
Mode 

Group Model 
name 

Description 
(e) Mm mm mm mm mm KN  

A 0-0 Eccentricity 
in the weak 

axis 

50 11.63 11.0 --- --- 2024 GB 
A 0-0 100 11.63 11.0 --- --- 1670 GB 
A 0-0 150 11.63 11.0 --- --- 1443 GB 
B 0-20 Eccentricity 

in the weak 
axis 

50 11.68 11.23 --- 9.52 1977 GB 
B 0-20 100 11.68 11.23 --- 9.52 1625 GB 
B 0-20 150 11.68 11.23 --- 9.52 1383 GB 
C 40-20 Eccentricity 

in the weak 
axis 

50 11.18 11.10 7.34 7.82 1194 FLB 
C 40-20 100 11.18 11.10 7.34 7.82 848 FLB 
C 40-20 150 11.18 11.10 7.34 7.82 822 FLB 
D 40-60 Eccentricity 

in the weak 
axis 

50 11.02 10.82 6.15 4.09 835 FLB/WLB 
D 40-60 100 11.02 10.82 6.15 4.09 615 FLB/WLB 
D 40-60 150 11.02 10.82 6.15 4.09 449 FLB/WLB 
E 80-60 Eccentricity 

in the weak 
axis 

50 10.97 10.92 2.56 4.56 374 FLB/WLB 
E 80-60 100 10.97 10.92 2.56 4.56 229 FLB/WLB 
E 80-60 150 10.97 10.92 2.56 4.56 154 FLB/WLB 
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changed to FLB/WLB with a reduction in the peak load up to 62% at e/t of 50%. For severe corrosion in 

piles 40/60 and 80/60, the reduction in strength was linear, reaching approximately 79% at e/t of 50%. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4.6 Effect of Eccentricity of Load about Minor Axis on the Capacity of: (a) Pile (0-0), (b) Pile (0-
20), (c) Pile (40-20), (d) Pile (40-60), and (e) Pile (80-60) 

  



 

52 

 
 

Figure 4.7 Residual Axial Capacity with Eccentric Loads 

4.4 Parametric Study 

The validated FEMs were used to conduct parametric studies to investigate the effects of changing 

the corrosion percentage and severity, extension, and location on the capacity of the H-piles. In this set of 

analyses, the boundary conditions were changed from steel cylinders, which prevented the rotation around 

the strong axis of a pile, to solid spheres allowing the H-piles to freely buckle in any direction (Fig. 4.8).  

 

  
(a) (b) 

Figure 4.8 Boundary Conditions for the H-piles 

4.4.1 Effect of Corrosion Percentage 

To investigate the effect of changing the corrosion percentage on the capacity of H-piles, groups A 

and B of FEMs were developed (Table 4.4). Group A consisted of four models with different corrosion 
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percentages in the form of web thickness reductions of 25%, 50%, 70%, and 90% while having the same 

corrosion in the flange represented by a 50% reduction in the flange thickness. Group B consisted of four 

models with flange thickness reductions of 25%, 50%, 70%, and 90% while having a 50% reduction in the 

web thickness. Therefore, there is a common model between the two groups: a 50% reduction in the web 

and a 50% reduction in the flanges. The corrosion percentages were chosen to represent low corrosion with 

a 25% reduction in the web/flanges up to severe corrosion with a 90% reduction in the thickness of 

web/flanges. Corrosion that exceeds 90% will be presented later as a void in a web or cut in flanges to 

simulate a very severe corroded section. 

 
Table 4.4 Summary of the Investigated Parameters for the FEMs 

Group 
Pile 

Designation 

Web Corrosion 

(%) 

Flange 

Corrosion (%) 

Axial Capacity 

(kN) 

Loss of axial 

Capacity (%) 

A CP 25/50 25 50 

50 

50 

50 

1718 20 

A CP 50/50 50 1502 30 

A CP 70/50 70 1115 48 

A CP 90/50 90 986 54 

B CP 50/25 50 25 1990 7.5 

B CP 50/70 50 70 859 60 

B CP 50/90 50 90 629 70 

 

The reference model failed due to yielding at the end of the pile (Fig. 4.9 (a)), while all the models 

in groups A and B failed at the corroded region due to local buckling (Figs. 4.9 and 4.10). The results of 

the FEMs of groups A and B were examined to determine the loss in the axial load capacity compared to 

that of the reference specimen (Fig. 4.11). Increasing the corrosion depth decreased the axial load carrying 

capacity due to the change in the failure mode from yielding to local buckling. The response of the pile is 

very sensitive to the corrosion in the flanges. Reductions by 90% and 50% in the thicknesses of the flanges 

and web, respectively, resulted in 70% loss in the axial load capacity of the pile, while only a 54% loss in 

the axial capacity occurred when reductions by 50% and 90% occurred in the thicknesses of the flanges and 

web, respectively, (Table 4.4 and Fig. 4.11). 
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CP 50/70 CP 50/90 

(g) (h) 
Figure 4.9 Deformed Shape of Corroded Piles 
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(a) (b) 

Figure 4.10 Axial Load vs Axial Shortening of Corroded Piles Having 50% Reduction in the Thickness 
of: (a) Flanges with Different Reductions in the Thickness of Web (b) Web with Different Reductions 

in the Thickness of Flange 
 

  
(a) (b) 

Figure 4.11 Reductions in the Axial Load Capacity due to Different Reductions in the Web and Flanges 
 

4.4.2 Effect of Corrosion Extension 

Two groups of FEMs, C and D, were developed to investigate the effects of corroded length on the 

axial capacity of the piles. Each group consisted of five models with different corrosion lengths of 100, 

200, 300, 500, and 700 mm (4, 8, 12, 20, and 28 in.). Two different corrosion percentages were considered 

in this study, Group C had 70% corrosion in the web and 50% corrosion in the flange. Group D had 0% 

corrosion in the web and 50% corrosion in the flange. Table 4.5 presents the axial capacity of each pile and 

the loss in its axial capacity compared to the uncorroded reference model. 
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Table 4.5 Summary of the Investigated FEMs for Corrosion Extension 

Group Pile 
Designation 

Web 
Corrosion 

(%) 

Flange 
Corrosion 

(%) 

Corrosion 
Length 
(mm) 

Axial 
Capacity 

(kN) 

Loss of 
Axial 

Capacity (%) 
C CE 70/50-4 70 50 100 1420 34 
C CE 70/50-8 70 50 200 1219 43 
C CE 70/50-12 70 50 300 1115 48 
C CE 70/50-20 70 50 500 951 56 
C CE 70/50-28 70 50 700 908 58 
D CE 0/50-4 0 50 100 2142 0 
D CE 0/50-8 0 50 200 2006 7 
D CE 0/50-12 0 50 300 1937 10 
D CE 0/50-20 0 50 500 1956 9 
D CE 0/50-28 0 50 700 1953 9 

 

     

     
CE 70/50-4 CE 70/50-8 CE 70/50-12 CE 70/50-20 CE 70/50-28 

Figure 4.12 Undeformed and deformed shapes of the corroded piles in groups C and D 
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CE 0/50-4 CE 0/50-8 CE 0/50-12 CE 0/50-20 CE 0/50-28 

Figure 4.12 Undeformed and Deformed Shapes of the Corroded Piles in Groups C and D (Cont’d) 

 

The corroded length of an H-pile affects the axial capacity of the pile and can change the failure 

mode from local to global buckling failure. Fig 4.12 shows both the undeformed and deformed shapes of 

group C models. Increasing the corroded length while having a high corrosion percentage in the web and 

flanges resulted in increased loss in the axial load capacity of the pile (Figs. 4.13 and 4.14). However, for 

group D, increasing the corroded section length while having minor corrosion did not reduce the axial 

capacity of the piles (Figs. 4.13 and 4.14). Furthermore, the losses in the axial capacities of the piles 
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remained constant for piles having corroded lengths exceeding 500 mm and 300 mm (20 in. and 12 in.) for 

groups C and D, respectively (Fig 4.14). 

 

 

 
(a) 

 

 
(b) 

Figure 4.13 Axial Load vs Axial Shortening of Corroded Piles Having Different corroded lengths for: (a) 
Group C, and (b) Group D 

 
Figure 4.14 Reductions in the Axial Load Capacity due to Different Reductions in the Corroded Section 

Lengths 

 
4.4.3 Effect of Corrosion Location 

Three different locations along the H-pile were investigated to study the effect of the location of 

the corroded section on the axial capacities of the piles and their failure modes. Three groups of FEMs, E, 

F, and G were developed, where each group consisted of three models with a corrosion zone located at 

0.25L, 0.35L, and 0.50 L, where L is the total length of the pile. The main difference between the three 

groups is the corrosion percentage in both the web and the flanges. Table 4.6 represents a summary of the 

three groups with the maximum axial capacity for each pile and the percentage loss in the axial capacity 
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compared to the reference model. Changing the corrosion location along the length of the pile did not affect 

the failure mode (Fig 4.15) since failures were triggered by local buckling, which resulted in approximately 

the same axial capacity for all piles that have the same severity of corrosion but with different corroded 

section locations (Fig. 4.16). 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4.15 Axial Load vs Axial Shortening of Corroded Piles Having Different Corroded Section 
Locations for: (a) Group E, (b) Group F, and (c) Group G 

 



 

60 

      
CL 50/70-0.25 CL 50/70-0.35 CL 50/70-0.50 

      
CL 70/50-0.25 CL 70/50-0.35 CL 70/50-0.50 

      
CL 0/50-0.25 CL 0/50-0.35 CL 0/50-0.50 

Figure 4.16 Undeformed and Deformed Shapes of the Corroded Piles in Groups E, F, and G 
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Table 4.6 Summary of the Investigated FEMs for Corrosion Location 

Group Pile Designation 
Web 

Corrosion   
(%) 

Flange 
Corrosion  

(%) 

Corrosion 
Location 

Axial 
Capacity 

(kN) 

Loss of Axial 
Capacity  

(%) 
E CL 50/70-0.25 50 70 0.25L 865 6 
E CL 50/70-0.35 50 70 0.35L 862 6 
E CL 50/70-0.50 50 70 0.50L 859 6 
F CL 70/50-0.25 70 50 0.25L 1124 48 
F CL 70/50-0.35 70 50 0.35L 1118 48 
F CL 70/50-0.50 70 50 0.50L 1115 48 
G CL 0/50-0.25 0 50 0.25L 1959 9 
G CL 0/50-0.35 0 50 0.35L 1943 10 
G CL 0/50-0.50 0 50 0.50L 1937 10 

 

4.4.4 Effects of Web Voids and Flange Cuts 

Severe corrosion in the web or the flanges of an H-pile may result in a void in the corroded zone, 

significantly affecting the axial capacity of the pile due to discontinuity along the length of the pile, which 

leads to huge stress concentrations at certain zones. To study the effects of such discontinuity in a pile, two 

groups of FEMs were developed. Group H included four models with different rectangular voids having 

different sizes in the web and an identical cut in each flange (Table 4.7 and Fig 4.17). All piles had a 

corrosion percentage of 70% on the web and 50% in the flange. Group I included four models with different 

cut sizes in the flanges and a constant void size on the web. The cuts were presented as half circles in each 

flange. Different radii were chosen to present different cut sizes in each pile (Fig 4.18 and Table 4.8). The 

void in the web of each pile remained 150 x100 mm (6 x 4 in.). The cut was made in the corroded area of 

the pile, and the reductions were 70% in the thickness of the web and 50% in the thickness of the flanges. 

 

Table 4.7 Summary of the Investigated FEMs for Web Voids 

Group Pile 
Designation 

Web Void 
Dimensions 

(mm) 

Flange Cut 
Radius 
(mm) 

Axial 
Capacity 

(kN) 

Loss of Axial 
Capacity (%) 

H WV 4x4 100 x 100 75 639 70 
H WV 6x4 150 x 100 75 631 70 
H WV 8x6 200 x 150 75 575 73 
H WV 12x8 300 x 200 75 506 76 
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WV 4x4 WV 6x4 WV 8x6 WV 12x8 

Figure 4.17 Mesh Generation and Sizes of the Voids in the Webs 

 

The results for groups H and I are presented in Fig 4.19. Fig. 4.20 shows the reduction in the 

strength due to adding the voids or cuts compared to the reference pile as well as piles having 70% reduction 

in the web and 50% reduction in the flanges. Adding a void to the web decreased the axial load capacity by 

42% to 54% compared to the corroded piles without voids. The size of the voids in the web had a relatively 

small effect on reducing the axial capacity as all four models lost approximately 70% in their axial load 

capacity compared to the reference model. Furthermore, increasing the cut size in the flanges significantly 

reduced the maximum axial capacity of the pile (Fig 4.20 and Table 4.8). Increasing the radius of the cut 

from 37.5 mm to 100 mm (1.5 in. to 4 in.) increased the loss in axial load capacity from 59% to 80% with 

respect to the reference pile. 

 

Table 4.8 Summary of the Investigated FEMs for Flange Cuts 

Group Pile 
Designation 

Web Void 
Dimensions 

(mm) 

Flange Cut Radius 
(mm) 

Axial Capacity 
(kN) 

Loss of Axial 
Capacity (%) 

I FC R1.5 150 x100 37.5 886 59 
I FC R2 150 x100 50 818 62 
I FC R3 150 x100 75 631 71 
I FC R4 150 x100 100 418 80 
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FC R1.5 FC R2 FC R3 FC R4 

Figure 4.18 Mesh Generation and Sizes of the Cuts in the Flanges 

 

 
(a) 

 

 
(b) 

Figure 4.19 Axial Load vs. Axial Shortening of Corroded Piles Having Different Sizes for the Cut in the: 
(a) Web with Fixed Cut Size in the Flanges, and (b) Flanges with Fixed Void Size in the Web 

 

  
(a) (b) 

Figure 4.20 Reductions in the Axial Load Capacity due to Different Void and Cut Sizes in the Pile
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5 Chapter 5. Axial Behavior of Concrete Filled Pultruded FRP Tubes 
 

 

 

 

This chapter presents the experimental results of two phases to develop a repair method for corroded H-

piles using concrete-filled pultruded CFRP tubes (CFPTs). In phase I, an optimization of the axial strength 

of concrete filled pultruded CFRP tubes (CFPTs) was determined. The tubes had different cross sections, 

reinforcement bars, and lengths. The results showed an improvement in the compressive properties of the 

composite section, and thereby, the CFPTs were investigated under a push-out testing to determine the 

interface shear force that can be transferred between CFPTs and H-piles using different numbers of shear 

connectors. Phase II included testing three H-piles repaired using the optimized CFPTs system. These 

corroded H-piles were tested previously under axial compression as described in Chapters Two and Three, 

and then straightened, repaired using the CFPTs, and retested under axial loads. 

5.1 Experimental Program 

The experimental program consisted of the following two phases. 

5.1.1 CFPT-Phase I: Assessment of CFPT under Axial Loading and Push-out Testing 

During CFPT-phase I, six specimens of concrete filled pultruded CFRP tubes (CFPTs) with and 

without reinforcement bars were first investigated under concentric axial compression (Fig. 5.1, Table 5.1). 

The specimens were labeled as follows: T indicates tubes, followed by the letter P or the letters PR 

indicating no reinforcement or reinforcement bars were used in the specimen, followed by the specimen 

number. 
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Table 5.1 Test Program of CFPT- Phase I 

 Description Height 
in. 

Concrete Strength 
ksi Reinforcement 

A T-P-1 10 5 --- 
A T-P-2 20 5 --- 
A T-P-3 30 5 --- 
B T-PR-1 30 5 4 #3 
B T-PR-2 30 5 4 #3 
B T-PR-3 30 5 4 #3 

 

  
(a)  (b)  

Figure 5.1 CFPTs: (a) Different Length Parameter, and (b) Reinforced Tube Group 

 
 

CFPT-phase I also included the assessment of the interface shear between CFPTs and H-piles. The 

CFPTs were attached to three 10 x 42 H-piles using shear connectors having different configurations (Fig. 

5.2 and Table 5.2). The specimens were subjected to push-out testing. The specimens were labeled as 

follows: CFPT followed by #B, indicating the configuration of the tube as “1T” for one tube or “2T” for 

two tubes placed side-by-side (Fig. 5.2), then #SC, indicating the number of the studs used to attach the 

tubes to the H-pile, and #L, the SC layers arrangement. 
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Table 5.2 Push-out Test During CFPT-Phase I 

Description Height 
mm (in.) 

No. of 
tubes 

Dimensions of 
the tube section 

mm (in.) 
SC No. SC Layers 

Arrangement 

Concrete 
Strength 

MPa (psi) 
CFPT -1T-4SC-2L 250 (10) 1 200x100 (8x4) 4 2 35 (5,000) 
CFPT -2T-4SC-2L 250 (10) 2 100x100 (4x4) 4 2 35 (5,000) 
CFPT -2T-6SC-3L 250 (10) 2 100x100 (4x4) 6 3 35 (5,000) 

 

  
Figure 5.2 CFP-CFRP Specimens Attached to H-piles 

 
5.1.2 CFPT-Phase II: Large-scale Repair System 

The second phase consisted of a concentric axial compression test of three 3000 mm (120 in.) long 

10 x 42 H-piles repaired using CFPTs. The three H-piles, W70-F50/0, W70-F50, and W70-F50-10%, were 

tested during the assessment task as described in Chapters Two and Three. These piles were selected for 

the repair using CFPTs. Based on the optimization of CFPT during CFPT-phase I, the best combination of 

tube configurations and number of SC layers in terms of the highest obtained axial capacity were used to 

repair the selected H-piles. The details of the test program are shown in Table 5.3. 

 
Table 5.3 Full-scale Repair of the H-piles in CFPT-Phase II 

Description Height 
in. 

CFP-
CFRP 
Boxes 

CFP-CFRP 
Cross-section 

mm (in.) 

SC 
No. 

SC layers 
Arrangement 

Concrete 
Strength 

MPa (psi) 
CFPT -1T-8SC-2L 32 1 200x100 (8x4) 8 4 35 (5,000) 
CFPT -2T-8SC-2L 32 2 100x100 (4x4) 8 4 35 (5,000) 

CFPT -2T-12SC-3L 32 2 100x100 (4x4) 12 6 35 (5,000) 
 

2T 

(two tubes) 
1T 

(one tubes) 
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5.2 Material Properties 

5.2.1 H-pile 

The material properties such as yield strength, ultimate strength, and rupture strain of the H-pile 

were determined by using a tension test on three coupons, cut from each of the flanges and web, per ASTM 

E8/E8M-16a (ASTM International 2016). The material's mechanical properties were illustrated in Chapter 

Two. 

5.2.2 CFPTs 

Two different pultruded tube sections, 200x100 mm (8x4 in) and 100x100 mm (4x4 in), having a 

thickness of 6.25 mm (0.25 in.) were used during this task. Different tube lengths ranging from 250 mm 

(10 in.) to 800 mm (32 in.) were employed during the different phases of this task (Tables 5.1 through 5.3). 

5.2.3 Shear Connectors (SC) 

ASTM A325 bolts with the minimum tensile strength of 827 MPa (120 ksi) and a diameter of 18.75 

mm (0.75 in.) were used to attach the CFPTs to the H-piles using heavy hex nuts. 

5.3 Test Setup and Loading Protocol 

In CFPT-phase I, the 2491 kN (560 kips) MTS universal testing machine (UTM) was used to perform 

the concentric compression test and the push-out test of CFPT specimens (Fig. 5.3). The load was applied 

monotonically, at a rate of 1.25 mm/min (0.05 in./min), until rupture of a test specimen. A test specimen 

had pin-hinged boundary conditions. The pin was simulated with a swivel plate that was connected to the 

bottom end of the specimen. Two vertical and two horizontal strain gauges were placed at mid-height of 

each tube to measure the axial and transverse strains in the tubes. 

For the push-out test, the 2491 kN (560 kips) MTS universal testing machine (UTM) was also used 

(Fig. 5.3). The required number of CFPTs were attached to the H-piles using the required number of SCs. 

A layer of hydrostone (a gypsum cement mixed mechanically and has a heavy, syrupy consistency) was 

placed underneath each specimen for leveling that specimen during testing. The hydrostone was placed 

such that a 50 mm (2 in.) gap was left underneath each H-pile while the CFPTs were in direct contact with 
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the hydrostone layer (Fig. 5.3b). Two linearly variable displacement transducers (LVDTs) were vertically 

installed on top of the CFPTs at the H-pile web during the push-out test to measure their relative axial 

displacement (Fig. 5.3b). The load was applied monotonically, at a rate of 1.25 mm/min (0.05 in./min), 

until rupture of a test specimen. A test specimen had pin-hinged boundary conditions. 

 

(a) 

   
PFRP-1T-4SC-2L PFRP-2T-4SC-2L PFRP-2T-6SC-3L 

 (b)  
Figure 5.3 Test Set-up: (a) Concentric Compression Test, and (b) Push-out Test 
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In CFPT-phase II, each H-pile with the CFPT repair system was subjected to axial compression 

using a self-sustained testing frame (SSTF), which was described in Chapters Two and Three. Forty-eight 

strain gauges were attached to each H-pile specimen's web and flanges to measure the axial strains. Two 

string potentiometers were attached between the movable beam and the rigid beam next to each specimen. 

In addition, five string pots were installed to measure the displacements of each H-pile in the horizontal 

direction and three string pots to measure the vertical displacement, similar to what was explained in 

Chapters Two and Three. 

5.4 Results and Discussion 

5.4.1 CFPT-Phase I: Assessment of CFPT under Axial Loading and Push-out Test 

Table 5.4 shows the concentric compression test results of CFPT specimens and their failure modes. 

Fig. 5.4 illustrates the axial force versus axial shortening for all the tested columns, along with the strengths 

calculated using the analytical model presented later in this chapter. The axial force and shortening were 

obtained as the force and displacement of the MTS loading machine. 

 
Table 5.4 Concentric Compression Test Results of CFPT Specimens 

 
Designation 

Axial Capacity Axial Shortening 
Mode of Failure 

kN (kips) mm (in.) 
A T-P-1 503 (113) 14.5 (0.58) RC 
A T-P-2 472 (106) 12.25 (0.49) RC 
A T-P-3 427 (96) 12.25 (0.49) RC 
B T-PR-1  334 (75) 6.25 (0.25) RC 
B T-PR-2 365 (82) 5.5 (0.22) RC 
B T-PR-3 365 (82) 4.5 (0.18) RC 

*RC= CFRP rupture at corners 
 

 

In general, the tested CFPT specimens in both Groups A and B behaved and failed similarly under 

compression. The ultimate axial compressive strength of Group A specimens with unreinforced filled 

concrete was higher by 38% than Group B with reinforced filled concrete. However, the axial shortening 

of Group A specimens was higher by 278% than that in Group B. The initial failure started with a snapping 
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sound followed by a minor fracture of the composite filled pultruded CFPT at the corners due to stress 

concentrations which triggered brittle failure. Consequently, the ultimate failure was influenced by the loss 

of bond between the two materials and instability of the filled tube under compression. 

For Group A, the axial compressive strength decreased by 16% from 503 kN (113 kips) for T-P-1 

to 427 kN (96 kips) for T-P-3 as the height increased by 300% from 250 mm (10 in.) to 750 mm (30 in.) 

(Table 5.4). In Group B, for T-PR-1, the peak load was 75 kips, while for T-PR-2, the column failed at a 

peak load of 365 kN (82 kips), and for column T-PR-3, the peak load was 365 kN (82 kips.) Similarly, all 

the columns failed with the same mode of failure, which is the FRP tube corners' rupture. 

 

5.4.1.1 Comparison of Experimental and Analytical Models 

ACI-440-2R (2017) adopted Eq. 5.1 was used to calculate the nominal axial strength of non-

prestressed FRP members filled with concrete, as a function of the compressive strength of confined 

concrete, 𝑓𝑓𝑐𝑐𝑐𝑐′ , gross sectional area of concrete, 𝐴𝐴𝑔𝑔, specified yield strength of non-prestressed steel 

reinforcement, 𝑓𝑓𝑦𝑦 , and total area of longitudinal reinforcement, 𝐴𝐴𝑠𝑠. 

𝑃𝑃𝑚𝑚 = 0.8 �0.85𝑓𝑓𝑐𝑐𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠� + 𝑓𝑓𝑦𝑦𝐴𝐴𝑠𝑠� (Eqn. 5.1) 
 

The design approach considers the contribution of fibers on the compressive strength based on the 

compressive strength of confined concrete with the steel reinforcement's contribution. 

Table 5.5 presents the calculated axial capacities of the tested specimens, 𝑃𝑃𝑚𝑚, using the analytical 

models as well as the ratio of the peak load to 𝑃𝑃𝑚𝑚. The analytical model was accurate in predicting the 

strengths of the unreinforced CFPTs while it over-predicted the strengths of the reinforced CFPTs. The 

peak strengths measured during the experimental work ranged from 0.90 to 1.02 and 0.68 to 0.69 of those 

predicted using ACI-440-2R (ACI 2017). 
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Figure 5.4 Axial Force Shortening Relation: (a) T-P-1, (b) T-P-2, (c) T-P-3, (d) T-PR-1, (e) T-PR-2, and 
(f) T-PR-3 

Table 5.5 Analytical Evaluation of the Axial Capacity of the Tested Specimens 

Group Designation 𝑃𝑃𝑒𝑒𝑥𝑥𝑝𝑝. 
kN (kips) 

ACI 440.2R 
𝑃𝑃𝑚𝑚 

kN (kips) 𝑃𝑃𝑒𝑒𝑥𝑥𝑝𝑝. 𝑃𝑃𝑚𝑚⁄  

A T-P-1 503 (113) 494 (111) 1.02 
A T-P-2 472 (106) 480 (108) 0.98 
A T-P-3 427 (96) 476 (107) 0.90 
B T-PR-1  334 (75) 489 (110) 0.68 
B T-PR-2 365 (82) 529 (119) 0.69 
B T-PR-3 365 (82) 534 (120) 0.68 

 

 Axial shortening 
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Push-out testing showed catastrophic failures with splitting failure occurring along the tube corners. 

The failure often occurred at the bottom corners that were in contact with the webs. Fig. 5.5 displayed the 

specimens after push-out testing, and Fig. 5.6 shows the axial force versus displacement. Table 5.6 shows 

the push-out test results of CFPT specimens and their failure modes. 

Table 5.6 Push-out Test Results 

Test specimens Peak Load kN 
(kips) 

Displacement 
mm (in.) Failure Mode 

CFPT -1T-4SC-2L 631 (141.8) 1.33 (0.30) CFRP rupture at corner 
CFPT -2T-4SC-2L 559 (125.7) 1.07 (0.24) Splitting of CFRP and concrete 
CFPT -2T-6SC-3L 788 (177.2) 1.11 (0.25) Splitting of CFRP and concrete 

 

Fig. 5.5a shows the failure mode of specimen 1T-4SC-2L, dominated by rupture of CFPTs at the 

corners right next to the web of the H-pile. The CFPT rupture proceeded by splitting initiation at the tube 

corners due to the stress concentration because of the concrete fill lateral expansion. Beyond that, debonding 

occurred between the filled concrete and the CFPTs until the specimen’s failure.  It reached an ultimate 

axial capacity of 631 kN (141.8 kips) and highest axial shortening of 1.33 mm (0.3 in.), compared with the 

shortening of the other two specimens, 2T-4SC-2L and 2T-6SC-3L. 

