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Highway bridges can be considered as crucial civil structures for economic 

and social progress of urban areas. The damages to highway bridges due to 

earthquake events may have dramatic impact on the interested area, with or 

without life threatening consequences, since bridges are essential for relief 

operations. For these reasons, the assessment of seismic performance of 

existing bridge structures is a paramount issue, especially in those countries, 

such as Italy, where most of existing bridges was constructed before the 

advancement in earthquake engineering principles and seismic design codes. 

Several major earthquakes occurred throughout the world highlighted the 

seismic vulnerability of the bridge piers, due to obsolete  design. If, for ordinary 

shaped reinforced concrete (RC) bridge columns the seismic assessment issue 

can be considered as almost solved, due to several analytical assessment 

formulations available in literature, and adopted by codes, the same cannot be 

said for columns with hollow -core cross section, despite their widespread use. 

None of the current codes addresses specialized attention to RC hollow core 

members, and only quite recently, attention has been paid to experimental 

cyclic response of hollow columns. Some critical issues for hollow RC columns 

are related to the assessment of their shear capacity, special focusing on 

degradation mechanisms, and the high shear deformation characterizing the 

seismic response of such elements.  

In the above outlined contest, a contribution in the seismic assessment of 

hollow bridges piers is provided by the present work: the investigation of 

cyclic lateral response of RC existing bridge piers with hollow rectangular and 

hollow circular cross -section is performed. Special attention has been focused 

on failure mode prediction and shear capacity assessment. 
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A critical review of the state -of-the-art and of the theoretical background is 

firstly carried out: the review process has been focused on the past 

experimental and analytical research on seismic performance of hollow 

reinforced concrete bridge piers, both for hollow rectangular and hollow 

circular cross sections.  

The experimental campaign, conducted at Laboratory of the Department of 

Structures for Engineering and Architecture, University of Naples òFederico 

IIó, is presented. The experimental program comprised tests on six reduced-

scale RC bridge piers with hollow cross-section (four rectangular shaped and 

two circular shaped). The specimens were ad hoc designed in order to be 

representative of the existing bridge columns typical of the Italian transport 

infrastructures realized before 1980, by using a scaling factor equal to 1:4. The 

construction procedure is detailed, too. All the tests were performed in quasi -

static way by applying increasing horizontal displacement cycles with constant 

axial load (equal to 5% of the axial compressive capacity) until collapse. The 

monitoring system is accurately explained: it was composed of two sub -

systems, one used for global measures (forces and displacement), and the other 

to deeply investigate about local deformation.  

Experimental results for both hollow rectangular and hollow circular 

specimens are reported: for each specimen the results in terms of lateral load 

versus drift ar e shown and the evolution of observed damage with increasing 

displacement is described and related to the lateral load-drift response. An 

experimental analysis of deformability contributions to the top displacement is 

performed, mainly in order to better u nderstand the relevance of taking into 

account shear deformations for bridge piers assessment. The energy 

dissipation capacity is also analyzed, evaluating the equivalent damping ratio 

and its evolution with ductility. For hollow rectangular specimens, the global 

response is modelled through a three-component numerical model, in which 

flexure, shear and bar slip are considered separately. The main goal of the 

numerical analysis is to reproduce the experimental deformability 

contributions.  

The last part of the work focuses on the definition of proper shear strength 

models for both hollow rectangular and hollow circular cross sections, and the 

definiti on of a deformability capacity model for hollow rectangular cross 

section. To this aim, two different experime ntal databases are collected and 

critically analyzed. The effectiveness in shear capacity and failure mode 
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prediction of main existing shear capacity models is investigated, by applying  

these models to the database columns. Based on the obtained results, some 

modifications to existing shear strength models are discussed and proposed in 

order to improve the ir  reliability for  hollow columns.  Finally, a new drift 

capacity model is developed and proposed to assess drift at shear failure of 

hollow rectangular co lumns.  

Keywords:  Reinforced concrete bridge piers; Hollow rectangular cross-section; 
Hollow circular cross -section; Experimental tests; Failure mode; 
Deformability contribution; Seismic assessment; Shear strength 
assessment; Drift-capacity model. 
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Chapter 1  

INTRODUCTION  

 

 

 

 

 

1.1 Motivation  and research objectives 

Among the natural hazards, earthquakes are paramount due to their 

impact on civil structures worldwide. The considerable direct and indirect 

losses due to earthquakes for vulnerable existing structures have prompted a 

great interest in performance assessment to future seismic events. Seismic 

performance evaluations, beyond the traditional goal of life safety, are today 

required to rightly estimate expected losses. Realistic losses evaluations require 

more accurate seismic risk assessment tools, in order to help decision and 

policy -makers both in pre-earthquake planning to  mitigate probable losses and 

in post-earthquake planning to develop emergency response and recovery 

strategies. According to a performance-based approach, modern seismic codes 

worldwide define performance levels aimed at avoiding collapse under major 

earthquakes and ensuring control and limitation of damage under more 

frequent but less severe earthquakes, in order to minimize economic and 

functionality losses. In this framework, seismic vulnerability and risk 

assessment of civil structures are essential, starting from the characterization of 

earthquake hazard, and going on with determination of structural response 

(structural demand), identification of performance limits (structural capacity), 

and degrees of structural damage and losses associated with specific damage 

states. 

