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Active confinement by means of pre-tensioned steel anchor rods was used in 
this investigation for bond strengthening of lap spliced reinforcement and for improving 
the seismic performance of wall-type bridge piers. As-built and strengthened 
representative pier specimens with lap spliced reinforcement within the critical hinging 
region were tested under large drift reversals. The test parameters included pier 
longitudinal reinforcement ratio, diameter of the spliced bars, and configuration of the 
pre-tensioned steel anchor rods. The strengthened columns developed enhanced bond 
resistance and low bond degradation of the spliced bars, increases in the lateral load and 
drift capacities, and much less pinching in the lateral load-drift response when 
compared with the as-built specimens. A design approach is proposed for evaluating the 
active lateral pressure required for adequate bond strengthening. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

Lap splicing of longitudinal reinforcement at the base of columns in reinforced 

concrete (RC) building structures or piers in bridge structures has been a common 

practice in earlier years. While this practice leads to satisfactory performance in regions 

of low or no seismic hazard, it has a major drawback in areas of high seismic action. 

The fact that the splices are located within the critical hinging region of the column or 

pier, large drift and steel stress reversals induced by strong earthquakes cause bond 

splitting failure of the spliced bars and rapid bond and flexural strength degradation 

within the critical hinging region, leading to substandard seismic performance and 

possibly collapse of the structure. Field observations following major earthquakes 

clearly show that most structural damage or failure in bridges or buildings are attributed 

to inadequate detailing of lap spliced reinforcement (Mitchell, Sexsmith, and Tinawi 

1994; Priestley, Seible, and Calvi 1996). 

Several parameters influence the bond strength of developed or lap spliced steel 

bars in tension. Most important among them are the concrete cover, the 

development/splice length, the concrete compressive strength, and the area or amount 

of transverse steel confining reinforcement (Orangun, Jirsa, and Breen 1975; Darwin, 

Lutz, and Zuo 2005). For newly designed and constructed structures in regions of high 

seismic hazard, bond strength of steel bars in reinforced concrete members can be 

improved by providing adequate concrete cover, increasing the ratio of concrete cover 
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to bar diameter, and by using closely spaced transverse steel ties within the 

splice/development length; but most importantly by avoiding splicing of the 

reinforcement within the critical hinging regions. At present, in areas of high seismic 

hazard, the AASHTO LRFD (2011) prevents splicing of pier longitudinal reinforcement 

at the base of the pier. 

For existing columns or bridge piers with bond-critical regions, the most 

conventional approach for improving the bond strength of developed or spliced steel 

bars in tension is by providing external confinement. In this context, a number of 

experimental studies have been carried out in recent years in which several external 

confinement techniques have been explored for seismic bond strengthening of 

reinforcing bars in circular and rectangular RC columns. Some of the techniques 

included the use of steel jackets (Mitchell et al. 1994; Priestly et al. 1996; Aboutaha, 

Engelhardt, Jirsa, and Kreger 1999), carbon fiber reinforced polymer (CFRP) jackets 

(Priestley et al. 1996; Seible, Priestly, Hegemier, and Innamorato 1997; Hawkins, 

Gamble, Shkurti, and Lin 2000; Harries, Ricles, Pessiki, and Sause 2006; Ghosh and 

Sheikh 2007; Harajli and Dagher 2008; Harajli and Khalil 2008; El Gawady, Endeshaw, 

McLean, and Sack 2010; Bournas, and Triantafillou, 2011; Hantouche and Harajli 

2013), and most recently a combination of CFRP jackets and CFRP anchors (Kim, 

Jirsa, and Bayrak 2011). All of these studies reported enhanced bond performance of 

the reinforcement and improved seismic response of the columns. 

The intent of the latter study (Kim, Jirsa, and Bayrak 2011) was to find an 

effective method of anchoring CFRP sheets to RC beams so that the ultimate tensile 

strength of the CFRP could be realized. CFRP sheets were anchored by a combination 
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of CFRP anchors and U-wraps. The specimens with anchorage showed some 

improvement in deformation capacity after peak load was reached. When CFRP 

anchors or CFRP U-wraps were used alone, delamination of the sheet led to failure of 

the anchor or U-wrap. Two main failure modes, failure of the CFRP sheets or failure of 

anchorage, were observed if additional anchorage was provided. 