Figs. 5.5b and 5.5c show the failure modes of the specimens 2T-4SC-2L and 2T-6SC-3L, 

respectively, which were mainly splitting failure initiated at both the concrete and CFRP, observed along 

the longitudinal direction passing through the center of the SCs. For 2T-4SC-2L, the peak load was 559 kN 

(125.7 kips) while it was 788 kN (177.2 kips) for 2T-6SC-3L. This indicated that the shear transfer increased 

by 41% as the number of SCs increased by 50% from 4SC to 6SC. This was attributed to the addition of 

two additional SCs along with an extra one layer that reduced the stress concentration around the SCs. 

However, there was no significant difference in the axial shortening between the two specimens. 
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(a) 

  
(b) 

  
(c) 

 

Figure 5.5 Failure Modes of Push-out Tested Specimens: (a) CFPT-1T-4SC-2L, (b) CFPT- 2T-4SC-2L, 
and (c) CFPT-2T-6SC-3L 
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Figure 5.6 Axial Force versus Displacement Curve 

 

5.4.2 CFPT-Phase II: Large-scale Repair System 

All the H-piles that were used in this section were tested before in Chapters Two and Three under 

axial concentric and eccentric loads. Then, the tested piles were straightened, repaired, and retested again 

under the same loading condition. The failure mode was dominated by the global buckling at the corroded 

section location (Fig. 5.7). However, testing piles before the repair until failure and straightening them 

resulted in severe residual stresses and therefore the repair proposed in that chapter was not able to recover 

the strength of the repaired piles. Other methods proposed in Chapters 7 and 9 were able to recover the 

strength of the piles. 

Increasing the number of SC, used to attach the CFPTs to the steel pile, improved the axial capacity 

of the repaired H-piles (Table 5.7). Fig 5.7 shows specimens CFPT-1T-4SC-2L, CFPT-2T-4SC-2L, and 

CFPT-2T-6SC-3L before and after testing. In the three different specimens, the failure mode was a global 

buckling as anticipated by taking the same buckling shape occurred during testing the original corroded H-

piles. However, the axial load and shortening at the failure were different. 
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Table 5.7 Summary Results of the Tested Full-scale Repaired H-piles 

ID Specimen Name Steel 
H-piles 

CFPT 
No. 

SC 
No. 

Unrepaired 
Axial Capacity 

kN (kips) 

Repaired 
Axial 

Capacity 
kN (kips) 

Decrease 
% 

R1 CFPT -1T-8SC-2L W70-F50/0 1 8 1237 (278) 454 (102) 63 
R2 CFPT-2T-8SC-2L W70-F50 2 8 1246 (280) 618 (139) 50 
R3 CFPT-2T-12SC-3L W70-F50-10% 2 12 992 (223) 845 (190) 21 

 

For specimen R1 (Table 5.7), the corroded H-pile was repaired with one CFPT and eight shear 

connectors that were distributed over two layers with two SCs per layer. The test results revealed the lowest 

failure axial load of 454 kN (102 kips) and the highest axial shortening of 22.5 mm (0.90 in.) compared to 

the other tested specimens. Increasing the number of CFPTs to two and keeping the other parameters similar 

to those used in specimen R1 resulted in an increase in the axial failure load to 139 kips and a decrease in 

the axial shortening to 0.65 in (Fig. 5.8 b). For the R2 specimen, the axial load increased by 29% and 

shortening decreased by 28% compared with the R1 specimen. This could be explained by the two extra 

pultruded tubes’ webs, which increased the specimen's stiffness and delayed the debonding between the 

PFRP and concrete. 

Increasing the number of SC in R3 to twelve distributed over three layers while keeping other 

parameters (i.e., CFPTs configuration) similar to that of R2 resulted in the highest failure axial load 845 kN 

(190 kips) and the lowest axial shortening 10 mm (0.40 in.) compared to the other specimens (Fig. 5.8 c). 

The axial load increased by 41% while the shortening decreased by 38% compared with the R2 specimen. 

Adding two extra SCs reduced the FRP tubes' buckling length at the compression side resulting in a higher 

failure axial load and stiffness of the corroded section. 
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Before Testing 
 

After Testing 
 

  
(a) 

 

 
(b) 

 

 
(c) 

Figure 5.7 Large-scale Repaired H-pile before and after the Test: (a) CFPT-1T-8SC-2L, (b) CFPT-2T-
8SC-2L, and (c) CFPT-2T-12SC-3L 
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(a) (b) 

 
(c) 

 

Figure 5.8 Axial Force versus Axial Shortening of Large-scale Repaired H-pile (a) CFPT-1T-8SC-2L, (b) 
CFPT-2T-8SC-2L, and (c) CFPT -2T-12SC-3L
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6 Chapter 6. Interfacial Bond Strength between H-piles and Different Concrete Jackets 

 

 

 

 

This chapter presents the experimental results of push-out tests of six H-piles encased in concrete jackets. 

UHPC and conventional concrete (CC) were used as different concrete jacket types. Three different 

embedment lengths were used for each concrete type specimen. The bond-slip behavior of the tested 

specimens was investigated under the push-out test. 

6.1 Experimental Program 

6.1.1 Test Program 

Six specimens were subjected to push-out tests to examine the bond strength for different concrete 

encasement jackets (Table 6.1). The cylindrical 508 mm (20 in.) diameter concrete jackets were placed with 

three different embedment lengths, Le, of 63.5 mm (2.5 in.), 127 mm (5.0 in.), and 190.5 mm (7.5 in.) (Fig. 

6.1). The designation of each specimen included three syllabi: 1) the concrete mix type, UHPC or CC, 2) 

design concrete unconfined compressive strength in ksi, and 3) the Le value as multipliers of 63.5 mm (2.5 

in.) (e.g., 2 stands for an Le of 127 mm (5.0 in.)). 

6.1.2 Material Properties 

6.1.2.1 H-pile 

Three steel coupons were cut from each of the flange and web parts of the H-pile to determine their 

mechanical properties (Table 6.2). The steel coupons were tested in tension per ASTM E8/E8M – 16a 

(ASTM International 2013) with strains in the middle region measured using a 25.4 mm (1.0 in.) long clip 

gauge. 
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Table 6.1 Parametric Study 

Group Specimen Name Concrete Type f’c MPa (ksi) Concrete Jacket 
Length, Le mm (in.) 

A UHPC-15-1 UHPC 107 (15.5) ±0.2 63.5 (2.5) 
A UHPC-15-2 UHPC 107 (15.5) ±0.2 127.0 (5.0) 
A UHPC-15-3 UHPC 107 (15.5) ±0.2 190.5 (7.5) 
B CC-5-1 CC 35.3 (5.1) ±0.2 63.5 (2.5) 
B CC-5-2 CC 35.3 (5.1) ±0.2 127.0 (5.0) 
B CC-5-3 CC 35.3 (5.1) ±0.2 190.5 (7.5) 

 

 
(a) 

  
(b) 

 
(c) 

Figure 6.1 Specimen Preparation: (a) Layout (b) H-shape Template (c) Placing H-pile on the Template 

 

Table 6.2 Mechanical Properties of the H-pile 

Section 
Yield Stress 

MPa (ksi) 

Ultimate Stress 

MPa (ksi) 
Elastic Modulus 
GPa (103 ksi) 

Rupture Strain 

(ɛu, in/in) 

Flange 324 (47) 517 (75) 181 (26.25) 0.100 

Web 407 (59) 503 (73) 182 (26.40) 0.125 
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6.1.2.2 Ultra-high Performance Concrete (UHPC) 

Ultra-high performance concrete (UHPC) was prepared using high early strength Portland cement 

type III, ground granulated blast furnace slag, fine dry river sand, and water (Table 6.3). Polycarboxylate 

high range water reducer (HRWR), having a solid mass content of 23%, was used to enhance the UHPC 

workability. Straight 0.2 mm (0.0079 in.) diameter and 13 mm (0.51 in.) long micro steel fibers were used, 

at a volume fraction of 2% of the UHPC volume, to enhance the mechanical properties of the UHPC. The 

tensile strength and elastic modulus of the steel fiber were 1.9 GPa (275.57 ksi) and 203 GPa (29,442.7 

ksi). 

The UHPC mixing was initiated by mixing the fine sand and steel fibers into an Eirich mixer for 

two minutes, followed by gradually adding and mixing about 50% of the total water for another two 

minutes. After that, the cementitious materials were added and mixed for three minutes. The remaining 

water, mixed with HRWR, was added, and the mixing was continued for another eight to ten minutes. The 

UHPC displayed a mini-slump flow spread test, per ASTM C1437 (ASTM 2007), ranging from 254 mm 

(10 in.) to 304 mm (12 in.). 

Table 6.3 Mixture Design of the UHPC 

w/c* 
Cement Type III 

kg/m3 
(lb/yd3) 

Slag 
kg/m3 

(lb/yd3) 

Fine Sand 
kg/m3 

(lb/yd3) 

HRWR 
kg/m3 

(lb/yd3) 

Water 
kg/m3 

(lb/yd3) 

Steel Fiber 
kg/m3 

(lb/yd3) 
0.2 945 (1,593) 220 (371) 1,008 (1,699) 43.8 (73.8) 200 (337) 157 (265) 

*Ratio of the total liquid (water content in HRWR and water) to the cementitious materials (cement and 
slag). 
 

6.1.3 Test Specimens Preparation 

Table 6.4 and Fig. 6.1a present the H-piles and concrete jackets used. The H-pile was placed inside 

cardboard having a diameter (D) of 508 mm (20 in.) (Fig. 6.1c) and then was fitted on top of an H-shaped 

50.8 mm (2 in.) high formed template (Fig. 6.1b).  The H-shaped template was used to form a gap inside 

the concrete jacket underneath the H-pile specimen (Fig. 6.1b), which allowed the H-pile to slip downward 

freely during testing. 
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Table 6.4 Specimen Geometrical Properties 

H-pile Concrete Encasement 

Section Configuration Contact Perimeter (p) mm 
(in.) 

Diameter (D) 
mm (in.) 

250 × 62 (10 × 42) Cylinder 1,498.6 (59.0) 508 (20) 
 

   
 (a)  

  

 

 (b)  
Figure 6.2 Concrete Encasement Placing (a) UHPC, and (b) CC 

 
6.1.4 Concrete Encasement Casting and Curing 

The UHPC was placed (Fig 6.2a) in the test specimens without the use of vibrators or tamping rods. 

Several 50.8 mm (2 in.) standard cubes and 76.2 x 152.4 mm (3 x 6 in.) cylinders were cast. After casting, 

the specimens were covered with plastic sheets to prevent moisture loss and were demolded after 24 hours 

of placing the UHPC. 

For the CC encasement, mixing, and placing (Fig 6.2b) was carried out following ASTM C192-16 

(ASTM-C192/C192M-16 2016). The cardboard was demolded two days after placing the concrete jacket. 
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Then, the concrete was covered with wet burlap sheets and cured at an ambient temperature of 23 ± 2o C 

(73 ± 3o F) until the testing day. Numerous 102 mm x 204 mm (4-in. x 8-in.) concrete cylinders were placed 

and exposed to the same curing regime and were tested periodically during the curing period. Once the 

target compressive strength was reached, the curing was stopped, and the specimens were tested. 

6.1.5 Test Set-up and Instrumentation 

The test specimens were tested at approximately 2,500 kN (560 kips) on an MTS universal testing 

machine (Fig. 6.3a). The axial force was monotonically applied to the top of the steel pile, in displacement 

control at a rate of 1.27 mm/ min (0.05 inch/min), using the MTS swivel plate. At the same time, the bottom 

of the concrete jacket was supported on a rigid steel base. 

Electrical strain gauges were mounted on the H-piles before placing the concrete jacket to measure 

the axial strain distributions during the test (Fig. 6.3b). The strain gauges were arranged at cross-sections 

63 mm (2.5 in) apart on average, with the first section located 31.75 mm (1.25 in) from the free edge of the 

pile and extending along the embedded length of each jacket. Seven strain gauges were distributed at each 

horizontal cross-section (Fig. 6.3b). The slip between the concrete jacket and steel was also measured using 

two linear variable displacement transducers (LVDTs) that were placed vertically, at 76.2 mm (3.0 in.) 

gauge length, on the flanges of the steel piles (Fig. 6.3c-d).  

6.2 Results and Discussion 

The results of the push-out test performed on the H-pile encased with different concrete jackets are 

summarized in Table 6.5. Fig. 6.4 displays the bond stress versus slip of the tested specimens. The average 

bond stress (τ) is defined using Eq. 6.1 as the axial load normalized by the contact area between the concrete 

jacket and steel pile. 
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(a) (b) 

   
 (c)  

   
 (d)  

Figure 6.3 Instrumentation of the Test Specimens (a) Test Layout, (b) Strain Gauges Mounted on the H-
pile, (c-d) LVDTs Mounted on Flanges of a H-pile with UHPC, and CC Specimens 
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𝜏𝜏 = 𝐹𝐹
𝑝𝑝 𝐿𝐿𝑒𝑒

  (Eqn 6.1) 

where F is the applied axial load at the free loaded end, and p is the perimeter of the H-pile cross-section 

that is in contact with concrete jacket = 1,498.6 mm (59.0 in.) (Table 6.5). Eq. 6.1 assumes uniform bond 

stress distribution along the embedment length of the steel pile. 

The relative slip between the H-pile and the concrete jacket at the loaded end, was obtained from 

the average of two LVDTs readings attached to the H-pile flanges (Fig. 6.3). These slip calculations ignore 

the axial deformation in the steel pile specimen, which can be justified given the short gauge length of the 

LVDT and the low stresses in the steel sections until the failure of the concrete jackets.  

Three intercorrelated mechanisms control the general mechanics of stress transfer by the bond 

between steel elements embedded in concrete: (a) concrete chemical adhesion, (b) friction between the steel 

element and concrete, and (c) mechanical interlocking offered by the deformation of the interface surface 

roughness (Hadi 2008; Harajli 2009; Internationale 2000; Raynor et al. 2002). In this study, the surface of 

the H-pile was quite smooth; thus, mechanical interlocking was minimal, and only chemical adhesion and 

friction were considered. 

As shown in Fig. 6.4b, the concrete encasement splitting failure produced a sudden drop in the 

bond resistance with an increase in the slip because of the rapid propagation of the cracks at the smallest 

concrete jacket thickness. The cracks started at the tips of the flanges and extended toward the concrete 

outer perimeter in the case of CC jackets (Fig. 6.5b). However, in the case of the UHPC, crack propagation 

and post-splitting bond resistance degradation occurred gradually (Fig. 6.4a).  

6.2.1 Failure Modes  

Fig. 6.5 shows the failure modes of the tested specimens. Generally, failure occurred at the concrete 

jacket-steel section interface along the jacket length while the sections slid against each other. For the 

UHPC encased specimens, no sudden failure was observed at the peak load. The cracks were initiated at 

the flange or at its side and extended towards the jacket’s outer circumference. Because of the presence of 
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steel fibers in the case of UHPC jackets, the number of cracks was smaller than that in the case of CC. 

Similarly, the propagation of cracks in the case of UHPC was much slower than that in the case of CC.  

Table 6.5 Results of the Push-out Tests 

Specimen ID Le 
mm (in.) 

Peak Load (Po) 
kN (kips) 

Maximum Bond 
Stress (𝜏𝜏𝑠𝑠) 
MPa (ksi) 

Slip (δo)* 
mm (inch x 10-2) 

UHPC-15-1 63.5 (2.5) 111 (24.9) 1.17 (0.17) 0.17 (0.67) 
UHPC-15-2 127.0 (5.0) 264 (59.3) 1.38 (0.20) 0.40 (1.56) 
UHPC-15-3 190.5 (7.5) 485 (109.1) 1.72 (0.25) 1.57 (6.18) 

CC-5-1 63.5 (2.5) 24 (5.37) 0.26 (0.037) 0.66 (2.61) 
CC-5-2 127.0 (5.0) 104 (23.5) 0.55 (0.080) 0.121 (0.48) 
CC-5-3 190.5 (7.5) 167 (37.6) 0.59 (0.085) 0.082 (0.32) 

* At the peak load    

  
(a) (b) 

Figure 6.4 Typical Bond Strength versus Slip of Tested Specimens (a) UHPC, and (b) CC 

6.2.2 Effect of Embedment Length, Le 

Fig. 6.6a shows the bond strength 𝜏𝜏𝑠𝑠 versus the embedment length Le. Three different embedment 

lengths, Le, of 63.5 mm (2.5 in.), 127 mm (5 in.), and 190.5 mm (7.5 in.) have been investigated in this 

study. In general, as Le increased from 63.5 mm (2.5 in.) to 127 mm (5 in.) and 190.5 mm (7.5 in.), the bond 

strength increased for all specimens (Fig 6.6a, Table 6.5). 

The specimens having UHPC jackets displayed 𝜏𝜏𝑠𝑠 ranging from 1.17 MPa (0.17 ksi) to 1.72 MPa 

(0.25 ksi) (Table 6.5). This represented increments of 19% for Le of 127 mm (5 in.), and 46% for Le of 190 
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mm (7.5 in.), when compared to that of specimens having Le of 63.5 mm (2.5 in.). For the design of UHPC 

concrete jackets for steel piles, a 𝜏𝜏 value of 1.38 MPa (0.2 ksi) represents a reasonable assumption. 

The specimens having CC jackets displayed 𝜏𝜏𝑠𝑠 ranging from 0.26 MPa (0.037 ksi) to 0.59 MPa 

(0.086 ksi) (Table 6.5). This represented increments of 119% for Le 127 mm (5 in.), and 133% for Le of 190 

mm (7.5 in.), when compared to that of specimens having Le of 63.5 mm (2.5 in.). For the design of CC 

concrete jackets for steel piles, a 𝜏𝜏 value of 0.55 MPa (0.08 ksi) represents a reasonable assumption. 

6.2.3 Effect of Different Concrete Jacket Types 

Fig. 6.6b shows the test specimens with the different concrete jackets grouped based on Le. 

Expectedly, 𝜏𝜏𝑠𝑠 is higher in the case of UHPC compared to that of CC for each Le. For the specimens with 

Le of 63.5 mm (2.5 in.), the UHPC jacket displayed 364% higher 𝜏𝜏𝑠𝑠 than that of the CC jacket. This 

increment is the highest among all specimens. For the specimens with Le of 127 mm (5 in.), the UHPC 

jacket displayed 152% higher 𝜏𝜏𝑠𝑠 than that of the CC jacket. For the specimens with Le of 190 mm (7.5 in.), 

the UHPC jacket displayed 195% higher 𝜏𝜏𝑠𝑠 than that of the CC jacket. 

   
 (a)  

   
 (b)  

Figure 6.5 Modes of Failure of the Tested Specimens (a) UHPC, and (b) CC 

Le= 2.5 in 

Le= 2.5 in Le= 5 in 

Le= 5 in 

Le= 7.5 in 

Le= 7.5 in 

Le= 5 in 
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It is worth noting that the AISC (AISC 2005) recommends a concrete/steel bond shear strength of 

1.4 MPa (0.20 ksi) for concrete-filled hollow structural steel sections (HSS) having circular cross-sections. 

For the UHPC jackets with Le of 127 mm (5 in.) and 190.5 mm (7.5 in.), the bond strength exceeded the 

AISC (AISC 2005) recommended value by 1% and 23%, respectively (Fig. 6.6a and b). However, the 

maximum bond strength measured for UHPC with Le of 63.5 mm (2.5 in.) and all CC specimens failed to 

meet the recommended AISC value. 

Fig. 6.6c illustrates the embedment length Le versus the bond strength (𝜏𝜏𝑠𝑠) of the tested specimens 

normalized by �𝑓𝑓′𝑐𝑐 to eliminate the influence of the variation in the tensile strength of different types of 

concrete. As shown in the figure, the normalized bond strength (𝜏𝜏𝑠𝑠/�𝑓𝑓𝑐𝑐′) for the UHPC specimen was 44% 

to 165% higher than that of the CC specimens.  

 
 

(a) (b) 

 
(c) 

Figure 6.6 Bond Strength, τo: (a) versus the Embedment Length Le, (b) of the Tested Specimens, (c) 
Normalized by √f’c versus Le 
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6.2.4 Axial Strain Distribution 

The axial strains induced along the embedded length of each H-pile during testing were measured. 

The reported strains are the average strain measurements at a given section at a given load.  Fig. 6.7 shows 

the axial strain distribution along the embedded length, Le. The embedded length is measured from the 

loaded end of the H-pile. The strain distributions were shown for each 25% increment of peak axial load 

(Po). Further, the solid line in Fig. 6.7 represents the axial strains at the onset of bond breaking. In general, 

the axial strain increased with increasing the applied load and decreased with increasing the distance from 

the loaded end. A significant strain gradient, found in the region near the loaded end, reflects the 

transmission of interfacial shear stress. 

   
 (a)  

   
 (b)  

Figure 6.7 Axial Strain Distribution along the Embedded Length at the Different Load Percentages: (a) 
UHPC, and (b) CC 
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7 Chapter 7. The Behavior of Steel Piles Repaired Using Ultra-High Performance Concrete 

Plates 

 

 

 

 

This chapter presents the experimental results of two phases to develop a UHPC repair methodology for 

corroded H-piles. During phase I, push-out testing was conducted on eleven short H-piles encased in 

prefabricated UHPC plates attached to the H-piles using shear connectors. The push-out tests were used to 

assess the axial force that can be transferred through shear connectors. Considering different construction 

and handling factors, the dimensions of the prefabricated UHPC plates were selected to be as light and thin 

as possible such that they can be easily handled in a construction site. During this experimental work, the 

maximum thickness of the UHPC plate was selected as 57 mm (2.25 in.). During phase II, we used the 

optimized UHPC plates from phase I to repair three full-scale corroded H-piles and then test them under 

axial compression. 

7.1 Experimental Program 

The experimental program presented in this chapter consisted of two main tasks: push-out testing 

for optimizing the UHPC repair and full-scale testing of H-piles repaired using UHPC plates.  

7.1.1 Material Properties 

7.1.1.1 H-pile 

The material properties such as yield strength, ultimate strength, and rupture strain of the H-pile 

were determined by using a tension test on three coupons, cut from each of the flanges and web, per ASTM 

E8/E8M-16a (Table 7.1). 
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Table 7.1 Mechanical Properties of H-piles 

Section Yield stress*, 
MPa (ksi) 

Ultimate stress, 
MPa (ksi) 

Elastic modulus, 
GPa (ksi) 

Rupture strain, 
mm/mm (in./in.) 

Web 407 (59) 503 (73) 182 (26, 400) 0.087 
Flange 324 (47) 517 (75) 181 (26,250) 0.098 

 

7.1.1.2 Ultra-high-performance Concrete (UHPC) 

Nonproprietary ultra-high performance concrete (UHPC) was developed (Table 7.2) and used in 

this study. The HRWR, with a solid mass content of 23%, was used to enhance the workability. The steel 

fibers, 0.2 mm (0.0079 in.) in diameter and 13 mm (0.51 in.) in length, were used to improve ductility and 

minimize the tensile cracks. The steel fibers’ volume fraction of the UHPC was fixed at 2% of that of the 

mixture. The tensile strength and elastic modulus of the steel fiber were 1.9 GPa (275.57 ksi) and 203 GPa 

(29,442.7 ksi), respectively. 

Table 7.2 Mix Design of the UHPC 

w/c* 

Type III 
Cement, 
kg/m3 

(lb/yd3) 

GGBF** 
Slag, 

kg/m3 
(lb/yd3) 

Fine Sand, 
kg/m3 

(lb/yd3) 

HRWR 
kg/m3 

(lb/yd3) 

Water, 
kg/m3 

(lb/yd3) 

Steel 
Fiber, 
kg/m3 

(lb/yd3) 
0.2 945 (1,593) 220 (371) 1,008 (1,699) 43.8 (73.8) 200 (337) 157 (265) 

*Ratio of total liquid (water content in HRWR and water) to the cementitious materials (cement and slag). 
** Ground granulated blast furnace 
 
 

The UHPC mixing was carried in the laboratory at an ambient temperature of 23 ± 2 ºC (73 ± 3 ºF). 

Firstly, the fine sand and steel fibers were blended into the mixer for about two minutes, then, 50% of the 

total water, by volume, was gradually added and mixed for another two minutes. Then, all cementitious 

ingredients, i.e., cement and GGBF slags were added and mixed for three minutes. The remaining water 

mixed with HRWR was subsequently added. The mixing was then continued for an additional eight minutes 

until a homogenous UHPC mix was obtained. Spread diameters ranging from 254 mm (10.0 in.) to 304 mm 

(12.0 in.) were measured during the mini-slump flow spread test per ASTM C1437 (ASTM 2007). The 

average compressive strength, f’c, and tensile strength, f’t, of the UHPC on the day of testing were 132 MPa 

(19.2 ksi) and 18 MPa (2.6 ksi), respectively. 
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7.1.1.3 Shear Connector (SC) 

High-strength bolts of grade ASTM A490 with a minimum tensile strength of 1,034.2 MPa (150 

ksi) with diameters of 12.7mm (0.5 in.), 19.1mm (0.75 in.), or 25.4 mm (1.0 in.) and heavy hex nuts were 

used to attach the UHPC plates to the H-piles. Steel washers with outer diameter/thickness of 51 mm (2 

in.)/3.4 mm (0.134 in.), 76 mm (3.0 in.)/4 mm (0.156 in.), and 89 mm (3.5 in.)/ 3.6 mm (0.140 in.) were 

used between the UHPC and heavy hex nuts as well as bolt head and UHPC to reduce the stress 

concentration. 

7.1.1.4 Carbon Fiber Reinforced Polymer (CFRP) Grid 

One, two, or four layers of carbon fiber reinforced polymer (CFRP) grids were embedded in the 

UHPC plates. The nominal spacing of each CFRP grid in the transverse and longitudinal direction was 

41mm (1.6 in.) and 46 mm (1.8 in.), respectively. Table 7.3 shows the mechanical properties of the 

individual strands of the CFRP grids provided by the manufacturer. 

 
Table 7.3 Mechanical Properties of an Individual Strand of CFRP Grid 

Direction 
Tensile Strength Per 
Unit Width, kN/m 

(lbs/ft) 

Tensile Modulus of 
Elasticity, 
GPa (ksi) 

Elongation at Break, 
% 

Transverse 79.9 (5,480) 234.5 (34,000) 0.76 
Longitudinal 80.75 (5,530) 234.5 (34,000) 0.76 

 

7.1.2 Preparation of Test Specimens 

The surface of each H-pile was cleaned using power hand tools to remove dirt, dust, and rust as per 

the Society for Protective Coatings Standards (SSPC-SP 2015) . The formworks with CFRP grids were 

prepared, as shown in Fig. 7.1a. The CFRP grid was cut to the required dimensions, and the ends were 

embedded on the sides of the formwork. Concrete cover thicknesses of 38.1 mm (1.5 in.) and 12.7 mm (0.5 

in.) were used in the case of one layer and two layers of the CFRP grid. In the case of four layers, each two 

layers of CFRP grids were bundled together and therefore a concrete cover thickness of 12.7 mm (0.5 in.) 

was used. 
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The fresh UHPC mix was placed in the formworks (Fig. 7.1b) without using any mechanical 

vibrators or tamping rods. Numerous 50.8 mm (2.0 in.) standard cubes and 76.2 x 152.4 mm (3.0 x 6.0 in.) 

cylinders were also cast. The specimens and the formworks, including cubes and cylinders, were then 

covered with plastic sheets to prevent moisture loss. They were demolded after 24 hours of placing the 

UHPC. 

After demolding, the UHPC plates (Fig. 7.1c), along with cylinders and cubes, were cured inside 

the steam chamber at a maximum temperature of 70º C (158º F) for 24 hours. They were then cured in a 

moisture room having a relative humidity of 95 ± 5% until the day of testing. Once the target compressive 

strength of the UHPC was achieved, the curing was stopped. 