Among civil structures, highway bridges can be considered as crucial for 

economic and social progress of urban areas. Moreover, after seismic events 
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occurrence, bridges are essential for relief operations. For these reasons, 

damages to highway bridges due to earthquake events, even if not particularly 

intense, may have dramatic impact on the interested area, with or without life 

threatening consequences. The assessment of seismic performance of existing 

bridge structures is a paramount i ssue, especially in those countries, such as 

Italy, where most of existing bridges was constructed before the advancement 

in earthquake engineering principles and seismic design codes. 

The majority of the current Italian highway infrastructures was 

constructed following the rapid economic growth of the 1950s (the so-called 

ôôItalian miracleõõ). In particular, a great part of the bridges stock on Italian 

highways was built during the two decades from 1955ð1975. In the late 1980s, 

construction resumed to fill  some important gaps that had emerged in the 

meantime. Except some major bridges of architectural value, representing only 

a minor portion of the bridge stock, the rest of the highway bridges is of rather 

uniform typology, with simply supported spans and p iers of single stem or 

frame types (Figure 1.1). The bridge typologies of that  period were 

substantially unchanged, although the quality of construction has considerably 

been improved. Throughout th at period, the national design code did not 

evolve significantly. The safety format remained firmly anchored to the 

allowable stress design until th e early 2000s, and changes, as it regards bridges, 

were mainly in terms of traffic loads, whose intensity increased over time. In 

particular, o ne aspect completely missed was the design criteria against 

seismic actions. The seismic design consisted in the application of nominal 

ôôequivalentõõ static horizontal forces with no other considerations regarding 

ductile behavior. The maximum value of these forces, in the area of higher 

seismicity, was 10% of the weight (Pinto and Franchin, 2010).  

 

  

Figure 1.1. Typical Italian simply supported viaduct s 



Chapter 1 

Introduction 

 

27 

The perception of the risk associated to the seismic vulnerability of the 

transportation infrastructure, and in particular to that of bridge structures, is a 

quite recent acquisition in Italy , on the part of both the relevant authorities and 

the experts. This is possibly because in the last major earthquakes, the 

transportation infrastructure has not suffered significant distress (Pinto and 

Mancini, 2005). Even if i t is to be noted, that these seismic events (Friuli 1976, 

Irpinia1980, LõAquila 2009) occurred in periods when the presence of highway 

viaduct was not so intense in the interested areas. However, it can be observed 

that the delay in t he seismic risk recognize is not exclusive of Italy. For 

example, it took twelve years after the failures of quite modern bridges during 

the San Fernando earthquake (1971), for the Federal Highway Administration 

(FHWA) to publish a first document titled òRetrofitting guidelines for 

Highway Bridgesó (FHWA-ATC, 1983). Still, in 1989, despite of the large 

retrofit program set up, the Loma Prieta earthquake exposed substantial 

deficiencies in bridges in California (Pinto et al., 2009). The seismic 

vulnerability  of existing highway bridges, and in particular of the bridge piers, 

principally due to obsolete design, has been highlighted by several major 

earthquakes occurred throughout the world. Various failure modes of bridge 

columns have been identified during post -earthquake reconnaissance 

operations on transportation infrastructures.  Generally, failure is related to a 

displacement-ductility capacity not adequate to the seismic demand, caused by 

not sufficient reinforcement details. In some cases, generally for columns with 

high aspect ratio (namely, columns height -to-section depth ratio), this led to 

collapse for combined axial load and bending moment of the plastic regions 

located at the basis of the piers, with spalling and crushing of the compressed 

concrete, and longitudinal bars buckling (see Figure 1.2). In other cases, 

especially for medium -low aspect ratio columns, the premature collapse is to 

assign to a not sufficient not -degraded shear capacity (see Figure 1.3), or to 

degradation of shear capacity caused by flexural damages during non-linear 

response, namely, the so called òflexure-shearó failure mode (see Figure 1.4). 

Seismic performance of bridges substantially depends on lateral behavior 

of vertical structural sub -systems, in particular of the piers. The modern 

seismic design philosophy for bridge structure is to pursue energy dissipation 

by ductile flexural hinges at the piers base (Priestley et al., 1996), unlike 

columns used in building frames that a re typically designed following the 

weak beam-strong column philosophy for seismic resistance (Paulay and 
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Priestley, 1992). Brittle shear failure of bridge piers clearly has to be prevented 

to avoid disastrous collapse, and special attention has to be paid also to shear 

strength degradation with increasing flexural ductility demand. If for ordinary 

shaped reinforced concrete (RC) bridge columns (namely, with solid 

rectangular or circular cross-section) the seismic assessment issue can be 

considered as almost resolved, since many experimental and analytical studies 

are available in literature (Priestley and Park, 1987; Priestley et al., 1994, Xiao 

and Ma, 1997, among many others), the same cannot be said for columns with 

hollow -core cross section.  

