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Chapter 1: Introduction 

1.1 Introduction  

 
A large part of the buildings and infrastructure in the developed world was built during the 

post-world war era, to meet the needs of the intense urbanization that saw the decades following 

the war.  By 1980 structures that represent more than 70% of the built environment had already 

been constructed. A significant shift in design practices of reinforced concrete, marked by the 

introduction of ultimate limit states design occurred in the mid-80’s. A rapid sequence of 

revisions occurred in design codes in the 80’s and 90’s.  The version of design methods used 

today was consolidated in Europe about twenty years ago. A revised version is currently being 

developed will take hold soon and will govern structural engineering practice for the next few 

decades till further advances in the state of the art will dictate future revisions.  

In Cyprus much of the available reinforced concrete construction was built in a hurry following 

the invasion and occupation of the Northern part of the island, to meet the housing needs of the 

refugees. Today these structures are already 50 years old, but they continue to be an integral 

part of the real estate market on the island and represent an appreciable investment by 

stakeholders.  When examined with regards to the quality of construction, both material-wise 

and detailing-wise, many of these structures clearly do not meet the current standards (Figure 

1.1 (a)). The island combines an appreciable seismic risk, being located in proximity to some 

active faults (Figure 1.1 (b) and Figure 1.2). 

  

Figure 1. 1 : (a) Regional Tectonic Map in the Around Cyprus (Bowman, 2011); (b) Typical 

state of old construction  

(a) (b) 
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Figure 1. 2 : Tectonic setting and location of Cyprus with reference to the major seismic 

activity in eastern Mediterranean and the Aegean – map of fault movements in the Samo-

Izmir earthquake (red star). [from Sylvain Barbot@quakephysics,  

https://twitter.com/quakephysics/status/ 1322242343198621696/photo/1] 

The question often arises – not only in Cyprus, but in many parts of the world where old 

construction is exposed to seismic risk: do these structures pose a risk to human life?  Time 

and again, past earthquakes that have hit urban centers indicate that this is a valid concern. At 

the same time, the same events show that not all older structures have a poor performance – in 

fact, the vast majority has outlived many earthquakes.  Therefore, from the perspective of the 

duty of care, evaluation of old construction is paramount for the engineering community; 

coming up with solutions to address the deficiencies is another concern, may be as important 

as the task of evaluation.   

Traditionally, State Authorities have been formulating and enforcing structural design codes 

and standards, with public safety as the primary objective. As a result, traditional building 

seismic design codes aim to protect human life by preventing local or global collapse in the 

case of an earthquake. The requirement for no local collapse usually relates to a rare seismic 

activity known as "design seismic action” – i.e., an event with a mean return period of 475 

years (Fardis, 2009) - in ΕC8-PART I-2004 , the "design seismic action" for ordinary structures 

has only a 10% chance of being surpassed throughout the period of a 50-year working life, or 

0.2% percent in a single year.   
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The seismic assessment of reinforced concrete structures is based on strength values that can 

only be accurately evaluated when the failure modes are ductile. When addressing brittle 

mechanisms of resistance, notably shear transfer and the accompanying deformation capacity, 

the level of precision is compromised (Chasioti et al., 2014). The major detailing/construction 

defects associated with RC columns are the poorly anchored and widely spaced transverse 

reinforcement that promote shear failure and longitudinal compression bar buckling; the 

presence of smooth longitudinal or transverse reinforcement, the high shear stresses due to 

short column effects and the inadequate lengths of longitudinal reinforcement lap-splice or 

anchorage are very common. These characteristics are typical of the development of brittle 

failures. In significant earthquakes, buildings with columns that have one or more of these 

vulnerabilities are sensitive to severe damage and may collapse (Opabola et al., 2021, Alvarez, 

2017).  

Older columns are often slender, and therefore prone to second order effects, a mechanism that 

consumes part of the available flexural capacity of the member, accelerating the occurrence of 

failure under lateral excursions such as those caused in sway structures by earthquakes. The 

geometric second-order effects (also known as P-Δ) have been shown to lead to a considerable 

increase of the length of the plastic zone, contributing to the destabilizing effects of P-Δ 

demands (Burgueño et al., 2016).  Second order effects are an integral part of all the 

experimental studies conducted to study the behaviour of columns; it was shown in the present 

work that the presence of these effects, although unavoidable in real life, if not recognized 

explicitly tend to distort the interpretation of the mechanics of shear strength degradation, 

which is a core component of seismic assessment.  For this reason, a large part of the present 

study is dedicated to the study of degradation of shear strength of columns with brittle details 

by explicitly recognizing the different mechanisms that are responsible for the decimation of 

column resistance with increasing lateral swaying displacement.  

Concrete is a durable material by nature, but how long it lasts depends on the proportions of 

the concrete mix, the presence and placement of reinforcement and the detailing, placement, 

finishing, curing, and maintenance and protection of the structure. Weathering effects and 

exposure to the elements is known to contribute to deterioration and a possible reduction in its 

service life.  These instances are widespread in existing structures, particularly those built in 

periods of lax standard enforcement and low construction quality procedures (e.g. site mixing 

of concrete, empirically).  For this reason, the sub-discipline of concrete repair is becoming a 
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major focus of design and construction as the concrete material technology evolves and the 

industry develops and grows.  

In Cyprus, with the ever increasing number and aged concrete structures, the common practice 

of neglecting or deferring maintenance, and the increased public awareness of deterioration 

and maintenance needs as a result of access to information and visual evidence of the 

performance of structures in earthquakes around the globe, the topic of structural repair is 

becoming a major focus of design and construction activities. It is noted here that although 

concrete rehabilitation is thought to combine experience and science, it is rare that engineers 

and contractors have had any formal training in concrete repair procedures or the performance 

of repair materials. Personal experience is useful, but it takes time to gain and can be costly in 

terms of unsuccessful repairs. Even while this is changing, there is currently insufficient data 

to confidently anticipate repair serviceability and durability. Premature failure of concrete 

repair will result in financial and serviceability disruptions.  

Engineered cementitious composites (ECCs) is a relatively recent advent in cementitious 

material technology, and their emergence has opened up new opportunities for improving the 

safety, durability and sustainability of civil infrastructure by minimizing the brittle nature of 

concrete. ECC has remarkable ductility under tension, a property that was markedly absent in 

normal concrete.  In fact, the strain magnitudes developed by ECC were only seen in ductile 

metals.  This behavior has been made possible by the strategically engineered microstructure 

of the material and it is manifested by fine closely distributed cracks (Li, 2003; Georgiou, 2017; 

Shang et al., 2019) that delay the occurrence of crack localization and tensile failure. When 

considering long-term environmental implications that can be achieved through this substantial 

crack control, and the savings in reinforcement on account of the intrinsic tensile strength of 

the material, the advantages of ECC over concrete become much more compelling.  

RC structures are prone to cracking due to concrete's poor tensile strength.  ECC's high tensile 

strain capacity can compensate for this limitation, making it an excellent retrofitting material. 

Several research studies have been conducted investigating the use of ECC in construction 

details where its ductility would be needed, such as RC beams, columns, and beam–column 

joints; in some applications, ECC was used for concrete core replacement in damaged plastic 

hinge zones with remarkable improvements of behavior (Deng et al., 2018; Zhu and Wang 

2016; Alsomiri et al., 2021).  
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In the present study an innovative retrofitting procedure for old RC structural components is 

developed and studied experimentally and analytically.  The procedure effectively replaces the 

damaged cover of the structural component with an ECC jacket of equal thickness, the 

advantage of the approach being that the geometric dimensions of the retrofitted component 

remain unchanged. Previous studies with ECC jacketing for seismic retrofitting of concrete 

columns have already yielded promising results regarding the functionality of the material as a 

jacket (Hong et al., 2021); the material used in the present study was designed and made in the 

laboratory of the University of Cyprus (Georgiou, 2017) after adaptation of past research to the 

source material availability and their physicochemical properties. Understanding the material 

properties of these new types of composites, is crucial for considering them in standardized 

practice. For this reason, apart from the structural retrofitting studies using cover replacement 

with ECC jackets, the experimental part of the study included thorough characterization tests 

of the material used against a variety of stress states with particular emphasis on the tensile 

strain ductility and ECC to Concrete interfacial bond. The study was complemented with 

detailed finite element simulations of the retrofitted components in order to extend the bounds 

of the parametric investigation beyond the limits of the experimental program.    

1.2 Motivation, Objectives, and General Assumptions  
 

1.2.1 Motivation 

Since much of the earthquake design knowledge accumulated gradually over the years, earlier 

concrete design standards did not include some of the modern essential design criteria to avoid 

brittle failures during earthquakes.  Older construction details (e.g. stirrup layout) were often 

made with primary motive the simplicity of assembly (e.g. perimeter stirrups, not anchored 

into the core) and away from regions of reinforcement congestion (e.g. joints); therefore, they 

do not work well when structural elements are loaded into the inelastic range.  Some of the 

most common earthquake failure mechanisms are:  

[1] Shear failure is a prevalent failure mechanism in older columns, particularly short columns 

or columns carrying a high axial load. This type of failure is caused by insufficient 

transverse reinforcement (inadequate spacing, tie-bar diameter and hook anchorage), the 

large stirrup spacing representing the most serious inadequacy because it may also induce 

compression reinforcement buckling. Shear failure occurs at low levels of ductility and may 

occur even before yielding of the longitudinal reinforcement (Figure 1.3). Even if 
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longitudinal bar yielding precedes, in general, reversed inelastic displacement cycles 

progressively decrease the column shear capacity, resulting in shear failure following 

flexural yielding (Moehle et al., 2000). It is noted here that the same result may occur in 

more modern construction, if the structure is exposure to aggressive environments: because 

transverse reinforcement has less concrete cover than longitudinal reinforcement, shear 

load capacity of columns may deteriorate more rapidly than flexural load capacity due to 

corrosion (Webster, 2000). 

 

 

 

 

 

 

Figure 1. 3 : Shear failure of columns in the parking garage of the Digicel building (note the 

90-degrees hooks in right photo, Paultre et al., 2013). 

[2] Column Flexural Strength: For an ideally constructed concrete column subjected to 

lateral load, the mechanism of failure is flexural. It is noted here that even though most 

of the inelastic action may be flexural, in the absence of adequate confinement a column 

with limited ductility may be unable to sustain the imposed flexural deformations 

(Moehle et al., 2000). Figures 1.4(a) and (b) show instances of columns failing due to 

insufficient confinement.  
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Figure 1. 4 :  Reinforced concrete failures in flexure and buckling: (a) San Fernando Road 

Overhead damage due to insufficient flexural ductility in the 1971, San Fernando 

earthquake (Moehle et al., 2000); (b) Longitudinal reinforcement buckling (Miguel, 

2013) 

[3] Inadequate Anchorage and Lap-Splice Length: In RC columns, lap splice failure may be 

caused by inadequate anchorage length or insufficient confinement over the developed 

bars (Figure 1.5(a), Haroun 2005). Lap-splices are often located above the footing, where 

there is a potential plastic hinge zone with high flexural demand.  In the absence of 

adequate confinement, the lap-splices may not be able to develop the column's flexural 

capacity caused by poor detailing (Pardalopoulos et al., 2011); after a lap failure the 

member behaves as hinged in the location of the lap splice, which corresponds to a 

significant reduction of effective stiffness and attainment of nominal strength. In some 

cases, lap splices were found particularly prone to attracting shear failure before 

development of yielding because where they occur the effective longitudinal 

reinforcement ratio is very high; similar effects are seen when large bar sizes, high 

longitudinal reinforcement yield strengths, short  and inadequate concrete cover occur 

(Priestley et al., 1996). Lap splice failure is caused by a loss of bond; when corrosion 

affects the bond between steel bars and concrete, this type of failure may be exacerbated. 