Most of the studies that were carried out earlier for seismic bond strengthening 

used “passive” confinement techniques. That is, techniques in which the effect of 

confinement is activated once splitting cracks initiate under the radial component of the 

bond forces. Because of its “passive” nature, experimental results clearly show that 

most of these techniques fell short of achieving the full potential of rectangular or 

circular columns that are originally designed for earthquake loads in accordance with 

recent versions of international codes of practice, such as AASHTO LRFD (2011). That 

is, columns that are splice-free, and at the same time adequately confined by closely 

spaced transverse steel ties, within the critical hinging region. Most of the strengthened 

column specimens in the various test programs, in which steel or CFRP jackets were 

used, performed well and better than as-built specimens up to drift ratios between 

±2.5% and ±4%, beyond which the columns suffered bond degradation and 

considerable slip of the spliced bars, leading to quick loss in lateral load capacity and 

significant pinching in the lateral load-drift response.  

1.2 Review of Bond 

The use of reinforced concrete as a structural material is due to the combination 

of the steel and concrete. When a load is applied, the strain in the steel at the level of 

the concrete is almost equal to the strain of the concrete at that same level. Steel is 
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Two forms mainly characterize bond failure between steel and concrete and they 

are splitting bond failure and pull-out bond failure. If the concrete cover around the 

reinforcing bars is small enough, or the steel bars are closely spaced, bond failure 

occurs by splitting of the concrete around the reinforcing bars. However, if the concrete 

is well confined by transverse reinforcement or the concrete cover around the 

reinforcing bar is large enough, pull-out bond failure takes place as a result of the 

concrete keys shearing off between the lugs. The amount of confinement is an effective 

factor in bond strength between steel and concrete. 

For most structural applications, bond failures are governed by splitting of the 

concrete rather than by pullout. The average bond strength at splitting bond failure is 

influenced by several parameters such as the ratio of concrete cover to bar diameter, the 

development or splice length, the concrete compressive strength and concrete 

confinement (Orangun, Jirsa, and Breen 1975). 

1.3 Mechanism of Passive and Active Confinement 

A common approach for seismic bond strengthening of lap-spliced 

reinforcement in exiting RC columns is the use of external confinement, which include 

the use of steel jackets and the use of external carbon fiber-reinforced polymer (CFRP) 

jackets, and the use CFRP anchors. All studies conducted using these techniques have 

reported enhanced bond performance of the lap splices and improved seismic response 

of the columns. 

However, confinement such as steel and CFRP jackets and CFRP anchors are all 

passive in nature. That is, their contribution to the bond resistance of tension lap splices 
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is utilized once splitting cracks initiate. This type of confinement does not fully prevent 

widening of the splitting cracks, particularly under large drift and splice stress reversals 

demanded by strong earthquakes. This justifies why most passively confined column 

specimens with lap splices developed enhanced seismic performance only up to drift 

ratios varying between 2.5 and 4%.  

Also, because of slip of the spliced bars due to cyclic bond degradation, most of 

these specimens developed pinching in their lateral load-drift response and relatively 

low energy absorption and dissipation capacities. Add to this the fact that, because of 

their low stiffness against lateral dilation of concrete, passive confinement, especially 

CFRP jackets, are not as effective in confining spliced bars along the long side of 

rectangular columns with large aspect ratio (Kim et al. 2011; Hantouche and Harajli 

2013) or when compared to columns with circular sections. 

For wide rectangular RC columns with bending about their minor axis, Kim et 

al. (2011) proposed using a combination of CFRP jackets and CFRP anchors. However, 

once again, because of the cyclic bond degradation, the columns in the test of Kim et al. 

(2011) encountered pinching in the lateral load-drift response and experienced sharp 

drop in lateral load capacity at drift ratios varying between 3.0 and 4.0%. 

Active confinement by means of pre-tensioned steel anchor rods is investigated 

in this research. Active lateral pressure on both sides of the specimen would suppress or 

prevent the development of splitting cracks for different bond design parameters, such 

as concrete cover, splice length, and concrete compressive strength. The concept of 

actively confining a column specimen is to apply lateral compression forces from both 
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sides of the minor axis within the splice region. This way splitting bond cracks will be 

arrested before they develop along the splice length.  
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CHAPTER 2 

OBJECTIVE 

In this study, the use of active confinement by means of pre-tensioned steel 

anchor rods for seismic bond strengthening of lap spliced reinforcement at the critical 

hinging region of rectangular or wall-type bridge piers is experimentally investigated. 

The test variables covered diameter of the spliced bars, ratio of the pier longitudinal 

reinforcement and configuration of the pre-tensioned steel anchor rods. A design 

procedure is developed for engineers for evaluating the minimum active lateral pressure 

required for adequate bond strengthening and for designing the strengthening system 

under investigation. A design example is provided to illustrate the use of the proposed 

procedure.   