RC hollow section piers are a widespread structural solution for bridge 

structures, economically attractive because of several reasons including the 

larger moment-of-inertia than solid sections with a similar area, reduced 

inertia masses, saving of materials and equipment during construction, 

reduced problems related to the hydration of massive concrete. In particular, 

circular shape of the RC hollow section piers is very used for highway bridges, 

because its lateral response under wind and seismic loads is similar in any 

direction.  

 

Figure 1.2. Plastic hinge collapse: Gothic Avenue viaduct (Northridge earthquake, 
California, 1994) 

 

 

Figure 1.3. Piers shear failure: Wu-Shi bridge (Chi-Chi earthquake, Taiwan, 1999) 
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Figure 1.4. Flexure-shear failure: Hanshin viaduct (Kobe earthquake, Japan, 1995) 

 
Despite their widespread use, none of the current codes addresses 

specialized attention to RC hollow core members, both for design and 

assessment (Turmo et al. 2009). Only quite recently, attention has been paid to 

experimental cyclic response of hollow columns: relatively few exp erimental 

studies, especially if compared with columns with solid cross section, are 

available in literature. Recent principal earthquakes around the world have 

highlighted the inadequate seismic performance of existing hollow piers, 

generally characterized by poor structural detailing and small web thickness. 

A critical, and still open, issue is the assessment of shear capacity of hollow RC 

columns (Calvi et al., 2005), special focusing on degradation mechanisms. In 

fact, shear-resisting mechanisms typical of this structural typology  are very 

similar to those characterizing tube sections, depending mainly on webs aspect 

ratio and transverse reinforcement details. Small thickness together with not 

sufficient reinforcement details limit the confined concrete core, crucial to 

seismic energy dissipation (Kim et al., 2012). Another important issue related 

to existing hollow RC piers is that their seismic response is characterized by 

high shear deformations, comparable to ones typical of RC walls, which may 

represent also a considerable portion of global top displacement as highlighted 

by Delgado et al., (2008). 

The situation outlined above is sufficient to understand that the state of the 

art on seismic assessment of hollow  bridges piers still needs to be advanced in 

several areas. In particular, proper predictions of nonlinear behavior, failure 

modes, and shear capacity, are essential prerequisites for a reliable evaluation 

of structural fragility and, then, of seismic performance and risk assessment of 

RC bridges. 

This work aims at contributing to the investigation of cyclic lateral 
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response of RC existing bridge piers with hollow rectangular and hollow 

circular cross-section, characterized by not sufficient seismic reinforcement 

details, therefore susceptible to high shear deformations and, eventually, shear 

failure. Special attention is focused on failure mode prediction and shear 

capacity assessment. For these purposes, both experimental and analytical 

studies are carried out and presented. To define and develop these studies, a 

critical literature review of the available experimental and analytical works is 

carried out. 

The experimental study is performed on reduced -scale hollow RC 

columns, with rectangular and circular shape, different for aspect ratio, tested 

under cyclic increasing loading and constant axial force. The specimens are 

representative of typical design practices in force in Italy before 1980s, 

therefore characterized by low percentage of longitudinal and transverse 

reinforcement, with inadequate d etails, and lack of appropriate confinement 

reinforcement. The main goals are: (i) at global level, the evaluation of the 

failure mode, the ultimate drift capacity and the energy dissipation capacity of 

piers with different aspect ratio; (ii) at local leve l, the analysis of deformability 

contributions (i.e. flexure, shear and fixed-end-rotation) to the top 

displacement. Global experimental results are compared with main shear 

strength models, developed for RC members with solid cross section, in order 

to assess their predictive capacity when applied to hollow bridge piers. For 

hollow rectangular specimens, monotonic numerical modelling is applied in 

order to reproduce the experimental deformability contributions.  Starting from 

the experimental results and shear strength comparison, the assessment of 

shear capacity of hollow RC members is further investigated. To this aim, two 

experimental database of tests on hollow rectangular and hollow circular 

columns, respectively, subjected to shear failure (with and wi thout flexural 

yielding) are collected and critically analyzed. The predictive capacity of the 

main shear capacity models available in literature are applied to the database 

columns, in order to identify critical aspects of the application of such models 

to hollow columns.  For hollow rectangular columns, based on the identified 

critical aspects, improvements to shear strength assessment are proposed and 

discussed, and an ad-hoc shear drift-capacity model is developed and 

proposed. For hollow circular column s, a critical discussion about existing 

shear strength models is carried out, and a new ad-hoc model is developed 

and assessed.  
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1.2 Dissertation outline  

The presented work, whose motivations and main goals are reported  

above, is divided in eight sections.  

Firstly, experimental studies on RC bridge piers with hollow rectangular 

and hollow circular cross -section are reviewed and discussed. An overview on 

analytical modeling of lateral response of RC columns, considering flexural, 

shear, and bar slip deformations, and more in detail, on shear strength models, 

is provided in  Chapter 2. 

Chapter 3 describes the test program including the test specimen details, 

material properties, test specimen construction, test setup, instrumentation, 

and the loading procedure.  

A detailed description of the experimental response of  each hollow 

rectangular specimen is provided in Chapter 4, together with a comparison 

with main code -based models for shear strength assessment. Finally, a 

monotonic numerical assessment of the global response, aiming to reproduce 

the experimental deformability contributions is carried out and discussed.  