Similarly, inadequate anchoring of the longitudinal reinforcement at the bottom of a 

column at the foundation interface might cause RC column collapse (Moehle et al., 

2000). To provide appropriate post-yield reaction, anchorage is critical, therefore, 

anchorage failure must be avoided in order to ensure the ductility of the frame. An 

(a) (b) 
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example of anchorage failure of a bridge column is depicted in Figure 1.5(b) (Saad et al., 

2010).  

Motivated by the typical failures outlined in the preceding, which result from common 

deficiencies in construction details of older structures, and the implications these may have on 

the value and safety of the existing building stock, the work of this thesis aimed to contribute 

towards the solutions needed to manage the seismic risk of older construction.  This was 

achieved through analysis of experimental information, intended to understand better brittle 

failures and contribute towards the evaluation procedures used in seismic assessment; and 

through testing of new solutions for retrofitting which take advantage of the emerging tension-

ductile cement-based materials.   

 

 

 

 

 

 

 

 

Figure 1. 5 : Plastic hinges due to inadequate lap-splice and anchorage length: (a) Loma Prieta 

earthquake, 1989, brittle bond failure of lap splices at column base (Haroun, 2005); (b) Pull 

out of reinforcement (Saad et al., 2010) 

1.2.2 Objectives of the Work 

The available modelling methodologies for estimating the envelope resistance curve of 

columns – often referred to as backbone curve (ASCE/SEI 41-2017) use closed form, empirical 

expressions for the strength and deformation terms that define the characteristic points of this 

envelope. These have been calibrated from experimental databases but are known to be fraught 

with great scatter and uncertainty.  The scatter affects primarily the shear strength estimates 

and their evolution with deformation demand.  In this thesis, a primary objective is to 

(a) (b) 
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understand the sources of scatter, and develop improved estimates for this parameter.  To 

achieve that, further experimental calibration of theoretical models was combined with 

evidence obtained from detailed nonlinear finite element simulation.   

A second objective is to contribute to the development through experimental corroboration of 

retrofitting methods of substandard RC components with the use of advanced cementitious 

materials with tension-hardening response and to demonstrate they are a viable alternative to 

function as thin jackets with some improved advantages over FRP wraps.  In support of this 

goal the experimental program included additional characterization tests of the material used 

for the retrofits.  This included documentation of the tension properties and interface test results 

between conventional concrete and the cementitious jacketing material.  Interface roughness 

was an important variable in this part of the study since retrofitting is applied on rough 

interfaces.  The limits of scope of the experimental research necessarily imposed by the number 

of variables that could actually be tested in the Lab were extended through a complementary 

nonlinear finite element parametric investigation, and design expressions for the retrofit 

methodology were extracted for future practical use.  

1.3 Novel Contributions of the Research   

The study concentrated in seismic evaluation of reinforced concrete structural components with 

old type detailing representing former practices and in the development of rehabilitation 

methods with the help of advanced cementitious composites with large tensile strain capacity 

beyond the onset of cracking. To reach the objectives of the research, a variety of methods 

were used involving novel contributions. Evaluation of a database of selected experiments 

assembled from the literature to represent columns that underwent shear failure under reversed 

cyclic displacements after yielding was used to corroborate the parametric dependence of the 

design / assessment methods of shear strength and degradation thereof, and to support the 

development of new approaches.  The rate of degradation of shear strength with increasing 

displacement demand was re-calibrated after reconsideration of the experimental data to 

account for the second order effects that tend to accentuate the apparent decay of the postpeak 

response envelope. The proposed models were developed through AI-based optimization of a 

physical model for shear strength extracted from first principles; the model was studied 

parametrically using advanced nonlinear finite element modeling.   
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The application of novel Engineered Cementitious Composites (ECC) as cover replacement in 

retrofitting of damaged columns was documented through experimental testing of eight 

structural components with substandard detailing that modelled old construction practices.  

These emerging materials have outstanding tensile strain resilience and, upon consideration of 

their compatibility to concrete structures are considered an ideal alternative to FRP jackets and 

other forms of retrofit.  The study included material characterization tests to secure adequate 

interfacial strength between the concrete core and the ECC jacket.  Design expressions that 

describe the mechanics of strength and deformation capacity improvements of the encased 

structural component were derived from first principles and were further corroborated through 

nonlinear Finite Element Parametric Analysis.   

1.4 Structure of the Thesis 

The main behavior characteristics and outstanding issues associated to the evaluation – 

assessment of current reinforced concrete columns in terms of strength and deformability are 

described in Chapter 2. Next, Chapter 3 presents the methodology for assembling a data base 

of available reinforced concrete columns that failed in shear before or after flexural yielding 

was reported, and for consideration of second order effects to account for part of the envelope 

resistance curve attenuation with increasing displacement ductility.  This was followed by a 

parametric study of shear strength and deformation factors, as well as the proposed model for 

evaluating reinforced concrete shear strength. A finite element analysis of  selected reinforced 

concrete columns was conducted to verify and confirm the impact of axial load on shear 

strength magnitude and behavior mechanism while also investigating the impact of plastic 

hinge length at the column's section above the footing. 

The type of experiments carried out for characterization of the mechanical properties of the 

ECC materials used for retrofitting in the following chapters are described in Chapter 4. The 

investigation of interface interaction combined specimens from plain concrete (PC) and ECC 

was also a significant component of the investigation – to this end, Digital Image Correlation 

(DIC) was used to understand the interface sliding / crushing behavior.  Experiments were 

processed to derive the failure envelope of the interface properties based on the assumptions of 

plasticity theory. 

The experimental evaluation of ECC jackets for the retrofitting of pre-damaged R.C. members 

under monotonic loading is presented in Chapter 5. Specimen design and preparation, as well 

ANTHOS I. 
IO

ANNOU



11 
 

as testing in the first phase to pre-damage the specimens and the retrofitting with cover 

replacement are presented in detail. The failure modes of retrofitted specimens were also 

discussed, while design expressions were extracted from mechanistic models that were stated 

for interpretation of the observed modes of failure. 

Chapter 6 extends the description of the experimental program to the cyclically loaded 

components including again pre-damage and retrofit prior to a final phase of testing. 

Comparisons are made between monotonically and cyclically loaded samples to gauge the 

efficacy of the retrofit and the ability of the design equations to quantify the contribution of the 

jacket.  The chapter includes the model description and the results of the parametric finite 

element investigation conducted to further corroborate the retrofitting methodology.  

Conclusions of the work are summarized in Chapter 7.  

ANTHOS I. 
IO

ANNOU



12 

 

Chapter 2:  Literature Review 

The objective of the present chapter is to summarize the background work and the state of the 

art in areas related to the thesis focus.  This includes, following the thesis overall layout, three 

components: (a) A review of assessment methods for shear resistance and drift capacity of RC 

components; (b) a summary of experimental methodologies used to study the mechanisms of 

shear transfer in structural RC members; and (c) review of ECC usage as a retrofitting material 

in jacketing applications. 

2.1 Shear transfer mechanism of reinforced concrete column under seismic loading  

During seismic excitation with mainly horizontal ground accelerations, structural systems that 

carry concentrated masses on the floors (such as buildings with stiff diaphragms and bridges) 

develop horizontal inertial forces due to the acceleration that develops in the center of mass. 

As a result, the horizontal diaphragm moves from the position of stable equilibrium. The 

restoring forces that ensure the return to the undeformed configuration after the end of the 

excitation are the shear forces in the vertical elements as shown in Fig.  2.1. If the deformations 

developed by the columns during the lateral translation are elastic, then the system returns to 

its original position. If damage has developed in the columns, then after the completion of the 

excitation, the system returns to some state of permanent residual displacement from the initial 

reference point.  

The intensity of damage depends on the horizontal maximum relative translation of column 

ends measured with reference to the undeformed state of the member after elimination of rigid 

body movements. In order for this translation to be an objective measure of deformation energy 

or damage intensity, it is given as a fraction of the height of the deformed element and is 

measured with regards to the tangent at the ends of the element (i.e., as a chord drift or rotation, 

see Fig. 2.1).   

𝜃 = − 𝜃 − 𝜃 ;       𝛿𝑢 = 𝑢 − 𝑢                   (2.1)  

The static relationship between shear and moment is, V = M/Ls, where Ls is the distance from 

the face of the support (critical section) and the point of inflection – referred to in the remainder 

as shear span.  For symmetric moment diagram (same degree of fixity at both ends), where the 

inflection point is at the mid-height, Ls is equal to H/2.  

ANTHOS I. 
IO

ANNOU



13 

 

  

Figure 2. 1:  Shear force and lateral drift in frame members due to horizontal displacement.  

(a) Sample reference frame subjected to ground excitation; (b) Displaced position, (c) 

definition of drift ratio   

Since the earliest literature dating back to the late 19th century, it has been suggested that the 

shear strength of reinforced concrete members may by estimated as the sum of the contributions 

of shear reinforcement and concrete:  VR=Vw+Vc; [ASCE/SEI 41-2007; ΕC8-PART III-2005].  

Of those terms, Vc was originally treated as a correction to the Vw term which represents the 

contribution of the stirrups, accounting for the difference between Vw and the experimentally 

measured resistance of RC members (MacGregor, 1997).  Today it is considered to account for 

the amount of shear force that is transferred, through the compression zone Vcc, as well as by 

the interlocking between aggregates located on opposite sides of the dominant shear crack, Vct, 

and by dowel action of the reinforcement crossing the shear cracks in the tensile zone Vs  

(MacGregor, 1997).  Over the years an extensive literature has been developed on the subject 

of shear in reinforced concrete, aiming to formulate predictive expressions and a framework 

for the estimation of the shear strength of RC elements.  The motive for that effort was the 
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observation that the correlation of design expressions with experimental evidence did not 

reproduce the parametric sensitivities of the experiments, and in some cases they did not 

produce conservative approximations of the actual shear strength of elements.  This was 

particularly an issue in cases of seismic action, with a multitude of cases of collapse where 

shear failures of individual columns or bridge piers caused disproportionately extensive 

damage to the whole structural system.  

It has also been established through thorough review of experimental results, that the carrying 

capacity of elements is not constant but decreases from the theoretical estimate, as the 

magnitude of the imposed relative displacement increases. Assessment standards propose 

relationships for this degradation, where the strength is multiplied with an attenuation 

coefficient that is inversely proportional to the ductility magnitude of the imposed 

displacements. This observation, which was first made about 20 years ago, has triggered a 

major effort in the seismic valuation standards drafting committees in America and Europe 

with a view to formulate a calibrated reduction factor where the above-mentioned reduction 

can be estimated with conservatism. Thus, degradation factors have been introduced in the 

ΕC8-PART III-2005 and the 2022 draft version, the U.S. standards ASCE/SEI 41-2007, as well 

as in ΚΑΝ.ΕΠΕ–2014.  For example, according to ΚΑΝ.ΕΠΕ–2014, the shear strength, VR of 

a reinforced concrete structural element that is subjected to cyclic deformations, decreases 

depending on the magnitude of the plastic component of the drift ratio, evaluated in the plastic 

hinge region adjacent to the location of maximum moment.  

 

ANTHOS I. 
IO

ANNOU



15 

 

                                            

Figure 2. 2 : An advanced state of deformation may be seen in the free body diagram along 

the diagonal shear-slippage fracture.    