 

 

 

  
(a) (b) (c) 

Figure 7.1 Preparation of UHPC Plates: (a) Formworks, and (b) Casting of UHPC, and (c) UHPC Plates 
Ready to be Attached to H-piles 

 
7.1.3 UHPC-Phase I: Push-out Testing 

Eleven 250 x 62 mm (10 x 42 in.) H-piles subjected to push-out testing were investigated (Fig. 7.2). 

The test parameters were the thickness of the UHPC plate (tUHPC), the diameter of shear connectors (SC), 

and the number of layers of carbon fiber reinforced polymer (CFRP) grid. Each UHPC plate had a length 

of 254 mm (12 in.). High strength 12.7 mm (0.5 in.), 19.05 mm (0.75 in.), and 25.4 mm (1.0 in.) diameter 

bolts were used as shear connectors (SCs) (Table 7.4). The UHPC plates were reinforced with one, two, or 

four layers of CFRP grid (Fig. 7.2c and d). 
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The UHPC plates were attached to the H-piles using shear connectors (Fig. 7.2a and b) such that a 

50.8 mm (2.0 in.) gap was left underneath the H-pile to accommodate the slip between the panels and the 

H-piles during the push-out testing (Fig. 7.2a). The bolts were installed with a preset torque of 9.3 kips-ft 

using a torque wrench. An approximately 6.35 mm (0.25 in.) layer of hydro-stone (Fig. 7.2b) was placed 

underneath the base of UHPC panels to ensure the full contact between the UHPC and the base plate during 

testing. 

Each specimen was designated with three-part code. The code started with the UHPC plate 

thickness followed by the letter ‘t’ for thickness. The letter ‘t’ is followed by the diameter of the shear 

connectors in inches and the letters ‘SC’. The last part is the number of CFRP grid layers (CG). For example, 

specimen 0.75t-1/2SC-2CG was a steel pile repaired using 19 mm (0.75 in.) UHPC plates, 12.7 mm (0.5 

in.) shear connectors, and 2 layers of CFRP grid. The details of the test program are shown in Table 7.4 and 

Fig. 7.2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

a = 63.5 mm (2.5 in.), b =127 mm (5 in.), c = 50.8 mm (2 in.), d = 140 mm (5.5 in.), e = 152.4 mm (6 in.), f = 
50.8 mm (2 in.) 

Figure 7.2 Test Specimens of UHPC-Phase I: (a) Layout, (b) Specimens Ready for Testing, (c) Section A-
A with One Layer of CFRP Grid, and (d) Section A-A with Two Layers of CFRP Grid 
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7.1.4 UHPC-Phase II: Large-scale Repair System 

UHPC-phase II consisted of a concentric axial compression testing of three 3,048 mm (120 in.) 

long large-scale 250 x 62 mm (10 x 42 in.) H-piles. Three large-scale H-piles, W70-F50-30%, W70-F00-

30%, and W70V-F50-0%, were tested during the assessment task as described in Chapters Two and Three. 

Those piles represent heavily corroded piles with local buckling and local yielding. The H-piles were 

straightened up using a hydraulic jack to restore their original alignment as much as possible. The piles 

were then repaired using UHPC plates. 

 
Table 7.4 Test Program: UHPC-Phase I 

Group Specimen Name tUHPC 

mm (in.) 

SC 
No. CFRP Grid Layer(s) No. Row Dia. mm 

(in.) 
A 0.75t-1/2SC-1CG 19 (0.75) 8 2 12.70 (0.50) 1 
A 1.5t-1/2SC-1CG 38 (1.5) 8 2 12.70 (0.50) 1 
A 2.25t-1/2SC-1CG 57 (2.25) 8 2 12.70 (0.50) 1 
A 2.25t-1/2SC-2CG 57 (2.25) 8 2 12.70 (0.50) 2 
B 2.25t-3/4SC-1CG 57 (2.25) 8 2 19.05 (0.75) 1 
B 2.25t-3/4SC-2CG 57 (2.25) 8 2 19.05 (0.75) 2 
B 2.25t-3/4SC-4CG 57 (2.25) 8 2 19.05 (0.75) 4 
C 0.75t-1SC-1CG 19 (0.75) 8 2 25.40 (1.0) 1 
C 1.5t-1SC-1CG 38 (1.5) 8 2 25.40 (1.0) 1 
C 2.25t-1SC-1CG 57 (2.25) 8 2 25.40 (1.0) 1 
C 2.25t-1SC-2CG 57 (2.25) 8 2 25.40 (1.0) 2 

 

After straightening up the H-piles, any bumps on the flanges and the web obstructing the UHPC 

plates attachment were cut, and the required number of holes for the high-strength (HS) bolts were drilled 

using a magnetic driller. While the cut in the flanges may change relatively the original capacity of the 

piles, the report assumes that the corroded section as a gap in the pile; therefore, this cut should not affect 

the results. The UHPC plates were attached to the H-pile with HS bolts and heavy hex nuts with a preset 

torque of 9.3 kips-ft using a torque wrench as in UHPC-phase I (Fig. 7.3c). The details of the UHPC plates, 

i.e., UHPC plate thickness, bolt diameters, and CFRP grid layers, were determined based on the results of 

the UHPC-Phase I and are shown in Table 7.5. 
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Table 7.5 Test Program: UHPC-Phase II 

Specimen 
Designation Specimen Name 

UHPC Shear Connectors 
(SC) 

CFRP Grid 
Layers Length 

mm (in.) 
tUHPC 

mm (in.) No. Row Dia. Mm 
(in.) 

R1 UHPC-0.75SC-2CG 812 (32) 57 (2.25) 16 4 19 (0.75) 2 
R2 UHPC-1SC-1CG 812 (32) 57 (2.25) 16 4 25.4 (1) 1 
R3 UHPC-1SC-2CG 812 (32) 57 (2.25) 16 4 25.4 (1) 2 

 

 

 
(a) 

  
(b) 

 
 
 
 
 
 

(c) 
Figure 7.3 Repair of H-piles Using UHPC Plates during UHPC-phase II: (a) Straightened H-pile before 

Repair, (b) Repair Using UHPC Plates, and (c) Enlarged Repaired Pile Segment 

 
7.1.5 Test Instrumentation and Setup for UHPC-phase I 

All specimens from Group A and two specimens from group C, 0.75t-1SC-1CG and 1.5t-1SC-1CG 

(Table 7.4), were tested using a 2,446 kN (550 kips) MTS universal testing machine (Fig. 7.4a) while the 

remaining specimens were tested using the 4,450 kN (1000 kips) self-sustained testing frame (Fig. 7.4b and 
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c) that was described in Chapter Two. This difference in testing setups depended on the anticipated axial 

capacity of the tested specimens. 

For specimens tested in the MTS universal testing machine, each specimen was placed on a rigid 

steel base and was aligned to the loading shaft of the machine to ensure concentric loading. A swivel plate 

was placed on the top of the H-pile to transfer the load uniformly from the actuator to the specimen. This 

formed a top-pin and bottom-hinged boundary condition. Two linearly variable displacement transducers 

(LVDTs) were installed on top of the UHPC plates attached to the flange sides of each H-pile to measure 

their relative axial displacement. The axial load was applied monotonically on the top of the swivel plate at 

a rate of 1.27 mm/min (0.05 in./min). Data was acquired and recorded with 2 Hz frequency using a 

multichannel acquisition device. 

The push-out testing on the remaining specimens was conducted on the self-sustained frame (Fig. 

7.4b and c) that was described in Chapter Two. The top end of the H-pile was subjected to a pin-boundary 

condition where the top end of the H-pile was encased in a steel box cap. The steel cap was connected to a 

solid half-sphere, which was rotating on a swivel plated connected to the movable girder. The bottom ends 

of the UHPC attached to a H-pile were supported on a rigid beam, forming a hinge boundary condition. 

Each specimen was aligned in both the horizontal and vertical planes to minimize the accidental 

eccentricity. 

Two string potentiometers were attached to the movable beam at one end and to the rigid beam at 

the other end along the length of a test specimen. Six 890 KN (200 kips) load cells were placed on the six 

DYWIDAG bars to monitor the applied load. The axial force was measured as the sum of the values of the 

load cells installed on the bars. Two hydraulic jacks, each having 2,225 kN (500 kips), applied the load 

against one of the exterior beams at one end and the movable beam at the other end. The load was applied 

to the test specimen at a rate of approximately 155 kN/min (35 kips/min) using an oil pump. All the 

specimens were loaded until failure occurred. 
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Figure 7.4 Test Setup with Instrumentation: (a)-(c) UHPC-phase I, and (d) UHPC-phase II 

 



 

98 

7.1.6 Test Instrumentation and Setup for UHPC-phase II 

The H-pile with the UHPC repair system was subjected to axial compression using the self-

sustained testing frame described in Chapter Two. Each end of an H-pile had a pin end condition as 

described in Chapter Two. Twenty-eight strain gauges were attached to the web and flanges of each H-pile 

specimen to measure the axial strains. As in the UHPC-phase I, two string potentiometers were attached 

between the movable and rigid beams along the length of each specimen. Furthermore, five string pots were 

installed to measure the lateral displacements of each H-pile along its length. Three string pots were also 

installed to measure the vertical displacement of each pile as described in Chapter two. 

7.2 Results and Discussion 

7.2.1 UHPC-phase I: Push-out Testing 

7.2.1.1 Modes of Failure and Axial Strength 

Fig. 7.5 displays the specimens after testing. Fig. 7.6 shows the axial force vs. displacement curve. 

The push-out test results and the description of the failure modes for all specimens are tabulated in Table 

7.6. The failure modes of the tested specimens can be categorized in: (i) shear-off of the shear connector 

(SC), and (ii) splitting and crushing failure of the UHPC. Fig. 7.5a shows the typical failure modes of 

specimens with a ½ in. bolted shear connector, dominated by bolt shear-off at the interface. Specimens such 

as 1.5t-1/2SC-1CG, 2.25t-1/2SC-1CG, and 2.25t-1/2SC-2CG showed similar axial force vs. displacement 

behavior (Fig. 7.6b-d). At the early loading stage, almost no slipping was observed between the UHPC 

plates and H-piles, with the shear connection having a very high stiffness due to the pretension of the bolted 

shear connectors. 

As the mechanical friction at the interface between the SC and UHPC plates was overcome at about 

35.6 kN (8 kips), slip occurred and the bolts bore against the surface of the hole in the UHPC plate. With 

continuous loading, specimens 1.5t-1/2SC-1CG, 2.25t-1/2SC-1CG, and 2.25t-1/2SC-2CG reached their 

peak axial loads (Pmax ) of 1,294 kN (291 kips), 1,277 kN (287 kips), and 1,312 kN (295 kips), corresponding 

to about 45- 47% of the squash load (Po) of the H-piles, at a displacement of 8.08 mm (0.32 in.), 6.35 mm 

(0.25 in.), and 7.37 mm (0.29 in.), respectively. 
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Figure 7.5 Typical Failure Modes for Specimens with (a) ½ in., (b) ¾ in., and (c) 1 in. diameter SC 

Table 7.6 Push-out Test Results of UHPC Encased H-pile 

Group Specimen Name 
Peak Load 
(Pmax), kN 

(kips) 

Displacement 
(δmax*), mm 

(in.) 
Pmax/Po** Failure Mode 

A 0.75t-1/2SC-1CG 974 (219) 10.41 (0.41) 0.35 UHPC splitting and 
crushing 

A 1.5t-1/2SC-1CG 1292 (291) 8.08 (0.32) 0.46 SC shear-off 
A 2.25t-1/2SC-1CG 1277 (287) 6.35 (0.25) 0.456 SC shear-off 
A 2.25t-1/2SC-2CG 1312 (295) 7.37 (0.29) 0.468 SC shear-off 
B 2.25t-3/4SC-1CG 2233 (502) 12.34 (0.486) 0.797 UHPC splitting & crushing 
B 2.25t-3/4SC-2CG 2384 (536) 13.21 (0.52) 0.851 UHPC splitting & crushing 
B 2.25t-3/4SC-4CG 2251 (506) 13.46 (0.53) 0.803 UHPC splitting & crushing 
C 0.75t-1SC-1CG 1241 (279) 3.84 (0.15) 0.44 UHPC splitting & crushing 
C 1.5t-1SC-1CG 2411 (542) 7.87 (0.31) 0.86 UHPC splitting & crushing 
C 2.25t-1SC-1CG 2736 (615) 8.89 (0.35) 0.976 UHPC splitting & crushing 
C 2.25t-1SC-2CG 2691 (605) 9.9 (0.39) 0.960 UHPC splitting & crushing 

* at peak load 
** Po- squash axial load of un-corroded H-pile = 630 kips 
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Figure 7.6 Force vs Displacement Curves of the Specimens in the UHPC-phase I Testing 
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This was followed by the shearing-off of a top bolt from each flange (Fig. 7.5a) and the drop of 

about 17%, 15%, and 21% of the Pmax in the case of 1.5t-1/2SC-1CG, 2.25t-1/2SC-1CG, and 2.25t-1/2SC-

2CG, respectively. Further, shearing-off of a bottom bolt from each flange occurred, dropping the axial 

load to about 42%, 51%, and 45% of the Pmax in the case of 1.5t-1/2SC-1CG, 2.25t-1/2SC-1CG, and 2.25t-

1/2SC-2CG, respectively. With the shearing-off of each bolt, the stepwise drop in the axial load was 

observed, as shown in Fig. 7.6b-d, demonstrating a brittle mode of failure. A loud noise was heard on each 

shearing-off failure. However, no damage was observed in the UHPC plates. 

By using Eqn. 7.1 (ACI Committee 318, 2014) and Eqn. 7.2, the nominal shearing off the strength 

of the bolt (Vsa) was calculated as 1,254 kN (282 kips) representing in average 97% of the Pmax for specimens 

1.5t-1/2SC-1CG, 2.25t-1/2SC-1CG, and 2.25t-1/2SC-2CG. 

𝑉𝑉𝑠𝑠𝑠𝑠 = 0.6𝐴𝐴𝑠𝑠𝑒𝑒𝑓𝑓𝑢𝑢𝑙𝑙𝑠𝑠 (Eqn. 7.1) 

𝐴𝐴𝑠𝑠𝑒𝑒 =
𝜋𝜋
4

(𝑠𝑠𝑠𝑠𝑠𝑠)2 (Eqn. 7.2) 
where Ase = effective cross-sectional area of SC, having shear plane acting through the shank (in2), futa = 

specified tensile strength of the SC (ksi), and dsa = diameter of the SC (in.). 

Fig. 7.5b shows the typical failure modes of specimens 2.25t-3/4SC-1CG, 2.25t-3/4SC-2CG, and 

2.25t-3/4SC-4CG, all with ¾ in. diameter shear connectors. The failure mode for those specimens was 

UHPC crushing and splitting as well as yielding of the SC. At early loading stages, no slippage was 

observed in the specimens, displaying high shear stiffness because of the mechanical friction along the 

steel-UHPC interface, caused by the pretension of the shear connectors. As the load increased to about 40 

kN (9 kips), the friction at the interface was overcome, slip occurred, and the SC began to bear against the 

UHPC plate. With further increase in the applied load, cracks were observed on the UHPC underneath the 

top bolts. In the case of specimens 2.25t-3/4SC-1CG and 2.25t-3/4SC-2CG, the initial cracks were observed 

at 90% and 93% of Pmax, whereas in the case of specimen 2.25t-3/4SC-4CG, the initial crack was observed 

at 64% of Pmax. Specimens 2.25t-3/4SC-1CG, 2.25t-3/4SC-2CG, and 2.25t-3/4SC-4CG reached Pmax of 

2,233 kN (502 kips), 2,384 kN (536 kips), and 2,251 kN (506 kips), corresponding to 79.7%, 85%, and 

80.3% of the squash load of the piles, Po, at a displacement of 12.34 mm (0.486 in.), 13.21 mm (0.52 in.), 
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and 13.46 mm (0.53 in.), respectively. With further loading, the initial cracks were extended, leading to a 

complete split of the UHPC plates through the locations of the SCs, as shown in Fig. 7.5b. 

Fig. 7.5c shows the typical failure modes of specimens with 25.4 mm (1in.) diameter shear 

connectors. The failure mode for these specimens was similar to that of specimens having 19.05 mm (¾ 

in.) SCs, that is UHPC splitting and crushing with yielding of the SCs. Up to the average load of about 55.6 

kN (12.5 kips), slippage at the UHPC-steel interface was not observed because of the mechanical friction 

at the interface. Once the friction was overcome, slip occurred, causing the bolts to bear against the surfaces 

of the holes in the UHPC plates. As the load increased to about 90-93% of Pmax , cracks developed 

underneath the SCs at the lower end of the UHPC plates. Specimens 2.25t-1SC-1CG and 2.25t-1SC-2CG 

reached Pmax of 2,736 kN (615 kips) and 2,691 kN (605 kips), corresponding to 98% and 96% of Po, at a 

displacement of 8.9 mm (0.35 in.), and 9.9 mm (0.39 in.), respectively. With further loading, the cracks 

extended, triggering a complete split of the UHPC plates along with the SC, as shown in Fig. 7.5c. 

7.2.1.2 Effect of UHPC Plate Thickness, Bolt Diameter, and CFRP Grids 

Expectedly, the axial load increased with an increase in the diameter of the shear connector (Table 

7.5 and Fig. 7.7a). In the case of specimens having a single layer of CFRP grid, increasing the SC diameter 

from 12.7 mm (½ in.) to 19 mm (¾ in.), and 25.4 mm (1 in.), corresponding to increments of 125% and 

300% in cross-sectional area, led to a 75% and 114% increase in Pmax, respectively. Similarly, in the case 

of specimens having double-layer of CFRP grid, when the diameter of the SC was increased from 12.7 mm 

(½ in.) to 19 mm (¾ in.) and 25.4 mm (1 in.), Pmax increased by 80% and 105%, respectively. Furthermore, 

changing the diameter of the SC from 12.7 mm (½ in.) to 19 mm (¾ in.), and 25.4 mm (1 in.) changed the 

mode of failure from bolt shear off in the case of specimens 1/2SC-1CG and 1/2SC-2CG to UHPC splitting 

and crushing in the remaining specimens. Furthermore, it changed the axial load vs. displacement behavior 

from brittle to ductile behavior. 

Fig. 7.7b shows the effect of CFRP grid layers on the axial load. The axial load of the specimens 

does not correlate well with the CFRP grid layers. When the CFRP grid layer was increased from single to 

double layers, Pmax increased by 3% and 6% for the specimens having 12.7 mm (½ in.) and 19 mm (¾ in.) 
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diameter of SC, respectively. However, the specimens with double layers of CFRP grid having 25.4 mm (1 

in.) SC displayed a 1.6% lower Pmax than that of the specimens with single layers of the CFRP grid. 

Furthermore, for the specimens having 19 mm (¾ in.) SC, the value of Pmax decreased from 2,384 kN (536 

kips) to 2,251 kN (506 kips) when the CFRP layer increased from double-layer to four layers. The change 

in CFRP grid layers has no or little effect on the behavior of the axial load vs. displacement. 

Fig. 7.7c shows the effect of the thickness of the UHPC plate on the axial load. In the case of 

specimens having a single layer of CFRP grid and with 12.7 mm (0.5 in.) diameter bolts, increasing the 

thickness from 19 mm (0.75 in.) to 38.1 mm (1.5 in.) and 57 mm (2.25 in.), corresponding to increments of 

100% and 200%, displayed 33% and 31% increase in Pmax, respectively. Similarly, in the case of specimens 

having a single layer of CFRP grid and with 25.4 mm (1 in.) diameter bolts, when the thickness was 

increased from 19 mm (0.75 in.) to 38.1 mm (1.5 in.) and 57 mm (2.25 in.), Pmax increased by 148% and 

180%, respectively. 

Fig. 7.7d shows the ratio of peak axial load (Pmax) of the tested specimens to the squash load (Po) 

of un-corroded H-pile. Ratio equals to one indicate that the specimen is able to transfer 100% of the axial 

load through the shear connector and friction between the UHPC and H-pile during the push-out testing. 

As shown in the figure, specimens having 25.4 mm (1in.) diameter SC were capable of transferring 96% of 

Po in the case of specimen 2.25t-1SC-2CG and 98% in the case of specimen 2.25t-1SC-1CG. 

The axial force applied to the H-pile during the push-out testing is transferred through the SC in 

the form of shear force at the connection between steel and concrete. Current design codes such as AISC 

2017, AASHTO LRFD 2012, and Eurocode-4 (EC-4) provide equations, based on the failure mode, to 

compute the shear strength of an SC embedded in the normal strength concrete. Eqn. 7.3 is provided by 

AISC 2017 and AASHTO LRFD 2012 for SC failure strength. 

𝑉𝑉𝑅𝑅𝑅𝑅 = 𝐴𝐴𝑠𝑠𝑒𝑒𝑓𝑓𝑢𝑢 (Eqn. 7.3) 

where 𝑉𝑉𝑅𝑅𝑅𝑅 = ultimate shear connector resistance for shear connector failure in N (kip); 𝐴𝐴𝑠𝑠𝑒𝑒 = cross-sectional 

area of a shear connector in mm2 (in2); and 𝑓𝑓𝑢𝑢 = specified minimum tensile strength of a shear connector in 

MPa (ksi). 
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The Eurocode-4 (EC-4) suggests a reduction factor of 0.8 to Eqn. 7.3 to compute the 𝑉𝑉𝑅𝑅𝑅𝑅 (Eqn. 

7.4): 

𝑉𝑉𝑅𝑅𝑅𝑅 = 0.8𝐴𝐴𝑠𝑠𝑒𝑒𝑓𝑓𝑢𝑢 (Eqn. 7.4) 
 

For concrete failure, AISC 2017 and AASHTO LRFD 2012 recommend the same equation to determine 

the ultimate shear connector resistance (𝑉𝑉𝑅𝑅𝑐𝑐) (Eqn. 7.5): 

𝑉𝑉𝑅𝑅𝑐𝑐 = 0.5𝐴𝐴𝑠𝑠𝑒𝑒�𝑓𝑓′𝑐𝑐𝐸𝐸𝑐𝑐 (Eqn. 7.5) 
 

where 𝑉𝑉𝑅𝑅𝑐𝑐 = ultimate shear connector resistance for concrete failure in N (kip); 𝑓𝑓′𝑐𝑐 = specified compressive 

strength of concrete in MPa (ksi); and 𝐸𝐸𝑐𝑐 = modulus of elasticity of concrete in MPa (ksi). 

The ultimate shear connector resistance for concrete failure provided by EC-4 2004 is given in Eqn. 

7.6. 

𝑉𝑉𝑅𝑅𝑐𝑐 = 0.29α𝑠𝑠2�𝑓𝑓′𝑐𝑐𝐸𝐸𝑐𝑐 (Eqn. 7.6) 
 

where α is the factor considering the height-to-diameter ratio of the SC, α = 0.2(ℎ 𝑠𝑠⁄ + 1) ≤ 1, and h and 

d are the height and diameter of the SC, respectively. 

Both Eqns. 7.3 and 7.4 over-predicted the strength of the investigated specimens, with Eqn. 7.4 

being more accurate (Table 7.7). A ratio of experimental to predicted value ranged from 32% to 63% and 

40% to 78% using Eqn. 7.3 and Eqn. 7.4, respectively. Furthermore, the ultimate shear resistance for 

concrete failure (𝑉𝑉𝑅𝑅𝑐𝑐) provided by Eqn. 7.5 was over predicted with the ratio of experimental to predicted 

value ranging from 13% to 53% compared to the experimental results. Eqn. 7.6, however, was found to 

have a better correlation with the experimental results with predictions ranging from 35% to 143% of the 

experimental results. 
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(a) (b) 

 

 

 
(c) (d) 

Figure 7.7 Parameters Affecting Pmax (a) Effect of the Cross-sectional Area of Shear Connector (SC), (b) 
Effect of Number of Layers of CFRP Grid, (c) Effect of Thickness of UHPC Plate on Peak Load (P), and 

(d) Ratio of Pmax to the Nominal Squash Load of H-pile 

 
7.2.2 UHPC-phase II: Large-scale Repair System 

7.2.2.1 Mode of Failure and the Axial Strength 

Fig. 7.8 shows the large-scale repaired H-pile before and after the axial test. Fig. 7.9 illustrates the 

axial force versus axial shortening for the repaired H-piles. The axial shortening was obtained from the two 

SPs placed between the moveable beam at one end of the H-pile and the fixed beam at the other end of the 

H-pile. Table 7.8 shows summaries of the peak loads and axial shortenings at peak loads. The failure modes 

of the tested specimens were very similar; global buckling occurred in all H-piles, followed by splitting of 

the UHPC plates. 
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Table 7.7 Comparison of Predicted and Experimental Results 

Specimen 
Name 

Peak 
Load 

(Pmax), 
kips 

VRS (SC failure) VRc (concrete failure) 

AISC, 
AASHTO 
(Eqn. 7.3) 

Pmax/ 
VRS 

EC-4 
(Eqn. 7.4) 

Pmax/ 
VRS 

AISC, 
AASHTO 
(Eqn. 7.5) 

Pmax/ 
VRC 

EC-4 
(Eqn. 7.6) 

Pmax/ 
VRC 

C1 974 
(219) 

2096 
(471) 0.46 1677  

(377) 0.58 2430 
(546) 0.40 897  

(202) 1.09 

C2 1292 
(291) 

2096 
(471) 0.62 1677  

(377) 0.77 2450 
(551) 0.53 905  

(203) 1.43 

C3 1277 
(287) 

2096 
(471) 0.61 1677  

(377) 0.76 2469 
(555) 0.52 912  

(205) 1.40 

C4 1312 
(295) 

2096 
(471) 0.63 1677  

(377) 0.78 2478 
(557) 0.53 915  

(206) 1.43 

C5 2233 
(502) 

4716 
(1060) 0.47 3773  

(848) 0.59 5576 
(1254) 0.40 2059 

(463) 1.08 

C6 2384 
(536) 

4716 
(1060) 0.51 3773  

(848) 0.63 5555 
(1249) 0.43 461 

(2051) 1.16 

C7 2251 
(506) 

4716 
(1060) 0.48 3773  

(848) 0.60 5555 
(1249) 0.41 461 

(2051) 1.10 

C8 1241 
(279) 

8384 
(1885) 0.15 6707 

(1508) 0.19 9722 
(2186) 0.13 3590 

(807) 0.35 

C9 2411 
(542) 

8384 
(1885) 0.29 6707 

(1508) 0.36 9799 
(2203) 0.25 3618 

(813) 0.67 

C10 2736 
(615) 

8384 
(1885) 0.33 6707 

(1508) 0.41 9875 
(2220) 0.28 3646 

(820) 0.75 

C11 2691 
(605) 

8384 
(1885) 0.32 6707 

(1508) 0.40 9989 
(2246) 0.27 3688 

(829) 0.73 

 

Table 7.8 Results of The Tested Repaired H-piles During UHPC-phase II 

S.N. Specimen Name 
Un-repaired 

Original 
Strength (kips) 

Peak Load 
(kips) 

Axial 
Shortening (in.) 