Chapter 5 presents in details global and local experimental results for 

hollow circular test specimens. Also in this case, a comparison between global 

experimental response and shear strength envelope from main code-based 

models is provided.  

Using an experimental database of hollow rectangular columns with 

relatively large aspect ratios, Chapter 6 evaluates the effectiveness of various 

force-based and displacement-based shear capacity models. Firstly, the 

collected database is described and analyzed. Then, the predictive capacity of 

main shear strength models, developed for members with solid cross section, 

is examined in relation to the  database results. Based on the comparison 

results, some improvements for shear strength assessment of hollow 

rectangular columns are proposed and discussed. Finally, the main models for 

the assessment of displacement-based shear capacity, again developed for 

members with solid cross section, are applied to the columns database. Starting 

from a critical analysis of the effects of several response parameters on the 

column shear response, a new model for the evaluation of the drift at shear 

failure, ad-hoc for hollow rectangular columns is discussed and proposed.  

Chapter 7 deals with the shear strength assessment for hollow circular 

columns. An experimental database of RC columns with hollow circular 
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columns and a single external layer of steel reinforcement is described. Then, 

the effectiveness of main existing models in predicting shear strength is 

investigated for columns database. Finally, after a critical discussion about 

shear-resisting mechanisms of hollow circular columns, a new shear strength 

model is developed and discussed. 

In Chapter 8 a summary of the research work is provided, together with 

main conclusions and some recommendations for future research in this field.  
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Chapter 2  

STATE OF THE ART  AND BACKGROUND   

 

 

 

 

 

In this chapter, a theoretical and experimental state-of-the-art is carried 

out. The first two sections review  past experimental and analytical research on 

seismic performance of hollow reinforced concrete bridge piers , with 

rectangular and circular corss-section, respectively. Test details and a 

discussion of the experimental results are briefly presented, for each of the 

considered studies. Based on the analyzed experimental studies, several issues 

are identified, which can be considered still open. They will be subject of the 

present study.  

The second part of the chapter deal with the review of several analytical 

models. First, the òclassification issueó for reinforced concrete (RC) members, 

namely the prediction of the failure m ode characterizing a RC member known 

its plastic and shear strength values, is recalled and discussed. Later, several 

existing models for the assessment of the lateral response in term of 

deformation  of RC column are reviewed and analyzed. Finally, main models 

for shear strength evaluation from literature and codes are described and 

discussed, focusing on their experimental nature and, in particular, 

highlighting differencies between them . For all this models, the corresponding 

formulations are summarized, in order to provide the required definitions and 

uniform symbology.  They will be applied in next chapters in different 

approaches depending on the objective that it is intended to pursue, and with 

the addition of new proposals.  
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2.1 Experimental studies: hollow rectangular RC columns  

The use of hollow cross-section for reinforced concrete (RC) columns is 

widespread for bridge structures. This solution is economically attractive and 

technically adequate, because of several reasons, such as among others the 

larger moment-of-inertia than solid sections with a similar area, reduced 

inertia masses, saving of materials and equipment during construction, 

reduced problems related to the hydration of massive concrete (Priestley et al. 

(1996)). 

However, the most important recent earthquakes evidenced the 

vulnerability of this type of section , particularly when no ad equate seismic 

provisions are applied. In fact, shear strength and ductility of hollow section 

columns deeply depends on seismic details, in particular shear and 

confinement steel reinforcement (Priestley and Park (1987)). Only quite 

recently attention has been paid to experimental cyclic response of hollow 

columns: relatively few experimental studies , especially if compared with 

columns with solid cross section, are available in literature . Some of these 

studies are related to large-scale tests, others to reduced-scale tests. Among the 

firsts, the experimental studies by Yeh et al., (2002) and Pinto et al. (2003), 

among the seconds, the studies carried out by Mo and Nien (2002), Mo et al. 

(2004), Calvi et al. (2005) and Delgado (2009). Each of these works will be 

briefly described, discussed and analyzed hereafter. For each of them, the 

attention will be focused on the specimensõ properties, test setup and 

experimental results. This literature review will be the basis for the collection 

of the database reported in the section 6.1. 

2.1.1. Yeh, Mo and Yang (2002) 

Within the context of the design and construction of a new high -speed rail 

project in Taiwan, in this paper, experimental results for two prototype and 

four scaled model hollow bridge columns are reported. Primary experimental 

variables of this study were axial load, amount of lateral reinforcement, and 

height-to-depth ratio.  

Tests were performed under constant axial load ratios, varying from 0.082 

to 0.176, and cyclically reversed horizontal load.  

The scale ratio of prototype to model was equal to three. Therefore, all 

specimen properties and test data for models reported in this paper were 
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converted to prototype using the theory of small scaled models (ACI 1970). 