According with this approach, the shear strength, as determined at the yielding point of the 

stirrups, may be considered to decrease with an increasing value of the plastic part of the drift 

ductility factor, μpl,θ = μθ-1. Similarly, ASCE/SEI 41-2007 uses in the VR a reduction 

factor k(μΔ) which represents the degradation of shear strength as a function of total ductility 

of displacements. The presence of axial loads on reinforced concrete columns (as opposed to 

beams) is of paramount importance in the formation of the diagonal cracking mechanism but 

also in minimizing the effects of reinforcement pullout from supports and lap-splices. This 

effect is described here both qualitatively and quantitatively. For example, axial compressive 

stress slows down the formation of diagonal tensile cracks and increases the height of the 

compression stress zone. At the same time, it increases the value of the shear force that may be 

carried before the occurrence of diagonal web tensile cracking. Therefore, the resistance 

against diagonal tensile cracking increases with the value of the axial load ratio (ν = Ν/(Αcfcd)).  

An important parameter in the equilibrium of the free body diagram of Fig.  2.2 is the slope of 

the sliding plane after stirrup yielding (ϑ, measured with respect to the longitudinal axis of the 

element) because it determines the number of intersected stirrups that are activated in order to 

maintain equilibrium of the transverse forces. From the first attempts to predict shear strength, 

the hypothesis that ϑ=45 ο was used, which was maintained in the normative relations until 

recently (EKΩΣ  2000); recent experimental studies have shown that in the presence of axial 
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load, the inclination angle with reference to the longitudinal axis of the element decreases close 

to 25-30 ο (or vice versa, its complementary,  α, the angle of slippage plane with the transverse 

axis of the element is in the range of 65 ο); Other parameters that seem to influence the 

experimental data are the shear ratio of the element and the active surface of the cross-section 

of the concrete which is used in estimating the term Vc.     

2.1.1 Distribution of Normal and Shear Stresses at the Compression Zone  

The procedures of the above-mentioned standards (ASCE/SEI, 41-2007; ΕC8-PART III, 2005; 

KAN.EΠE, 2017) are based on the fundamental principles of mechanics where the distribution 

of shear stresses occurs over the height of the cross section of the bending element.  In strength 

of materials the distribution is parabolic. To simplify the procedure when estimating the 

contribution of concrete to the shear strength, the parabolic distribution of shear stresses is 

approximated as an equivalent uniform rectangular distribution extending to the "shear area" 

of the web, taken equal to (0.8Ag). It is believed that this hypothesis is likely to be problematic, 

especially during the seismic loading where the open cracks partially obstruct the transfer of 

the shear to the height of the web. In order to examine this hypothesis, Syntzirma and 

Pantazopoulou, 2006 had suggested that the axial load should exceed the percentage difference 

between reinforcement in tension and compression respectively ((ρs1-ρs2) fy/fc) as a prerequisite 

for considering the contribution of the concrete component. This was based on the requirement 

that shear transfer through the web concrete occurs only when cracks are closed.  Indeed, it 

was recently suggested that only the area of the compression zone of the web bw×c should be 

considered in the calculation of Vc, since this part of the cross-section of the concrete only has 

the required continuity and consistency for the transfer of stresses (Frosch et al., 2013) 

It is also worth noting that the size of the aggregate affects the value of Vc (Wu et al., 2017, 

(Vechhio et al., 1986), which is thought to be related to the so-called “size effect in shear” 

discussed in the literature (Bentz and Collins, 2014; Park et al., 2014; ACI 445 2014 and 

references thereof). Since the term Vct refers to the contribution of concrete to the shear 

strength, Bentz et al.  (2006) correlated it with the size of the force transferred along with the 

failure level and estimated its value as a function of the longitudinal strain of the element axis 

(from cross-sectional analysis) and with the amplitude of the dominant shear crack. In addition, 

committee ASCE/SEI 41-17, 2017 in its recommendation for term Vc noted that it is a function 
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of the concrete aggregate component, the axial compression force, and the largest ratio of 

moment to shear times the effective depth for the column under design loadings.  

The length and position of the compression zone c varies in the height of the column along 

with the moment-axial combination that also varies along the height of the laterally swaying 

column. For example, at the point of inflection where moment is zero, the strains are uniform 

in the cross section and therefore the entire cross section is in the compression zone.  On the 

other hand, in the ends of the column, where flexural moment is maximum, the compression 

zone is shrank to a small fraction of the effective depth; this is the region where plastic 

deformation demands are maximum on account of the combined flexural action in the critical 

cross section whereas the axial load and the shear force are constant throughout the deformable 

length of the member.  Figure 2.3 depicts the stress conditions occurring at the end cross-

section of a swaying column (terms shown under section e) as well as at the mid-height 

(position of zero curvature, terms identified with section m).  

Considering the cross-section in the middle of the column without the bending moment, the 

compression zone extends to the depth of the entire cross-section. The compressive stress in 

the cross section is 𝜈 𝑓 , where 𝜈   is the axial load on the column. By contrast, in the end cross 

section, the normal stress acting in the compression zone c (section e) maintains a compressive 

force much greater than the axial load due to its parallel action (Fig. 3 (d)). The compressive 

force 𝐹  is defined by the following equation: 

𝐹 + 𝜌 𝑏 𝑑𝑓 , − 𝜌 𝑏 𝑑𝑓 , − 𝑁 = 0, 𝑡ℎ𝑢𝑠 𝐹 = 𝑁 + (𝜌 𝑓 , − 𝜌 𝑓 , )𝑏 𝑑       (2.2) 

where the local compression stress is  

𝜎 =   and 𝜈 =  for example, 𝜈 =                                                                    (2.3) 
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Figure 2. 3: (a) Column under cyclic loading; (b) Normal stresses and forces in section e; (c) 

Normal stresses and forces in section m; (d) axial load and moment behavior diagram for 

section m and e. 

Figure 2.3(d) shows qualitatively the axial load – flexural moment interaction diagram at the 

failure state of the end cross-section (e) (external envelope curve, red point) and the 

corresponding diagram for much lower compression stress in the extreme compression fiber 

and for the corresponding state of stress at the center of column height (m) (green point). The 

dramatic increase in deformation leading to the external envelope is due to the presence of 

bending moment in the position (e), (the nominal axial load does not vary, as shown by the 

horizontal line connecting the red and green marking points; this is an approximation for the 

sake of illustration; it is valid for the typical column laboratory tests, but in real building 

conditions, the axial load would fluctuate about the mean value on account of the overturning 

effect of the earthquake). 
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2.1.2 Shear Failure 

Shear is a predominant stress condition in elements with low aspect ratio a/d, large longitudinal 

tension reinforcement ratio, ρs1 (or more accurately large difference between tensile and 

compressive reinforcement ratios), but also in cases with inadequate transverse reinforcement. 

In these cases, very often the brittle-shear failure may precede the flexural yielding (see blue 

marking point in Figure 2.3(d)). 

To calculate the element shear strength, the local stress at the end cross-sections of the element 

given in Fig. 2.3 is used as a reference point for calculating the angle of the critical shear crack 

(i.e. inclination angle ϑ). Here it is assumed that failure develops along the main diagonal crack, 

while the stirrups that intersect the crack profile are in tension according to the geometry of 

Moersch truss (Ritter and Moersch, 1909 and MacGregor et al., 1997). Based on the 

assumption that shear transfer through concrete (term Vc) occurs within the depth of the 

compression zone, the magnitude of the resulting principal stresses is used to identify two 

possible failure modes: i.e. (a) by diagonal tension cracking propagating and diminishing the 

compression zone, (b) by diagonal crushing failure due to compressive strength exceedance. 

Case (c) is followed by a third form of failure which correlates the strength of the classical 

Moersch truss model with the yielding transverse reinforcement (Ritter and Moersch, 1909; 

MacGregor et al., 1997; Ascheeim and Moehle, 1992).  

For a linear diagram of the bending moment over the shear span of columns (constant shear 

force represented by seismic action), the flexural moment at a distance d from the support is: 

Md = (Ls-d) ∙Mο/Ls, where Mο is the moment at the support. In addition to bending moment Md 

and referring to Equation 2.3, the compressive stress in the compression zone is σe while the 

shear force remains constant. The principal stress direction at the centroid of the compression 

zone and at a distance d from the support (measured along the longitudinal axis of the member), 

derived from the basic principles of continuity is: 

tan 2𝜗 =                                                 (2.4) 

Setting the principal tensile stress equal to the tensile strength of concrete, the Vc term is 

estimated from the critical magnitude of shear stress τmax that is obtained from a Mohr-

Coulomb type failure criterion after setting x=0 and y=e (from Eqn. 2.3): 
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𝑉 = 0.8𝜏 ∙ 𝑏 ∙ 𝑐                    (2.5) 

The number of stirrups intersecting the critical shear crack is estimated from:  

𝑛 = 𝑑 − 𝑐
𝑠 ∙ 𝑡𝑎𝑛𝜗                                                                                                                                                    (2.6)                                                           

and the corresponding contribution of the element web reinforcement to the shear resistance, 

Vw, is defined by the sum of the forces of the stirrup legs that are parallel to the shear force and 

intersect the critical shear crack:  

𝑉 = 𝐴 , ⋅ 𝑓 , ⋅ ⋅ 𝑐𝑜𝑡 𝜗                                                                         (2.7) 

In Equation 2.6, As,tr is the area of a single stirrup layer crossing the crack plane,  fy,tr is the 

stirrup yield stress, d is the effective height of the cross-section, c is the depth of the 

compression zone and s is the stirrup spacing.                                                                                                            

2.1.3 Shear Strength Degradation of Reinforced Concrete Columns Yielding in Flexure  

If the shear strength of the element exceeds its flexural strength (i.e., the shear force required 

to support flexural yielding), then with the increasing magnitude of seismic displacement, 

extensive yielding of longitudinal reinforcement spreads in the plastic hinge zone.  Beyond this 

point, the presence of shear generates additional tensile deformations in the transverse and 

longitudinal reinforcement, thereby widening the diagonal cracks leading to shear failure.  The 

delay (and not the mitigation) of the shear failure after flexural yielding may only be interpreted 

by the postulate that the shear strength may start off from a high value at small relative drift 

magnitudes and is gradually reduced with increasing ductility until it is overtaken by the 

flexural strength of the element which remains almost unaffected by the magnitude of the 

displacement ductility.   