% Increasing 
Strength 

R1 UHPC-2.25t-0.75SC- 2CG 265 481 -0.92 182 
R2 UHPC-2.25t-1SC-1CG 235 430 -0.67 183 
R3 UHPC-2.25t-1SC-2CG 199 445 -0.66 224 

 

As shown in Fig. 7.9a, the peak load for specimen UHPC-2.25t-0.75SC- 2CG was 481 kips, which 

showed an increase in the capacity of the H-pile by 82% compared to the corroded pile before repairing 

using UHPC. Failure occurred due to global buckling about the x-axis similar to the global buckling that 

occurred in the corroded pile before repair. Buckling led to tensile cracking and rupture of the top UHPC 

plate (Fig. 7.8a). Similarly, for specimen UHPC-2.25t-1SC-1CG, the capacity of the H-piles increased by 
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83% compared to the original corroded pile with the peak load reaching 430 kips (Fig. 7.9b), and failure 

due to global buckling about the x-axis which triggered a splitting cracking on the UHPC plates (Fig. 7.8b). 

Furthermore, specimen UHPC-2.25t-1SC-2CG displayed the highest increment of 124% in the axial 

capacity compared to the reference corroded pile reaching a peak load of 445 kips (Fig. 7.9c). The failure 

mode was similar, however, to that occurred during testing specimen UHPC-2.25t-1SC-1CG (Fig. 7.8c). 
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(a) 

  
(b) 

  
(c)  

Figure 7.8 Repaired H-piles before and after the Testing: (a) UHPC-0.75SC-2CG, (b) UHPC-1SC-1CG, 
and (c) UHPC-1SC-2CG 

 

Before After 
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(a) (b) 

 
(c) 

Figure 7.9 Axial Force versus Axial Shortening of the Repaired H-piles: (a) UHPC-0.75SC-2CG, (b) 
UHPC-1SC-1CG, and (c) UHPC-1SC-2CG
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8 Chapter 8. Interfacial Shear Transfer between H-piles and Concrete Encased in CFRP 

 

 

 

 

This chapter focuses on investigating the interfacial shear between concrete jackets and steel piles using 

push-out testing. The experimental parameters included the confinement ratio and characteristics of the 

shear studs, i.e., number, diameter, distribution, and location of studs. 

8.1 Experimental Program 

Eighteen 250 x 62 mm (10 x 42 in.) H-piles encased in concrete jackets and subjected to push-out 

testing (Fig. 8.1 and Table 8.1) were investigated. The specimens had different jacket configurations that 

can be divided into the following four groups: 1) concrete jacket (CJ), 2) concrete jacket with headed studs 

(HSs), 3) concrete encased in CFRP jackets, and 4) concrete having HSs and encased in CFRP jackets. A 

specimen designation begins with the number of CFRP plies, followed by the letter P, the number of HSs, 

the letters HS, and the diameter of the HSs in inches followed by a letter, either F or W, for studs located 

at the flanges or webs, respectively (Table 8.1). It is worth mentioning that the nominal Fy for most existing 

piles are 50 ksi; however, in this chapter Fy = 60 ksi was adopted to calculate the Py to account for any 

material over-strength of the piles. 

8.2 Test Specimen Preparation 

The reference specimens were divided into Group A, where a concrete jacket encased a steel pile, 

and Group B, where concrete jackets incorporated HS encased steel piles (Table 8.1). Another fifteen 

specimens, where steel piles encased in concrete-filled CFRP jackets were divided into Group C and Group 

D. The former had no HSs while the later had HSs. Each HS was passed through a hole drilled in the web 

or flange of a steel pile, and heavy-duty nuts were installed at the beginning and end of the HSs to form 

headed studs. 
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Different numbers of CFRP plies were used with confinement ratios (CR), calculated per Eqn. 8.1 

(ACI 440.2 R-08 2008), ranging from 0.11 to 0.89 (Table 8.1), which exceeded the minimum CR of 0.08 

recommended by ACI 440R (ACI 440.2 R-08 2008) to ensure that the confined concrete exhibits a 

hardening behavior. 

𝐶𝐶𝑅𝑅 = 𝑝𝑝𝑙𝑙
𝑝𝑝′𝑐𝑐

= 2𝑙𝑙𝑓𝑓𝐸𝐸𝑓𝑓𝜀𝜀𝑓𝑓
𝑝𝑝′𝑐𝑐𝐷𝐷𝑓𝑓

     
            

(Eqn. 8.1) 

where fl is the confining pressure, f’c is the average unconfined concrete compressive strength, 𝐸𝐸𝑝𝑝 is the 

CFRP axial modulus of elasticity, 𝐶𝐶𝑝𝑝 is the total thickness of the CFRP jacket, 𝜀𝜀𝑝𝑝 is the axial ultimate tensile 

strain of the CFRP, and 𝐷𝐷𝑝𝑝 is the internal diameter of the CFRP jacket. 

 
                          (a)       (b) 

a = 127 mm (5.0 in.), b = 63.5 mm (2.5 in.), c = 50.8 mm (2.0 in.) 
h=108 mm (4.3 in.), h1=89 mm (3.5 in.), h2=38.1 mm (1.5 in.) 

w=108 mm (4.3 in.), w1=76.2 mm (3.0 in.), D=508 mm (20 in.), and H =1,219 mm (48 in.) 
Figure 8.1 Test Specimens with Studs Installed on the: (a) Web, and (b) Flanges 

 

To prepare the CFRP jackets, the required length of the CFRP was wrapped around a 508 mm (20 

in.) diameter Sonotube with an overlap length in the circumferential direction of 0.4 Df (=203.4 mm (8 in.)) 

to avoid potential delamination. The tube diameter was selected to ensure a minimum concrete thickness 

of 508 mm (2 in.) between the CFRP jacket and the edges of the flanges of the encased steel piles. After 

one day, the Sonotube was removed from the CFRP jacket. Each steel pile was inserted inside either a 

Sonotube in the specimens in Groups A and B, or a CFRP jacket in the remaining specimens. Each pile was 

Concrete 
Jacket 

Concrete 
Jacket 
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placed concentrically atop of a 50.8 mm (2.0 in.) high H-shaped foam template. Then, concrete was placed 

to fill the jacket and left to cure at an ambient temperature inside the laboratory (Fig. 8.2). Before testing, 

the foam templates were removed from underneath the test specimen, and the created gap was thoroughly 

cleaned so that the pile could slip freely during testing. 

Table 8.1 Parameters of the Tested Specimens 

Specimen 
Group 

Specimen 
Name 

Designation 
(code) CR* 

Ahs mm2 
(in.2) (Eqn. 

8.1) 
tw, mm (in.) tf, mm (in.) Py

**** kN 
(kips) 

A 
Reference 
specimen 

(RS) 
0P-0HS - - 9.95 (0.392) 10.60 (0.417) 3,230 (726) 

B C1 0P-4HS-1W - 1,755 (2.72) 9.81 (0.386) 11.78 (0.464) 3,460 (778) 
B C2 0P-8HS-1W - 3,503 (5.44) 10.8 (0.425) 11.70 (0.461) 3,538 (795) 
C C3** 1P-0HS 0.11 - 9.82 (0.387) 10.90 (0.429) 3,280 (737) 
C C4** 2P-0HS 0.21 - 10.4 (0.409) 11.10 (0.437) 3,377 (759) 
C C5*** 2P-0HS 0.17 - 9.94 (0.391) 11.58 (0.456) 3,431 (771) 
C C6** 4P-0HS 0.42 - 9.8 (0.386) 10.90 (0.429) 3,278 (737) 
C C7*** 4P-0HS 0.31 - 10.1 (0.398) 11.18 (0.44) 3,364 (756) 
D C8** 1P-8HS-1W 0.10 3,503 (5.44) 9.5 (0.374) 11.40 (0.449) 3,352 (754) 
D C9** 2P-4HS-1W 0.20 1,755 (2.72) 9.8 (0.386) 12.56 (0.494) 3,620 (814) 
D C10** 2P-8HS-1W 0.20 3,503 (5.44) 9.7 (0.382) 11.77 (0.463) 3,448 (775) 
D C11** 2P-8HS-3/4W 0.21 1,877 (2.91) 9.76 (0.384) 11.32 (0.446) 3,361 (756) 
D C12** 2P-8HS-1/2W 0.22 748.4 (1.16) 10.48 (0.413) 10.74 (0.423) 3,310 (744) 
D C13** 3P-8HS-1W 0.31 3,503 (5.44) 9.6 (0.378) 11.18 (0.440) 3,316 (746) 
D C14** 3P-8HS-1F 0.33 3,503 (5.44) 9.8 (0.386) 10.94 (0.431) 3,286 (739) 
D C15** 4P-4HS-1W 0.44 1,755 (2.72) 10.8 (0.425) 12.56 (0.494) 3,715 (835) 
D C16** 6P-8HS-1W 0.67 3,503 (5.44) 10.4 (0.409) 11.10 (0.437) 3,377 (759) 
D C17** 8P-8HS-1W 0.89 3,503 (5.44) 9.75 (0.384) 11.14 (0.439) 3,323 (747) 

 
* CR (confinement ratio) values were calculated using the f’c at the day of testing of each specimen 
** Laminate 
*** Fabric 
**** Calculated for each H-pile using Fy = 414 MPa (60 ksi) 
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(a) (b) (c) (d) 
Figure 8.2 Concrete Jacket Placement: (a) Placing an H-pile on a Foam Template, (b) the H-pile with HS 

Inside the CFRP Jacket, (c) Placing Concrete into the Jacket, and (d) Finished Specimens 

 
   

(a) (b) 

   
(c) (d) 

Figure 8.3 (a) Strain Gauges Layout Mounted on the H-piles, (b) Strain Gauges Layout, Mounted on the 
CFRP Jacket, (c) Push-out Test Setup Layout, and (d) a Specimen during the Test 

with CFRP 
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8.3 Push-out Testing 

Thirty-three strain gauges were attached to the web and flanges of each H-pile specimen (Fig. 8.3a) 

before casting the concrete jackets. An additional sixteen strain gauges were mounted on each CFRP jacket 

to measure the hoop strains during testing (Fig. 8.3b). Two linear variable displacement transducers 

(LVDTs) were placed vertically on each flange side to measure the slip between the concrete and steel 

(Figs. 8.3c and d). The specimens were axially loaded (Fig. 8.3d), using a 2,404 kN (545 kips) MTS 

universal testing machine, in displacement control with a rate of 1.27 mm/minute (0.05 in./minute). 

8.4 Results and Discussion 

8.4.1 General Description  

Fig. 8.4 shows the test specimens after testing. The average bond stress (Table 8.2 and Fig. 8.5), τ, 

is defined using Eqn. 8.2 with τult corresponding to the ultimate measured load, Fmax, and δmax the 

corresponding displacement.  

𝜏𝜏 =
𝐹𝐹

𝐶𝐶 𝐻𝐻𝐶𝐶𝐸𝐸
  (Eqn. 8.2) 

 

where F is the axial load on the pile, p is the perimeter of the pile section and is approximately 1,499 mm 

(59 in.), and LCE is the bond length of 254 mm (10 in.). The presented slip is calculated as the average of 

the measured slips using the two LVDT mounted on each specimen.   

8.4.2 Failure Mode and Bond Stress 

All specimens displayed similar bond stress vs. slip (Fig. 8.4) with the details depending on the 

jacket details. Splitting cracks (SCs) occurred in concrete jackets when the hoop stresses exceeded the 

tensile strength of concrete. This was preceded immediately by the bond breaking point (BBP) between the 

concrete/steel surfaces. Beyond that, a specimen either exhibited a sharp drop in its strength and failed 

[Groups A and C], or an increase in its strength [Groups B and D]. In general, the ultimate bond stress (τult) 

increased with implementing the CFRP jacket, HS, and CFRP+HS by up to 57%, 583%, and 1033% 

compared to that of the RS, respectively. 
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Table 8.2 Test Results of the Investigated Specimens 

 Specimen Fmax  
kN (kips) 

τult  
MPa (psi) 

τf  
MPa (psi) 

τf/ 
τmax 

δmax 
mm (in.) 

f'c ** 
MPa 
(ksi) 

f't ** 
MPa (psi) 

RS 0P-0HS 211 (48) 0.56 (81) 0.10 (14.5) 0.18 0.050 
(0.002) 

34.5 
(5.0) 3.6 (521) 

C1 0P-4HS-1W 731 (164) 1.94 (281) 1.25 (181) 0.64 8.40 (0.33) 36.1 
(5.2) 3.1 (440) 

C2 0P-8HS-1W 1,437 
(323) 3.81 (553) 2.70 (392) 0.71 43.2 (1.7) 37.1 

(5.4) 2.6 (381.3) 

C3 1P-0HS 313 (70) 0.83 (121) 0.20 (29.0) 0.24 0.050 
(0.002) 

37.1 
(5.4) 2.6 (381) 

C4 2P-0HS 283 (64) 0.75 (109) 0.40 (58.1) 0.53 0.050 
(0.002) 

37.4 
(5.4) 3.4 (494) 

C5 2P-0HS 272 (61) 0.72 (104) 0.61 (87.0) 0.79 0.080 
(0.003) 

37.4 
(5.4) 3.41 (494) 

C6 4P-0HS 257 (58) 0.68 (99) 0.65 (94.3) 0.89 0.091 
(0.004) 

37.4 
(5.4) 3.4 (494) 

C7 4P-0HS 329 (74) 0.87 (127) 0.70 (102) 0.80 0.154 
(0.006) 

35.6 
(5.2) 3.5 (514) 

C8 1P-8HS-1W 1,615 
(363) 4.29 (622) 3.00 (435) 0.7 11.4 (0.450) 37.1 

(5.4) 2.6 (381) 

C9 2P-4HS-1W 1,225 
(275) 3.25 (472) 1.78 (258) 0.54 13.0 (0.510) 41.2 

(6.0) 3.6 (527) 

C10 2P-8HS-1W 2,038 
(458) 5.41 (785) 4.25 (617) 0.78 20.3 (0.800) 39.4 

(5.7) 3.2 (461) 

C11 2P-8HS-
3/4W 

1,200 
(270) 3.18 (462) 2.50 (363) 0.78 8.90 (0.350) 39.4 

(5.7) 3.2 (461) 

C12 2P-8HS-
1/2W 668 (150) 1.77 (257) 1.35 (196) 0.76 29.1 (1.15) 39.4 

(5.7) 3.2 (461) 

C13 3P-8HS-1W 2,025 
(455) 5.37 (779) 3.75 (544) 0.69 24.1 (0.950) 37.9 

(5.5) 3.7 (541) 

C14 3P-8HS-1F 2,404 
(540)* 6.32 (918) - - 6.35 (0.250) 34.7 

(5.1) 3.2 (469) 

C15 4P-4HS-1W 1,347 
(303) 3.57 (518) 3.00 (435) 0.84 12.1 (0.480) 37.9 

(5.5) 3.7 (541) 

C16 6P-8HS-1W 2,223 
(499) 5.90 (855) 5.85 (849) 0.99 25.5 (1.01) 34.7 

(5.1) 3.2 (469) 

C17 8P-8HS-1W 2,404 
(540)* 6.32 (918) - - 12.3 (0.490) 34.7 

(5.1) 3.2 (469) 

* The maximum capacity of the machine has been reached 

** The average compressive strength of three replicate 101.6 x 203.4 mm (4 in. x 8 in.) specimens at the 
day of testing 
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Figure 8.4 Failure Modes of the Test Specimens 

C1 (0P-4HS-1W) RS (0P-0HS) C2 (0P-8HS-1W) 

C3 (1P-0HS) C4 (2P-0HS) 

C8 (1P-8HS-1W) C9 (2P-4HS-1W) 

C11 (2P-8HS-3/4W) C12 (2P-8HS-1/2W) 

C14 (3P-8HS-1F) C15 (4P-4HS-1W) C13 (3P-8HS-1W) 

C10 (2P-8HS-1W) 

C5 (2P-0HS) 

C7 (4P-0HS) 
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Figure 8.4 Failure Modes of the Test Specimens (Cont’d) 

8.4.2.1 Group A Specimen (RS) 

This group included one reference specimen (RS) (Table 8.2). Longitudinal SC that extended along 

the full height of the concrete jacket occurred at an axial displacement of approximately 0.051 mm (0.002 

in.) and τ of 0.56 MPa (81 psi) (Fig. 8.5). This was followed by a sudden reduction in the axial load carrying 

capacity with minimal residual strength. 

8.4.2.2 Group B Specimens (RS+HS) 

This group included two specimens (Table 8.2). For both specimens, SCs similar to those that 

appeared in the RS occurred at an average τ of 0.86 MPa (125 psi). However, due to the existence of the 

HSs the specimens were able to carry more load while the applied displacement was increased. At an 

average τ of 1.41 MPa (205 psi), an inclined crack appeared in specimen C1 along the circumference of the 

CE. The crack started at the level of the HS due to stress concentration (Fig. 8.4); doubling the number of 

HS in the case of C2, however, led to less stress concentration at the HS locations, and hence those cracks 

did not appear in specimen C2. At an applied displacement of 8.40 mm (0.33 in.), specimen C1 reached τult 

of 1.94 MPa (281 psi) (Table 8.2), followed by a sudden loss of strength and significant opening of the 

splitting cracks and the specimen became unstable. The forensic investigation of the studs after testing 

showed that there was a bending of the HS against the concrete, but no shear off took place. Due to the 

larger number of HSs, specimen C2 reached τ of 3.7 MPa (535 psi) at an axial displacement of 11.2 mm 

(0.44 in.) followed by a gradual softening and hardening reaching τult of 3.81 MPa (553 psi) at an axial 

displacement of 43.2 mm (1.70 in.). That was followed by the complete collapse of the specimen and shear 

C16 (6P-8HS-1W) C17 (8P-8HS-1W) 
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off of one HS. Specimens in this Group C1 and C2 displayed τult of 246% and 583% of that of the RS, 

respectively. 

8.4.2.3 Group C Specimens (RS+CFRP) 

This group included five specimens. Having CFRP wrapping without HSs did not significantly 

improve the performance of the test specimens compared to that of the RS with τult of the test specimens 

reaching up to 0.87 MPa (127 psi), representing 158% of that of the RS (Table 8.2). The specimens reached 

their τult at higher displacements than that of the RS, reaching up to 0.154 mm (0.006 in.) in the case of C7. 

The failure mode for all the specimens in this group was similar to that of the RS with the SCs initiated at 

an average τ of approximately 0.56 MPa (81 psi); then, the cracks propagated until the specimens reached 

their τult. Beyond that, the radial cracks extended from the tips of the flanges of the steel piles reaching the 

CFRP jackets (Fig. 8.4) followed by a gradual degradation in the axial strength with minimal residual 

strength. 

8.4.2.4 Group D Specimens (RS+HS+CFRP) 

This group included ten specimens. Except for specimens C14 and C17, which had strengths 

exceeding that of the testing machine capacity and hence did not fail during testing, all specimens developed 

high τult reaching up to 6.32 MPa (918 psi), representing 1033%, 622%, and 66% of those measured in 

Groups A (only RS), B (RS+HS), and C (RS+CFRP), respectively (Table 8.2 and Fig. 8.5). The specimens 

developed bond breaking at an average τ of approximately 0.56 MPa (81 psi). This was followed by SCs 

that started from the tips of the flanges and extended toward the CFRP jacket at an average τ of 

approximately 0.86 MPa (125 psi). Beyond that, different failure modes occurred depending on the 

confinement ratio and the studs’ stiffness. 

 For specimens having CR ≤ 0.21 (a maximum of two layers of CFRP) and Ahs ≥ 1,755 mm2 (2.72 

in2) (minimum of 4 HSs), i.e., C8 through C12, FRP rupture occurred at the τult. For specimens C8 and C10 

with 8 HSs, corresponding to Ahs of 3,503 mm2 (5.44 in2), a different form of cracking extended horizontally 

between the tips of the two flanges appeared at an approximate τ of 2.75 MPa (400 psi). At the failure, a 
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prism of concrete was formed bounded by the web, two flanges, and those horizontal cracks. This concrete 

prism moved upward (Fig. 8.4). This prism was not observed for specimen C14, where the HSs were 

mounted on the flanges. 

For the specimens having three layers of CFRP or more (CR ≥ 0.31) and 4 HSs or more (Ahs ≥ 

1,755 mm2 (2.72 in2)), i.e., C13 through C17, there was no FRP rupture or delamination. The specimens in 

this group were able to reach ultimate axial capacities ranging from 1,347 kN (303 kips) for specimens with 

4 HSs, C15, to 2,404 kN (540 kips) for specimens with 8 HSs, C17, representing an improvement of 531% 

to 1,025%, compared to that of the RS (Table 8.2). These loads also represented 44% to 74% of the yielding 

squash load of the steel pile. It is worth noting that specimens C14 with 8 HSs mounted on the flanges, and 

C17 reached the testing machine capacity (Table 8.2) without showing any signs of failure. Due to the high 

loads within this group, the widths of the splitting cracks and horizontal cracks between the flanges were 

relatively large, exceeding 3.81 mm (0.15 in.). 

   

   

Figure 8.5 Bond Stress (τ) vs. Axial Displacement 
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8.4.3 Maximum Bond Stress-Strain Distribution 

Fig. 8.6 displays the axial strain distribution along with the embedded depth, LCE, of each steel pile 

for 0.25Fmax, 0.50Fmax, 0.75Fmax, and Fmax. The strains were measured using the strain gauges attached to 

the piles by taking the average of the strain measurements at each level. The zero value of LCE represents 

the loaded end, i.e., top of the jacket. In addition, solid lines representing the axial strains at the onset of 

bond breaking are shown in the figure. As shown in the figure, once the bond-breaking occurred, no strains 

were recorded for specimens in Groups A and C where no HSs were used. 

   

   
   

   
Solid lines represent the axial strains at the onset bond breaking 

Figure 8.6 Strain vs. LCE for the tested specimens 

HS positions HS positions 

HS positions 
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Solid lines represent the axial strains at the onset bond breaking 

Figure 8.6 Strain vs. LCE for the tested specimens (Cont’d) 

 

8.4.4 CFRP Confinement Effect 

The 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥 normalized by �𝑓𝑓′𝑐𝑐 increased linearly as the CR increased for a given number of HSs, 

and this was not the case for specimens in Group C, where no HSs were used (Fig. 8.7a). The �̅�𝜏𝑚𝑚𝑠𝑠𝑥𝑥, 

however, increased linearly with increasing the CR (Fig. 8.7). It is worth noting that the AAHTO LRFD 

(2014) and AISC (AISC 2005) recommend using 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥, for the interfacial shear between concrete and steel 

element, of 0.15 psi and 0.2 psi, respectively. While the ACI 318 (ACI 318 - 11 2011) recommended using 

HS positions HS positions HS positions 

HS positions HS positions HS positions 

HS positions HS positions HS positions 
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shear strength of the normal weight concrete with αc equal to 0.33 as 0.33�𝑓𝑓𝑐𝑐′ in the ACI design code. The 

measured αc for the reference specimen C1 was 0.21 √𝑀𝑀𝑃𝑃𝐶𝐶. 

 

   
 

𝜏𝜏 = 𝜏𝜏𝑠𝑠 for 0 ≤ 𝑠𝑠 ≤ 𝑠𝑠1 = (0.05 𝐶𝐶𝐶𝐶 (0.002 𝑖𝑖𝑓𝑓. ) − 0.154 𝐶𝐶𝐶𝐶 (0.006 𝑖𝑖𝑓𝑓. )) [Groups A and C] 
𝜏𝜏 = 𝜏𝜏1 for 𝑠𝑠1 ≤ 𝑠𝑠 ≤ 𝑠𝑠2 = 11.2 𝐶𝐶𝐶𝐶 (0.44 𝑖𝑖𝑓𝑓. ) [Group B] 
𝜏𝜏 = 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥 for 𝑠𝑠2 ≤ 𝑠𝑠 ≤ 𝑠𝑠3 = 25.4 𝐶𝐶𝐶𝐶 (1.0 𝑖𝑖𝑓𝑓. ) [Group D] 

 
Figure 8.7 Bond Stress-slip Model 

 
Figure 8.8 Normalized Bond Stresses vs. CR for Specimens without HSs 

 

For specimens with HSs, the rate of increase of the 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥/�𝑓𝑓′𝑐𝑐 was 6.2 √𝑀𝑀𝑃𝑃𝐶𝐶 (0.51 �𝐶𝐶𝑠𝑠𝑖𝑖) and 7.5 

√𝑀𝑀𝑃𝑃𝐶𝐶 (0.62 �𝐶𝐶𝑠𝑠𝑖𝑖) for specimens with 8 and 4 HSs, respectively (Fig. 8.8). Therefore, as presented in Eqn. 

8.3, the CR should be considered to assess the load transfer between the jacket and the pile.  For example, 
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CRs of 1.10 and 1.70 would be required to develop the 670 kips squash load of a pile having four or eight 

HSs, respectively. It should be noted that based on the results of specimens C14 and C17, installing the HSs 

on the flanges was more effective in transferring the shear strength, and it requires a combination of eight 

HSs and a CR of 0.31 to reach the yield strength of the pile. 

It is worth mentioning that the hoop strain in the CFRP jackets remained approximately zero until 

axial force values of approximately 266 - 333 kN (60 - 75 kips), and an axial slip demand of approximately 

0.05 - 0.076 mm (0.002 - 0.003 in.) corresponding to the SC in the concrete jacket (Fig. 8.9). This indicates 

the CFRP jacket engaging in controlling and mitigating the concrete splitting crack, thus increasing the 

axial load capacity of the repaired system (Fig. 8.8b and c). The hoop strain values ranged from 2,653μ to 

10,382μ at the peak strength of the specimens with a CFRP jacket and HS. Furthermore, the hoop strains 

were higher at the bottom level due to the maximum concrete expansion (Table 8.3). 

    
(a) (b) 

 
(c) 

Figure 8.9 CR versus (a) Average Bond Stress Ratio, (b) 8HS Specimen Experimental Axial Load (Pexp) – 
to –Yield Load (Py), and (c) 4HS Specimen Experimental Axial Load (Pexp) – to –Yield Load (Py) 
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Figure 8.10 CFRP Jacket Strain Readings 

 

Table 8.3 CFRP Jacket Hoop Strains at Peak Strengths 

Group Specimen 
Name 

Designation 
(code) CFRP Type Hoop Strain (μɛ) 

Top Level Bottom Level 
C C3 1P-0HS Laminate 1,039 1,249 
C C4 2P-0HS Laminate - - 
C C5 2P-0HS Fabric 899.5 1,275 
C C6 4P-0HS Laminate - - 
C C7 4P-0HS Fabric 170.5 388 
D C8 1P-8HS-1W Laminate 6,665 9,379 
D C9 2P-4HS-1W Laminate 2,555 8,826 
D C10 2P-8HS-1W Laminate 3,284 10,382 
D C11 2P-8HS-3/4W Laminate 3,031 8,590 
D C12 2P-8HS-1/2W Laminate 2,427 5,325 
D C13 3P-8HS-1W Laminate 3,540 9,037 
D C14 3P-8HS-1F Laminate 436.8 4,415 
D C15 4P-4HS-1W Laminate 1,600 6,636 
D C16 6P-8HS-1W Laminate 2,432 5,577 
D C17 8P-8HS-1W Laminate 1,741 2,653 

8.4.5 Influence of Headed Studs (HSs) 

During testing, the headed studs were subjected to combined shear and bending stresses resulting 

in the bearing of the HSs against the surrounding concrete leading to concrete splitting and cracking when 

the concrete tensile strength was exceeded (Ollgaad 1971). These cracks allowed more HS deflection and 

increased the stresses at the HS-to-steel pile connection leading to the rupture of the stud (Fig. 8.10). In 

some cases, the tensile crack circumvented the HS, producing a typical shear embedment failure cone (Fig. 
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8.10a). For group B, expectedly, doubling Ahs from 1,755 mm2 (2.72 in2) to 3,510 mm2 (5.4 in2) increased 

the normalized bond stress defined as, 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥/�𝑓𝑓′𝑐𝑐, by 220% from 0.204 to 0.450 (Fig. 8.11 and Table 8.4).  