The configuration of lateral reinforcement was typical of bridge design in 

Taiwan. The cross section of each of the prototypes and models were 1.5x1.5m 

and 0.5x0.5 m, respectively. The wall thickness of the prototypes and models 

were 300 and 120 mm, respectively. The moment arms (distance between the 

horizontal loading point and the top of the reinforced concrete foundation) for 

the two prototypes were 6.5 and 4.5 m. For all four model specimens the 

moment arm was 1.8 m. Each specimen was identified by a three charactersõ 

code: the first character P or M in the specimen designation stood for 

prototypes or models, respectively. Comparing with the requirement of the 

ACI code (ACI 318-95), the second character S or I represented sufficient or 

insufficient shear reinforcement, respectively. The last character 1 or 2 

indicated the axial load ratio close to 0.1 or 0.2, respectively. The spacing of the 

transverse reinforcement in all the specimens satisfied both the design 

requirements of the ACI code (ACI 318-95), and the requirement suggested by 

Priestley et al. (1996), in which the spacing needs to be less than six times the 

diameter of longitudinal rebars. For specimens PS1, MS1, and MS2, the 

provided shear reinforcement is more than that required by the ACI code (A CI 

318-95) to avoid shear failure. For specimens PI1, MI1, and MI2, the provided 

shear reinforcement is only approximately 50% of that required by the ACI 

code (ACI 318-95). Each specimen was instrumented with load cells, 

displacement transducers, and strain gauges to monitor displacement and 

corresponding load as well as strains and relative deformations. The specimens 

were tested under displacement control according to a predetermined drift 

percentage. The time histories of displacement for the specimens consisted of 

cycles increasing with column drifts up to 6.5%. In each case, the displacement 

cycle was repeated to measure the strength degradation. All specimens 

developed stable responses up to certain displacement ductility levels. Flexural 

cracks perpendicular to the column axis developed first in regions close to the 

bottom of the columns. The flexural cracks became inclined and extended into 

the neutral axis of the columns due to the influence of shear, typically at a 

stage exceeding the first yielding of longitudinal rebars. At later stages of 

loading, typically at displacement ductility levels of 2 and 3, independent 

shear cracks started to occur. Plastic hinges were fully formed at the bottom 

end of the columns, which contributed to the development of ductility. 

Although each specimen developed the estimated flexural strength, the 
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ultimate performance and ductility level was different for each  column. 

Two of the tests experimented shear failure after flexural yielding. 

Specimen MI1, subjected to a lower axial load ratio of 0.086 and characterized 

by shear reinforcement equal to only 40% of that required by the ACI code 

(ACI 318-95), failed in shear developing a displacement ductility factor of 4.33. 

Ultimate performance for this specimen was dominated  by shear capacity due 

to concrete crushing at the bottom of the specimen. The rupture of a few tensile 

longitudinal rebars occurred immediately before shear failure of the specimen, 

due to the low -cycle fatigue phenomenon. Specimen MI2 with insufficient 

shear reinforcement was subjected to a higher axial load ratio of 0.185. It was 

subjected to shear failure after flexural yielding. Some longitudinal rebars 

buckled in the loading stage close to the failure, but no rupture of tensile 

longitudinal rebars hap pened in this case. Figure 2.1  shows test specimens 

details and lateral load response for test models. In Figure 2.2, final state 

damages for specimens failing in shear are reported.  

 

   

Figure 2.1 Details of test specimens and load-displacement response, Yeh et al. (2002) 

 

  

Figure 2.2. Final damage states for FS tests, Yeh et al. (2002) 

 

Based on this study, Authors concluded that specimens with sufficient 

transverse reinforcement experimented flexure failure mode due to rupture of 
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longitudinal rebars, while specimens with insufficient transverse 

reinforcement failed in shear with lower di splacement ductility capacity. 

Moreover, specimens with grater axial force had less ductility.  

2.1.2. Mo and Nien (2002) 

Within the same context of the previous study, Mo and Nien (2002) 

reported the experimental results of six hollow high -strength concrete 

columns. The concrete compressive strength fell  in the range from 50 to 70 

MPa. Primary experimental variables of this study included axial load, amount 

of lateral steel, and height-to-depth ratio. In particular, columns with height -to-

depth ratio of 3.6 to 3.0 were designed to study their lateral response. 

Tests were performed under constant axial load ratio, varying from 0.054 

to 0.132, and cyclically reversed horizontal load.  

The cross section of all specimens was 0.5x0.5 m and the wall 120 mm. The 

moment arms were 1.5 m or 1.8 m. As usual, each specimen was identified by a 

code in which the first character, ôôHõõ, indicated high-strength concrete. The 

second character, ôôSõõ or ôôIõõ, designated specimens with sufficient shear 

reinforcement or insufficient s hear reinforcement, respectively, when 

compared with the ACI code (ACI 318 -95). The third character, ôô0õõ, ôô1õõ, or 

ôô2õõ, identified the varied axial load. If the last character in the specimen 

designation was ôôbõõ, the moment arm of this specimen was 1.5 m. The 

moment arm of all the remaining specimens is 1.8 m. The spacing of the 

confining reinforcement in all specimens satisfies both the design requirements 

of the ACI code (ACI 318-95) and the requirements suggested by Priestley et al. 

(1996). For specimens HS-1 and HS-2, the provided shear reinforcement is 

more than that required by the ACI code (ACI 318 -95) in order to avoid shear 

failure. For the remaining specimens the provided shear reinforcement ranges 

between 50 and 66% of that required. 