It should be mentioned that one of the main advantages of the current study is 

that it explores a new technique for seismic strengthening and rehabilitation of existing 

RC structures. Note that it is possible that RC bridge piers may require seismic 

retrofitting for preventing other modes of structural failure under axial, shear and/or 

flexural loads. However, this study concentrates on aspect of retrofitting, namely bond 

strengthening of deficient lap splices which is considered one of the most common 

causes of structural failure of RC bridge piers or columns in general under earthquake 

loading. 

In summary, previous techniques for seismic bond strengthening of lap spliced 

reinforcement in circular or rectangular columns used passive confinement. Most of the 
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tried techniques succeeded in improving the seismic performance of bond-critical 

region in RC columns, but fell short of achieving the full potential of columns or bridge 

piers that are originally designed for earthquake loads in accordance with modern codes 

of practice. 

Active confinement by means of pre-tensioned steel anchor rods for seismic 

bond strengthening of lap spliced reinforcement at the critical hinging region of wall-

type bridge pier is experimentally investigated. The study is significant for (i) assessing 

the success of active confinement in improving the seismic behavior of gravity load 

designed RC columns or bridge piers having lap spliced reinforcement; and (ii) 

exploring new and more effective techniques for seismic strengthening and 

rehabilitation of existing RC structures when compared to other techniques reported in 

the technical literature. 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

3.1 Test Specimens 

The specimens represent a typical small scale 65 cm wide strip of a RC bridge 

wall-type pier as shown in Figure 2. The pier is assumed to be subjected to longitudinal 

earthquake forces parallel to the axis of the bridge. Figure 3 shows details of the 

specimens. The effective height and section depth of the pier specimen are 150 cm and 

25 cm, respectively, producing a reasonable height-to-depth ratio of 6.0. Note that the 

actual height of the specimen is 160 cm, however the lateral force was applied at a 

height of 150 cm, i.e. the effective height is 150 cm (see Figure 3) The pier strip 

(referred to as “column’ or “pier”) is supported over a 100 cm long, 70 cm wide, and 40 

cm deep footing. Table 1 provides a summary of the specimens’ designation, test 

parameters, and strengthening technique, if any. 

The test variables included the reinforcement ratio of the columns, the bar 

diameter, and the configuration of the steel anchor rods. The specimens were divided 

into three test series, W16, W20, and W25 corresponding to diameters of the pier 

reinforcement of 16 mm, 20 mm, and 25 mm, respectively. The selected reinforcement 

areas produced reinforcement ratios (ratio of longitudinal steel area to the area of the 

pier gross section) close to 1.5% for W16, 1.9% for W20, and 2.4% for W25. The 

longitudinal reinforcements in all specimens were spliced at the column/pier base. The 

splice lengths were 35݀௕ or 56 cm for specimens W16, 35݀௕ or 70 cm for W20, and 

46݀௕ or 115 cm for W25, where ݀௕ is the bar diameter.  
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Table 1: Specimens Notations and Strengthening Techniques 

Specimen Series 
Specimen 
Notation 

݂′௖ 
(MPa) 

Strengthening Technique 

W16 
 ௦௧ = 12 T16ܣ
௬݂ = 570 MPa 
 ௦ = 560 mmܮ

W16-U 30.0 As-Built. No Strengthening 

W16-SA 32.0 
9 steel anchor rods pre-tensioned using steel plates 
and bolts along the splice length. See Figure 5. 

W20 
 ௦௧ = 10 T20ܣ
௬݂ = 608 MPa 
 ௦ = 700 mmܮ

W20-U 30.0 As-Built. No Strengthening 

W20-SA 32.0 
9 steel anchor rods pre-tensioned using steel plates 
and bolts along the splice length. See Figure 5. 

W25 
 ௦௧ = 10 T25ܣ
௬݂ = 608 MPa 
 ௦ = 700 mmܮ

W25-U 26.0 As-Built. No Strengthening 

W25-SA1 32.0 12 steel anchor rods pre-tensioned using steel plates 
and bolts along the splice length. See Figure 5. 

W25-SA2 26.0 
12 steel anchor rods pre-tensioned using steel plates 
and bolts along the splice length. See Figure 5. 

W25-SA3 32.0 12 steel anchor rods pre-tensioned using steel plates 
and bolts along the splice length. See Figure 5. 