Adding concrete confinement using the CFRP jackets in Group D increased the concrete confined 

compressive strength and resistance to concrete splitting cracking. Therefore, it led to a higher capacity for 

the specimens in this group. The 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥/�𝑓𝑓′𝑐𝑐  increased with increasing the Ahs; the rate of increase, 

however, depends on the CR (Fig. 8.11). Increasing the Ahs by 370% from 748 mm2 (1.16 in2) to 3503 mm2 

(5.44 in2) increased 𝜏𝜏𝑚𝑚𝑠𝑠𝑥𝑥/�𝑓𝑓′𝑐𝑐  by 1200% (Fig. 8.11). 

 

  
(a) (b) 

Figure 8.11 HS After Testing: (a) da= 25.4 mm (1 in.), and (b) da=19 mm (0.75 in.) 

 

The shear strength of the twelve specimens having HSs, Pu (hs), were calculated (Table 8.4) per the 

AASHTO_LRFD (AASHTO - LRFD 2014) (Eqn. 8.3), EC-4 (European Committee for Standardization 

2004) (Eqn. 8.4), and GB50917-2013 (MHURDOC 2013) (Eqn. 8.5). 

𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) = 0.5𝐴𝐴ℎ𝑠𝑠�𝐸𝐸𝑐𝑐𝑓𝑓�́�𝑐           (Eqn. 8.3) 

𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) = 0.29𝛼𝛼𝑠𝑠2�𝐸𝐸𝑐𝑐𝑓𝑓�́�𝑐/𝛾𝛾𝑣𝑣           (Eqn. 8.4) 

𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) = 0.43𝐴𝐴ℎ𝑠𝑠�𝐸𝐸𝑐𝑐𝑓𝑓�́�𝑐           (Eqn. 8.5) 

where Ec = modulus of elasticity of concrete; d = diameter of the studs; γv = material partial factor; α = 

0.2(H/d+1) ≤1; and H= length of the stud. In this manuscript, γv was considered = 1. It should be noted that 
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f’c in Eqns. 8.4 and 8.5 are based on concrete cube compressive strength, and a conversion factor of 1.25 

(Sengul et al. 2002) was used to convert the compressive strengths between the cylinder and cubes. 

The accuracy of the prediction of the different codes and standards depends highly on the CR. For 

specimens having CR not more than 0.1, both the ASHTO (AASHTO -LRFD 2010) and GB50917-2013 

(MHURDOC 2013) underpredicted the average strength by 20% and 3%, respectively, while the EN 1994 

(Eurocode-4 2004) overpredicted the average strength by 18%. Increasing the CR beyond 0.1, all three 

codes overpredicted the strengths of the specimens (Table 8.5). The EN 1994 is the most conservative 

model, while the AASHTO-LRFD-2012 is the most accurate. The experimental strengths ranged from 0.61 

to 0.93, 0.47 to 0.63, 0.52 to 0.80 of those predicted using  the ASHTO (AASHTO -LRFD 2010), EN 1994 

(Eurocode-4 2004), and GB50917-2013 (MHURDOC 2013), respectively. This occurred, as those codes 

do not consider the CFRP confinement effects. A non-linear regression analysis (XLSTAT, 2019), Eqn. 8.6 

was developed to determine the shear resistance (Pu (hs)) of the HSs embedded in confined concrete (Fig. 

8.12). 

𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) = 0.75𝐴𝐴ℎ𝑠𝑠(𝐶𝐶𝑅𝑅)0.15�𝐸𝐸𝑐𝑐𝑓𝑓�́�𝑐 (Eqn. 8.6) 

 
Figure 8.12 Normalized Bond Strength vs. Ahs with Different CR 
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Figure 8.13 Analytical-to-experimental 𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) vs. Experimental 𝑃𝑃𝑢𝑢(ℎ𝑠𝑠) 

Table 8.4 Shear Capacity (Pu (hs)) Results 

Specimen 
Name 

Exp. AASHTO-LRFD 

Ex
p.

/ 
AA

SH
TO

 Eurocode-4 

Ex
p.

/E
ur

oc
od

e-
4 GB50917-2013 

Ex
p.

/G
B

50
91

7 

Pu (hs), kN 
(kips) Pu (hs), kN (kips) Pu (hs), kN (kips) Pu (hs), kN (kips) 

C1 730 (164) 884 (199) 1.20 604 (136) 0.83 761 (171) 1.04 

C2 1,437 (323) 1,819 (409) 1.26 1,242 (279) 0.86 1,565 (352) 1.09 

C8 1,615 (363) 1,819 (409) 1.13 1,242 (279) 0.77 1,565 (352) 0.97 

C9 1,223 (275) 985 (221) 0.80 672 (151) 0.55 847 (190) 0.69 

C10 2,037 (458) 1,895 (426) 0.93 1,293 (291) 0.63 1,629 (366) 0.80 

C11 1,201 (270) 1,013 (228) 0.84 727 (164) 0.61 871 (196) 0.73 

C12 667 (150) 405 (91) 0.61 323 (73) 0.48 349 (78) 0.52 

C13 2,024 (455) 1,845 (415) 0.91 1,259 (283) 0.62 1,586 (357) 0.78 

C14 2,402 (540) 1,743 (392) 0.73 1,190 (268) 0.50 1,499 (337) 0.62 

C15 1,348 (303) 922 (207) 0.68 629 (142) 0.47 793 (178) 0.59 

C16 2,220 (499) 1,743 (392) 0.79 1,190 (267) 0.54 1,499 (337) 0.68 

C17 2,402 (540) 1,743 (392) 0.73 1,190 (267) 0.50 1,499 (337) 0.62 

 

 

 

 



 

128 

Table 8.5 Statistical Results of the Evaluated Analytical Models 

Expression Average STD COV No. of Overestimated 
Specimens 

AASHTO-LRFD 0.81 0.15 0.18 9 
Eurocode-4 0.57 0.09 0.16 12 

GB50917-2013 0.70 0.13 0.18 10 
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9 Chapter 9. Experimental and Numerical Behavior of Large-Scale Repaired Corroded H-Pile 

 

 

 

 

This chapter describes the experimental and numerical modeling program to evaluate corroded steel piles' 

behavior repaired with concrete filled CFRP jackets. The materials used, fabrication, installation, and 

experimental and numerical results of the repaired piles are presented in this chapter. 

9.1 Experimental Work 

Three 120 in. long steel H-piles, W70V-F50C, W70V-F50C-10%, and W70V-F50C-30% that were 

tested during the assessment task as described in Chapters Two and Three of this report were selected for 

CFRP jacket repair. Those specimens represent severely corroded piles since the corroded regions in those 

piles reached their yield strains and displayed significant buckling. At first, the steel H-piles were 

straightened as much as possible to restore their original alignments. Then, concrete filled CFRP jackets 

was installed encasing the corroded and severely damaged region, and the specimens were tested under 

concentric axial loads. The CFRP fabrics and Tyfo S epoxy were used for applying the CFRP repair jacket; 

their properties are presented in Chapter Eight of this report. One-inch diameter all threaded rods with an 

ultimate strength of 60 ksi were cut to the required lengths and used as headed studs (HSs). Heavy-duty 

nuts were added to each stud’s ends to act as stud heads (Fig. 9.1). 

 The reinforcing bars were designed to withstand a bending moment corresponding to 5% 

eccentricity at the uncorroded steel H-pile’s yield strength. However, due to the rebar's availability and 

even distributions, the rebar’s bending moment capacity corresponded to the eccentricity of 6.22% at the 

yield strength of the uncorroded pile. Eight #4 two-leg closed bars having 180 hooks were used (Fig. 9.2). 

The bars’ shape was selected to ensure there is an adequate development length for #4 bars per ACI 318 

(ACI318 2014). 
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Figure 9.1 Distributions of the HSs in the Three H-piles: (a) R1, (b) R2, and (3) R3 

(a) (b) 

(c) 

Figure 9.2 Longitudinal Reinforcement in the Repair Region: (a) Distributions of Rebars, and (b and c) 
Reinforcement Cage 

HS-on 
flanges 

HS-on 
web and 
flanges 

Rebars 
cage 

#4-hoop 
rebar 

CFRP 
jacket 
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A self-consolidated concrete (SCC) mix (Table 9.1) was used, as it is highly flowable and non-

segregating and can be spread in place, which filled the CFRP jackets without any mechanical 

consolidation. Three replicate concrete cylinders were tested in compression on the day of testing the piles 

per ASTM C39 (Standard 2008). The average concrete compressive was 7.49 ksi, with a standard deviation 

of 0.2 ksi. 

Table 9.1 SCC Concrete Mix 

w/c Cement 
(lb/yd3) 

Fly Ash 
(lb/yd3) 

Water 
(lb/yd3) 

Fine 
aggregate 
(lb/yd3) 

Coarse 
aggregate 
(lb/yd3) 

HRWR 
(lb/yd3) 

0.5 350 101 225 848 848 1.9 

9.2 Repair System Preparations 

The repair was conducted as follows: (i) preparation of the steel H-pile, (ii) preparation of the CFRP 

jackets, (iii) preparation of the steel cage, and (iv) inserting the CFRP repair jacket and filling with SCC. 

9.2.1 Preparation of Steel H-pile 

After straightening the tested steel H-piles, the required number of holes for the HSs were drilled, 

using a magnetic drill, in the webs and/or flanges (Figure 9.1 and Table 9.2). 

Table 9.2 Arrangement of HSs in Different Test Specimens 

Specimen 
designation 

HSs 
CFRP 

Layers no. 
Flange Web 

No. Lf 
(in.) 

W1 
(in.) 

e1 
(in.) No. Lw 

(in.) 
W2 
(in.) 

e2 
(in.) 

R1 2 16 5.0 2.5 2 10 3.5 2.5 2 
R2 2 11 5.0 2.5 N/A -- -- -- 4 
R3 4 5.5 5.0 2.5 N/A -- -- -- 4 

9.2.2 Preparation of CFRP Jackets 

The CFRP fabric was cut to the desired length, and then a 2 mm (0.08 in.) thick Tyfo S epoxy layer, 

per the manufacturer’s requirements, was applied on its surface. Then, the CFRP fabrics were 

carefully wrapped around a Sonotube of 508 mm (20 in.) diameter with an overlap length in the 

circumferential 
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direction of 203.4 mm (8 in.), forming a CFRP jacket. The tube diameter was selected to ensure a minimum 

concrete thickness of 508 mm (2 in.) between the CFRP jacket and the steel H-pile flanges' edges. After a 

day, the Sonotube was removed from the CFRP jacket. In field applications, a vertical cut can be formed 

in a Sonotube which can be then open and installed around the required H-pile. The FRP will be then 

wrapped around the tube as explained earlier. Once the FRP cured, the Sonotube can be slide out of the 

FRP and removed from the steel H-pile. 

9.2.3 Preparation of Steel Cage 

Nine gauge steel wire, 6 x 6 3.75mm (0.148 in.) mesh, was wrapped with a 19 in. diameter. The 

eight #4 closed reinforcement was uniformly distributed at 88.9 mm (3.5 in.) spacing and secured in place 

by attaching them to the wire mesh using steel wires (Fig. 9.2). 

9.2.4 Preparation of SCC Filling 

A 610 x 610 mm (24 x 24 in.) plywood end cap was placed on top of the formwork. The end cap 

had an H-shaped cut at its center where the prepared steel pile was inserted and aligned in the formwork 

center. The steel and end cap were firmly fixed in their locations using C-clamps that attached the pile to 

the formwork. The CFRP jacket was inserted from the top of the corresponding pile and placed at the end 

cap. The interface joint between the jacket and end cap was sealed with a fast dry caulk. A steel cage was 

inserted inside the CFRP jacket. Then, SCC was placed to fill the CFRP jackets. They were left to cure at 

an ambient temperature of 23 ± 2o C (73 ± 3o F) inside the laboratory (Fig. 9.3). The formwork was removed 

from the steel H-pile after three days. 
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Figure 9.3 Specimens after CFRP Installation 

9.3 Instrumentation 

 In total, one hundred and sixteen strain gauges were used for each axial compression test of the steel 

H-pile repaired with a CFRP jacket. Among them, ninety-two strain gauges were attached to each steel H-

pile web and flanges (Fig. 9.4) before casting the concrete to measure the axial strains. An additional twelve 

strain gauges were mounted on each CFRP jacket to measure the hoop strains during testing (Fig. 9.5). 

Twelve strain gauges were attached to the longitudinal rebars to monitor the axial strains of the rebars. 

Eight string pots, three to measure each steel H-pile's displacement in vertical directions and five to measure 

horizontal displacement, were installed (Fig. 9.6). 

 

 

Figure 9.4 Strain Gauge Distribution on the Flanges and Web of H-pile 

Repair 
jacket 

Corroded Steel H-pile 
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Figure 9.5 Strain Gauge Distribution on the CFRP Cross-section Longitudinal Direction 
 

 

 
 

Figure 9.6 String Potentiometer Vertical and Horizontal Measurements 
 

9.4 Piles Testing 

The steel H-pile with CFRP jacket was installed in the self-sustained large-scale test setup, which 

was used to test the bare piles and subjected to concentric axial compression, as described in Chapter Three 

of this report. 

9.5 Results and Discussion 

Fig. 9.7 illustrates the axial force versus the axial shortening of the steel H-piles repaired with the 

CFRP jacket. As shown in Fig. 9.7 (a), the peak load of specimen R1 was 2,228 kN (490.3 kips), with a 
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272% increase in the original pile W70V-F50C’s capacity. The peak load was accompanied by yielding 

stress at the steel pile section just outside the concrete jacket. 

For specimen R2, the peak load was 2,466 kN (542.5 kips), where the pile section locally failed 

then followed with global buckling afterward. For specimen R3 the peak load was 2,318 kN (510 kips), and 

it failed due to local buckling accompanied by global buckling in the pile. 

  

 
Figure 9.7 Experimental Axial Load vs. Displacement Curves (a) R1, (b) R2, and (c) R3 

 
9.6 FE Modeling 

The material properties were determined from tensile coupon tests, and the initial local and overall 

imperfections were measured from the test specimens before loading. The geometric imperfections were 

included by using a linear perturbation analysis to establish the probable buckling modes of the column for 

nonlinear analysis. Residual stresses were not considered since the measurements obtained from Young 

and Rasmussen (1995, 1998) indicated they were negligible. 

W70V-F50C 

W70V-F50C-10% 

W70V-F50C-30% 

Corroded pile capacity Corroded pile capacity 

Corroded pile capacity 

Non-corroded pile capacity Non-corroded pile capacity 

Non-corroded pile capacity 



 

136 
 

9.6.1 Model Geometry 

The geometric properties and material properties of the repaired steel pile are illustrated in section 

9.2. Fig. 9.8 shows the general 3D view of the FE model of the retrofitted piles. A sensitivity analysis was 

conducted to determine the different element sizes and types to provide the best predictions for strength 

and deformation. Each FE model had approximately 41,862 elements and 35,857 nodes. Fig. 9.9 shows the 

final finite element model of the different parts of the simulated retrofit steel H-pile. 

9.6.2 Material Models 

9.6.2.1 Concrete 

The concrete encasement was modeled using constant-stress solid elements, which uses single-

point integration and reduces the computational time over the full integration element with reasonable 

accuracy. 

 Release III of Karagozian and Case (K&C) was used to model the concrete material. The model 

was developed based on the theory of plasticity and had three shear failure surfaces (1) yield, (2) maximum, 

and (3) residual shear (Malvar et al. 1997). Several investigators used this material model to predict concrete 

structures’ performance under lateral cyclic loads (Abdulazeez et al. 2019; Abdelkarim and ElGawady 

2014; Ryu et al. 2013; Youssf et al. 2014). An automatic option was used during this research to generate 

all the model parameters, i.e., given the uniaxial unconfined compressive strength 𝑓𝑓𝑐𝑐  
′ , the model can create 

all the constants required for the finite element analysis. 

 

9.6.2.2 CFRP Tube 

While different types of CFRP were used during this experimental work, only one type was used 

in this chapter for the repair of the large-scale piles. Therefore, the finite element model considers only one 

type of CFRP. The CFRP jacket was modeled using an orthotropic elastic material denoted as 002-

orthotropic_elastic material, which is defined by the elastic modulus, shear modulus, and Poisson’s ratio in 

the three principal axes. This type of material uses Belytsehko-Tsay four-node shell elements with six 
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degrees of freedom per node. The elastic moduli of the CFRP tube was 16,200 ksi. The ultimate axial stress 

of the CFRP jacket was 140 ksi, and the rupture strain is 0.85%. The major Poisson’s ratio was 0.4. The 

*MAT_ADD_EROSION keyword was used to define the failure criterion for the GFRP elements in LS-

DYNA by defining the ultimate strain. 

 

9.6.2.3 Headed Stud Connectors 

Material model 003-plastic_kinematic was used to model the headed studs in LS-DYNA. This 

material model considers the steel as elastoplastic material, which can be defined using: (1) the elastic 

modulus, E; (2) the yield stress; and (3) Poisson’s ratio. It has the option of including strain-hardening 

effects using a linear relationship for plastic behavior. The effective diameter was calculated by considering 

the effect of threads in reducing the cross-sectional area. Table 9.3 summarizes the properties of the 

simulated headed studs. 

Table 9.3 Mechanical Properties of the Headed Stud Elements 

Effective 
Diameter (in) 

Tensile modulus 
(ksi) 

Yield strength 
(ksi) Poisson’s ratio 

0.9 29,000 75 0.3 
 

9.6.2.4 Steel Rebars 

The steel rebars are modeled using truss-rebar elements. The rebars are embedded into the concrete 

encasement using constrained-Lagrange-in-solids (CLIS) input by assuming full bond. The required inputs 

are the part IDs of the rebars (as the slave) coupled to the concrete (as the master). Tables 9.4 summarize 

the properties of the simulated headed studs. 

Table 9.4 Mechanical Properties of the Steel Rebar Elements 

Diameter (in) Tensile Modulus 
(ksi) 

Yield Strength 
(ksi) Poisson’s Ratio 

0.25 29,000 60 0.3 
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9.6.3 Boundary Conditions and Loading 

Boundary conditions were modeled to represent the test set-up at the supports. 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 the axial, global Z direction.  

 

   
(a) (b) (c) 

 
Figure 9.8 FE of the Repaired Piles and HSs Layout of (a) R1, (b) R2, and (c) R3 

 

 

 

 

 

 

(a) (b) 

   
(c) (d) (e) 

 

 

Axial force 

Composite 
repair jacket 
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Figure 9.9 FE Modeling: (a) 3D View of the Repaired Steel Pile, (b) Steel H-pile, (c) CFRP Tube, (d) 
Concrete Filling, and (e) Steel Rebar 

 

The piles were loaded by imposing an axial displacement at one end to simulate the action of the 

hydraulic jack in the experimental program. Surface-to-surface contact elements were used to simulate the 

interface between the CFRP jacket and the concrete encasement. Surface-to-surface contact elements were 

also used between the concrete encasement and the steel pile. Node-to-surface contact elements were used 

between the loading plates, and the steel pile ends. The coefficient of friction for all of the contact elements 

was taken as 0.6. The hourglass stiffness-based control type and coefficient used during this study were 5 

and 0.03, respectively. Initial perturbations were produced using the “perturbation” with the “shell-

thickness” keyword option in LS-DYNA software, where the shell thickness was perturbed for the specific 

shell set on the simulated steel pile shell surface. 

 

9.6.4 Model Results 

9.6.4.1 Axial Load-Displacement 

Fig. 9.10 shows the axial load vs. displacement curves of the FE results compared to the obtained 

experimental results. In general, the FE model shows a good correlation with the test results for ultimate 

loads, stiffness, and onset of non-linearity. 



 

140 
 

 

Figure 9.10 Axial Load vs. Displacement Curves (a) R1, (b) R2, and (c) R3 

 

The repaired piles with a 70% void in the web and 50% cut in the flange thickness, as described 

previously, demonstrated a localized failure mode in the experimental test. The FE model was able to 

predict the axial-load displacement response and pre-peak behavior for the piles accurately. Comparing 

the measured and predicted responses and peak loads for these piles suggests that failure was imminent. 

For the piles with a 70% reduction in the flanges' thickness, the onset of non-linearity of the repaired 

piles was predicted accurately. Furthermore, the initial stiffness was accurately predicted for the retrofitted 

steel pile R1. At the same time, it was 10% and 6% higher than the measured values for piles R2 and R3, 

respectively. This occurred as the steel piles underwent large plastic deformation while straightening the 

piles before the repair. Hence, large residual stresses were generated, and it wasn't easy to simulate them 

accurately in the FE. 

9.6.4.2 Failure Modes 

The predicted failure modes of the simulated piles R1 and R3 were local buckling in the flanges 

outside of the repaired region, followed by global lateral deformation (Figs. 9.11-9.13). As shown in the 

figure, by comparing the tested piles' deformed shape and the corresponding deformed shape obtained 
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from the FE models, the model accurately predicted the failure mode and deformation pattern of these 

two tested piles. Fig. 9.11 (a and b) shows the repaired pile's global deformation after 12.7 mm (0.5 in.) 

axial displacement. Fig. 9.11 (c and d) shows a closer view on the steel pile damaged region, where the 

steel pile section yielded and then buckled at a distance of 940 mm (37 in.) from the loading plate. Fig. 

9.11 (e) reveals some stress concentration in the simulated concrete encasement, observed as minor cracks 

in the experimental test. The FE model showed a stress concentration in the CFRP jacket's middle at the 

ultimate loading stage. This is due to the thinnest CFRP jacket used in the R1 (2-plies) method compared 

to the other methods (with 4-plies) which are less stiff in the hoop direction. Moreover, large concrete 

encasement expansion occurred in that region. No rupture was found in the simulated CFRP jacket, 

matching the experimental test observations. 

Fig. 9.11 (f) indicates stress concentrations at the flanges' tips in the CFRP jacket at the ultimate 

loading stage for the pile R2. This pile demonstrated the CFRP jacket's rupture, which occurred along 

with the tips of the bottom flange of the simulated pile. The FE model shows a sizeable concrete 

encasement expansion at the flange sides towards the CFRP jackets which leads to high hoop stress on 

the latter, followed by rupture. However, this was not observed with the tested pile using R2, where no 

CFRP rupture was noticed (Figs. 9.12 and 9.13). 

 

 
 

(a) (b) 
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(c) (d) 

 
  

(e) (f) 
 

Figure 9.11 Failure Modes of the Simulated Repaired Pile R1 (a) Exp., (b) FE Whole System, (c) Exp. 
Steel Pile Localized Buckling, (d) FE Steel Pile Localized Buckling, (e) Concrete Encasement Stress 

Concentration, and (f) Stress Concentration at the Tips of Flanges on the Concrete Encasement 
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Figure 9.12 Failure Modes of the Simulated Repaired Pile R3 (a and c) Exp., (b and d) FE 

 
 

(a) (b) 

 
(c) 

 
Figure 9.13 Failure Modes of the Simulated Repaired Pile R2 (a) Exp., (b and c) FE 
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10 Chapter 10. Effect of Dry/Wet Cycles and Temperature on Durability of Concrete and CFFT 

 

 

 

 

In this chapter, the durability of concrete and concrete-filled carbon fiber reinforced polymer pultruded 

tubes were investigated. The specimens were subjected to a combination of dry/wet cycles and temperatures 

ranging from 73 to 140oF. 

10.1 Experimental Program 

10.1.1 Materials 

Dolomite and Missouri river sand with a specific gravity of 2.55 per the ASTM C127-15 (ASTM-

C127 2015) and 2.60 per the ASTM C128-15 (ASTM-C128 2015) were used as the coarse and fine 

aggregates in this study. Ordinary Portland cement (OPC) type I was used as the precursor. Pultruded carbon 

fiber-reinforced polymer tubes (CFPT) were used to encase the concrete and examine its effect on 

protecting it under durability testing. 

10.1.2 Mix Design 

The mix design of the concrete mixture is shown in Table 10.1. The mix design was selected to 

achieve the target slump and compressive strength of the concrete mixture of 140 mm (5.5 in.) and 35 MPa 

(4500-5000 psi). 

 
Table 10.1 Mix Design of the Used Mixture kg/m3 (Ib/yd3) 

 
CAa Sand OPC W W/OPC 

1033 (1742) 701 (1182) 356 (600) 171 (288) 0.48 
aCA: Coarse aggregate 

bOPC: Ordinary Portland cement 
 

10.1.3 Specimens Preparation 

Sixty specimens were fabricated and divided into five groups (Table 10.2). Each group consisted 

of twelve specimens. The twelve specimens included six 100 x 200 mm (4 x 8 in.) cylindrical concrete 
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specimens that were used for compression testing per ASTM C39-17 (ASTM-C39 2017) and splitting 

tensile testing per ASTM C496-11 (ASTM-C496 2011). Another three 100 x 200 mm (4 x 8 in.) concrete 

cylinder specimens, including 150 mm (6 in.) long No. 4 rebar embedded in the middle of each specimen 

that was used for splitting tensile testing per ASTM C496-11 (ASTM-C496 2011). The remaining three 

specimens in each group included 100 x 100 x 250 mm (4 x 4 x 10 in.) concrete-filled pultruded CFRP 

tubes and were tested under compression per ASTM C39-17 (ASTM-C39 2017). The pultruded tubes had 

a wall thickness of 12.5 mm (0.5 in.) (Fig. 10.1). 

For specimens having rebar, before placing the concrete in the plastic molds, the rebar was hung 

from the mold's top and centered in the middle of the mold; then, the fresh concrete was placed (Fig. 10.2). 

After that, the rebar's extended part outside of a specimen was cut and leveled with the concrete surface 

(Fig. 10.2). It is worth noting that the preexisting protecting coating layer of the rebar was removed before 

embedding them in the concrete for a clearer vision of the salted water's effect on the rebar's corrosion. It 

is worth noting that all specimens' top and bottom surfaces were coated with a thin layer of epoxy (Fig. 

10.3) to ensure that moisture was diffused only through the sides of the specimens, which was important 

for concrete encased in the FRP tubes. 