This experimental observation, which was formulated approximately since 1992 

(Aschheim and Moehle, 1992) was adopted by many researchers because this kind of postulate 

can explain the mode of flexure-shear failure often reported in the experimental literature as 

the occurrence of shear failure after flexural yielding (Lynn and Moehle, 1996; Elwood and 

Moehle, 2005; Matchulat et al., 2008; Priestley et al., 1996). Thus, many seismic standards 
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included this information in the process of damage level assessment and failure in real 

buildings.  The approach adopted for shear strength, VR, is given by the following form: 

𝑉 = 𝑉 + 𝑉 = 𝜂 . 𝑉 , + 𝜂 . 𝑉 ,                                                                                                                     (2.7)   

where Vc,o and Vw,o are the reference values for the concrete and transverse reinforcement 

contribution respectively (Equation 2.7) and ηc,o and ηw,o are the degradation factors of the 

strength conditions with increasing ductility. The literature contains a variety of studies on the 

determination and correlation of mainly empirical relationships for the evaluation of 

coefficients ηc,o and ηw,o (Kim and Park, 2019; Sezen and Moehle, 2002; Priestley et al., 1994) 

and even corresponding expressions have been introduced in all known assessment standards 

(ASCE/SEI 41-17, 2017; ΕC8-PART, III-2005; ΚΑΝ.ΕΠΕ, 20142). Indicatively, the following 

table summarizes the most prominent proposals for the shear stength degredation factor values 

from the literature: 

Table 2. 1: Degradation factors related to shear strength evaluation  

Proposed Model ηc,o ηw,o 

Kim et al. (2019) 0≤(5-μ)/3≤1 for seismic detailing  

 0≤(4-μ)/2≤1 for limited ductility 

detailing 

1 

Aschheim and Moehle,  

1992 

Rectangular shaped columns:  

𝛼 =
0.06𝜌 𝑓

𝜇
 

Circular shaped columns: 

𝛼 =
0.03𝜌 𝑓

𝜇
 

1 

Priestley et al. (1994) 0.1 ≤ 𝑘 ≤ 0.29;    η = 1-k   1 ANTHOS I. 
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Sezen and Moehle, 2002 0.7 ≤ 1.15 − 0.075𝜇 ≤ 1 0.7 ≤ 1.15 − 0.075𝜇 ≤ 1 

Biskinis et al. (2004) (1 − 0.05 𝑚𝑖𝑛 5, 𝜇 ) (1 − 0.05 𝑚𝑖𝑛 5, 𝜇 ) 

ΚΑΝ.ΕΠΕ, 2014 (1 − 0.05 𝑚𝑖𝑛 5, 𝜇 )  

Where,  𝜇 = 𝜇 − 1 

(1 − 0.05 min 5, 𝜇 ) 

where,  𝜇 = 𝜇 − 1 

ASCE/SEI 41-17, 2017 0.7 ≤ 1.15 − 0.075𝜇 ≤ 1 0.7 ≤ 1.15 − 0.075𝜇 ≤ 1 

In deriving the above expressions in order to calculate the shear strength, the terms Vco and Vwo 

given by Equations 2.8 and 2.9 were used (ASCE/SEI 41-17, 2017).   

𝑉 , = 𝜆𝜂 ,
.

⁄
1 +

.  
0.8𝐴                                                                                                    (2.8) 

𝑉 , = 𝜂 ,
, ,                                                                                                                                                  (2.9) 

It is noted that Equation 2.9 represents the 45° truss model assumption (i.e., a failure crack 

oriented at 45° with respect to the longitudinal axis of the element) – a point of significant 

deviation today between different standards where this parameter has been modified in some 

cases (e.g., EC-2, 2004b) while maintained in others (e.g., EC8-III, 2004a).  The parameter λ 

which is used in Equation 2.8 is equal to 0.75 for lightweight aggregate concrete and 1 for 

normal-weight aggregate concrete. 

2.1.4 The Role of Second Order Effects in Shear Strength Degradation  

It was mentioned earlier that the apparent degradation of shear strength observed in RC 

structural elements under cyclic horizontal displacement is attributed to mechanisms of 

decomposition of concrete web that follows after longitudinal reinforcement yielding, such as 

bi-diagonal cracking and stirrup yielding.  However, a recent review of the experiments used 

to correlate the models used in the relevant standards (e.g. see Table 2.1) indicated that the 

values of ηc  and ηw  were extracted from the envelope resistance curves that were obtained 

from column tests conducted using mostly a cantilever layout under various types of test setups 
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and boundary conditions. Thus, while the reduction of the envelope resistance curve was 

partially due to damage accumulation, in many cases a large fraction of the accounted loss 

appeared to be owing to second-order phenomena caused by the axial load while the column 

shifted laterally (chord drift).  Considering the importance of the degraded shear strength 

estimate as a function of ductility, V(μ) in terms of the conclusions it supports in seismic 

assessment of RC buildings (see EC8-III, 2004(a); ΚΑΝ.ΕΠΕ, 2014), it is necessary to re-

examine the experimental research findings. One of the principal objectives of the proposed 

study is to review the reduction of shear resistance against increasing ductility after correcting 

the experimental results so that they are compatible with each other (i.e., to represent results 

with identical boundary conditions and corrected for second-order effects) and then to interpret 

the mechanical problem with reference to principles of mechanics. 

To clarify the influence of the boundary conditions of the pseudo-static cantilever tests, other 

experimental processes used for column tests are also considered.  For example, comparison 

between the conditions of a dynamic column test conducted on a shake table against the static 

test where the history of the displacement is driven by a hydraulic actuator at the top of the 

element (Figure 2.4) highlights the existence of significant differences in the two test 

categories, mainly for deformations beyond the peak load, owing to the manner of load 

application.  These points are briefly discussed in the next paragraphs.  
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Figure 2. 4 : Schematic of (a) RC frame column subjected to dynamic loading on a shake table; 

(b) static cyclic loading using hydraulic piston in individual column specimen.  

2.1.5 Findings from Shake Table Tests conducted on Columns 

The number of tests carried out on columns on a shake table to collapse is relatively limited 

when compared to the hundreds of pseudo-static tests carried out with slow variable static 

loading and a reversed cyclic displacement history.  However, the information that has been 

extracted is important and relevant to the present study.  

Elwood and Moehle (2003) examined shake table tests that were designed to provide 

information on the degradation of axial load capacity after shear failure of a reinforced concrete 

column and the subsequent redistribution of shear and axial loads to the remainder of the 

building system. As shown in Figure 2.5 (c), the test specimens consisted of a three-column 

frame with a shear-critical central column. The main difference between the two specimens 

Dynamic Loading  

Static Loading  

Boundary Conditions  

Boundary Conditions  

(a) 

(b) 
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was the axial load on the middle column. One horizontal component from a scaled ground 

motion recorded during the 1985 Chile earthquake was applied to both specimens. The 

specimen with the lower axial load failed in shear but retained the majority of its axial load. 

For the specimen with a greater axial stress, shear failure of the center column occurred at 

lower drifts and earlier in the ground motion record, followed by axial failure.  Displacement 

data collected relatively soon after axial failure suggests that the center column shortens via 

two mechanisms: first, large pulses that cause a sudden increase in vertical displacement after 

a critical drift is reached; and second, smaller oscillations that appear to "grind down" the shear-

failure plane. During the axial failure of the center column, dynamic amplification of axial 

loads transferred from the center column to the exterior columns was observed. 

Li et al. (2013) conducted on several dynamic tests columns  on the shake table at U.C.-

Berkeley (Elwood, 2003; Ghannoum, 2007;Shin, 2007) and at the National Center for 

Earthquake Engineering Research (NCREE) in Taiwan (Su, 2007; Kuo, 2008; Wu et al., 2006 

and Yavari, 2009). The specimens were subsystems that included columns with reinforcement 

configuration according to old practices and most were led to failure by applying base 

excitations of successively increasing intensity.  Combined with other similar shake table tests 

in a Dynamic Database used to correlate the shear strength model (ASCE/SEI 41-17, 2017), 

the column specimens were categorized into three types depending on the failure mode: 

flexure, shear-flexure, shear. The grouping criteria were based on the observed column 

behaviors recorded during the tests.   
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Figure 2. 5 : Typical layout of dynamic data base; (a) columns connected with common type 
beams; (b) columns connected with rigid beams. (Source: Li et al., 2013); (c) columns 
connected with rigid beams (Elwood and Moehle, 2003) 

 

Figure 2. 6 :  Experimental envelope curves (a) Shear-flexure columns connected with rigid 

beams; (b) Shear-flexure columns with low-stiffness beams; (c) shear critical beams (Source: 

Li et al., 2013).   

Figure 2.6 plots the normalized resistance curve envelopes for the recorded lateral loading in 

columns where flexure-shear failure mode observed. Here, the activated experimental value of 

horizontal force has been corrected for the P-Δ phenomena. The x-axis represents ductility, 
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based on the measured yielding displacement. For uniform definition of terms yield 

displacement is defined at the point of intersection of the line passing through the point on the 

envelope that corresponds to 75% of peak and the horizontal line drawn at the peak point of 

the resistance curve (maximum force measured during the test). Even though all resistance 

curves showed shear failure (either before or after the flexural yielding), it is noted that all 

columns had developed ductilities greater than many of the statically tested shear-flexure 

columns, maintaining their strength without reduction to ductility levels exceeding the value 

of μ =2.  It is noted that shear failure, i.e. at residual strength equal to 80% of the peak, 

according with the relationships of Table 2.1, this is achieved at displacement ductility of 4.5 

in the Sezen and Moehle model and at 5 in the Eurocode 8/KAN.EPE models. However, the 

horizontal line at 80% normalized load in Fig. 2.6 (a) intersects the resistance curves at a variety 

of ductility levels mostly below the value of 4.5 (particularly in the negative response range), 

indicating that the model may be unconservative for some flexure-shear failure cases obtained 

from dynamic testing. 

 Wu et al.  (2008) conducted a study on four RC specimens to investigate the envelope 

resistance curve of short reinforced concrete columns (shear vs. relative drift) until excessive 

damage or global failure of the element. The specimens carried a relatively low static axial load 

(=0.1) applied using lead loads and were subjected to a simulated seismic excitation of the 

Chi-Chi earthquake in 1999 [pga = 0.221 m/s2, Wu et al., (2008)].  A comparison with 

corresponding tests on identical elements under a cyclic static loading showed that the shear 

strength of the short reinforced concrete elements under dynamic loading was greater than the 

resulting from the monotonic loading tests.   To facilitate the comparison of seismic table 

experiments with the relevant static loading tests, the experimental values of shear were 

normalized by the flexural strength Vflex, which was calculated from the theoretical yielding 

moment (after constructing the moment-curvature diagram based on materials experimental 

properties and for maximum concrete compressive strain equal to 0.003 and monotonic cross-

sectional analysis of the member). As shear span of the element, the columns’ half height was 

used which was either 500mm or 375 mm (column sections were 250 mm square, designed to 

test low and high shear demand, with either ductile or brittle details, as depicted in Figure 2.5).  

It was found that column shear strength in the dynamic test was slightly higher than in the static 

cyclic test. The difference was attributed by the higher strain rate in dynamic tests, the energy 

dissipation within reversed cycles in cyclic testing and the size effect of column specimens in 
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dynamic test.  However, both dynamic and static tests showed strong degradation of lateral 

resistance – both markedly affected by the presence of P- effects.                 

2.1.6 Static Tests under Cyclic Displacement Reversals   

Contrary to the dynamic tests where the lateral force is owing to the systems’ inertia and is 

therefore generated without external intervention by virtue of the applied base acceleration, the 

static tests are conducted with the assistance of one or more hydraulic actuators that are 

supported on a reacting frame/wall. Therefore, the specimen in these setups is only part of a 

more complex system that comprises all the components linked together and interacting with 

each other. In this interaction, the stiffness of the specimen as compared with the other 

components and its connectivity (in parallel or in series with the pistons and the reacting 

components) may have an important influence on the observed response. In fact, there is the 

view that the piston – specimen interaction is prominent after the peak (i.e., at the onset of 

failure).  In that stage the piston, acting as a support to the specimen, affects the rate of apparent 

degradation of strength. Apart from this type of kinematic interaction, which might only be 

avoided by conducting dynamic tests on a shake table, there is also a variety of other open 

issues affecting the response of the specimen. One such primary issue is the test’s scale: the 

literature contains hundreds of investigations that have been done on small-scale specimens, 

but regarding shear strength there is a view that size effects should be considered (Reineck, 

2007).  In response to this need, in the last 15 years experimental research has been conducted 

on columns and piers on a 1:1 scale. These tests constitute a point of reference in this study and 

are therefore collected and reviewed below. The different effects emanating from the 

experimental test setup are examined and the protocols for the correction of these effects are 

discussed.  