 

The specimens of the second category were strengthened by applying lateral 

compression force on the concrete within the splice region. The compression force was 

attained by pre-tensioning through steel anchor rods placed inside predrilled holes and 

bearing against discrete steel plates in the position shown in Figures 5 and 6. The 

diameter of the anchor rods was determined based on the estimated rod pre-tension 

force required in each specimen for achieving “adequate” bond strengthening. The size 

of the steel bearing plates was selected to fully transfer the steel anchors pre-tension 

force to the concrete. 
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All columns are supported on a RC strong floor and loaded as shown in Figure 4 

through a RC reaction wall. All specimens were subjected to the same loading protocol 

shown in Figure 13 below. The loading protocol is composed of a sequence of 

displacement-controlled cycles given in percent lateral drift, or drift ratio ሾDR ൌ

	ሺ∆୪ h଴⁄ ሻ ൈ 100%ሿ, where ∆୪ is the lateral drift and h଴ is the height of the column at the 

point where the lateral load is applied. In order to simulate the actual cyclic loading 

condition, the load was composed of a sequence of displacement-controlled cycles 

using 1 point loads in accordance with the cyclic load history shown in Figure 13 

below, the exact drift ratio with its corresponding cycle number are shown in Table 2. 

 

Figure 13. Loading protocol 
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against another steel plate from the other side. Pre-tensioning of the rods was carried 

out one day or immediately before loading. The design pre-tension force was acquired 

using a torque-meter and monitored simultaneously using strain gages mounted on four 

rods before they were installed inside the holes.  

Table 2. Drift ratio, amplitude and its corresponding cycles 

 
Drift Ratio (%) 

 

 
Amplitude (mm) 

 
cycle 

0.50 
 

7.5 
 

1 
2 
3 

1.00 
 

15.0 
 

4 
5 
6 

1.50 
 

22.5 
7 
8 
9 

2.00 
 

30.0 
 

10 
11 
12 

3.00 
 

45.0 
 

13 
14 
15 

4.00 
 

60.0 
 

16 
17 
18 

5.00 
 

75.0 
 

19 
20 
21 

6.00 
 

90.0 
 

22 
23 
24 

7.50 
 

112.5 
 

25 
26 
27 
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It should be noted that because the concentration in this study is on the bond 

resistance of spliced reinforcement which depends primarily on the splice tension stress, 

the specimens were tested under pure flexural load. That is, the application of axial load 

on the columns was deemed to have little influence on the outcome of this study. 

Test measurements included applied lateral load and lateral drift, rotation within 

50 mm and 180 mm at the bottom of the column , strain in the outermost column 

reinforcement (starter bars) at the column base, and increase in strain in the anchor rods. 

The test results were recorded using a data acquisition and control system. 

The rate of lateral displacement was set at 2 mm per second, and was controlled 

manually from 0% to 100% of that set value. The test results were recorded using a data 

acquisition and control system. The system included sixteen channels which were 

connected to the strain gages on the steel reinforcement and the external linear variable 

differential transducers (LVDT). Two LVDTs that were used to measure the bond slip 

were located 5 cm from the top of the footing and located near the center of the face of 

the column. Another two LVDTs located next to the former ones but at 18 cm from the 

top of the footing were used to measure the curvature (See Figure14). 
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CHAPTER 4 

DESIGN GUIDELINES 

4.1 Guidelines 

Bond failure of steel bars occurs either in splitting mode or pullout mode. If the 

concrete cover is relatively small and/or the concrete surrounding the developed/spliced 

bar is not well confined, bond failure occurs by tension splitting of the concrete under 

the radial component of the bond forces. On the other hand, if the concrete cover is 

large, and/or the concrete is well confined, bond failure occurs in pullout mode before 

the development of splitting cracks by shearing off the concrete keys between the bar 

deformations (lugs). In normally detailed RC members (normal concrete covers, splice 

lengths, and areas of transverse steel confinement) the bond force required to shear off 

the concrete keys between the bar lugs is sizably larger than that required to cause 

tension splitting in the surrounding concrete. Consequently, bond failure in most RC 

members occurs in splitting mode. 