The specimens were tested under displacement control following a 

predetermined displacement history defined in terms of column drift 

percentage. The displacement routines for the specimens consist of cycles with 

column drifts of up to 6.0%. The displacement cycles were repeated to measure 

the strength degradation. 

All specimens developed stable responses up to certain displacement 

ductility levels. Flexural cracks perpendicular to each columnõs axis developed 

first in regions close to the bottom end of the column s. The flexural cracks 
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became inclined and extended into the web zone of the columns because of the 

influence of shear typically at a stage exceeding the first yield of longitudinal 

rebars. At later stages of loading, typically at displacement ductility le vels of 2 

and 3, independent shear cracks started to occur. Plastic hinges were fully 

formed at the bottom ends of the columns, which contributed to the 

development of ductility. Although all specimens exhibited the estimated 

flexural strength, their ultim ate performance and the ductility levels achieved 

were different.  

Three of the tests experimented shear failure after flexural yielding.  

Specimen HI-0-b with smaller moment arm, lower axial force, and shear 

reinforcements of only 50% of the amounts required by the ACI code (ACI 318-

95), developed a displacement ductility of 4.7. The ultimate performance for 

the specimen was first dominated by load -carrying capacity due to the rupture 

of tensile longitudinal rebars at the bottom end of the columns. Af terward, 

shear failure occurred. The same failure mode interested specimen HI-2-a. 

Specimen HI-1-b was characterized by the same reinforcements and 

moment arm of the previous specimens, but it was subjected to a higher axial 

force. Also in this case, flexure-shear failure occurred. Although some 

longitudinal rebars buckled in the loading stage close to the failure, no rupture 

of tensile longitudinal rebars occurred.  

Figure 2.3 shows test specimens details and lateral load response for test 

models.  

 

 

 

Figure 2.3. Final damage states for FS tests, Mo and Nien  (2002) 
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Based on this study, Authors concluded that specimens with sufficient 

transverse reinforcement experimented flexure failure mode due to rupture of 

longitudinal rebars, while specimens with insufficient transverse 

reinforcement failed in shear with lower displacement ductility capacity. 

Moreover, specimens with grater axial force had less ductility.  

Authors carried out also comparisons between experimental results and 

main shear strength models from literature and American codes. They noted 

that the experimental curves were lower than the shear capacity predictions. 

The reason of this was that all models were developed for normal-strength 

concrete. 

2.1.3. Yeh et al., (2002) 

Yeh et al., (2002) carried out an experimental investigation on three full-

scale prototypes of hollow bridge piers for the design and construction of a 

new high -speed rail in Taiwan. Primary experimental variables of this study 

were amount of lateral reinforcement and height -to-depth ratio.  

The prototypes were tested under a constant axial load ratio of 

approximately 0.08, and a cyclically reversed horizontal load. Piers had height -

to-depth ratios of 4.3, 3.0 and 2.3. The cross section of each prototype  was 1.5 m 

x 1.5 m. The wall thickness of the specimens was 300 mm. The moment arms 

were 3.5 m, 4.5 m and 6.5 m. In the specimen identification code, the first 

character, P, stands for prototypes, while the second character, such as S or I, 

represents sufficient or insufficient shear reinforcement, respectively, when 

compared to the requirements of the ACI code (ACI 318-95). The third 

character of 1 or 2 means the smaller or larger spacing of lateral reinforcement, 

respectively. The spacing of the confining reinforcement in specimens PS1 and 

PI1 satisfies both the design requirements of the ACI code (ACI 318-95), and 

the requirements suggested by Priestley et al. (1996), in which the spacing 

needs to be less than six times the diameter of longitudinal rebars. For 

specimen PSI, the provided shear reinforcement is more than that required by 

the ACI code (ACI 318-95) to avoid shear failure. For specimens PI1 and PI2, 

the provided shear reinforcement is only approximately 50 percent and 20 

percent of that required by the ACI code (ACI 318-95), respectively (see Figure 

2.4) 

The specimens were tested under displacement control, following a 

predetermined displacement history defined in terms of pier drift percentage.  
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Figure 2.4. Details of the cross section, Yeh et al. (2002) 

 

The displacement routines for all the three specimens consist of cycles with 

pier drifts up to 6.5 percent. The displacement cycles were repeated to measure 

the strength degradation. All specimens developed stable responses up to 

certain displacement ductility levels. Flexural cracks perpendicular to the pier 

axis developed first in regions close to the bottom of the piers. The flexural 

cracks became inclined and extended into the web zone of the piers due to the 

influence of shear, typically at a stage exceeding the first yield of longitudinal 

rebars. At later stages of loading, typically at displacement ductility levels of 2 

and 3, independent shear cracks started to occur. Although all three specimens 

developed the estimated flexural strength, their ultimate performances and 

ductility levels achieved were different. In particular, specimen PI2 (with 

extremely insufficient shear reinforcement ) was subjected to shear failure at 

displacement ductility of 4.1. Although some longitudinal rebars buckled in 

the loading stage close to the failure, no rupture of tensile longitudinal rebars 

happened (see Figure 2.5). 