 

 
(a) 

 
(b) 

Figure 10.1 (a) Hollow, and (b) Concrete-filled Pultruded FRP Tube Specimens 
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Table 10.2 Test Matrix of All Specimens 

Group Specimen Material Quantity Dimensions 
mm. (in.) Conditioning Temperature 

(oF) 
G1 G1Ca Concrete 6 100 x 200 (4 x 8) Laboratory 73 ± 3 

G1 G1Rb Concrete/rebar 3 100 x 200 (4 x 8) Laboratory 73 ± 3 

G1 G1Fc CFPTs 3 100 x 100 x 250 
(4 x 4 x 10) Laboratory 73 ± 3 

G2 G2C Concrete 6 100 x 200 (4 x 8) Dry/wet 
cycles 73 

G2 G2R Concrete/rebar 3 100 x 200 (4 x 8) Dry/wet 
cycles 73 

G2 G2F CFPTs 3 100 x 100 x 250 
(4 x 4 x 10) 

Dry/wet 
cycles 73 

G3 G3C Concrete 6 100 x 200 (4 x 8) Dry/wet 
cycles 95 

G3 G3R Concrete/rebar 3 100 x 200 (4 x 8) Dry/wet 
cycles 95 

G3 G3F CFPTs 3 4 x 4 x 10 Dry/wet 
cycles 95 

G4 G4C Concrete 6 100 x 200 (4 x 8) Dry/wet 
cycles 113 

G4 G4R Concrete/rebar 3 100 x 200 (4 x 8) Dry/wet 
cycles 113 

G4 G4F CFPTs 3 100 x 100 x 250 
(4 x 4 x 10) 

Dry/wet 
cycles 113 

G5 G5C Concrete 6 100 x 200 (4 x 8) Dry/wet 
cycles 140 

G5 G5R Concrete/rebar 3 100 x 200 (4 x 8) Dry/wet 
cycles 140 

G5 G5F CFPTs 3 100 x 100 x 250 
(4 x 4 x 10) 

Dry/wet 
cycles 140 

aC-series: unreinforced concrete specimens 
bR-series: reinforced concrete specimens 
cF-series: concrete-filled CFRP tubes specimens 
 
10.2 Specimens Curing 

After placing the fresh concrete in the molds, the specimens were covered with a plastic sheet and 

left undisturbed in the laboratory at the ambient temperature of 73 ± 3o F for 24 hours. After that, the 

specimens were covered with a moistened burlap sheet at the ambient temperature for 28 days. 
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(a) 

 
(b) 

 
(c) 

 
(b) 

Figure 10.2 Steps of Fabricating the Concrete Cylinders with Embedded Rebar: (a) Rebar after Removing 
the Protecting Coating Layer, (b) Hanging the Rebar Before Placing the Concrete, (c) before, and (d) after 

Cutting the Extended Rebar from the Specimen 
 

 
(a) 

 
(b) 

Figure 10.3 (a) Concrete and (b) Concrete-filled Pultruded CFRP Specimens after Epoxy Coating on the 
Top and Bottom Surfaces 
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10.3 Environmental Exposure Regime 

After specimens curing, the specimens were divided into five groups: G1 through G5. The first group, 

G1, was kept in the laboratory at the ambient temperature until the testing age as reference specimens (Fig. 

10.4). The other four groups were exposed to dry/wet cycles every week at different temperatures for three 

months. Each group was placed in a saltwater tank at temperatures of 73, 95, 113, and 140o F to simulate 

the harsh environment on H-piles during different seasons (Fig. 10.4). Each tank was filled with saltwater 

and left for a week and then was drained and left without water for another week. The water in each tank 

was heated using a submerged heating thermal coil. A water pump was submerged in each tank to circulate 

the water and provide a consistent temperature in each tank. The salted water was prepared by mixing 3% 

sodium chloride (salt) solid pellets with 97% of water by volume. 

 

 
Figure 10.4 Four Tanks for Four Temperatures and the Reference Specimens 

 
10.3.1 Specimen Testing 

After three months of dry/wet cycles, the specimens were removed from the tanks and tested under 

compression (Fig. 10.5a) or splitting tensile (Fig. 10.5b) testing. Before the concrete specimens were tested 

under compression, they were capped with sulfur to level the specimens' top and bottom surfaces. For the 
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concrete-filled CFRP specimens, since the sulfur could melt the CFRP, neoprene rubber capping was placed 

on the specimens' top and bottom during testing per ASTM C39-17 (ASTM-C39 2017) (Fig. 10.5c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 10.5 Testing of Different Specimens: (a) Compression, (b) Splitting Tensile, and (c) Concrete-
filled CFRP Specimens with Neoprene Rubber Pieces under Compression 

 
 

10.4 Results and Discussion 

10.4.1 Compressive Strength 

The compressive strength results of the different specimens exposed to different temperatures 

during the dry/wet cycles are shown in Figs. 10.6, and 10.7. The compressive strengths of G1C, G2C, G3C, 

G4C, and G5C were 4375, 4870, 5140, 4670, and 4425 psi, respectively. The compressive strengths of the 

concrete-filled CFRP tubes, i.e., G1F, G2F, G3F, G4F, and G5F, were 5120, 4735, 4385, 4395, and 4465 

psi, respectively. 



 

150 
 

 
Figure 10.6 Compressive Strength of Different Specimens (Note: C Series is Unreinforced Concrete 

Specimens and F Series is Concrete-filled CFRP Tubes Specimens) 
 

 
Figure 10.7 Compressive Strength of Different Specimens as a Function in Exposure Temperature (Note: 

C Series is Unreinforced Concrete Specimens and F Series is Concrete-filled CFRP Tubes Specimens) 
 

The C-series results showed that by comparing the reference specimens (G1C) with the other 

specimens, the compressive strength increased by 11.4%, 17.5%, 6.7%, and 1.2%. Therefore, the negative 

effect of the salted water on the concrete was eliminated by the positive effect of storing the specimens at 

a saturated moisture environment, and the compressive strength either increased or remained constant. It 
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should be noted that Wang and ElGawady observed similar phenomena (Wang and ElGawady 2020) for 

short-period exposure. However, for long term exposure, the saltwater significantly deteriorated the 

concrete response. 

As shown in Fig. 10.7, the compressive strengths of the G1C were lower than that of G2C by 

approximately 11.4%. Therefore, although the salted water is harmful to the concrete, storing the specimens 

in a saturated moisture environment provided a continuation in the hydration reaction and resulted in a 

higher compressive strength than the other specimens stored at the dry environment laboratory at a 

temperature of 73 ± 3o F. Moreover, increasing the temperature from 73 to 95o F resulted in a higher 

compressive strength by approximately 5.5%, where higher storing temperature enhances the rate of 

hydration reaction. However, increasing the temperature from 95 to 113 and 140o F resulted in a gradual 

reduction in the compressive strength by approximately 9.1% and 13.9%, respectively. The negative effect 

of the salt on the concrete became more dominant at higher temperatures. 

The F-series results (Figs. 10.6 – 10.8) showed a 17.1% improvement in the compressive strength 

of G1F compared with that of G1C due to the CFRP's contribution tube and shape factor between the two 

different types of specimens. However, for the rest of the specimens, the strength remained constant or 

slightly decreased due to environmental exposure. 

 
(a) 

 
(b) 

Figure 10.8 Failure of the Concrete-filled CFRP Specimens: (a) before and (b) after Removing the CFRP 
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10.4.2 Splitting Tensile Strength 

The splitting tensile strengths of both the unreinforced (C-series) and reinforced (R-series) are 

shown in Figs. 10.9, and 10.10. The splitting tensile strengths of unreinforced specimens, i.e., G1C, G2C, 

G3C, G4C, and G5C, were 385, 390, 440, 430, and 430 psi, respectively. The splitting tensile strengths 

reinforced specimens, i.e., G1R, G2R, G3R, G4R, and G5R, were 330, 345, 365, 375, 315 psi, respectively. 

The splitting tensile strengths of both the unreinforced and reinforced specimens followed the same trend 

as the unreinforced specimens' compressive strengths. The splitting tensile strength of the specimens 

subjected to the wet/cycles was higher than that of the reference specimens, i.e., G1C and G1R, except for 

G5R (Fig. 10.10). The increase in the splitting tensile strength of the unreinforced specimens for G2C, G3C, 

G4C, and G5C compared with G1C was 1.6%, 14.8%, 12.0%, and 12.0%, respectively. The increase in the 

splitting tensile strength of the reinforced specimens for G2R, G3R, G4R, and G5R compared with G1R 

was 5.2%, 11.6%, 14.6%, and -4.6%, respectively. As explained before, the saturated moisture environment 

enhanced the hydration reaction and resulted in higher compressive and tensile strengths. 

 
Figure 10.9 Splitting Tensile Strength of the Different Specimens (Note: C-series is Unreinforced 

Concrete Specimens and R-series is Reinforced Concrete Specimens) 
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Figure 10.10 Splitting Tensile Strength of the Different Specimens as a Function in Exposure 

Temperature (Note: C-series is Unreinforced Concrete Specimens, and R-series is Reinforced Concrete 
Specimens) 

 
 

The splitting tensile strengths of the reinforced specimens were lower than those of the unreinforced 

specimens (Fig. 10.10). The splitting tensile strengths of G1R, G2R, G3R, G4R, and G5R were lower than 

those of G1C, G2C, G3C, G4C, and G5C by 14.3%, 11.3%, 16.8%, 12.3%, and 27.0%. The reduction in 

the splitting tensile strength of reinforced specimens compared with unreinforced specimens is attributed 

to the rebars' existence in the specimens. Moreover, the reduction in the splitting tensile strengths of 

specimens G2R, G3R, and G4R was in the same range as the reference specimen (G1R), indicating that the 

concrete protected the rebar from corrosion due to the dry/wet cycles (Fig. 10.11a). However, the reduction 

in the splitting tensile strength of specimen G5R was higher than those of G1R, G2R, G3R, and G4R. That 

is attributed to the relatively high temperature of 140o F combined with the saltwater effect, which initiated 

corrosion in the rebar (Fig. 10.11b) and resulted in a higher reduction in the splitting tensile strength. 
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(a) 

   
(b) 

Figure 10.11 Rebar after Subjecting the Specimens to Dry/Wet Cycles for (a) G2R and (b) G5R

Signs of 
Corrosion 

Minor Signs 
of Corrosion 
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11 Chapter 11. Summary and Conclusions 

 

 

 

 

This comprehensive report includes eleven chapters addressing the issue of assessment and repair of 

corroded steel H-piles. After a brief introduction, the performance of nine full-scale H-piles subjected to 

concentric and eccentric monotonic axial loads are discussed. The piles included a reference pile and eight 

piles having corroded sections. The piles' corrosion was simulated using a mechanical thickness reduction 

and or cuts in the flanges and/or webs. The piles' axial strengths were calculated using design procedures, 

including the AISC, AISI-Equivalent Width Method (AISI-EWM), and AISI-Direct Strength Method 

(AISI-DSM). Furthermore, finite element models were developed and used to carry out parametric studies.  

In the second part of this report, three different repair options were investigated. This included using 

concrete filled pultruded carbon fiber reinforced polymer tubes (CFPTs), ultra-high-performance concrete 

(UHPC) plates, and concrete-encased in fiber reinforced concrete jackets. For each method, the repair 

procedure and design were optimized through experimental testing. Once the repair options were optimized, 

nine piles were repaired using different options. Furthermore, the durability of concrete encased in fiber-

reinforced polymer tubes was determined. The experimental and analytical work presented in this report 

led to the following conclusions: 

1. Corrosion changed the mode of failure of the experimentally investigated piles from global buckling to 

local buckling or local buckling in combination with global buckling. Since buckling was the 

predominant mode of failure, the piles' ultimate strengths were strongly linearly correlated to the piles' 

minimum moment of inertia calculated at the corroded section. 

2. The axial capacities of symmetrical and asymmetrical corroded piles were the same. This occurred 

since the performance of both piles was controlled by local buckling in the flanges. Therefore, 
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introducing the asymmetrical corrosion did not affect that mode of buckling and hence did not affect 

the ultimate pile strength. 

3. Decreasing the corroded length from 304.8 mm (12in) to 152.4 mm (6in) increased the experimentally 

investigated piles' axial capacity by 7%. Furthermore, analytical models indicated that increasing the 

corroded length beyond 203 mm (8 in) did not change the piles' ultimate strength since beyond this 

corroded length, the pile mode of failure was controlled by local buckling. 

4. The parametric analytical study revealed that introducing the void into the web significantly decreased 

the piles' strength. However, changing the void's size on the web had an insignificant effect on the piles' 

strength. In those cases, the webs were susceptible to local buckling, and therefore changing the void 

area in the web did not significantly change the effective area of the corroded sections. Introducing 101 

x 101 mm (4 x 4 in.) void in the web reduced the ultimate strength by 80% compared to the 

corresponding reference specimen. Furthermore, increasing the void size to 304.8 x 203 mm (12 x 8 

in.) decreased the strength by 21% compared to 101 x 101 mm (4 x 4 in.) void. 

5. Introducing cuts in the flanges resulted in a significant reduction in the ultimate strength. For example, 

introducing a 76.2 mm (3 in.) diameter cut in the flanges of a pile having 70% and 50% reductions in 

the thickness of flange and web, respectively, reduced the strength by 31% compared to the pile having 

a combination of 70% and 50% reduction in the thickness of the flange and webs. 

6. Eccentricity has a significant effect on the strength of corroded H-piles, especially in severe corrosion 

cases, which were idealized in this report using a reduction in the thickness of flange and web by 50% 

and 70% combined with 152 mm (6in.) diameter cuts in the flange and 101 x 101 mm (4x4 in.) void in 

the web). For example, when 10% eccentricity was introduced, the capacity dropped by 64%, while 

when the 30% eccentricity was introduced, the capacity dropped by 74% from the concentric pile's 

capacity. 

7. The AISC (P-Δ) was the best approach to predict the corroded piles' ultimate strength subjected to 

concentric and eccentric axial loads. The AISC, AISI (EWM), and AISI (DSM) model significantly 

over-predicted the strengths of severely corroded piles. The predicted concentric axial capacities 
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calculated using the AISC/AASHTO, and AISC (P-Δ) ranged from 0.76 to 4.59, and 0.77 to 1.21 of 

those measured during the experimental work. The predicted eccentric axial capacities calculated using 

the AISC/AASHTO, and AISC (P-Δ) ranged from 0.23 to 1.20, and 0.82 to 0.98 of those measured 

during the experimental work. 

8. The axial capacity of the concentrically loaded corroded H-piles decreases as the corrosion severity 

increases. The FEMs and experimental work showed that the buckling load is more susceptible to 

corrosion in the flanges. For less than a 25% reduction in the flanges' thickness and a 50% reduction in 

the web's thickness, the axial capacity remained approximately constant as the failure was due to global 

buckling. For less than a 25% reduction in the web's thickness and a 50% reduction in the flanges' 

thickness, the axial capacity decreased by up to 20% of the uncorroded pile's axial capacity as the failure 

was due to local flange buckling. Beyond that, local buckling of the flanges and webs controlled the 

behavior. The corroded piles' strength decreased by 30% compared to the uncorroded pile's capacity. 

9. The failure mode in all CFPTs was brittle due to the CFRP rupture at the corners due to stress 

concentration and concrete dilation. Changing the length of CFPTs from 254 mm (10 in.) to 760 (30 

in.) reduced the specimen capacity by 15% without changing the failure mode. 

10. The ACI 440.2R equations well predicted the strength of unreinforced CFPTs. The experimental 

strength ranged from 0.90 to 1.02 of those calculated using ACI 440.2R, while the ACI 440.2R over 

predicted the steel-reinforced CFPTs by approximately 50%. 

11. The failure modes of the CFPTs specimens under the push-out testing was mainly splitting failure going 

through the concrete and FRP tubes along with the shear connectors. 

12. Global buckling dominated the mode of failure of the CFPTs repaired full-scale corroded H-piles. 

Increasing the number of shear connectors (SCs) used to attach the FRP tubes to the repaired pile 

increased the repaired piles' strength. 

13. The UHPC plates with 25.4 mm (1in.) diameter shear connectors could transfer 96% to 98% of the H-

piles' squash load. Furthermore, the proposed system is easy and fast to install. The plates are also 

relatively lightweight compared to conventional concrete or steel plates. The UHPC mixture used in 
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this report was a nonproprietary mixture with a material cost of approximately $9000/yd3.  Therefore, 

the developed plates cost approximately 35% of those of steel plates. 

14. The load that can be transferred using UHPC plates did not depend on the number of CFRP grid layers. 

Increasing the number of CFRP grid layers from one to two layers increased the strength by 3% and 

6% for the specimens having 12.7 mm (½ in.) and 19.05 mm (¾ in.) diameter of the shear connector, 

respectively. However, the specimens with double layers of CFRP grid having 25.4 mm (1 in.) shear 

connectors displayed a 1.6% lower strength than that of specimens with a single layer of the CFRP grid. 

15. Changing the shear connector diameter used to attach the UHPC plates to the steel H-piles from 12.7 

mm (½ in.) to 25.4 mm (1 in.) changed the mode of failure from bolts shear off to UHPC splitting and 

crushing. 

16. Using the ACI 318 (ACI Committee 318, 2014) predicted quite well the shear connectors' shearing off 

strengths with the predicted strengths ranged from 98% to 96% of the measured strengths. 

17. The interfacial shear stresses that can be transferred between a conventional concrete jacket and a steel 

H-pile significantly improved when a combination of HS and CFRP was used. The interface shear stress 

between the concrete jacket and steel H-pile without using CFRP was 0.83 MPa (120 psi), which 

matched the value recommended by the AISC-10 of 0.7 MPa (0.1 ksi) for HSS having rectangular 

sections. Furthermore, the ultimate bond stresses increased by using a CFRP jacket, shear connector, 

and a combination of CFRP and shear connectors by 57%, 583%, and 1033%, respectively. 

18. The Eurocode-4 under-predicted the shear strength of specimens having shear connectors without any 

confinement by an average value of 0.84%. However, the AASHTO-LRFD-16 and GB50917-2013 

over-predicted those specimens' strengths by an average of 1.23 and 1.06, respectively. Furthermore, 

those codes were significantly under predicting the capacities of specimens confined by CFRP jackets 

and having shear connectors as those codes and standards have not been developed for confined jackets. 

Therefore, a new formula that considers the confinement effects, area of shear studs, yield strength of 

the studs, and concrete compressive strength was developed. 
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19. The hoop strain values ranged from 2,653μ to 10,382μ at the specimens' peak strengths with a CFRP 

jacket and HS. Moreover, those strains remained zero until an axial force of approximately 266-333 kN 

(60-75 kips) and an axial displacement demand of approximately 0.050 -0.076 mm (0.002-0.003 in.). 

20. The finite element models (FEMs) of the piles repaired using a concrete jacket encased in CFRP 

predicted the axial load vs. displacement curves. The difference between the ultimate capacity obtained 

using the FEMs and those obtained during the experimental work was less than 10%. Moreover, the 

FEMs generally predicted the failure modes and deformation patterns of the experimentally tested piles, 

which failed due to localized buckling that occurred outside of the repair region with no CFRP rupture. 

21. The compressive strengths of the specimens subjected to the dry/wet cycles and relatively low 

temperatures were higher than that of the reference specimen due to the hydration's continuation at a 

saturated moisture environment compared with a dry environment. However, a strength reduction was 

observed at the relatively high temperature of 140o F. Furthermore; specimens included reinforcement 

bars displayed higher losses in the compressive strength. 

11.1 Specific Recommendations for Implementation 

1. The axial capacity of corroded piles can be calculated using the AISC (P-∆) approach. For all 

corrosion scenarios, the axial capacity was found to be linearly correlated to the moment of inertia of 

the corroded section calculated around the weak axis. 

2. Out of the investigated repair techniques, repair using UHPC plates and concrete filled CFRP jackets 

are the most effective techniques. Both were able to recover the full strength of the piles. Using 

concrete jackets alone, i.e., without CFRP confinement or shear studs was not that effective. The 

developed nonproprietary UHPC mixture cost approximately $900/yd3. Therefore, it is more cost 

effective compared to using steel plates. 

11.2 Recommendations for Future Work 

1. The work presented in this report focused on repair of H-piles subjected to axial loads. Many in-

service H-piles are subjected to lateral loads. Using some of the proposed techniques may affect the 
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location of the plastic hinges. Therefore, more research is required to quantify the response of the 

repaired piles under seismic loads. 
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A. Appendix A 

 

 

 

 

A-1 Design Considerations 

One of the main challenges for maintenance engineers, is determining the residual axial capacity 

of corroded piles using simple analytical tools. This section investigates the use of four different design 

approaches to predict the strength of corroded piles. It should be noted that those analytical models were 

developed and recommended for un-corroded steel sections having uniform cross-sections. Therefore, one 

of the challenges in adopting those approaches is to address the issue of having a corroded section with 

reduced cross-section and/or cuts in a member. 

 

A-1-1 AISI Effective Width Method (AISI-EWM) 

The AISI-EWM calculates the axial capacity of an H-pile. The sufficient width, be, for each plate 

in a member can be calculated using Eqns. A-1. 

𝑏𝑏𝑒𝑒 = 𝑏𝑏   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆 ≤ 0.673, (A-1a) 

𝑏𝑏𝑒𝑒 = �1 − 0.22
𝜆𝜆
� 𝜆𝜆⁄ 𝑏𝑏     𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆 > 0.673, (A-1b) 

𝜆𝜆 = �𝐹𝐹𝑐𝑐𝑐𝑐
𝐹𝐹𝑐𝑐𝑐𝑐

, (A-2) 

𝐹𝐹𝑐𝑐𝑟𝑟 = (0.658)𝜆𝜆𝑐𝑐
2
𝐹𝐹𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 ≤ 1.5, (A-3) 

𝐹𝐹𝑐𝑐𝑟𝑟 = 0.877
𝜆𝜆𝑐𝑐

2 𝐹𝐹𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 > 1.5,  (A-4) 

𝜆𝜆𝑐𝑐 = �
𝐹𝐹𝑦𝑦
𝐹𝐹𝑒𝑒

, (A-5) 
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A-1-2 AISC and AASHTO 

According to the AISC (2017) and AASHTO (2014), be, is calculated using Eqn. 6. 

𝑏𝑏𝑒𝑒 = 𝑏𝑏  𝑓𝑓𝐶𝐶𝑟𝑟  𝜆𝜆 ≤ 𝜆𝜆𝑟𝑟�
𝐹𝐹𝑦𝑦
𝐹𝐹𝑐𝑐𝑟𝑟

 (A-6a) 

𝑏𝑏𝑒𝑒 = 𝑏𝑏 �1− 𝐶𝐶1�
𝐹𝐹𝑒𝑒𝑙𝑙
𝐹𝐹𝑐𝑐𝑟𝑟
��

𝐹𝐹𝑒𝑒𝑙𝑙
𝐹𝐹𝑐𝑐𝑟𝑟

  𝑓𝑓𝐶𝐶𝑟𝑟  𝜆𝜆 > 𝜆𝜆𝑟𝑟�
𝐹𝐹𝑦𝑦
𝐹𝐹𝐶𝐶𝑟𝑟

           (A-6b) 

𝐹𝐹𝑒𝑒𝑙𝑙 = �1−�1−4𝑐𝑐1
2𝑐𝑐1

𝜆𝜆𝑐𝑐
𝜆𝜆
�
2
𝐹𝐹𝑦𝑦, 

(A-7) 

A-1-3 AISI Direct Strength Method (AISI-DSM) 

The AISI-DSM calculates  𝑃𝑃𝑚𝑚 as the minimum of (𝑃𝑃𝑚𝑚𝑒𝑒 ,𝑃𝑃𝑚𝑚𝑙𝑙 ,𝑃𝑃𝑚𝑚𝑛𝑛), where 𝑃𝑃𝑚𝑚𝑒𝑒 ,𝑃𝑃𝑚𝑚𝑙𝑙 ,𝐶𝐶𝑓𝑓𝑠𝑠 𝑃𝑃𝑚𝑚𝑛𝑛 are the 

flexural, local, and distortional buckling strength. They can be calculated using Eqs. A-8, A-12, and A-15, 

respectively.  

𝑃𝑃𝑚𝑚𝑒𝑒 = �0.658𝜆𝜆𝑐𝑐
2
�𝑃𝑃𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 ≤ 1.5      (A-8a) 

𝑃𝑃𝑚𝑚𝑒𝑒 =
0.877
𝜆𝜆𝑐𝑐

2 𝑃𝑃𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 > 1.5 (A-8b) 

𝜆𝜆𝑐𝑐 = �
𝑃𝑃𝑦𝑦
𝑃𝑃𝑐𝑐𝑟𝑟𝑒𝑒

 
(A-9) 

𝑃𝑃𝑦𝑦 = 𝐹𝐹𝑦𝑦𝐴𝐴𝑔𝑔 (A-10) 

𝑃𝑃𝑐𝑐𝑟𝑟𝑒𝑒 = 𝐹𝐹𝑒𝑒𝐴𝐴𝑔𝑔 (A-11) 

𝑃𝑃𝑚𝑚𝑙𝑙 = 𝑃𝑃𝑚𝑚𝑒𝑒   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑙𝑙 ≤ 0.776      (A-12a) 

𝑃𝑃𝑚𝑚𝑙𝑙 = �1 − 0.15 �
𝑃𝑃𝑐𝑐𝑟𝑟𝑙𝑙
𝑃𝑃𝑚𝑚𝑒𝑒

�
0.4
� �
𝑃𝑃𝑐𝑐𝑟𝑟𝑙𝑙
𝑃𝑃𝑚𝑚𝑒𝑒

�
0.4
𝑃𝑃𝑚𝑚𝑒𝑒   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 > 1.5 

(A-12b) 

𝜆𝜆𝑙𝑙 = �
𝑃𝑃𝑚𝑚𝑒𝑒
𝑃𝑃𝑐𝑐𝑟𝑟𝑙𝑙

 
(A-13) 

𝑃𝑃𝑐𝑐𝑟𝑟𝑙𝑙 = 𝐹𝐹𝑐𝑐𝑟𝑟𝑙𝑙𝐴𝐴𝑔𝑔 (A-14) 
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𝑃𝑃𝑚𝑚𝑛𝑛 = 𝑃𝑃𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑙𝑙 ≤ 0.561      (A-15a) 

𝑃𝑃𝑚𝑚𝑛𝑛 = �1 − 0.25�
𝑃𝑃𝑐𝑐𝑟𝑟𝑛𝑛
𝑃𝑃𝑦𝑦

�
0.6

� �
𝑃𝑃𝑐𝑐𝑟𝑟𝑛𝑛
𝑃𝑃𝑦𝑦

�
0.6

𝑃𝑃𝑦𝑦   𝑓𝑓𝐶𝐶𝑟𝑟 𝜆𝜆𝑐𝑐 > 0.561 
(A-15b) 

𝜆𝜆𝑛𝑛 = �
𝑃𝑃𝑦𝑦
𝑃𝑃𝑐𝑐𝑟𝑟𝑛𝑛

 
(A-16) 

A-1-4 AISC with P-Δ Effect (AISC – (P- Δ)) 

The AISC has a second approach that exclusively considers the second-order effect. It calculates 

the axial capacity of a column, 𝑃𝑃𝑚𝑚 as follows: 

𝑃𝑃𝑚𝑚 = 𝑃𝑃𝑚𝑚𝑙𝑙 + 𝐵𝐵2𝑃𝑃𝑙𝑙𝑙𝑙 (A-17) 

𝑃𝑃𝑚𝑚𝑙𝑙 = 𝐹𝐹𝑦𝑦𝐴𝐴𝑒𝑒  (A-18) 

𝐵𝐵2 =
1

1 −
𝛼𝛼𝑃𝑃𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦
𝑃𝑃𝑒𝑒 𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦

≥ 1 (A-19) 

𝑃𝑃𝑒𝑒 𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦 = 𝑅𝑅𝑚𝑚
𝐻𝐻𝐻𝐻
∆𝐻𝐻

 (A-20) 

Where Ae is calculated as explained in Chapter two, and be calculated using Eq. A-6, RM is a reduction 

factor calculated based on the presence of moment frame at the location of each story on this paper since 

there are no moment frames at the connections between different stories, Rm is assumed to be equal to 1. 

The remaining of the variables in Eqns. A-17 to 20 are defined in the notation section of this manuscript. 

 Each pile was divided into three segments having lengths and effective areas of L1 through L3 and 

Ae1 through Ae3, respectively, (Fig. A.1) where L1 and L3 were the lengths of the un-corroded segments 

while L2 was the length of the corroded section. Similarly, Ae1 and Ae3 were the effective cross-sectional 

area of the un-corroded segments, while Ae2 was the corroded section's cross-sectional area. 