The design strategy of the strengthening system used in this investigation is 

based on the concept of transforming the bond resistance of the lap spliced bars from 

splitting mode to pullout mode by applying lateral pressure that would completely 

suppress the bond splitting cracks before they develop. Transforming the bond 

resistance from splitting mode to pullout mode improves the bond performance of the 

spliced bars by restraining, or at least reducing, bond degradation associated with the 

progressive widening of the splitting cracks under drift and splice stress reversals. 
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One of the earliest studies for evaluating the effect of lateral pressure on bond 

strength of steel bars in tension goes back to 1965 (Untrauer and Henry). Since then, 

several additional experimental studies have been carried out. A concise summary of 

test results were reported and discussed by Eligehausen et al. (1983), and more recently 

by Xu et al. (2014). Most of these studies, which were conducted using short bar 

embedment lengths with pullout mode of bond failure, reported increase in the pullout 

bond strength with increase in lateral pressure. However, at present, there is no easy 

design approach for quantifying the minimum active lateral pressure that would modify 

the mode of bond failure from splitting mode into pullout mode for different bond 

design parameters, (ex. concrete cover, splice length, concrete compressive strength). 

Kim et al. used the shear friction concept for calculating the area of FRP transverse 

anchors required for bond strengthening of spliced reinforcement in RC columns. If a 

similar concept is to be used in this study, albeit the splice arrangement (lateral) used in 

the current test program is different from the splice arrangement (radial) used by Kim et 

al., the hypothetical shear plane shown in Figure 15 will be assumed to transfer a total 

splice force Tୠ corresponding to the development of some desired splice stress fୱ. 
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Whereܣ௕ is area of one spliced bar, ௬݂is design yield strength and ns is the number of 

spliced or starter bars; ߤ is coefficient of friction, taken as 1.4 in accordance with ACI 

318-11. The force ܨ௟ is thus calculated as:  

௟ܨ  ൌ
ଵ.଼ହ௡ೞ஺್௙೤

ఓ
 (2)  

It can be easily verified that the force F୪ calculated using Equation (2) is equal to 

550 kN, 690 kN, and 1080 kN for each of the specimens in test series W16, W20 and 

W25, respectively. 

However, a more realistic but yet approximate approach for estimating ܨ௟ , 

which takes into account most of the design parameters that influence the bond strength, 

would be to use the following basic and well known expression developed by 

Orangunet al. (1977) for calculating the average bond strength uୟ at bond failure of 

steel confined concrete: 

୳౗

ට୤ౙ
ᇲ ሺ୑୔ୟሻ

ൌ 0.1 ൅ 0.25
ୡ

ୢౘ
൅ 4.15

ୢౘ
୐౩
൅

୅౪౨୤౯౪౨
ସଵ.଺ୱ୬౩ୢౘ

 (3) 

in which ܿ is minimum concrete cover and ܮ௦ is splice length; ܣ௧௥, ݏ and ௬݂௧௥ are area, 

spacing, and yield strength of transverse steel reinforcement crossing the potential plane 

of splitting. By making analogy between the anchor lateral force and the force 

developed in the transverse steel reinforcement at bond failure, the term ܣ௧௥ ௬݂௧ ⁄ݏ can 

roughly, but conservatively, be replaced by the total active anchor force Fl per unit 

length along the splice length, i.e., ܣ௧௥ ௬݂௧ ⁄ݏ ൌ  ௦ , required to develop a spliceܮ/௟ܨ

tension force equal to ܣ௕൫1.85 ௬݂൯at bond failure. Using equilibrium between the splice 

force and the bond force for one spliced bar, i.e., ܣ௕൫1.85 ௬݂൯ ൌ  ௦ in whichܮ௕݀ߨ௔ݑ

௧௥ܣ ௬݂௧ ⁄ݏ  in Equation (3) is substituted by ܨ௟/ܮ௦, and neglecting the contribution of the 
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internal steel ties to the bond resistance, leads to the following expression for estimating 

the total lateral active force ܨ௟ within the entire splice region of the column: 

௟ܨ ൌ 41.6݊௦ܮ௦݀௕ ቎
ଵ.଼ହ஺್௙೤

గௗ್௅ೞට௙೎
ᇲ
െ ቀ0.1 ൅ 0.25 ௖

ௗ್
൅ 4.15 ௗ್

௅ೞ
ቁ቏ (4) 

Using Equation (4) and considering a design concrete compressive strength 

fୡᇱ ൌ 30MPa, the values of F୪ were calculated at approximately 350 kN for specimen 

W16, 720 kN  for W20, and 920 kN for W25, respectively, which are coincidentally of 

the same order of magnitude as those estimated from Equation (2). Note that Equation 

(4) predicts an increase in F୪ as the concrete cover, splice length, or concrete 

compressive strength decreases. 