The study of Lynn and Moehle (2001) contains eight full-scale column specimens with light 

transverse reinforcement (and 90o hook bending), with or without intermediate stirrups 

(diamond shape stirrups are used to provide lateral support and confinement to the intermediate 

longitudinal rebars).  In this test program, longitudinal reinforcement was considered, with or 

without lap-splicing. To model old practices, lap-splicing having inadequate length, were 

placed just above the base. The columns were loaded with a constant axial load and a cyclic 

horizontal displacement history until the strength loss (loss of vertical load support). During 

the experiments, all the vertical pistons used to provide the vertical load, contributed to the 
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maintenance of the stability of horizontal forces due to the inclination of their axis relative to 

the vertical one (blue arrows in Figure 2.7(c)). These forces were removed from the load which 

was provided from the horizontal piston to the specimen. However, it should be noted that 

despite this correction, the second order effects on the specimen itself were not considered, the 

contribution of which is much greater as shown by the rate of post-peak degradation of the 

envelope resistance curve after the maximum strength.  

 

 

Figure 2.7 : (a) Experimental lay out; (b) Experimental envelope curve of specimen 3CLH18; 

(c) Methodology for correction of horizontal forces 

Free body diagram of experimental layout:  

Ptest=Ppist1+Ppist2          Paxial = Ptest×cosθ ≈Ptest    

Therefore, Vpist1 = Ppist1×sinθ ≈Ppist1×θ;  

Similarly, Vpist2 = Ppist2×sinθ≈Ppist2×θ, και Vpist,tot = Ptest×sinθ ≈Ptest×θ.   

(a) (b) 

(c) 
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Τhen,   

Vspecimen = Vtest – Vpist1 – Vpist2     

Second order effect Ρ-Δ:  2Μ = Vspecimen × H + Ptest×Δ    

Thus, the true lateral resistance of the specimen, when referenced to the undeformed 

configuration is:   

V = (V  – V
,

) +  P cosθ × θ ≈ (V − V
,

) +  P ×  θ ≈ V        (2.10)                                                                       

Therefore, this particular test setup has the advantage that is self-corrective – so that the force 

applied by the horizontal piston is a close approximation to the true shear.  Of course, errors 

exist in this correction, such as for example, that the piston drift is not identical to the specimen 

drift, since the distance from pivot to pivot is not the same as the deformable length of the 

specimen.  Similarly, the approximations made for the values of the trigonometric functions 

are becoming increasingly inaccurate with increasing value of the angle. 

Due to its self-corrective performance, the type of test setup presented in Fig. 2.7 and 2.8 has 

been used of recent in many of the larger scale experiments. For example, Sokoli and 

Ghannoum (2016) among others, have used a similar experimental setup of three reinforced 

concrete columns with three different types of steel reinforcement detailing. The columns had 

a similar form of transverse and longitudinal reinforcement and were subjected to high shear 

stresses resulting from the high percentage of longitudinal reinforcement and at the same time 

from a relatively high axial load ratio ν = 0.27. The loading procedure of the specimens was 

applied according to FEMA 461, 2007 where the support of the pistons must be done in such 

a way so as to apply the target load avoiding any out-of-specimen axis forces and drifts.  

Matchulat and Mantamoros (2008) are also worth mentioning. Two full-scale concrete columns 

were tested as part of a study on the risk of collapse of reinforced concrete building columns 

built before the mid-1970s. Shear strength reduced the lateral load capability of the columns, 

which were subjected to high amounts of axial load. The goal of the two tests was to obtain 

data that would aid in the identification of columns that were experiencing simultaneous shear 

and axial failure. To model the boundary conditions and reaction of a typical moment-resisting ANTHOS I. 
IO
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frame in an actual reinforced concrete building, the columns were loaded in a double curvature 

configuration as presented in Figure 2.8 (c).  

 

Figure 2.8 : (a) Experimental set up of Sokoli and Ghannoum (2016); (b) Horizontal force vs 

drift response of specimen CS60; (c) Experimental set up of Matchulat and Mantamoros 

(2008); (d) Horizontal force vs drift response of Specimen 1  

2.1.7 Summary of Experimental Results – Correction for P-Delta Effects  

Many test setups that have been used to test columns are not self-corrective.  This is particularly 

the case in half-column specimens that are driven laterally by pistons at the top of the half 

column. Therefore, in considering specimens from the literature it is essential that the required 

corrections of shear forces be applied. Usually, the equilibrium of forces is simplified in 

practice which considering the geometry of the specimen as undeformed.  However, as the 

hydraulic jacks rotate around their pivot, following the drift of the specimen, errors are 

introduced by the inclination of the pistons. For example, in order for the horizontal force 

measured from the experimental set up of Fig.  2.9(b) to be considered a good approximation 

(b) (a) 

(c) (d) 

ANTHOS I. 
IO

ANNOU



32 

 

to the shear force, the piston must act as perpendicular to the longitudinal axis of the element 

and not run within the ‘horizontal’ concept.  Similarly, if the axial load is provided through a 

hydraulic piston that follows the chord of the deformed element, then the size of the 

experimental value cannot be considered as true “axial” load. Therefore, it must be analyzed 

along the line that connects the centroidal axis of the column at top and bottom (dashed line).  

In this case, the axial load also contributes to the actual value of the shear force in the loading 

section, as shown in Fig. 2.9(b). Therefore, each experimental layout presented in the available 

experimental studies of columns of the literature contains its own, peculiar details that must be 

considered when analyzing the experimental data.  Although the main and final objective is the 

reliable determination of the degradation percentage of the element shear strength while the 

displacement ductility is increasing, careful evaluation of the data obtained from the 

experimental literature is required in order to avoid significant errors in the understanding of 

mechanical behavior.   
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Figure 2. 9 :  Correction of experimental results considering second order effects with regards 

to loading conditions (a) Case of fixed column with vertical loading action of piston regardless 

of rotation; (b) Cantilever case by providing piston load following the elastic line (deformed 

line) of the specimen (follower loads)  (Note here that the rotation at the tip of the cantilever, 

is 1.5 times the chord drift).  

For the test setup of Fig. 2.10, which is also used frequently in cantilever experiments, the value 

recorded directly by the lateral force piston or other instruments during testing (Li - database, 

2009) need be corrected as follows.  With increasing lateral load, the axial load causes 

secondary moments which consume a part of the available flexural strength of the component.  

To enable the correction, the following assumptions are made: the nominal flexural strength 

remains constant as controlled by tension reinforcement yielding; the axial load is constant; 

V normal to axis 

= (2M/H)-Paxial×(Δ/Η) 
(a) 

(b) 
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drift is increasing with reference to column base, then the effective lateral force generated by 

the horizontal piston to maintain equilibrium is linearly reduced according to Eq. 2.10. 

 𝑉 = − = − 𝑃𝜃                                                                                                                                (2.10) 

Therefore, if the objective is to evaluate any possible strength reduction on account of damage, 

the following parameter should be examined: 𝑉 = 𝑉 + 𝑃𝜃.  It appears that that when 

the data was originally assembled in the electronic data bases used to correlate the function 

η(μ) (see Table 2.1) in the equation: 𝑉(𝜇) = 𝜂(𝜇)𝑉 ;, the values of the shear forces used were 

the values of Vtest and not Vtrue. This may have led to miscalculation of the degradation of shear 

strength of the elements in existing buildings, with consequences for the result of the 

assessment procedure and design.   

 

 

 

 

 

 

 

 

 

 

Figure 2. 10 : Correction of P-Delta effects  

The difference between Vtest and Vtrue is generally small for low axial load ratios.  Especially 

for brittle columns, this difference is negligible because the failure occurs at low drift ratios, 

while the consequences of the correction increase with the magnitude of ductility.  An example 

of this case is the hysteretic response for the 2002-S1-CenC columns tested by Elwood and 

Moehle (2003) shown in Figure 2.11(a) (with a black line before and with a red line after 
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correction).  As shown in Figure 2.11(b), before correction for the P-Delta phenomena, the 

ductile column C3  of  the P2 test specimen from the NCREE2005 experiments appeared to 

have undergone severe shear strength degradation after the failure of central column C2, while 

after second-order effects  correction  it was found that the column C3 essentially developed a 

ductile behavior and this may have happened through hardening with increasing deformation 

as shown by the ascending trend of the last cycles.  

 

Figure 2. 11 : Correction of experimental results for columns mentioned from Li, 2009  

As shown in Fig. 2.9, the P-Δ contribution when the load is provided by rods going through 

the centroid of the base cross section is smaller – on account of the product cos(θtop)ꞏθ; 

however, the horizontal contribution of the axial load remains a required correction in this case.  

A realistic depiction of the two different setups conducted on cantilever experiments is shown 

in Fig. 2.12 (Kim et al., 2018):  the idealized setup of Fig. 2.10 is shown in Fig. 2.12(a) and the 

idealized setup of Fig. 2.9(b) in Fig. 2.12b.  As illustrated in Figure 2.13 different manners of 

load application influence the value of shear strength obtained from the lateral loading piston 

in different ways; to identify the true degradation of lateral load resistance, therefore, so as to 

compare with the Code proposals for the ductility – effected strength reduction, the value of V 

is corrected as follows:  

P/(Ag.fc) = 0.1 P/(Ag.fc) = 0.083 (a) (b) 
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Case 1:  𝑉 = 𝑉 − 𝑃 s𝑖𝑛(1.5
∆
) + 𝑃 cos(1.5

∆
) ∙

∆
 

Case 2:  𝑉 = 𝑉 + 𝑃 ∙
∆
 

Case 3:  𝑉 = 𝑉 + 𝑃 ∙ sin
∆

+ 𝑃 ∙ cos
∆

∙
∆
 

Figure 2. 12 : Dependence or relationship of P-Delta effects from experimental setup  
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Figure 2. 13 : (a) Experimental layout; (b) Experimental envelope curve Kim et al. (2018) 
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2.2 A Review on Fiber Reinforced Cementitious Composites (ECC) 
 

2.2.1 Historical Evolution Since 1960 and Tensile Strain-hardening  

According to Grosse et al. (2007), fiber cement concrete can be easily classified based on its 

tensile response, that is, either strain softening or strain hardening. Figure 2.14 shows the 

characteristic types of the stress and strain response envelope for fiber-reinforced cement 

composites. 

 

Figure 2. 14 :   Typical stress-strain curve or elongation in tension up to complete separation: 

(a) Standard behavior of FRC composite; (b) Standard behavior of HPFRCC composite 

(Naaman, 1987).  

Points A and B denote, respectively, the two characteristic states, i.e., (1) the peak nominal 

stress level (point (scc, ecc)) and (2) the critical condition at which macrocracks begin to develop 

and the damage process transitions into the local failure stage of softening branch (Fig. 2.14(a).  