The Pnt was calculated per Eq. A-18, while B2 was calculated using an iterative process per Eq. A-

19, where Pstory equal to Pnt was adopted in this manuscript. The iteration process started with assuming ∆H 

for a given Pnt and then determine the corresponding lateral force H that create a bending moment equivalent 
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to Pnt ∆H (Fig. A.1); then, determine the deflection in the middle of the column δ, due to the force H using 

simple beam deflection considering weighted average inertia of the column (to consider the effect of the 

corroded section). The process continued until ∆H became equal to δ. The value of the Plt was calculated 

as𝐻𝐻 𝑥𝑥 (𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 2� )
∆𝐻𝐻

. 

 

 
Figure A.1 P-Δ Effect on H-pile 

 

A-1-5 Comparisons of the Experimental Results and Existing Analytical Models 

The experimental load of each pile, PExp, normalized by the nominal strength, Pn, calculated using 

each of the four design methods, are presented in Tables A.1 and A.2 and Fig. A.2. The accuracy of the 

models was a function of the corrosion severity and symmetry of the corrosion. All analytical methods were 

conservative in predicting Pn of all specimens except the W70-F50/0, which had asymmetrical corrosion. 

The PExp/Pn of W70-F50/0 ranged from 0.76 to 0.99 for all methods except AISI-DSM, which predicted 

1.06. During the experimental work, having asymmetrical corrosion did not significantly reduce the pile's 
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strength since failure triggered due to local buckling, followed by global buckling. Local buckling depends 

mainly on the characteristics of the slenderest plate at a section. 

 
Table A.1 Comparison between the Axial Capacities of the Tested Specimens Using AISC/AASHTO and 

AISC with (P-Δ) Effect 

Designation 
 Exp. 

 

AISC & 
AASHTO  

AISC - (P-Δ) 

 Amin/Ag 
PEXP 

(kips) 
Pn 

(kips) PEXP/Pn 
Pn 

(kips) PEXP/Pn 

W00-F00  1.00 668.50  567.00 1.18  581.30 1.15 

W70-F00  0.80 571.00  466.05 1.22  471.07 1.21 

W00-F50  0.64 360.81  343.41 1.05  346.15 1.04 

W70-F50  0.45 279.67  254.62 1.10  258.95 1.08 

W70-F50-6  0.45 302.86  254.83 1.19  263.35 1.15 

W70-F50/0  0.64 277.70  363.18 0.76  360.65 0.77 

W70V-F50  0.39 265.30  225.70 1.18  230.69 1.15 

W70-F50C  0.24 166.04  36.19 4.59  138.37 1.20 

W70V-F50C  0.19 149.63  35.32 4.24  136.02 1.10 
*1 kips=4.45 kN, 1in. = 25.4 mm 

 

Table A.2 Comparison between the Axial Capacities of the Tested Specimens Using AISI-EWM and 
AISI-DSM 

 

Designation 
 Experimental 

 
AISI-EWM 

 
AISI-DSM 

 Amin/Ag 
PEXP 

(kips) 
Pn 

(kips) PEXP/Pn 
Pn 

(kips) PEXP/Pn 

W00-F00  1.00 668.50  567.45 1.18  425.39 1.57 

W70-F00  0.80 570.60  437.14 1.31  335.16 1.70 

W00-F50  0.64 360.81  293.18 1.23  269.4 1.37 

W70-F50  0.45 279.67  167.00 1.67  187.18 1.49 

W70-F50-6  0.45 302.86  166.98 1.81  186.95 1.62 

W70-F50/0  0.64 277.70  304.04 0.91  262.95 1.06 

W70V-F50  0.39 265.30  157.62 1.68  174.68 1.52 

W70-F50C  0.24 166.04  32.97 5.04  28.22 5.88 

W70V-F50C  0.19 149.63  34.86 4.29  32.12 4.66 
*1 kips=4.45 kN, 1in. = 25.4 mm 
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For minor and moderate corroded piles, i.e., sections without V or C cuts, the AISC/AASHTO and 

AISC-(P-∆) had very similar PExp/Pn an average of 1.09, and 1.07 as well as coefficient of variation of 0.15, 

and 0.14, respectively. Therefore, they are considered as the best predictors for strength. This was followed 

by AISI-EWM, which had an average of 1.39 and a coefficient of variation of 0.23. The AISI-DSM, 

however, was the most conservative one with an average of 1.47 and a coefficient of variation of 0.14. For 

severely corroded piles, all methods except AISC- (P-Δ) were too conservative with PExp/Pn ranging from 

4.29 to 5.88. The AISC- (P-∆) predicted PExp/Pn ranging from 1.10 to 1.20. 

 

  

(a)  (b)  

   
(c) (d) 

Figure A.2 Relation between the Normalized Axial Load, PEXP/Pn, and Normalized Cross-sectional Area, 
Amin/Ag, for (a) AISC-AASHTO, (b) AISC (P-Δ) Effect, (c) AISI-DSM, and (d) AISI-EWM 

 

A-2 Parametric Study 

A parametric study was performed, using the two methods of the AISC since they yielded results 

that matched the experimental work, to investigate analytically the effects of corroded section on the overall 
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pile strength. The study key parameters are the percentage of the reduction of the web and flanges thickness, 

corrosion extension through the length of the pile, area of the voids in the corroded web, and the cut size in 

the corroded flange on the axial capacity of H-piles. The piles and labels' characteristics were similar to 

those used in the experimental work with a corroded section extended over 308 mm (12 in.) in the middle 

of the pile (Chapter two). 

A-2-1 Web Thickness Reduction 

In this group, the flange thickness was reduced by 50%, while the thickness of the webs was 

reduced by 0% to 90% (Table A.3). The pile was quite sensitive to the reduction in the thickness of the 

flanges. Reducing the flanges' thickness by 50% reduced the axial capacity by 39% compared to the 

reference pile. Once the reduction in the web thickness was introduced, the pile strength decrease was quite 

gradual. Decreasing the web's thickness by 90% reduced the axial capacity by 61% compared to reducing 

the web thickness by 25% (Fig. A.3). 

 
Table A.3 Axial Capacities of the Piles Having Reduced Web Thicknesses 

 

Pile 
designation 

Web Corrosion 
(%) 

Flange Corrosion 
(%) 

AISC & AASHTO AISC (P-Δ) effect 
Pn  

kN (kips) 
Pn  

kN (kips) 
W00-F50 0 50 1526 (343) 1539 (346) 
W25-F50 25 50 1294 (291) 1375 (309) 
W50-F50 50 50 1063 (239) 1201 (270) 
W70-F50 70 50 921 (207) 894 (201) 
W90-F50 90 50 796 (179) 787 (177) 

 

  

Figure A.3 Axial Force vs. Web Corrosion Reduction Percentage 
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A-2-2 Flange Thickness Reduction 

In this group, the web was corroded by 50%, while the flanges were corroded by 0% to 90% (Table 

A.4). The pile was not that sensitive to the reduction in the thickness of the web alone. Introducing a 50% 

reduction in the web reduced the pile's strength by 15% compared to the reference pile. However, the pile's 

strength was more sensitive to the reduction in the thickness of the flanges. Introducing a 25% reduction in 

the flanges' thickness reduced the pile's strength by 40% compared to the reference pile (Fig. A.4). Beyond 

that, the strength reduction is quite gradual, reaching 83% when the web's thickness was reduced by 90%. 

 

Table A.4 Axial Capacities of the Piles Having Reduced Flanges Thicknesses 

Pile 
designation 

Web Corrosion 
(%) 

Flange Corrosion 
(%) 

AISC & AASHTO AISC (P-Δ) effect 
Pn  

kN (kips) 
Pn  

kN (kips) 
W50-F0 50 0 2153 (484) 2264 (509) 

W50-F25 50 25 1531 (344) 1592 (358) 
W50-F70 50 70 713 (160) 687 (154) 
W50-F90 50 90 370 (83) 503 (113) 

 

Figure A.4 Relation between Force and Flange Corrosion Reduction Percentage 

 

A-2-3 Voids Area in the Web 

In this group, the web was corroded by 70% combined with voids in the web varying from 101.6 

mm x 101.6 mm (4 in. x 4 in.) to 304.8 mm x 203.2 mm (12 in. x 8 in.) while the flanges were corroded by 

50% (Table A.5). The pile was quite sensitive to the reduction in the thickness of the flanges and the web. 
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Reducing the flanges' thickness by 50% and the web by 70% reduced the axial capacity by 58% compared 

to the reference pile (Fig. A.5 and Table A.5). Once the voids in the webs were introduced, the decrease in 

the pile strength was quite gradual. Adding 304.8 mm x 203.2 mm (12 in.x8 in.) void reduced the axial 

capacity by 21% compared to that of the specimen having 101.6 mm x101.6 mm (4 in. x 4 in.). 

Furthermore, the AISC/AASHTO method under predicted the strengths of the piles in this group. 

Changing the void size does not affect the strength obtained using the AISC/AASHTO, while the AISC (P-

∆) displayed a slight gradual reduction in the strength. This occurred as the AISC procedure adopted in this 

manuscript considers the pile cross-section at the corroded section as two inverted T-shaped sections. The 

stems of those sections are relatively slender, and their behavior is controlled by local buckling. Therefore, 

changing the void size mainly changes the stem length and does not significantly change the contribution 

of the stem to the effective cross-sectional area of the section (Fig. A.5). 

 
Table A.5 Axial Capacities of the Piles Having Voids in Web 

 

Pile designation 
Web void 

Dimensions 
(in. x in.) 

Flange Cut 
Diameter 

(in.) 

AISC / AASHTO AISC (P-Δ) effect 
Pn  

kN (kips) 
Pn  

kN (kips) 
W70-F50C 0 

6 

160 (36) 614 (138) 
W70V-F50C-4x4 4 x 4 135 (30) 511 (115) 
W70V-F50C-6x4 6 x 4 135 (30) 505 (113) 
W70V-F50C-8x6 8 x 6 135 (30) 460 (103) 

W70V-F50C-12x8 12 x 8 135 (30) 405 (91) 
*1in. = 25.4 mm  

  

Figure A.5 Relation between Force and Corrosion Void Area in the Web 
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A-2-4 Cuts in the Flanges 

In this group, the web thickness was reduced by 70% while the flanges thickness was reduced by 

50% combined with cuts in the flanges having diameters ranging from 76.2 mm (3 in.) to 203.2 mm (8 in.) 

(Table A.6). The pile was quite sensitive to the reduction in the thickness of the flanges and the web. 

Reducing the flanges' thickness by 50% and the web by 70% reduced the axial capacity by 58% compared 

to the reference pile (Table A.6 and Fig. A.6). Once cuts in the flange were introduced, a gradual decrease 

in the strengths of the piles occurred. Having a 203.2 mm (8 in.) diameter cut in the flange reduced the axial 

capacity of the pile by 53% compared to having a 76.2 mm (3 in.) diameter cut in the flange (Fig. A.7). The 

strength predicted using AISC-P-∆, however, displayed a more gradual degradation compared to that of the 

AISC/AASHTO approach as the calculations of the AISC/AASHTO was based on the weakest cross-

sectional area of the member and in this case, the weakest cross-section has reductions on the flange from 

four sides (two sides per each flange). Furthermore, the AISC/AASHTO approach is less conservative for 

specimens with 56% or less reduction in the flange cross-sectional area; otherwise, the P-Δ approach is 

more conservative. 

Table A.6 Axial Capacities of the Piles Having Cuts in the Flange 
 

Pile designation 
Web void 

dimensions 
(in. x in.) 

Flange cut 
diameter 

(in.) 

AISC & AASHTO AISC (P-Δ) effect 
Pn  

kN (kips) 
Pn  

kN (kips) 
W70V-F50 4 x 4 0 1006 (226) 1028 (231) 

W70V-F50C-3 4 x 4 3 850 (191) 709 (159) 
W70V-F50C-4 4 x 4 4 737 (166) 654 (147) 
W70V-F50C-6 4 x 4 6 309 (69) 505 (113) 
W70V-F50C-8 4 x 4 8 51 (12) 334 (75) 

*1in. = 25.4 mm 
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Figure A.6 Relation between Strength and Corrosion Cut Diameter in the Flange 

 

A-2-5 Corrosion Longitudinal Extension 

In this group, piles having corroded lengths ranging from 50.8 mm (2 in.) to 457.2 mm (18 in.) 

were investigated. Piles had 70% and 50% reductions in the thickness of the webs and flanges (Table A.7), 

respectively, were investigated in this section. The AISC and AASHTO do not recognize the corrosion 

extension length (Fig. A.7). Therefore, the pile strength remained constant for all corroded lengths. 

However, the corroded length can be implemented in the AISC (P-Δ) approach and therefore indicated that 

for the severely corroded piles, the W70-F50 series, the strength of the piles reduced gradually with 

increasing the length of the corroded section. Furthermore, for a corrosion length of less than 203 mm (8 

in.), the AISC prediction was quite conservative, and beyond that length, the AISC (P-Δ) method was more 

conservative (Fig. A.7). Therefore, it can be concluded that beyond a corrosion length of 203 mm (8 in.), 

using AISC and AASHTO method would yield over-prediction of the pile strength and, therefore, the AISC 

(P-Δ) approach should be used. 

 

 

 

 



 

178 
 

Table A.7 Axial Capacities of Piles Having Different Corrosion Lengths 
 

Pile 
designation 

Web 
Corrosion   

(%) 

Flange 
Corrosion 

(%) 

Corrosion 
Length  
mm (in) 

AISC and AASHTO AISC (P-Δ) effect 
Pn  

kN (kips) 
Pn  

kN (kips) 
W00-F00 0 0 304 (12) 2522 (567) 2584 (581) 

W70-F50-2 70 50 51 (2) 923 (207) 1400 (315) 
W70-F50-4 70 50 102 (4) 923 (207) 1136 (255) 
W70-F50-6 70 50 152 (6) 923 (207) 975 (219) 
W70-F50-8 70 50 203 (8) 923 (207) 892 (201) 

W70-F50-12 70 50 304 (12) 923 (207) 761 (171) 
W70-F50-18 70 50 457 (18) 923 (207) 726 (163) 

 

 

Figure A.7 Relation between Strength and Corrosion Extension 
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NOTATIONS 

Symbol Definition 
𝐴𝐴𝑔𝑔:  Gross cross-sectional area  
𝐴𝐴𝑒𝑒 ∶ Effective cross-sectional area 
𝑏𝑏 ∶ Width of flange or web 
𝑏𝑏𝑒𝑒: Effective width of flange or web 
𝐶𝐶 ∶ Thickness of flange  
𝐶𝐶𝑤𝑤:  Thickness of web 
𝜆𝜆: Slenderness factor 
𝜆𝜆𝑟𝑟: Width to thickness ratio (nonslender/slender) 
𝜆𝜆𝑐𝑐: Slenderness factor for overall buckling 
𝜆𝜆𝑙𝑙 ∶ Slenderness factor for local buckling 
𝜆𝜆𝑛𝑛: Slenderness factor for distortional buckling 
𝐶𝐶1 ∶ Effective width imperfection adjustment factor 
𝐵𝐵2 ∶ Multiplier to account for P-Δ effect 
𝐻𝐻 ∶ Lateral force produced by 𝛥𝛥𝐻𝐻   
𝐻𝐻 ∶ Height of the story 
𝛥𝛥𝐻𝐻:  First-order interstory drift 

𝑃𝑃𝑒𝑒𝑠𝑠𝑙𝑙𝑠𝑠𝑟𝑟𝑦𝑦: Elastic buckling strength of the story 
𝐸𝐸 ∶ Modulus of elasticity of steel 
𝐹𝐹𝑐𝑐𝑟𝑟: Critical stress 
𝐹𝐹𝑦𝑦 ∶ Yield stress  
𝐹𝐹𝑒𝑒𝑙𝑙 ∶ Elastic local buckling stress 
𝐹𝐹𝑒𝑒 ∶ Elastic buckling stress  
𝑃𝑃𝑦𝑦 ∶ Member yield strength  
𝑃𝑃𝑚𝑚: Nominal axial strength  
𝑃𝑃𝑚𝑚𝑒𝑒: Nominal axial strength of overall buckling 
𝑃𝑃𝑐𝑐𝑟𝑟𝑒𝑒: Critical elastic overall buckling load 
𝑃𝑃𝑚𝑚𝑙𝑙: Nominal axial strength for local buckling  
𝑃𝑃𝑐𝑐𝑟𝑟𝑙𝑙: Critical elastic local buckling load 
𝑃𝑃𝑚𝑚𝑛𝑛 ∶ Nominal axial strength for distortional buckling  
𝑃𝑃𝑐𝑐𝑟𝑟𝑛𝑛: Critical elastic distortional buckling load 
𝑃𝑃𝑚𝑚𝑙𝑙: First-order axial force without lateral movement 
𝑃𝑃𝑙𝑙𝑙𝑙: First-order axial force due to lateral movement only 
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A-3 Experimental Works for Concentric Loads 

 

 

 
 

Figure A.8 Self-sustained Testing Frame (SSTF) for Large-scale Tests 
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Figure A.9 Self-sustained Testing Frame (SSTF) for Large-scale Tests (close-up) 
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Figure A.10 Large-scale H-piles Milling and Preparation 
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Figure A.11 Large-scale H-pile Test-Concentric Axial Loading 
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B. Appendix B 

 

 

 

B-1 Experimental Works for Concentric Loads 

 

 
 

 
 

  
 

Figure B.1 Large-scale H-pile Painting 
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Figure B.2 Large-scale H-pile Strain Guages Attaching 
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Figure B.3 Large-scale H-pile Test-Eccentric Loading 
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Figure B.4 Large-scale H-pile Test-Eccentric Loading 
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C. Appendix C 

 

 

 

C-1 Test Results 

Strain Gauges Readings 

CFP-CFRP-2B-4SC-2L 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure C.1 Axial Shortening-strains in Different Position of Pile: (a) 6in. from Edge, (b) 46.5in. from 
Edge, (c) 49in. from Edge, (d) 51.5in. from Edge, (e) 68.5in. from Edge, (f) 71in. from Edge, (g) 

73.5in. from Edge, (h) 114in. from Edge, (i) Mid of PFRP Tubes (Note: FN: Flange North, FS: Flange 
South, WW: Web West, WE: Web East, WL: Web Longitudinal, WT: Web Transverse) 
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(g) (h) 

 
(i) 

Figure C.1 Axial Shortening-strains in Different Position of Pile: (a) 6in. from Edge, (b) 46.5in. from 
Edge, (c) 49in. from Edge, (d) 51.5in. from Edge, (e) 68.5in. from Edge, (f) 71in. from Edge, (g) 73.5in. 
from Edge, (h) 114in. from Edge, (i) Mid of PFRP Tubes (Note: FN: Flange North, FS: Flange South, 

WW: Web West, WE: Web East, WL: Web Longitudinal, WT: Web Transverse) (Cont’d) 
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CFP-CFRP-1B-4SC-2L 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure C.2 Axial Shortening- strains in Different Position of Pile: (a) 6in. from Edge, (b) 46.5in. from 
Edge, (c) 49in. from Edge, (d) 51.5in. from Edge, (e) 68.5in. from Edge, (f) 71in. from edge, (g) 

73.5in. from Edge, (h) 114in. from Edge, (i) Mid of PFRP Tubes (Note: FN: Flange North, FS: Flange 
South, WW: Web West, WE: Web East, WL: Web Longitudinal, WT: Web Transverse) 
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(i) 

Figure C.2 Axial Shortening- strains in Different Position of Pile: (a) 6in. from Edge, (b) 46.5in. from 
Edge, (c) 49in. from Edge, (d) 51.5in. from Edge, (e) 68.5in. from Edge, (f) 71in. from edge, (g) 73.5in. 
from Edge, (h) 114in. from Edge, (i) Mid of PFRP Tubes (Note: FN: Flange North, FS: Flange South, 

WW: Web West, WE: Web East, WL: Web Longitudinal, WT: Web Transverse) (Cont’d) 
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C-2 Experimental Works 

 

  
Figure C.3 Steel H-pile Straightening Using Hydraulic Jack 

 

  
Figure C.4 Steel H-pile Cutting Bumps on a Web and Flanges 

 

  
Figure C.5 Drilling Holes on Steel H-pile 
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Figure C.6 Casting Concrete on Pultruded CFRP Tubes 

 

  
Figure C.7 Removing Wooden Dowels from Concrete Filled Pultruded CFRP Tubes 

 

  
Figure C.8 Attaching the Concrete Filled Pultruded CFRP Tubes on the Steel H-pile Using Bolts 
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Figure C.9 Attaching Swivel Plate on Black Beam 

 

  
Figure C.10 Drilling Holes Using Magnetic Drill to Attach Swivel Plate 

 

 
 

Figure C.11 Steel Shoe on Two Ends of the Steel H-pile 
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Figure C.12 Installing the Specimens in the Large Scale Testing Setup 

 

 

 
Figure C.13 Installation of String Pots on Horizontal and Vertical Diretion 

 

  
Figure C.14 PFRP-2B-6SC-2L: Pultruded CFRP Failure  
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Figure C.15 PFRP-1B-4SC-2L: Pultruded CFRP Failure 

 

  
Figure C.16 PFRP-2B-4SC-2L: Pultruded CFRP Failure 
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Pultruded Carbon Fiber-reinforced Polymer (PCFRP) 

  
Figure C.17 Failure of the Concrete Specimens under Compression Test 

 

 

 

Figure C.18 Failure of the Concrete-filled CFRP Specimens under Compression Test 
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D. Appendix D 

 

 

 

D-1 UHPC Mix Design 

This section describes the various mix designs that are carried out with the aim to achieve a densely 

compacted cementitious matrix with good workability and compressive strength. The strengths of the trial 

mixtures were determined using 2 in. (50 mm) cubes. 

Several mixtures were investigated following (ACI 2018; Meng 2017; Rallabhandhi 2016; Khayat 

et al. 2014; Ahmad, Hakeem, and Maslehuddin 2014; Willey 2013). The mix designs were divided into 

different six groups (Tables D.1 through D.7). Each group started with a mixture following a mixture 

proportion from the literature and then the mixture was adjusted for homogeneity, flowability, and strength. 

The trial mixes that were stiff were and were labeled using the letter D followed by the mix number.  

Mixtures in Tables D.6 and D.7 were selected based on the initial trials for the mixtures presented in Tables 

D.1 through D.5. Mixtures in Table D.7. For the tables in this appendix, W is the total water content includes 

water and moisture content from HRWR; cm. is the total cementitious material including cement, silica 

fume, slag, and fly ash; and HRWR is the Master Glenium 7500. 

 

Table D.1 Mix Design Group 1 

  Mix proportion in Kg/m3 

Mix Cement 
Type III SF FA River 

Sand  
Masonry 
Sand  HRWR Water Steel 

Fiber W/cm Flow 
(F) 

F/(W/c
m) 

D1* 663 42 367 703 308 12 171 156 0.168     
M1 663 42 367 703 308 12 279.7 156 0.269 148 548 
D2 663 42 367 703 308 51 171 156 0.194     
M2 663 42 367 703 308 54.7 175.4 156 0.201 143 709 
M17 663 42 367 703 308 61.7 185.4 156 0.215 250 1163 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 

* Following Meng (2017) 
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Table D.2 Mix Design Group 2 

  Mix proportion in Kg/m3 

Mix Cement 
Type III SF Fine 

Sand 
Quartz 
sand HRWR Water Steel 

Fiber W/cm Flow 
(F) 

F/(W
/cm) 

D3* 712 231 1020 211.5 29.2 188.6 156 0.223     
M3 712 231 1020 211.5 29.2 241.75 156 0.279 153 547 
D4 712 231 1020 211.5 51.4 208.03 156 0.260     
M18 712 231 1020 211.5 51.4 212.08 156 0.265 160 604 
M22 712 231 1020 211.5 70.2 208.61 157 0.276 165 599 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
* Following Khayat et al. (2014), fine sand having 0.6 mm diameter was used instead of river and masonry 
sand. 

 
Table D.3 Mix Design Group 3 

  Mix proportion in Kg/m3 

Mix Cement 
(Type) SF Fine 

Sand  
Quartz 
sand HRWR Water Steel 

Fiber W/cm Flow 
(F) F/(W/cm) 

D5* 784 (III) 256 1122 232 33.25 190.00 170 0.206     
M4 784 (I) 256 1122 232 33.25 304.46 170 0.316 192 607 
M11  784 (III) 256 1122 232 57.78 231.90 170 0.263 170 645 
M12  784 (I) 256 1122 232 57.78 231.49 170 0.263 180 684 
M6 78 (III) 256 1125 232 56.29 308.80 170 0.334 140 419 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
* Following Willey (2013), the ground quartz was replaced by quartz sand  
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Table D.4 Mix Design Group 4 

  Mix proportion in Kg/m3 

Mix Cement 
Type III 

Silica 
Fume Slag Fine 

Sand  HRWR Water Steel 
Fiber W/cm Flow 

(F) F/(W/cm) 

D6* 900 220   1005 40 163.00 157 0.172     
M5 900 220   1005 48 235.13 157 0.241 130 539 

M13 900 220   1005 63.57 219.59 157 0.237 185 779 
D7 900 220   1005 46.23 179.14 157 0.190     
D8 900 220   1005 46.23 203.90 157 0.212     

M19 900 220   1005 57.21 203.99 157 0.219 150 684 
M20 900 220   1005 69.46 204.00 157 0.227 155 682 
M21 900 220   1005 64 215.89 157 0.234 185 789 
M25 900   220 1005 67.61 215.55 157 0.237 230 972 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
* Following Ahmad et al. (2014) 
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Table D.5 Mix Design Group 5 

  Mix proportion in Kg/m3 

Mix 
Cement 

Type 
III 

Silica 
Fume Slag Fine 

Sand 
Quartz 
sand 

Glass 
powder HRWR Water Steel 

Fiber W/cm Flow 
(F) F/(W/cm) 

D9* 900 293   1289 270   25.95 252.15 180 0.227     
D10 900 293   1289 270   31.78 252.15 180 0.231     
D11 900 293   1289 270   63.70 252.15 180 0.250     
D12 900 293   1289 270   63.70 275.45 180 0.270     
M7 900 293   1289 270   63.70 279.88 180 0.274 130 475 
D13 900 293   1289   270 60.38 279.88 180 0.272     
M8 900 293   1289   270 60.38 304.90 180 0.293 149 509 

M14 900 293   1289 270   76.28 275.45 180 0.278 135 486 
D14 900   293 1289 270   63.7 231.15 180 0.233     
D15 900   293 1289 270   63.7 243.75 180 0.243     
M26 900   293 1289 270   63.70 259.35 180 0.256 170 663 
M9 900 350   870 249   106.33 283.16 180 0.289 138 476 

M10 900 350   870   249 98.24 284.32 180 0.285 148 518 
Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
* Following ACI  (2018) 
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Table D.6 Mix Design Group 6 

  Mix proportion in Kg/m3 

Mix 
Cemen
t Type 

III 
Silica Fume Slag River Sand 

(2.38 mm) 
Masonry 

Sand (2 mm) HRWR Water Steel 
Fiber W/cm Flow 

(F) F/(W/cm) 

M15* 548 42 535 694 304 60.82 163.7 156 0.185 170 920 
D16 593 0  546 698 295 54.17 173.7 156 0.187     
M16 593  0 546 698 295 54.17 200.4 156 0.211 175 831 
D17 593  0 593 704 295 54.17 200.4 156 0.202     
D18 593  0 593 704 295 54.17 210.1 156 0.210     
M24 593  0 593 704 295 54.17 230.6 156 0.228 186 817 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
 

Table D.7 Mix Design Group 7 

  Mix proportion in Kg/m3   

Mix Cement 
Type III Slag Fine 

Sand HRWR*** Water Steel 
Fiber W*/cm** Flow 

(F) F/(W/cm) 

M27 593 593 1000 54.17 226.63 156 0.224 280 1248 
M28 593 593 1000 54.17 204.52 156 0.206 220 1069 

Conversion: 1 Kg/m3 = 0.0624 lb/ft3 
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Table D.8 Compressive Strength of Trial Mix Designs 

Mix design Compressive strength (ksi) 
1 day 3 days 7 days 28 days 

Group 1 
M1 10.7 13.3 14.4 18.8 
M2 12.2 14.1 15.5  
M17 11.0 13.8 14.9 17.6 
Group 2 
M3 10.4 12.1 14  
M18 9.5 13.8 15 20.2 
M22 10.2 12.4 14.4 18.7 
Group 3 
M4 6.9 8.7 12.3 16.4 
M6 8.5 12.8 13.9 17.6 
M11 9.5 11.6 15.2 19.2 
M12 7.7 12.6 15.1 19.8 
Group 4 
M5 12.2 15.9 16 18.7 
M13 12.5 14.9 16 19.9 
M19 11.3 17.2 17.3 20.9 
M20 11.7 10.9 16.4 19.12 
M21 11.2 13.7 17.5 20.1 
M25 11.7 15.6 16 17.5 
Group 5 
M7 12.1 14.6 15.7 19.8 
M8 9.1 10.9 13.3 18.4 
M9 7.1 9.4 10.0 15.6 
M10 8.7 11.6 13.6 16.2 
M14 9.0 13.3 14.6 20.4 
M26 13.4  15.6 17.9 
Group 6 
M15 10.4 15.1 16.5 18.9 
M16 9.7 14.3 14.1 18.8 
M24 9.3 13.6 16.6 19 
M23 7.9 11.5 14.4 19.1 
M27 * 9.8 13.7 16.2 
M28 * 10.3 13.9 15.8 
*- Couldn’t test due to Tinius Olsen moving process 
Conversion: 1 ksi = 6.898 Mpa 
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D-2 Experimental Works 

   
(a) 

  
 

(b) 
Figure D.1 UHPC Mix (a) Accepted Mix, and (b) Discarded Mix 

 

  
Figure D.2 UHPC Cube under Compression Test 

 

 



 

205 
 

  
Figure D.3 H-shaped Foam on Wooden Base 

 

  
Figure D.4 Installing H-pile on Wooden Base 

 

  
Figure D.5 Conventional Concrete Casting (left) and UHPC Casting (right) 
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Figure D.6 Concrete Pouring Inside the Sonotube: Conventional Concrete (left), UHPC (right) 

 

  
Figure D.7 Ambient Curing Regime 
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Figure D.8 UHPC Pouring from the Mixer 
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Figure D.9 UHPC Jackets Concrete Placing 
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Figure D.10 UHPC Jackets Concrete Placing 

 

  
Figure D.11 UHPC Jackets Cylinder Placing 
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Specimen UHPC-Le=2.5 in. 