 

 
 

Figure 2.5. Hysteretic loops  and damage state for Test PI2, Yeh et al. (2002) 
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Authors performed a comparison of the  experimental results with some 

shear strength models [(ACI 318-95), Priestley et al., (1994), Ascheeim et al., 

(1992)]. The model by Priestley et al. (1994) gave a prediction close to 

experimental strength, while the others were conservative. Moreover, Au thors 

concluded that prediction accuracy in terms of displacement for the specimen 

with shear failure needed to be further improved.  

2.1.4. Pinto et al. , (2003) 

Pinto et al. (2003) presented cyclic tests on two large-scale (1:2.5) models of 

existing bridge piers with rectangular hollow cross -section performed in the 

ELSA laboratory. Test specimens were prototype of the piers of an existing 

reinforced concrete highway bridge constructed in Austria in 1975.  Therefore, 

they presented several seismic deficiencies, such as lap splices within the 

potential plastic hinge region, bar cut -off at a not easily accessible height 

without adequate development length for the terminated rebars, low 

percentage of longitudinal and transverse reinforcement, short overlapping 

length, inadequate detailing of horizontal reinforcement and lack of 

appropriate confinement reinforcement.  The two test specimens were different 

for height -to-length ratios (low and high).  

The objectives of the test campaign were to investigate the performance of 

as-built rectangular hollow bridge piers without seismic detailing, to identify 

and confirm the deficiencies, and to assist in the design of the retrofitting 

solutions to be applied in a second stage of the research programme. 

The scaled specimens had a rectangular hollow cross-section with external 

dimensions 2.74×1.02 m. The widths of the flange and the web were 0.21 m 

and 0.17 m, respectively. The height of the short pier was 6:5 m (height-to-

length ratio L/D  = 2.4) and the height of the tall pier was 14.0 m (L/D  = 5.1). 

The concrete cover was chosen to be 0.015 m for ease of construction. For the 

short pier, the volumetric ratios were 0.4% and 0.09% for longitudinal and 

transverse reinforcement, respectively. The starter bars were terminated above 

the base block and the vertical rebars were spliced just above the base cross-

section and within the potential plastic hinge region. No stirrups or closed 

hoops were placed, according to the original design of the piers. For the tall 

pier, the volumetric ratio s were 0.7% and 0.09%. Longitudinal steel bars were 

characterized by inadequate overlapping length and reduction of almost 50% 

of the total amount at the height of 3.5 m. Figure 2.6 presents the reinforcement 
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details of the piers. As regards material properties, concrete C35/45 

(characteristic cylinder strength f ck = 35 MPa) and steel S500 (characteristic 

yield strength f0:2k = 500 MPa), as defined in Eurocode 2 (EC2), were used in 

accordance with the materials specified for the prototype pier.  

Tests were performed under a constant axial load ratio of about 0.10, and 

cyclically reversed horizontal displacements with incre asing amplitudes. 

The experimental results from the tests on the short pier, with lap splices 

just above the block foundation, indicate d that most of the non-linear 

deformation concentrated in a narrow slice at the base, leading to an 

equivalent plastic hi nge much lower than the empirical values (38% of the 

empirical value). This resulted in a small drift capacity of 1.5% (see Figure 2.7). 

 

 

Figure 2.6. Geometry and reinforcement details, Pinto et al., (2003) 

 

For a tall pier with bar cut -off, limited ductility was also observed (drift 

capacity of 1.6%). Failure occurred above the bar cut-off at 1/4 of the height  

(see Figure 2.8).  

Numerical results from a fiber model were in good agreement with the 

experimental results, for the short p ier with flexure -dominated behavior. For 

the tall pier, the fiber model was unable to simulate the tension shift due to the 

shear cracking in the lower part of the pier.  

The test campaign confirmed that existing RC bridge piers with 

rectangular hollow cro ss section, designed without seismic requirements, are 
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expected to have poor hysteretic behaviour  and low deformation capacity 

during a significant earthquake event.  

 

 
 

Figure 2.7. Final damage state and hysteretic loops for short test, Pinto et al. (2003) 

 

  

Figure 2.8. Final damage state and hysteretic loops for tall test, Pinto et al. (2003) 

 

2.1.5. Mo et al. , (2004) 

The primary objective of the experimental study by Mo et al. (2004) was to 

present the results of an investigation on hollow rectangular columns 

retrofitted with carbon FRP (CFRP) composite straps. 

Eight reinforced concrete hollow columns were tested under  a constant 

axial load ratio varying from 0.080 to 0.136, and a cyclically reversed horizontal 
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load. Primary test parameters include transverse reinforcement, shear span, 

axial force level, and FRP retrofit. 

The cross section of all specimens was 500x500 mm; the wall thickness of 

the hollow column was 120 mm. In this paper the spacing of the confining 

reinforcement satisfies both the design requirements of ACI code (ACI 318-95), 

and the requirements to prevent buckling suggested by Priestley et al. (1996), 

in which the spacing needs to be less than six times the diameter of the 

longitudinal rebars. However, the provided shear reinforcement of the 

specimens with an expected shear failure is much less than that required by 

the ACI code (ACI 318-95). In the group without FRP retrofit, there are two 

specimens, namely, NS1 and NI1-b. In specimen NS1, sufficient shear 

reinforcement was provided when compared to the ACI requirements. In 

specimen NI1-b, insufficient shear reinforcement was provided that was only 

about 35% of the ACI requirements. These two specimens served mainly as 

control specimens (see Figure 2.9). 