The first category (Fig. 2.14(a)), where softening ensues immediately after cracking are the 

common FRC materials; the second category depicted in Fig. 2.14(b) have a strain hardening 

Strain Softening Behavior  

Strain Hardening Behavior  

FRC 

HPFRCC 
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(b) 
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branch of response after cracking, and are collectively referred to as High Performance Fiber 

Reinforced Cementitious Composites.  Several mixes fall under this classification; materials 

that attain compressive strengths that exceed 120 MPa or more (CSA S6 – 2019, Annex 8, ACI 

239 -218, AFNOR 2013) but exhibit hardening response in tension, are classified as Ultra High 

Performance Fiber Reinforced Concrete and are usually reinforced by steel fibers. Materials 

with lesser strength but exhibiting tension hardening are classified as High Performance Fiber 

Reinforced Concrete and may contain steel, synthetic, or a hybrid combination of fiber.  Ductile 

Cementitious Composites that contain synthetic fiber only, are generally of lower compressive 

strength but demonstrate substantial capacity for plastic deformation in tension with negligible 

hardening- these are known as Engineered Cementitious Composites or ECCs (Li and Wu, 

1992; Georgiou, 2017).  In the present study the focus is on the prospective use of ECC 

materials as a retrofitting means of old type structural components with brittle details, which 

are bound to experience significant strength degradation under seismic loads.  For this reason, 

a brief introduction of these materials and their historical background as well as retrofitting 

applications of reinforced concrete components with the use of ECCs are given below. 

2.2.1.1 Historical background 

Although Bernard (1874) advocated the use of fibers in concrete, it was not until the early 

1960s when Romualdi and Mandel (1964) studied the use of steel fibers in concrete, an idea 

that led to several contemporary improvements and sparked wide interest in the subject. In the 

early 1980s, Lankard et al. (1984) proposed a unique type of fiber-reinforced cementitious 

composite called Slurry Infiltrated Concrete, known as SIFCON. SIFCON was created by 

completely filling a mold with fiber and then injecting a slurry into the resulting fiber mesh. 

This production method allowed for a relatively high fiber content, which at the time was 

between 5% and 12%.  The tensile and compressive mechanical properties of SIFCON 

composites were thoroughly studied by Naman et al. in the 1980, leading to a series of 

breakthroughs. The tensile stress-elongation curves reported in Naaman and Homrich (1989) 

described tensile stresses up to 30 MPa and tensile strains at peak stress of up to 1%. Extensive 

multiple cracking was also observed. SIFCON demonstrated convincingly that FRC 

composites with sustained strength in tension (as high as the compressive strength of normal 

concrete) and simultaneously very high ductility could be achieved. SIFCON belonged mostly 

to the class of strain-hardening composites. Instead of using the terms “strain-hardening” and 
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“strain softening,” “high-performance” and “conventional fiber reinforced concrete” were 

used.  

Naaman et al. (1987) essentially calculated the critical volume percentage of fibers, resulting 

in the behavior shown in Fig. 2.15(a), which is essentially a strain-hardening behavior 

under tension. He established the acronym HPFRCC (high performance fiber reinforced 

cement composite) to describe this type of behavior. He used the following two equations 

derived from previous studies (Naaman et al., 1972; Naaman et al., 1973; Naaman et al., 1974) 

to calculate the critical volume fraction of fibers required to produce that response: 

σ = σ (1 − V ) + ατV                                                                                                                             (2.11) 

σ = λτ V                                                                                                                                                        (2.12) 

Where, 𝜎 𝑖𝑠 𝑡ℎ𝑒 strength at first cracking of the composite; 𝜎 𝑖𝑠 𝑡ℎ𝑒 post-cracking strength, 

which represented the peak tensile stress that may be taken by the composite after first 

cracking; 𝜎  𝑖𝑠 𝑡ℎ𝑒 tensile strength of the matrix. 𝑉  𝑖𝑠 𝑡ℎ𝑒 volume percentage (or fraction) 

of fibers in the composite; τ is the average bond at the fiber matrix interface; 𝐿  𝑖𝑠 𝑡ℎ𝑒 fiber 

length. Also,  𝑑  𝑖𝑠 𝑡ℎ𝑒 fiber diameter, whereas   is known as the fiber aspect 

ratio;  𝛼 𝑎𝑛𝑑 𝜆 𝑎𝑟𝑒 coefficients that results from product of several other factors. Fiber 

distribution, orientation, bonding efficiency, all play a role.” 

To characterize a material as tension hardening, Naaman (1987) required that the tensile 

strength of the composite be greater than, or equal to the initial tensile strength in order to 

obtain a stress-strain response similar to that shown in Fig. 2.14(b): 

𝜎 ≥ 𝜎                                                                                                                                                              (2.13) 

Upon substitution of Eqs. 2.11 and 2.12 into Eq. 2.14 led to the following expression:  

𝜎 ≥ 𝜎 → 𝜆𝜏𝑉 ≥ 𝜎 1 − 𝑉 + 𝛼𝜏𝑉                                                                                           (2.14)  ANTHOS I. 
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From Eq. 2.14, the following solution for V , and the minimum required fiber volume fraction, 

V , to ensure strain hardening response in tension after cracking was derived:” 

V ≥
[ ∙( )]

= V                                                                                                  (2.15)     

Equation (2.15) shows the impact of several parameters other than the fiber volume fraction, 

such as the aspect ratio of the fiber, the matrix tensile strength and the bond at the fiber-matrix 

interface. The same result can be calculated with the following equation: 

𝑉 ≥                                                                                                                           (2.16)                     

Since 𝑉  is relatively small in FRC composites 1 − 𝑉 ≈ 1 and Eq. (2.17) can then be written 

as:  

𝑉 ≈                                                                                                                                                             (2.17)  

In a 1995 workshop (Naaman et al., 1996) three models were proposed to describe the 

volumetric distribution of the main fibers, an aspect that was necessary in order to complete 

characterize the strain-hardening and multiple cracking behavior of HPFRCC and ECC: the 

first model by Naaman (Naaman et al., 1987) and two other more recent models, one by Li and 

Wu, 1992 and the second by Tjiptobroto  and Hansen (1983). Naaman et al. (1996) examined 

the similarities and contrasts between these models and provided additional data. Naaman and 

Reinhardt's 1996 work provides a detailed analysis of the commonalities and differences 

between these models, as well as other key information. The trade-offs required to achieve 

strain-hardening  are depicted by plotting Equation 2.15 as seen in Fig. 2.15 (b).  
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Figure 2. 15 : Critical volume percentage of fibers to carry out strain-hardening behavior in 

tension 

2.2.1.2 Replacement of Cement by Fly Ash in Concrete 

Fly Ash is a by-product of coal burning in thermal power plants and is therefore considered an 

Industrial Waste (Ramezanianpour et al., 2014). During coal burning, the waste classification 

system collects volatile waste (fine molecular deposits) before the exhaust gases enter the 

atmosphere. Most waste particles are round in shape from 1 to 150 microns. Unburned coal 

collects carbon particles with the fly ash, the amount of which is determined by parameters 

such as the rate of combustion, the air/fuel ratio, and the degree of pulverization of the coal.  

Compared to the combustion of bituminous coal, the fly ash waste generated from the 

combustion of sub-bituminous coal contains more calcium and less iron. The unburned coal 

combines with the carbon particles in the fly ash and the amount is determined by the ignition 

rate, air-fuel ratio and coal size.  

By 1930, the term Fly Ash had become popular in the energy sector and in 1937 Davis et al.  

published the first comprehensive statistics on its specific use in North America. In 1948, the 

US Bureau of Reclamation published statistics on the use of fly ash in the construction of the 

Hungry Horse Dam which is in Montana State (U.S.A). This was the first truly widespread use 

(a) (b) 
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of this material. Following these early projects, global spread of Fly Ash propagated, but 

interest in it peaked in the 1970s, when energy (and cement) costs soared. 

In recent years, Fly Ash has undergone significant and obvious changes, indicating its 

combustion and, to some extent, its origin. The Canadian Standards Association (CSA, 1982) 

and the American Testing and Materials Association (ASTM, 1978) have identified two forms 

of Fly Ash: Class C is comprised of lignite from sub-bituminous coals whereas Class F is made 

of bituminous coals. 

2.2.1.3 Slanted Shear Test  

Figure 2.16 shows the slanted shear test, which is frequently used to assess the interface bond 

between ECC and Core concrete.  It was proposed by Kriegh et al. (1976), and because it was 

developed at the University of Arizona, it is also known as the Arizona slanted shear test. 

Several standards, such as EN 12615, 1999 and ASTM C 882, now define it (1999). 

 

 

 

 

 

 

 

Figure 2. 16 : Slanted shear test  

The interface is subjected to a stress state of compression and shear in this bond test. 

The slanted shear test is a consistently reliable approach because it produces a stress condition 

that simulates the mode of application and failure mode of interfaces. In Kriegh et al. (1976) 

test, the specimen is a composite concrete cylinder with a bond interface at 30 degrees with the 

specimen’s longitudinal axis of diameter and height 150mm (6in.) and 300mm (12in.) 
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respectively. As a normal concrete specimen, this composite cylinder is examined under 

compression. 

Prismatic slanted shear specimens can also be utilized as an alternative. According to 

Clímaco and Regan (2001), one difficulty of this bond test is the difference in standards for 

specimen dimensions and interface angles, which makes a comparison of obtained results 

difficult. To better generate interface failure modes, Zilch and Reinecke (2000) proposed an 

alternate prismatic slant shear specimen with a notch at both ends of the shear plane. 

2.2.1.4 Splitting Test 

Figure 2.17 shows a splitting test that is performed to define the tensile strength at the 

interface between two different concretes which created and proposed  practically at the same 

time according to Thaulow (1957), Carneiro and Barcellos (1953), and Akazawa et al. (1953). 

This test is also known as the Brazilian test, and it is defined in current standards such as EN 

12390-6, 2004 and ASTM C 496, 2004.  

 

 

 

 

 

 

Figure 2. 17 : Splitting Test (a) rectangular shaped specimen; (b) circular shaped specimen 

The splitting test is a straightforward procedure. A composite specimen is examined in this test 

by applying two opposing compressive forces parallel to the contact surface. Due to the Poisson 

effect, failure occurs in tension normal to the interface surface. For quality control purposes, 

the formwork used to cast the concrete specimens for normal compressive testing can also be 

utilized to cast the specimens for the splitting test. 

(a) (b) 
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2.2.3 Available Research in the Literature Related to PC and ECC Interface Interaction  

Prism samples (100 x 100 x 300 mm) were used to test interface roughness and slope angle 

effect (Youm et al., 2021). Interface angles of 50, 60 and 70 degrees has been considered with 

reference to the horizontal axis (Fig. 2.18(a)).   

The wedge-shaped substrates concrete specimens were produced ahead of time and cured for 

two weeks under constant temperature environment (20 ± 2℃ 𝑅𝐻 60 ± 5%). The inclined 

surfaces of the hardened substrates were next roughened using sandblasting (Fig.2.18(b)), 

which is the most efficient form of surface preparation (ACI 546.3R-14, 2014). The average 

depth of the groove recession from the surface of the PC is 0.5 to 1.0 mm, which is in line with 

the design parameters. 

 

 

 

 

 

 

Figure 2. 18 : (a) Combined specimens with inclined interface planes of 50º, 60º, 70º; (b) 

Interface roughness conditions of test samples; (c) Test set up  

Therefore, the final mechanism for ECC-PC connection failure can be divided into type-I 

failure (surface sliding failure), NIC failure (is near-interface concrete cracking), or NSC 

substrate CC failure (concrete crushing of plain concrete), depending on the test configuration 

(Fig.2.19). Experimental results show that an ECC-PC composite shear strength prediction 

model should account for the failure mode transition based on the slope and roughness of the 

interface. 