 

 

  

Figure D.12 UHPC Jackets Cylinder Testing and Failure modes 
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Specimen UHPC-Le=5 in. 

  

  

Figure D.13 UHPC Jackets Cylinder Testing and Failure modes 
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Specimen UHPC-Le=7.5 in. 

  

Figure D.14 UHPC Jackets Cylinder Testing and Failure modes 
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Specimen CC-Le=2.5 in. 

  

  

Figure D.15 UHPC Jackets Cylinder Testing and Failure modes 
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Specimen CC-Le=5 in. 

  

  

Figure D.16 UHPC Jackets Cylinder Testing and Failure modes 
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Specimen CC-Le=7.5 in. 

  

 

Figure D.17 UHPC Jackets Cylinder Testing and Failure modes 
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E. Appendix E 

 

 

 

 

E-1 Design Guidelines 

 

Figure E.1 Showing Different Zones of Steel H-pile Repaired with UHPC Plates 

 

Zone 3: 
      

Calculation of Moment capacity: 
     

UHPC plate 
     

 
Thickness (t)= 2.25 in. 

    

 
Width (b)= 17 in. 

    

 
compressive strength (f'c)= 19 ksi 

    

 
Tensile strength (ft)= 2 ksi 

    

 
Elastic modulus (E)= 6360 ksi 

    

 
Compressive strain (Sc)= 0.0032 

    

 
Tensile strain (St)= 0.007 
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Figure E.2 Section analysis – Weak axis 

Cross sectional details: 
  

  
  

 
Width of UHPC plate(b)= 17 in. 

    

 
Depth of steel H-pile (d)= 10 in. 

    

 
Total depth (h)= d+2*t 

    

 
= 15 in. 

    
Total thickness of top and bottom 

flange(m)=  2*t 
    

 
m= 4.50 in. 

    
Neutral axis (NA) distance from top 

flange (C)= (Sc/(Sc+St))*h 
   

  
4.55 in. 

    

 
Compressive force (Fc)= (0.5*f'c*C)*b 

    

 
= 734.67 kips 

    

 
Tensile force (Ft)= ft*m*b 

    

  
159.89 kips 

    

 
Moment about NA=  Fc*(2/3)*C+Ft*(h-C-0.5m) 

  

 
= 3459.28 kip-in. 

    
Therefore, Moment capacity = 288.27 kip-ft. > 116 kip-ft 
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Figure E.3 Section analysis – Strong axis 

 
Cross sectional details: 

     

 
Width (b1)= 2*b1 

    

 
b= 9 in. 

    

 
height (h)= 17 in. 

    
       

Neutral axis (NA) distance from top 
flange (C)= (Sc/(Sc+St))*h 

   

  
5.33 in. 

    
       

 
Compressive force (Fc)= (0.5*f'c*C)*b 

    

 
= 456.00 kips 

    
       

 
Tensile force (Ft)= T1+T2 

    

 
T1= 0.5ft*(C*ft/f'c)*b 

   

  
5.52 kips 

    

 
T2= ft*(h-C-(C*ft/f'c)*b 

   

  
208.41 kips 

    

 
Ft= 213.93 kips 

    
       

 
Moment about NA=  Fc*(2/3)*C+Ft*0.5(h-C) 

   

 
= 2869.27 kip-in. 
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Therefore, Moment capacity = 239.11 kip-ft. > 116 kip-ft 
  

 

Buckling of corroded steel H-pile repaired using CFRP 

The elastic buckling loads were developed using the energy method by transferring UHPC 

materials into equivalent steel materials (Eq. 1). The contribution of the CFRP grid was not taken into 

account. 

𝐼𝐼 =  𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠+𝛼𝛼𝐸𝐸𝑢𝑢𝐼𝐼𝑢𝑢
𝐸𝐸𝑠𝑠

 (1) 

Eq. 1 is a factor accounting for cracks in the concrete and non-linearity of the concrete stress-strain curve. 

According to chapter 10 of the ACI 318-02 design code, alpha is assumed to be 0.2. 

The energy method to solve for the buckling load of a column is explained below. The end restrained 

condition for the test setup was a pin-pin condition, so the pin-pin end condition's buckling loads are 

presented. 

Case 1: Buckling of Steel in Zone 1 

The function of the assumed deflection shape is: 
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Figure E.4 Assumed Deflection Shape 

 
𝑦𝑦 = 𝛿𝛿 sin 𝜋𝜋𝑥𝑥

2𝐿𝐿1
(0 ≤ 𝑓𝑓 ≤ 𝐻𝐻1)    (1) 

𝑦𝑦 = 𝛿𝛿 cos 𝜋𝜋(𝑥𝑥−𝐿𝐿1)
2𝐿𝐿1

(𝐻𝐻1 ≤ 𝑓𝑓 ≤ L) (2) 

This assumed deflection function satisfies the column's boundary condition with pin-pin end condition, as 

shown in Eq. 4. 

X=0; y(0)=0 

X=L; y(L)=0 (4) 

The strain energy of bending is given by  

𝛥𝛥𝛥𝛥 = ∫
𝑀𝑀2 𝑠𝑠𝑥𝑥

2E I
 

𝛥𝛥𝛥𝛥 = 𝑝𝑝2𝛿𝛿2

2𝐸𝐸
�1
𝐼𝐼1
�𝑘𝑘1 −

𝐿𝐿1
2𝜋𝜋

sin 𝜋𝜋𝑙𝑙1
𝐿𝐿1
�+ 1

𝐼𝐼2
�𝑘𝑘2 −

𝐿𝐿1
2𝜋𝜋
�sin 𝜋𝜋𝑙𝑙1

𝐿𝐿1
− sin 𝜋𝜋(𝑙𝑙1+𝑙𝑙2)

𝐿𝐿1
+sin 𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)

𝐿𝐿1
�� + 1

𝐼𝐼3
�𝑙𝑙3
2
−

𝐿𝐿1
2𝜋𝜋
�sin 𝜋𝜋(𝑙𝑙1+𝑙𝑙2)

𝐿𝐿1
− sin 𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)

𝐿𝐿1
��� (5) 
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The work done by the compressive force P during buckling is given by 

𝛥𝛥𝛥𝛥 =
P
2
� �

𝑠𝑠𝑦𝑦
𝑠𝑠𝑥𝑥
�
2

𝑠𝑠𝑥𝑥
𝐿𝐿

0

 

𝛥𝛥𝛥𝛥 = P𝜋𝜋2𝛿𝛿2𝐿𝐿
16𝐿𝐿1𝐿𝐿2

 (3) 

The strain energy of bending equals the work done by the compressive force P during buckling, =  𝛥𝛥𝛥𝛥 , 

then 

𝑃𝑃 = 𝜋𝜋2EL
8𝐿𝐿1𝐿𝐿2

 1

�
1
𝐼𝐼1
�𝑙𝑙1−

𝐿𝐿1
2𝜋𝜋 sin

𝜋𝜋𝑙𝑙1
𝐿𝐿1
�+ 1

𝐼𝐼2
�𝑙𝑙2−

𝐿𝐿1
2𝜋𝜋�sin

𝜋𝜋𝑙𝑙1
𝐿𝐿1
−sin

𝜋𝜋(𝑙𝑙1+𝑙𝑙2)
𝐿𝐿1

+sin𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)
𝐿𝐿1

��

+ 1
𝐼𝐼3
�𝑙𝑙32−

𝐿𝐿1
2𝜋𝜋�sin

𝜋𝜋(𝑙𝑙1+𝑙𝑙2)
𝐿𝐿1

−sin𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)
𝐿𝐿1

��
�

 (6) 

From Figure, 

I1= Is= 71 in.4 

I2= Ie= 175 in.4 

I3= Ic= 2375 in.4 (considering UHPC plate only) 

P=1361 kips. 

Case 2: Buckling of Steel in Zone 2 

The function of assumed deflection shape, 

𝑦𝑦 = 𝛿𝛿 sin
𝜋𝜋𝑥𝑥
2𝐻𝐻1

(0 ≤ 𝑓𝑓 ≤ 𝐻𝐻1) 

𝑦𝑦 = 𝛿𝛿 cos
𝜋𝜋(𝑥𝑥 − 𝐻𝐻1)

2𝐻𝐻1
(𝐻𝐻1 ≤ 𝑓𝑓 ≤ L) 
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Figure E.5 Assumed Deflection Shape 

 
Strain energy is given by  

𝛥𝛥𝛥𝛥 = ∫
𝑀𝑀2 𝑠𝑠𝑥𝑥

2E I
𝛥𝛥𝛥𝛥

=
𝐶𝐶2𝛿𝛿2

2𝐸𝐸
�

1
𝐼𝐼1
�𝑘𝑘1 −
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2𝜋𝜋
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𝜋𝜋𝑘𝑘1
𝐻𝐻1

−  
𝐻𝐻2
2𝜋𝜋

sin
𝜋𝜋𝑘𝑘4
𝐻𝐻2
�

+
1
𝐼𝐼2
�
𝑘𝑘2
2

+
𝐻𝐻1
2𝜋𝜋 �

sin
𝜋𝜋𝑘𝑘1
𝐻𝐻1

− sin
𝜋𝜋(𝑘𝑘1 + 𝑘𝑘2)

𝐻𝐻1
+sin

𝜋𝜋(𝑘𝑘1 + 𝑘𝑘2 + 𝑘𝑘3)
𝐻𝐻1

�+ 𝑘𝑘4 +
𝐻𝐻2
2𝜋𝜋

sin
𝜋𝜋𝑘𝑘4
𝐻𝐻2
�

+
1
𝐼𝐼3
�
𝑘𝑘3
2

+
𝐻𝐻1
2𝜋𝜋 �

sin
𝜋𝜋(𝑘𝑘1 + 𝑘𝑘2)

𝐻𝐻1
− sin

𝜋𝜋(𝑘𝑘1 + 𝑘𝑘2 + 𝑘𝑘3)
𝐻𝐻1

��� 

Work done is given by 

𝛥𝛥𝛥𝛥 =
P
2
� �

𝑠𝑠𝑦𝑦
𝑠𝑠𝑥𝑥
�
2

𝑠𝑠𝑥𝑥
𝐿𝐿

0

 

𝛥𝛥𝛥𝛥 =
P𝜋𝜋2𝛿𝛿2𝐻𝐻
16𝐻𝐻1𝐻𝐻2

 

Equating strain energy equals to work done, =  𝛥𝛥𝛥𝛥 , then 
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𝑃𝑃 = 𝜋𝜋2EL
8𝐿𝐿1𝐿𝐿2

 1

�
1
𝐼𝐼1
�𝑙𝑙1−

𝐿𝐿1
2𝜋𝜋 sin

𝜋𝜋𝑙𝑙1
𝐿𝐿1
− 𝐿𝐿22𝜋𝜋 sin

𝜋𝜋𝑙𝑙4
𝐿𝐿2
�+ 1

𝐼𝐼2
�𝑙𝑙22+

𝐿𝐿1
2𝜋𝜋�sin
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−sin

𝜋𝜋(𝑙𝑙1+𝑙𝑙2)
𝐿𝐿1

+sin𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)
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𝐿𝐿2
2𝜋𝜋 sin
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𝐿𝐿2
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+ 1
𝐼𝐼3
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𝐿𝐿1
2𝜋𝜋�sin

𝜋𝜋(𝑙𝑙1+𝑙𝑙2)
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−sin𝜋𝜋(𝑙𝑙1+𝑙𝑙2+𝑙𝑙3)
𝐿𝐿1

��
�

  

P=1153 kips. 

Case 3: Buckling of Steel in Zone 3 

 
Figure E.6 Assumed Deflection Shape in Zone 3 

Equating strain energy equals to work done, then 

𝑃𝑃 = 𝜋𝜋2EL
8𝐿𝐿1𝐿𝐿2

 1
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1
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P=968 kips.
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E-2 Test Results 

  

  

  
 

Figure E.7 Axial Force vs Displacement Curve 
 



 

225 
 

  
Figure E.7 Axial Force vs Displacement Curve (Cont’d) 

 

Strain Gauges Readings 

UHPC-0.75SC-2CG 

  
(a) (b) 

  
(c) (d) 

Figure E.8 Axial Shortening- strains in Different Position of Pile: (a) 6in. from Edge, (b) 43 in. from 
Edge, (c) 77in. from Edge, (d) 114 in. from Edge (Note: FN: Flange North, FS: Flange South, WW: Web 

West, WE: Web East) 
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UHPC-1SC-2CG 

  
(a) (b) 

  
(c) (d) 

Figure E.9 Axial Shortening- strains in Different Position of Pile: (a) 6in. from Edge, (b) 43 in. from 
Edge, (c) 77in. from Edge, (d) 114 in. from Edge (Note: FN: Flange North, FS: Flange South, WW: Web 

West, WE: Web East)
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UHPC-1SC-1CG 

  
(a) (b) 

  
(c) (d) 

Figure E.10 Axial Shortening- strains in Different Position of Pile: (a) 6in. from Edge, (b) 43 in. from 
Edge, (c) 77in. from Edge, (d) 114 in. from Edge (Note: FN: Flange North, FS: Flange South, WW: Web 

West, WE: Web East) 

 

 

E-3 Experimental Works for the UHPC 

   
Figure E.11 UHPC Casting Using High-shear Mixer 

 



 

228 
 

 
 

 

 
Figure E.12 UHPC Specimen C1 (RC-3SC1_0W_0CG) Preparation and Casting 

 

   

 
 

 
 

Figure E.13 UHPC Specimen C2 (1.5CC-5SC1-0W-0CG) Preparation and Casting 
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Figure E.14 UHPC C-shaped C3 (1.5CP-5SC1-0W-0CG) Preparation and Casting 

 

 

 

Figure E.15 Formworks and CFRP Grid for UHPC Plate Casting 
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Figure E.16 UHPC Plates Casting and Demolding 
 

  
Figure E.17 Drilling Holes on Steel H-pile and Attaching UHPC Plates 
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Figure E.18 Pouring Hydro-stone to Level the Base 
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UHPC Rectangular Section _cast-in-place 
 

 
(a) 

 
(b) 

 
(c) 

Figure E.19 C1 (RC-3SC1_0W_0CG) (a) Specimen in MTS (b) UHPC without Crack (c) Shear-off of 
Threaded-rod 

 
1.5” C section cast-in-place 

 

 
(a)  

(b) 
 

(c) 

 
(d) 

 
(e) 

 
(f) 

Figure E.20 C2 (1.5CC-5SC1-0W-0CG) (a) Specimen in MTS (b)Web UHPC Crushing (c) Flange 
UHPC Crushing (d-e) H-pile Flange Section Buckling (f) Shear-off of Threaded-rod Mounted in Web 

Section 
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1.5” UHPC Prefabricated C-section 
 

 
(a) 

 
(b) 

 
(c) 

Figure E.21 C3 (1.5CP-5SC1-0W-0CG) (a) Specimen in MTS (b) Web UHPC Crushing (c) Outward 
Splitting of UHPC in Flange Side 

 
 
1.5” UHPC_plates_without washer 
 

 
(a) 

 
(b)  

(c) 
Figure E.22 C4 (1.5PP-5SC1-0W-0CG) (a) Specimen in MTS (b) UHPC Web Plate Bearing Cracks 

along with Tilting of Bolts (c) UHPC Flange Plate Cracks 
 
1.5” UHPC_plates with washer 
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(a) 

 
(b) 

 
(c) 

Figure E.23 C5 (1.5PP-5SC1-1W-0CG) (a) Specimen on MTS (b) UHPC Web Plates under Bearing 
Cracks (c) Splitting of Flange UHPC Plate 

 
 
3” UHPC with washer 
 

  
 

 
Figure E.24 C6 (3PP-5SC1-1W-0CG) (a) Specimen on MTS (b) No Cracks in UHPC Web Plate, 

Tilting of Bolts Mounted on Flange (c) Cracks on UHPC Flange Plate 
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3” UHPC with washer and one layer of carbon fiber grid 
 

 
(a) 

 
(b)  

(c) 
Figure E.25 C7 (2.25PP-5SC1-W-2CG) (a) Specimen on MTS (b) No Crack in UHPC Web Plate, 

Tilting of Bolts Mounted on Flange (c) Splitting Cracks in UHPC Flange Plate 
 
 

2.25” UHPC plates with washer, two layers of carbon fiber grid and two 1”shear connectors on each 
flange 

 

 
 

 
 

 
 

Figure E.26 C8 2.25PP-4SC1-W-2CG (a) Specimen on MTS Machine (b- c) UHPC Plate Bearing 
Cracks 
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2.25” UHPC plates with washer, two layers of carbon fiber grid and four 1” shear connectors on each 
flange 

 

 
(a) 

 
(b)  

(c) 
Figure E.27 C9 (2.25PP-8SC1-W-2CG) (a) Specimen on MTS Machine (b) Flange Outer Plate- minor 

Cracks, (c) Flange Inner Plates- no Cracks 
 
 
2.25” UHPC plates with washer, two layers of carbon fiber grid and four ¾” shear connectors on each 
flange 

 

 
(a) 

 
(b) 

(c) 

Figure E.28 C10 (2.25PP-8SC3/4-W-2CG) (a) Specimen on MTS Machine (b) Flange Outer Plate- 
minor Cracks, (c) Flange Inner Plates- minor Cracks 
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In Large Scale Test 
 

 
(a) 

 
(b) 

Figure E.29 C10 (2.25PP-8SC3/4-W-2CG) (a) Specimen in Large Scale Test Setup (b) Specimen after 
Pushout Test with p-delta Effect (c) UHPC Outer Flange Plate Severe Bearing Cracks (d) UHPC Outer 

Flange Plate with Minor Cracks (e) UHPC Inner Flange Cracks 
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(c) 

 
(d) 

 
(e) 

Figure E.29 C10 (2.25PP-8SC3/4-W-2CG) (a) Specimen in Large Scale Test Setup (b) Specimen after 
Pushout Test with p-delta Effect (c) UHPC Outer Flange Plate Severe Bearing Cracks (d) UHPC Outer 

Flange Plate with Minor Cracks (e) UHPC Inner Flange Cracks (Cont’d) 
 

  
Figure E.30 Preparing the Specimens for Testing 
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Figure E.30 Preparing the Specimens for Testing (Cont’d) 

 
Large Scale UHPC Plates and Test Preparation 

 

 
 

  
Figure E.31 UHPC Casting 

 



 

240 
 

 

 
Figure E.32 Demolding UHPC Plates and Steam Curing Inside Steam Chamber 

 

  
Figure E.33 Attaching UHPC Plates on Steel H-pile Using Bolts 
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Figure E.34 Installing the Specimens in the Large Scale Testing Setup 

 
 

  
Figure E.35 UHPC-0.75SC-2CG: UHPC Failure 

 

  
Figure E.36 UHPC-1SC-1CG: UHPC Failure 
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Figure E.37 UHPC-1SC-2CG: UHPC Failure 
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F. Appendix F 

 

 

 

 

F-1 Test Results 

Strain Gauges Readings 

Specimen 0P_2HS_1IN 

Note: Readings at level 2 are not available due to malfunction gauges 

  

  
 

Figure F.1 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 0P_4HS_1IN 

  

  

 
 

 

Figure F.2 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 1P_0HS 

  

  

 

 

Figure F.3 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 1P_4HS_1IN 

  

  

 

 

Figure F.4 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis)  
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Specimen 2P_0HS 

  

  

 

 

Figure F.5 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 2P_2HS_1IN 

  

  

 

 

 
Figure F.6 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 2P_4HS_1IN 

  

  

 

 

Figure F.7 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
 

 

 



 

250 
 

Specimen 2P_4HS_0.75IN 

Note: Readings at level 5 are not available due to malfunction gauges 

 

  

  

Figure F.8 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 2P_4HS_0.5IN 

  

  

 

 

Figure F.9 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 3P_4HS_1IN 

 

  

  

 

 

Figure F.10 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 4P_0HS 

Note: Readings at level 5 are not available due to malfunction gauges 

 

  

  
 

Figure F.11 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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Specimen 4P_2HS_1IN 

 

  

  

 

 

 

Figure F.12 Axial Shortening in Inches (x-axis) vs Strain Reading in Microstrain (y-axis) 
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F-2 Experimental Works 

  

 
 

Figure F.13 Tensile Test of CFRP Coupons 

 

  

 

Figure F.14 CFRP Jackets (wet-layup) Works 
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(a) 

 

  

(b) 
Figure F.15 CFRP Jacket + HS Specimen (a) HS in Web, and (b) HS in Flange 
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Specimen 0P_4HS_1IN 

 
Figure F.16 Failure Modes of Specimen 0P_4HS_1IN 
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Specimen 6P_4HS_1W 

 
 

Figure F.17 Failure Modes of Specimen 6P_4HS_1W 
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Figure F.17 Failure Modes of Specimen 6P_4HS_1W (cont’d) 
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Specimen 8P_4HS_1W 

 
 

Figure F.18 Failure Modes of Specimen 8P_4HS_1W 
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Specimen 2P_4HS_0.5W 

 
Figure F.19 Failure Modes of Specimen 2P_4HS_0.5W 
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Figure F.19 Failure Modes of Specimen 2P_4HS_0.5W (cont’d) 
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Figure F.19 Failure Modes of Specimen 2P_4HS_0.5W (cont’d) 
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Specimen 2P_4HS_1W 

 
Figure F.20 Post-push-out Test Crack Assessment of 2P_4HS_1W 
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Figure F.20 Post-push-out Test Crack Assessment of 2P_4HS_1W (cont’d) 
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Figure F.21 Post-push-out Test Shear Studs Assessment of 2P_4HS_1W 
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Figure F.21 Post-push-out Test Shear Studs Assessment of 2P_4HS_1W (cont’d) 
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Figure F.21 Post-push-out Test Shear Studs Assessment of 2P_4HS_1W (cont’d) 
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Figure F.22 CFRP Jacket (wet-layup) Preparation Work 



 

270 
 

 

Figure F.22 Concrete Filled CFRP Jacket Preparation Work and Concrete Filled CFRP Jacket 
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Figure F.22 CFRP (QuakeWrap) Jacket Preparation Work 
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Specimen 2P_4HS_1IN 

 

Figure F.23 Failure Modes of Specimen 2P_4HS_1IN 
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0P_2HS_1IN 

 

Figure F.24 Failure Modes of Specimen 0P_2HS_1IN 
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Figure F.25 Concrete after Removing CFRP Jacket 
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Specimen 2P_4HS_0.75W 

 
Figure F.26 Failure Modes of Specimen 2P_4HS_0.75W 
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Figure F.26 Failure Modes of Specimen 2P_4HS_0.75W (cont’d) 
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Appendix G 

 

 

 

 

G-1 Experimental Works 

  
 

 
  

Figure G.1 Preparation of Steel H-pile for CFRP Concrete Jacket 
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Figure G.2 Preparation of Steel Cage around the Steel H-pile 
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Figure G.3 CFRP Jacket Inserted Inside the Steel H-pile 
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Figure G.4 Slump Test during Placing Concrete 
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Figure G.5 Large Scale Test Setup 
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Figure G.6 Large Scale Testing of Steel H-piles Repaired with CFRP Jacket Concrete 
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Figure G.6 Large Scale Testing of Steel H-pile Repaired with CFRP Jacket Concrete (cont’d) 
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Figure G.6 Large Scale Testing of Steel H-pile Repaired with CFRP Jacket Concrete (cont’d)  
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Figure G.7 Local Buckling of Steel H-pile 

 



 

286 
 

  

Figure G.8 Compressive Strength Test of Cylinder 

           

        
 



 
 

G. Appendix H 

 

H-1 Experimental Works 

  

Figure H.1 Using Shaking Table for Vibrating Concrete Cylinders 

 

  

Figure H.2 Concrete Cylinders Casting Preparation 
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Figure H.3 Casting Concrete Cylinder Specimens 

 

  

Figure H.4 Casting Concrete Cylinder with Embedded Rebar Specimens 
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Figure H.5 Casting Concrete Filled CFRP Tube Specimens 
 

 

Figure H.6 Top and Bottom Sealing of the Test Specimens 
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Figure H.7 Specimens Ready for Placement in the Tanks  

 

 

Figure H.8 Specimens Inside the Tank 
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Figure H.9 Tank Wrapped with Thermal Insulation 
 

 

  

Figure H.10 Failure of the Concrete Specimens under Compression Test 
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Figure H.11 Failure of the CFP-CFRP Specimens under Compression Test 

   
Figure H.12 Failure of the Concrete Specimens under Splitting Tensile Test after Testing 

   

Figure H.13 Failure of the Concrete Specimens Having an Embedded Rebar under Splitting Tensile Test 
after Testing 
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Figure H.14 Storing the Reference Specimens at Ambient Temperature of 73 ± 3o F in the Laboratory 
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