The number of steel anchor rods depends on the selected dimension B  of the 

steel plates. The corresponding dimension B  (assuming square plates) can be chosen 

such that the entire concrete cover plane A-A within the splice region (Figure 16) is 

under uniform compression stress, assuming the compression force in concrete 

propagates at a slope of 1:2 (AASHTO LRFD 2011). The minimum size B of the steel 

plate should also be adequate to prevent concrete bearing failure within some desired 

safety factor. The diameter ad  of the pre-tensioned steel anchor rods and the thickness 

of the steel bearing plates pt  are determined using Load and Resistance Factor Design 

(AASHTO LRFD, ANSI/AISC 2011): 

yaa

a
a F

FLF
d


4

  (5) 

௣ݐ ൌ ට
ସிೌ

ଷ௙್
 (6) 
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reinforcement 40bc . Concrete compressive strength 30' cf MPa, and design yield 

strength of the steel bars yf  415 MPa. The steel plates to be used are ASTM A572 

Grade 50 having a yield strength ybF 50 ksi (345 MPa), while the pre-tensioned rods 

are ASTM F1554 high strength steel having a yield strength yaF 105 ksi (724 MPa). 

The load factor LF  is assumed to be 1.4. 

4.3 Design Steps 

1. Estimate the total lateral force from Equation (4) to be 055,10lF kN 

2. Use trial and error to find the best combination of the number ௣ܰ and the size B of 

square pates, such that the thickness of the plate and the diameter of steel through 

rods are within practical design applications. Using the confinement concept shown 

in Figure 5, a straightforward relation between the size B and number ଴ܰ of the steel 

plates or anchor rods per one row is expressed as:  

WcBN bo  )4(         (7) 

Using Equation (7), the following combination is selected: B = 200 mm, and ଴ܰ  = 

10. 

3. Determine the total number of plates ௣ܰ (or steel anchor rods) such that the 

strengthening system has at least two rows of anchor rods and such that ݊௥ሺܤ ൅

4ܿ௕ሻ ൑ L௦, where ݊௥ is the number of rows used. Using two rows leads to ௣ܰ = 20, 

and therefore the pretension force per one steel rod  ܨ௔ ൌ ௟ܨ ௣ܰ ൌ⁄  503 kN. 

4. Calculate the diameter ݀௔ of the threaded steel rod using Equation (5) considering 

∅௔= 0.9: ݀௔ = 37 mm. 



33 
 

5. Calculate the thickness ݐ௣ of the steel plate from Equation (5) assuming the distance 

m from the edge of the steel plate to the face of the nut (Figure 3) = 70 mm, and 

considering ∅௙= 0.9: ݐ௣ = 24 mm. 

6. Check bearing strength ܨ௕ under each of the plates (AASHTO LRFD): 

















 0.2

)4(
'85.0

2

2
2

B

cB
BfF b

cbb       (8) 

where the load resistance for bearing ∅௕= 0.7. This leads to ܨ௕ = 1285 kN, which is 

larger than the factored applied force ܨܮ ൈ  .௔ = 704 kNܨ
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CHAPTER 5 

TEST RESULTS AND ANALYSIS 

Application of load initially causes a lateral drift of the specimens away from 

the RC reaction wall. Throughout the discussion that follows, the west and east side of 

the columns correspond to the side close to or away from the reaction wall, respectively 

(see Figure 11). Table 3 below provides relevant test parameters and results obtained 

for the different test series. 

Table 3. Relevant test parameters and results 

Test Series Specimen 
݂′௖ 
(MPa) 

௠ܲ௔௫ 
(kN) 

 ௬ܴܦ
(%) 

 ௨ܴܦ
(%) 

 (*) ௗߤ

Steel Tension 
Strain at ௠ܲ௔௫ሺߝߤሻ 
Push 
Cycle 

Pull 
Cycle 

W16 
 ௦௧ = 12 T16ܣ
௬݂ = 570 MPa 
 ௦ = 560 mmܮ

W16-U 30.0 82.8 1.75 4.1 2.3 7400 12300 

W16-SA 32.0 96.0 2.1 ˃7.0 ˃3.3 10000 12000 

W20 
 ௦௧ = 10 T20ܣ
௬݂ = 608 MPa 
 ௦ = 700 mmܮ

W20-U 30.0 99.0 2.1 5.7 3.1 2540 4400 

W20-SA 32.0 110.0 2.2 ˃7.5 ˃3.4 4200 4800 

W25 
 ௦௧ = 8 T25ܣ
௬݂ = 588 MPa 
 ௦ = 1150 mmܮ

W25-U 26.0 122.7 2.4 5.2 2.2 4040 3700 

W25-SA1 32.0 139.3 2.2 ˃7.5 ˃3.4 4700 8500 

W25-SA2 26.0 136.5 2.3 ˃7.5 ˃3.3 3600 4000 

W25-SA3 32.0 139.3 2.2 ˃7.5 ˃3.4 5000 4500 

 (*) Average between compression and tension cycles 
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The three as-built specimens (W16-U, W20-U, and W25-U) developed splitting 