 

(a) (b) (c) 
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Figure 2. 19 : Specimen failure modes identification  

The data obtained from these tests are used to quantify the behavior of the interface of 

ECC-PC using the theory of plasticity.  Figure 2.20 depicts the theoretical fracture zone for a 

nearly brittle material such as concrete, according to the Mohr-Coulomb theory. Jensen first 

proposed the concept of interfacial shear strength in 1976. Espeche et al. (2011) performed a 

series of splitting tests and, based on the work of Jensen (1976) and Carol et al. (1997) a failure 

criterion was created for the interface between new and old concrete. Youm et al. (2021) 

continued this work considering the interface under high compression shear conditions as 

would be induced if the new concrete is in the UHPC class. Zone Ι and Zone ΙΙ represent CC 

failure and interface related (I and NIC) failure, respectively. According to Jensen (1976) and 

Espeche et al. (2001) Zone III depends on a combination of interface and separation tolerances.  
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 Figure 2. 20: Interface failure by a Mohr-Coulomb type model (proposed by Espeche et al., 

2011).  

The limiting state equation Y (𝑌(𝜎, 𝜏)) is defined in the space of normal and shear stress in the 

plane of the interface, which satisfies the condition of normality and obeys the Mohr-Coulomb 

material law. The failure criterion has two characteristic parameters associated with the 

properties of the interface as follows:    

𝑌(𝜎, 𝜏) = 𝜏 − 𝜎 tan 𝜑                                                                                                                                        (2.18) 

Adopting this to the failure criteria for ECC-PC composites with sloped interfaces consists of 

two equations, considering the cohesion, ci, and the friction angle, φi: 

= 𝑐 + tan 𝜑                 for 𝛽 ≤ 𝛽                                                                                                     (2.19) 

− + = ,           ≤            𝑓𝑜𝑟 𝛽 ≥ 𝛽                                                                               (2.20) 

Considering the failure modes in regions I and II, all possible stress levels at the interface 

should meet the parameters of the recommended interface failure criteria. Mixed failure that 

results in concrete crushing in the concrete wedge is not considered in this analysis. 

 

 

Monolithic 
NC Interface of ECC-PC composite Eq. (2.19) 

Crushing of PC Eq. (2.20) 
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The two failure envelopes intersect at the following point (σcr, τcr):  

=
( )

                                                                                                                   (2.21) 

=
( ) 

( )
                                                                                                                (2.22) 

The characteristic interface parameters ci and φi can be statistically estimated by linear 

extrapolation of the test results. Then, depending on the coefficient of cohesion of the interface 

ci and the angle of friction of the interface, the critical angle of transition βcr can be calculated 

φi as shown below. 

𝛽 = 𝑓 , 𝑐 ,𝜑 = 𝑡𝑎𝑛 + tan 𝜑                                                                                                      (2.23) 

In the experiments designed by Zhang et al. (2020), the ECC application is used as a repair 

material for PC substrates. Surface roughness, ECC aging, substrate moisture, curing 

conditions, PC strength, and bonding agents are all significant parameters. Six different surface 

treatments listed in Table 2.2 is used to roughen the PC surface. For each test, plain concrete 

specimens were roughened to a macro texture depth of 4.0 to 5.0 mm at the interface. 

 

 

 

 

 

 

 

 

ANTHOS I. 
IO

ANNOU



49 

 

 

Table 2. 2 : Studied parameters used in experiments  

 

The surface roughness of the plain concrete (PC) substrate was chosen as the main study 

parameter in this test because it was previously found to be significantly related to the bond 

strength of the UHPC-PC contact. Surface roughness of PC is determined using the average 

macrotexture depth (Rt) measured by the so-called sand-pour method and then classified using 

fib Model Code for Concrete Structures 2010, 2013 where for Rt < 1.5 mm smooth surface, Rt 

≥ 1.5 mm - medium roughness surface, Rt ≥3.0 mm - rough surface. The characteristics of the 

surfaces of the substrate are shown in Figure 2.21 (a) : I Smooth (Sm), which is a horizontal 

section surface without roughness assessment; (ii) a wire brush (WB) obtained by finishing the 

grout on the surface of the base without exposing the aggregates, Rt = 0.6 ~ 1.2 mm; (iii) low 

roughness (LR) revealing a partial coarse aggregates and Rt = 1.0 ~ 3.0 mm; (iv) High 

Roughness (HR), (v) roughed and drilled holes (RD) where the substrate surface is roughened 

to HR and a few drills are added with a distance of 30 mm and a depth of 30 mm opening hole; 

(vi) Rough + Groove (RG), roughening the substrate surface was classified as HR, adding a 

groove 20 mm wide and 10 mm deep. 

Parameter Detailed situation 

Moisture degree of Air surface dry (ASD), air surface wet (ASW), 
and  

NSC substrate Saturated surface dry conditions (SSD) 

Age of UHPC 0.5,1,2,3,7,28,90,180 days 

Treatment of NSC Surface Sm, WB, LR, HR, RD, and RG 

Curing condition Normal-temperature curing, steam curing at 60 
ºC and 90 ºC   

Strength of NSC Grade-50, Grade-40 and Grade-30 

Adhesive agent  With and without 

Expansive agent With and without 
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Figure 2. 21 : (a) Different surface treatments for PC substrates and (b) test specimens for 

slanted shear test, splitting tensile test and direct tensile test.  

The typical failure modes of composites obtained from slanted shear, splitting tensile, and 

direct tensile tests can be classified into three types depending on the characteristics and 

location of failure plane: (i) Pure interface shear where the failure occurs at the interface, where 

the surfaces of two materials remained smooth, and neither the PC substrate nor the UHPC 

overlay showed any cracking or fracturing. (ii) Partial interface failure where the failure occurs 

in the transition zone, where a partial thin layer of PC substrate material is still bonded to the 

UHPC surface at the time of failure. (iii) Failure mode C is identified if the UHPC attached a 

considerable quantity of PC substrate at failure.  
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The methods for calculating the bonding capacity of the interface in the codes AASHTO 

LRFD, 2010 and Fib Model Code for Concrete Structures, 2010 are similar, if there is no shear 

reinforcement at the interface, this can be simplified as follows: 

𝜏 = 𝑐 + 𝜇σ                                                                                                                                                              (2.24) 

where τu is the shear bond strength of the interface (in MPa); c is cohesion which is expressed 

as τα in the Fib Code (in MPa); μ is friction coefficient; and σn is compressive stress 

perpendicular to the shear interface strength (in MPa). AASHTO, 2010 gives c and μ values 

for the ΕCC-PC interface with various substrate surface roughness, namely 1.65 MPa and 1.0 

for rough surfaces and 0.5 MPa and 0.6 for the smooth surfaces, respectively. When the 

interface is in tension, σn is zero, and Eq. 2.24 gives the failure plane's tensile bond strength. 

Equation 2.24 can be used to back calculate the friction coefficient μ and the same equation 

may then be used in processing experimental results to compute the interfacial shear strength 

τu of the interface based on the cohesion c and friction coefficient μ determined by the testing. 

Table 2.3 summarizes results from the collection of the available tests.  It is noted that the 

cohesion c and friction coefficient μ are much more pronounced than those recommended by 

AASHTO. With the exception of the friction coefficient of Hussein et al. (2016), the values of 

c and μn of the ECC-PC interfaces are 4 and 2 times that of the Sm (smooth) surface, and 1.5 

and 1.4 times greater than the WB (Wire Brushed) and LR (Low Roughness) surfaces, 

respectively. The proposed values of c and μ are 2.2 MPa and 1.37 (for rough surfaces) and 

2.18 MPa and 1.2 (for smooth surfaces, respectively) based on the baseline results in Table 2.3. 

The bonding interface of the ECC-PC depends on various aspects such as the roughness of the 

substrate surface, substrate moisture, curing environment, concrete strength and the stress state 

at the interface, etc. 
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Table 2. 3 : Cohesion and friction coefficients obtained by the direct tensile and slant shear 

tests  

 

Tayeh et al., (2013) presented and analyzed experimental results regarding the roughness 

characteristics of the interface behavior using a three-layer (3D) optical surface metrology.  

Surface roughness is defined as per the ISO 4287, 1997.  

The definition of average roughness is illustrated in Fig. 2.23. 

𝑅 = ∫ |𝑦(𝜒)|𝑑𝑥                                                                                                                                     (2.25) 

Sources Roughness 

Slanted 
shear test  

Direct tensile 
or pull-off test 

c (MPa) 

Friction 
coefficient 
μ (MPa) 

𝝉𝒏(MPa) 𝝈𝒏(MPa)   

Zhangh et. al., 2020 Smooth 12.06 6.97 2.18 1.42 

 Wire brushed 16.09 9.29 2.5 1.46 

 Low rough 21.34 12.32 2.92 1.5 

Husan et al., 2020 Smooth 4.1 2.3 3.02 0.47 

 Mild rough 13.5 7.8 5.01 1.09 

 Rough 33.1 19.1 5.63 1.44 

Tayeth et al., 2012 Smooth 7.51 4.34 2.3 1.2 

 Wire brushed 11.04 6.38 2.32 1.37 

 Sandblasted 15.42 8.9 2.34 1.47 

 

Carbonell et al., 2014 
Wire brushed 16.1 9.3 2.2 1.49 

  Sandblasted 21.7 12.3 2.3 1.58 
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where, lm is the evaluation length; and y(x) is the profile height at position x.” 

 

 

 

 

Figure 2. 22: Average roughness, Ra 

A parameter Rq is defined as the root-mean-square average roughness of a surface: 

𝑅 = ∫ 𝑦 (𝑥)𝑑𝑥                                                                                                                              (2.26) 

Here the peak roughness Rp is the height of the highest peak in the roughness profile over the 

evaluation length. Rq is a statistical metric that indicates the breadth of the amplitude 

distribution function (ADF): the broader the ADF, the higher the Rq value, and the rougher the 

surface.  Similarly, Rv is the depth of the deepest valley in the roughness profile over the 

evaluation length. The total roughness, Rt, is the sum of these two, or the vertical distance from 

the deepest valley to the highest peak. 

R = |max [y(x)]|           0 < x < l                                                                                               (2.27)  

R = |max [y(x)]|           0 < x < l                                                                                                (2.28)  

𝑅 = 𝑅 + 𝑅                                                                                                                                        (2.29)  

With reference to Fig. 2.23, the mean peak-to-valley height of roughness profile is defined, Rz,  

𝑅 = ∑ 𝑧                                                                                                                                          (2.30)  

where, zi is the peak-to-valley height in each cut-off length (λc). 

𝑹𝒂 

𝒍𝒎 
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Figure 2. 23 : Mean peak-to-valley height, Rz. 

Another criterion that determines the geometry of the ADF is skewness, which is a measure of 

the ADF's asymmetry and it assesses the symmetry of a profile's fluctuation around its mean 

line.  

R = ∫ y (x)dx                                                                                                                     (2.31) 

Using three types of surface textures for surface roughening (i) as-cast (AC), i.e. without 

surface preparation as reference, (ii) wire-brushed (WB) without exposing the aggregates; (iii) 

sand-blasted (SB) with the aggregates purposefully exposed, the following values were 

obtained for the bond strength of the interface under direct pull-off tension. 