The horizontal load was applied at a quasi-static rate in displacement-

controlled cycles to displacements 5 mm, 10 mm, etc., for specimens NI1-b, and 

10 mm, 20 mm, etc., for specimens NS1, until failure of the specimen occurred. 

All hollow columns developed stable responses up to certain displacement 

ductility levels. Flexural cracks perpendicular to columnõs axis developed first 

in regions close to the bottom end of the columns. For the specimens without 

FRP sheets the flexural cracks became inclined and extended into the web zone 

of the columns due to the influence of shear, typically at a stage exceeding the 

first yield of longitudinal rebars. At later stages of loading, typically at 

displacement ductility levels of 2 and 3, independent shear cracks started to 

occur. In particular, for the as-built sp ecimen NI1-b (with shear reinforcement 

of only 35% of the ACI requirement) shear failure occurred. Right before shear 

failure, this specimen had similar performance to retrofitted specimen. At the 

ultimate state, this specimen failed due to a very clear shear crack through the 

plastic hinge region. 

Authors performed a comparison of the experimental results with some 

shear strength models [(ACI 318-95), Priestley et al., (1994), Ascheeim et al., 

(1992), Caltrans (1995)]. They concluded that for the specimen without FRP 

retrofit, the approach proposed by Priestley et al., (1994) to estimate the shear 

capacity gave the best prediction (see Figure 2.10) 
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Figure 2.9. Comparison between experimental envelope and shear strength curves, Mo 
et al. (2002) 

 

 

Figure 2.10. Comparison between experimental envelope and shear strength curves, 
Mo et al. (2002) 

 

2.1.6. Calvi et al., (2005) 

Calvi et al (2005) performed an experimental program on reduced -scale RC 

bridge piers with square hollow cross -section. The main objectives of the study 

were, among others, the evaluation of seismic response for different aspect 

ratios, and the assessment of the capacity of main shear strength models from 

codes and literature in prediction of collapse modes, strength and 

displacement capacity. Primary experimental variables of this study were 

aspect ratio, axial load and transverse reinforcement, for seven of the ten test 

specimens (hereinafter identified as òordinaryó). The remaining three 
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specimens were designed to investigate the effect of shift in critical section 

(interrupted longitudinal bars) and insufficient lap splice length.  

All tes t specimens were designed in order to be representative of typical 

existing Italian hollow bridge piers. Among the ordinary specimens, two 

groups were defined, T-series and S-series, characterized by different aspect 

ratio (2 and 3, respectively). A hollow  square cross section with side of 450 mm 

and thickness of 75 mm characterized all specimens. Short test units were 

characterized by lower reinforcement ratio, while t all specimens presented 

higher reinforcement ratios. For each series, three value of the axial load were 

defined and applied, in order to study the influence of this parameter on the 

lateral response. The properties of test specimens are reported in Figure 2.11. 

Tests were performed under constant axial load ratios, varying from 0.06 to 

0.21, and cyclically reversed horizontal displacements, increasing with a 

sequence of drift ratios of 0.4%, 1.2%, 2.4%, 3.6%, and so on until failure 

occurred. A post-tensioned high strength Ø32 steel bar was used to give the 

initial axial load. The adopted test setup is reported in Figure 2.12. 

 

 

 

Figure 2.11. Properties of test specimens, Calvi et al. (2005) 
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As concerns materials, concrete compressive strength was of 30 MPa on 

average, while relatively high strength steel was used, with  yield strength at 

approximately 550MPa and ultimate strength at approximately 670MPa.  

 

 

Figure 2.12. Test setup, Calvi et al. (2005) 

 

The experimental results confirm that the collapse of the three S-specimens 

was essentially controlled by insufficient shear strength, with wide inclined 

cracks even from the beginning of the test and failure of the stirrups in the 

ultimate phase. 

The taller pier tests were characterized by a mixed flexuralðshear failure. 

They showed an increased capability of deformation with respect to the S-

series but still insufficient. The yielding in longitudinal bars was reached, but 

the overall dissipation was reduced, deep inclined openings appeared on 

sidewalls, bars buckling in the critical section at the base of the column and 

finally failure of the transversal reinforcement. Shear cracks inclination varied 

between 25° and 29° for FS specimens (for which Flexure-Shear failure 

occurred), and between 29° and 35° for S specimens. Experimental results in 

terms of lateral force and drift are illustrated in Figure 2.13. Typical final 

damage states for S-specimens and T-specimens are depicted in Figure 2.14. 

Authors compared prediction of few recent shear strength models with the 

experimental results. They concluded that the models proposed by Kowalsky 

and Priestley (2000) and Ashheim and Moehle (1992) were able to predict shear 

strength with sufficient accuracy. Less accurate was the maximum 

displacement estimation (ductility), obtained by intersecting the shear domain s 

and the corresponding flexural response curves. 

Authors observed that this was essentially due to the fact that the 

intersecting curves were almost flat in the intersection zone and a vertical 


















































































































































































































































































































































































































































