cracks immediately after yielding of the starter bars. Bottom and side splitting cracks 

initiated at the corner spliced bars first, followed by bottom splitting developing in the 

intermediate bars. Splitting cracks initiated at the base of the columns and then 

propagated upward along the splice length as the lateral drift increased, causing spalling 

of the concrete (particularly in specimen W25-U), substantial slip of the starter bars, 

and concentration of deformation and widening of a major crack at the base of the 

column. The final failure mode for all as-built specimens was a combination of bond 

splitting and flexural failure associated with concrete crushing (compression failure) at 

the base of the column. 

All strengthened column specimens (W16-SA, W20-SA, and W25-SA) 

developed minor splitting cracks with increase in lateral drift ratio beyond about ±3.0 to 

±4.0%, and after yielding of the starter bars. These cracks, which concentrated close to 

the corner bars were hairline, and propagated only a limited distance above the base of 

the column. No side splitting was developed for the corner bars as occurred in the as-

built specimens. The final failure mode of the strengthened specimens was a clear 

flexural failure associated with steel yielding and concrete crushing at the base of the 

column with concrete damage concentrating mainly within 40 mm to 60 mm above the 

column-footing interface. 
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Examination of the lap-splice zone of the steel anchor bolted columns by 

removing the steel plates at the end of the test showed that these specimens did not 

experience any failure due to pre-stressing of these plates, and that concrete was still 

intact in these locations. Splitting bond failure was evident for all strengthened 

specimens, propagating to the around 50% of the splice region for the outermost 

reinforcements in specimens W16-SA and W25-SA, and to the full splice length in 

specimens W20-SA. 

5.2 Lateral load-drift Response 

Figures 24 to 29 show the applied column lateral load versus drift ratio response 

of the as-built and the strengthened column specimens in the three test series, W16, 

W20, and W25. A summary of the average envelope peak lateral loads ௠ܲ௔௫ (average 

between the compression and tension cycles) attained by the various specimens is 

provided in Table 3. 

5.2.1 As-built Columns 

In all as-built specimens W16-U, W20-U and W25-U, yielding of the starter 

bars developed at drift ratios (average between the compression and tension cycles) of ± 

1.75%, ± 2.1% and ± 2.4%, respectively. Yielding of the starter bars was followed 

shortly by the development of bond splitting cracks. The development of splitting 

cracks combined with drift and splice stress reversals caused progressive bond 

deterioration and slip of the spliced bars, leading to gradual degradation of the flexural 

stiffness, drop in lateral load capacity, and significant pinching in the lateral load-drift 

response of the specimens towards the end of the test or a drift ratio of ± 7.5%. 
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Figure 24. Lateral load-drift response for the as-built specimens in series W16 

 

Figure 25. Lateral load-drift response for the strengthened specimens in series W16 
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Figure 26. Lateral load-drift response for the as-built specimens in series W20 

 

Figure 27. Lateral load-drift response for the strengthened specimens in series W20 
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Figure 28. Lateral load-drift response for the as-built specimens in series W25 

 

Figure 29. Lateral load-drift response for the strengthened specimens in series W25 
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The ultimate drift capacities of the specimens, defined as the drift at which the 

lateral load capacity drops to 80% of the peak lateral load, are summarized in Table 3. 

The corresponding capacities attained ± 4.1%, ± 5.7% and ± 5.2%, for specimens W16-

U, W20-U and W25-U, respectively. The displacement ductility, defined as the ratio of 

the ultimate drift ratio to the yield drift ratio, varied for the three as-built specimens 

between 2.2 and 2.7 (see Table 3), which are all relatively low for reinforced concrete 

members in regions of moderate or high seismic hazard. 

5.2.2 Strengthened Columns 

Yielding of the three strengthened column specimens (W16-SA, W20-SA, and 

W25-SA) occurred at a common drift ratio of about ± 2.1%. Because the splitting 

cracks were prevented or minimized as a result of the active confinement, neglecting 

the small difference in the concrete compressive strength, the peak load of the 

strengthened specimens acquired an increase of about 16.0%, 11.0% and 14.0% when 

compared with the as-built specimens in test series W16, W20 and W25, respectively. It 

was apparent from the lateral load-drift response that as a result of suppression of the 

splitting cracks due to the active confinement as initially anticipated, the spliced bars 

experienced a predominant pullout mode (as opposed to splitting mode) of bond 

resistance throughout the response. This behavior enhanced the cyclic bond 

performance and, in the process, controlled the slip of the starter bars, prevented or 

minimized pinching of the lateral load-drift response, and reduced significantly the load 

and stiffness degradations when compared with the as-built specimens. The 

strengthened specimens were still able to sustain sizable lateral load capacity, even at 

excessively large drift ratios of ± 7.5%. The displacement ductility ratios of the three 
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strengthened columns were all in excess of about 3.4 (See Table 3) which are 

substantially larger than those developed by the as-built specimens. 

5.3 Energy Dissipation Capacities 

Figures30and 31shows variation of the energy dissipated per one cycle at 

different cycle numbers for the as-built and strengthened specimens of series W20. The 

energy was calculated from the area under the lateral load-drift response enclosed 

within one complete cycle. Cycles 4, 7, 10, 13, 16, 19, 22, and 25 correspond to the first 

cycle in the target drift ratios of 1, 1.5, 2, 3, 4, 5, 6, and 7.5%, respectively. 

 

Figure 30. Comparison of energy dissipation of as-built and strengthened specimens of 
series W20 
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Figure 31. Comparison of cumulative energy dissipation of as-built and strengthened 
specimens of series W20 

At low displacement and up to drift ratios of about ± 2.0% to ± 3.0%, the 
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specimens were almost identical. However, with increase in drift beyond ± 3.0% which 
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columns grew substantially larger, reaching at drift ratios of ± 7.5% approximately two 
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CHAPTER 6 

CONCLUSIONS 

The use of active confinement for seismic bond strengthening of spliced 

reinforcement in wide rectangular reinforced concrete (RC) columns or wall-type 

bridge piers is experimentally investigated. Three as-built sample “pier” specimens 

having lap spliced reinforcement within the critical hinging region were tested under 

large drift reversals. Companion specimens were strengthened using active confinement 

by means of pre-tensioning through steel rods and then tested under the same loading 

protocol as the as-built specimens. The test variables included the ratio of the 

longitudinal ratio, the bar diameter, and the configuration of the steel anchor rods.  

Based on the results of this experimental study, it was found that when subjected 

to drift reversals induced by even moderate earthquakes, the as-built specimens 

developed bond splitting cracks which propagated along the full splice length. As a 

result, these specimens encountered cyclic bond degradation of the spliced 

reinforcement, leading to inferior performance. Active confinement by means of pre-

tensioned steel rods suppressed the development of bond splitting cracks leading to 

increase in bond resistance of the spliced bars and substantial improvement of seismic 

performance.  

This improved performance is manifested by less concrete damage; lower bond 

and strength degradation; increase of drift ductility ratios; and lower or insignificant 

pinching in the lateral load-drift response and consequently enhanced energy dissipation 
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capacities. Concentrating the active confinement closer to the base of the pier where 

bond splitting cracks potentially initiate was found to be more effective in improving 

the bond performance of the lap splices. Nonetheless, more research is needed for 

identifying the most optimum anchor configuration that would produce the least cost 

but yet effective seismic strengthening. 

Active confinement by means of pre-tensioning steel anchor 1 rods suppressed 

the development of splitting cracks, altered the bond resistance mechanism from 

splitting to pullout mode, leading to increase in bond resistance of the spliced bars and 

substantial improvement of seismic performance of the strengthened columns. This 

improved performance is manifested by lower bond and strength degradation, increased 

drift capacity and drift ductility ratios, much lower or insignificant pinching in the 

lateral load-drift response and considerably enhanced energy dissipation capacities. 

Concentrating the active confinement closer to the base of the column where splitting 

cracks potentially initiate was found to be more effective and economical in improving 

the bond performance of the spliced reinforcement. Nevertheless, more research is 

needed for identifying the most optimum anchor configuration that would produce the 

least cost but yet effective seismic strengthening. 

A proposed approach is developed for engineers for evaluating the lateral 

pressure required for adequate bond strengthening and for designing the strengthening 

system investigated in this study. Also, a design example is provided for illustrating the 

use of the proposed approach. While the design procedure utilized in this study 

produced reasonably good strengthening outcomes, the adequacy of the procedure and 

the effectiveness of the retrofitting technique under investigation require further 
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experimental verification, particularly for different lap splice lengths and anchor rod 

pretension force.  
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