Table 2. 4 : Bond quality is measured in terms of bond strength 

 

 

 

 

 

 

Bond Quality Bond Strength (MPa) 

Excellent ≥2.1 

Very Good 1.7-2.1 

Good 1.4-1.7 

Fair 0.7-1.4 

Poor   0-0.7 

𝑧  𝑧  
𝑧  

𝑧  
𝑧  

𝜆  𝜆  𝜆  𝜆  𝜆  
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Linear regression was used between the substrate roughness parameters and bond strength. The 

roughness of the substrate was used as the independent variable. The substrate roughness 

characteristics of the AC surface, WB surface, and SB surfaces present high correlation with 

bond strength in indirect tension and slant shear (Table 2.5).  The results of previous researchers 

[Garbacz  et al., 2005; Julio et al., 2004] who indicated that the splitting cylinder tensile test 

and the slant shear test are sensitive to substrate surface treatment are in general agreement 

with these findings.  

Table 2. 5 : Correlation between substrate roughness parameters and bond strength 

      Coefficient of correlation(R2)   

     

  

Splitting tensile strength 

 

Slant shear strength 

Roughness parameters   3 days 7 days 
28 

days   3 days 7 days 
28 

days 

Average roughness of profile Ra 0.945 0.855 0.865 

 

0.945 0.919 0.89 

Root-Mean -Square roughness of 
profile  Rq 0.946 0.843 0.879 

 

0.947 0.921 0.897 

Maximum peak -to-valley height of 
roughness Profile Rt 0.932 0.819 0.924 

 

0.935 0.913 0.809 

Mean peak-to-valley height of 
roughness Profile Rz 0.945 0.837 0.898 

 

0.947 0.922 0.904 

Maximum peak -to-valley height of 
roughness Profile within a sampling 
length Rmax 0.930 0.817 0.925 

 

0.933 0.911 0.909 

Maximum peak height of roughness 
profile Rp 0.907 0.790 0.938 

 

0.909 0.891 0.901 

Maximum valley height of roughness 
profile Rv 0.946 0.840 0.891 

 

0.948 0.922 0.902 

Mean height of profile irregularities 
of Roughness profile Rc 0.945 0.839 0.895   0.9474 0.922 0.903 
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2.3 Retrofitting strategies through ECC jacketing of RC Columns   

The research community is particularly interested in devising retrofit solutions for structural 

components that do not comply with current seismic regulations, such as poor detailing, 

discontinuous load paths, and a lack of capacity design considerations in their design.  In 

response to the new requirements of seismic codes, many of the previous intervention 

techniques have been adapted and developed, and new techniques have become available, 

many based on innovative materials (such as FRP and ECC).  One of the most popular concrete 

repair techniques is reinforced concrete jacketing. The main advantage of RC jacket technology 

is that the lateral load capacity is distributed throughout the structure, eliminating the tendency 

of localization of deformation demand in stiffness and strength deficient components.  

Construction is tedious, as this intervention requires extension on the added jacket longitudinal 

reinforcement from floor to floor, and addition of stirrups. The increased cross-sectional area 

and longitudinal reinforcement increases the effective stiffness and flexural strength. 

Additional transverse steel bars play a significant role in shear, buckling and confinement, and 

contributes to shear strength, deformability, and anchoring or splicing of steel bars.  RC 

Jacketing is therefore considered a global intervention, of the same nature as adding walls, in 

the sense that this intervention alters the dynamic characteristics of the structure (Thermou and 

Elnashai, 2006).  Several studies have investigated the method’s efficiency, which has been 

supported by experimental work (Rodriguez and Park 1991; Stoppenhagen et al., 1995; Julio 

et al., 1998).  The procedure is adjusted in circumstances when buildings are close to one 

another, and one-, two, or three-sided jacketing is used (Tsonos et al., 2007; Fardis et al., 2009). 

 

 

 

 

 

Figure 2. 24 : Reinforced concrete jacketing of different types of existing reinforced concrete 

columns (Thermou and Elnashai, 2006) 
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2.3.1 Advantages and Disadvantages of Concrete Jackets 

In view of their expense adequacy, concrete jackets are yet the preferable technique for seismic 

upgrading of individual concrete members. There are a few reasons: Depending on the used 

reinforcement, a concrete jacket can have several effects, such as increasing stiffness, shear 

strength, ductility of deformation, anchorage/reinforcement continuity in anchoring or splicing 

zones, moment resistance (enabling conversion of a weak-column/strong-beam frame to a 

strong-column/weak-beam frame), shear strength and bond in joints through which the jacket 

continues, and protection of the old reinforcement against (further) corrosion. 

RC jackets also have limitations, such as effecting architectural interventions as they alter the 

geometry of the members, construction causes disruption of building functionality, whereas 

they cannot function as local measures for retrofit of individual components (as is, for example, 

achieved through FRP jackets) without affecting the overall building where such a global 

change is not desirable.  

Figure 2. 25 : Concrete jackets in columns (a) the simplest example; (b) jacket bars bundled 

near corners, engaged by crossties or octagonal tie; (c) jacket bars bundled at corners, dowels 

at interface with old column; (d) U-bars welded to corner bars; (e) steel plates welded to corner 

bars; (f), (g), (h) one- or two-sided jackets; (Thermou and Elnashai, 2006) 

2.3.2 Jacketing with ECC 

ECC has been used alone or in combination with FRP textile or steel rebars to reinforce circular 

and square RC columns or to reshape the column cross-section after reinforcement, as shown 

in Fig. 2.26. A strengthening layer is used in this concept to confine the concrete core column 

    (a) 

(b) (c) (d) (e) (f) (g) (h) 
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that is subjected to triaxial compressive stresses. By delaying crack growth and expansion and 

improving brittle fracture behavior, ECC can help concrete columns absorb more deformation 

energy. 

 

 

 

 

 

 

 

 

 

Figure 2. 26 : Strengthening types for RC columns using ECC  

Deng et al. (2018) used ECC jackets to strengthen four RC short columns, while a steel 

reinforced jacket was used to strengthen another. Fig.2.27 depicts the retrofitting details. To 

replicate seismic excitation, all specimens were exposed to lateral cyclic loading. Different 

design schemes were tested to see how they affected the performance of RC short columns. As 

indicated in Table 2.6, compared to control specimens, columns with ECC jackets have more 

ductile failure mechanisms. The shear strength and deformation capacity of reinforced concrete 

columns are greatly improved. 

FRP textile or 
steel bar  

ECC 
Strengthening 

layer  

Original 
Element 

Original 
Element 

Original 
Element 

(a) Square column 

(a) Circular column 

(c) Changing section shape  
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Figure 2. 27 : Retrofitting detailing of RC short columns (Deng et al., 2018)   

 

Table 2. 6 : Specimen details and strengthening effect  

 

 

Specimen 
number matrix Reinforcement  

Axial load 
ratio 

Design     Tested 
Maximum 
load/KN 

Displa
cement

/mm 
Failure 
mode 

C-1 - - 0.8 0.35 212.43 6.65 Shear failure 

C-2 Mortar 
8080mm Ferro-

cem. 0.47 0.22 317.3 5.36 
Brittle flex.- 

shear fail. 

C-3 ECC 0 0.47 0.21 309.11 7.43 
Ductile flex.-

shear fail. 

C-4 ECC 
8080mm bar 
mesh 0.47 0.21 318.55 5.51 

Ductile flex.-
shear fail. 

C-5 - - 1 0.43 229.32 4.91 Shear failure 

C-6 ECC 
8080mm bar 

mesh 0.58 0.26 319.43 6.31 
Ductile flex.-

shear fail. 

C-7 ECC 
40x80mm bar 

mesh 0.58 0.26 316.3 5.69 
More ductile 
failure mode ANTHOS I. 
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Zhu and Wang (2016) studied the load and deformation capacities of RC cylindrical columns 

jacketed with FRP textile and ECC under compression. It was found that all reinforced concrete 

columns collapsed due to FRP rupture, but when used in combination with a confining ECC 

layer, the FRP-ECC retrofit showed superior performance in terms of load and deformation 

capability enhancement.  Similarly, AL-Gemeel and Zhuge (2018) examined the confinement 

effect of basalt fiber textile mixed with ECC, in jacketing square sectioned RC columns. The 

shape of the cross-section and the brittleness of FRP at the corners reduced the effectiveness 

of the jacketing when Bassalt-FRP was used alone; by adding ECC the section was converted 

to a rectangular shape, to address these disadvantages. The matrix type and basalt textile 

spacing were the test parameters. Test effects showed that this strengthening strategy increased 

both the load bearing capacity and ductility of RC column. 

Considering the sustained tensile strength of the jacket up large strain levels, the shear strength 

of jacketed reinforced RC columns is estimated from (Deng et al., 2018):  

𝑉 = 𝑉 + 𝑉                                                                                                                                                       (2.33) 

𝑉 = 𝑓 𝑏ℎ + 𝑓 ℎ + 0.07𝑁                                                                                                            (2.34)  

𝑉 = 𝑎
.

𝑓 𝐴 + 𝑎 𝑓 ℎ                                                                                                                 (2.35) 

where VC  and VL,  and h0 and hl are the shear contributions and effective heights of the original 

RC column and the strengthening layer, respectively; 0.07N is the shear contribution of the 

axial load to the shear strength; λ is the shear span ratio of the columns; ft and ftl are the concrete 

and ECC tensile strengths, respectively; fyv(fyvl), s (sl), and Asv (Asvl)” are the yield strength, 

the spacing, and the cross-section area of the stirrups (the FRP textiles or steel bars), 

respectively; and 𝑎  and 𝑎  are the effective strength coefficients of ECC and FRP textiles, 

respectively.  

As noted by Li et al. (2020), it is important to clarify the effect of ECC jacketing on the 

development of plastic hinges in columns; note that ECC enhances bond of reinforcement and 

therefore the development of slip that enables strain penetration and spreading of the plastic 

hinge is restrained, leading to increased danger of local bar fracture.  To this end, Lee et al. 

(2020) conducted an experimental and analytical investigation of the cyclic performance of 
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scaled bridge column specimens (Fig. 2.28).  By establishing equilibrium, the effective 

confinement pressure was estimated and treated in the same manner as confining stress exerted 

by ties, in the confinement model of Mander et al. (1988).   The two confining contributions, 

namely the ECC lateral pressure and the confining pressure exerted by ties, were considered 

additive in this approach. Therefore, with reference to the free body diagram of Fig. 2.28, the 

lateral pressure provided by the ECC jacket is estimated as:  

𝑓 _ 𝑠𝑏 = 𝑓 _ 𝐴                                                                                                                               (2.44) 

 

𝑓 _ = _                                                                                                                                       (2.45) 

Where bc is the sectional dimension of the column core, s the spacing of transverse stirrups, 

and fl,ECC is the lateral confining pressure provided by the ECC jacket; f ty,ECC is the tensile 

cracking strength of the ECC jacket; and AECC is the entire area of the ECC jacket in elevation 

at the height of tie spacing in the y or z direction, which may be calculated using Eq. 2.46: 

𝐴 = 2𝑡𝑠                                                                                                                                    (2.46) 

where t is the thickness of ECC jacket. Therefore,  

𝑓 , = _                                                                                                                                            (2.47) 

ANTHOS I. 
IO

ANNOU



62 

 

 

Figure 2. 28: Dimensions and configurations of columns 

 

 

Figure 2. 29: Free-body diagrams of: (a) concrete core confined by stirrups; (b) concrete core 

confined by ECC jacket  

It is noted that while ties and longitudinal bars provide discrete lateral confinement, the ECC 

jacket provides continuous confinement. The combined effect of the two confining 

mechanisms while considering their reduced effectiveness when acting on a square section  (as 

compared with the idealized circular section) is reflected below in estimating the encased 

concrete’s compressive strength and deformation capacity:  

𝑓 =  𝑓 + 𝑘 (𝑓 + 0.5𝑓 , )                                                                                            (2.48) 

 

𝜀 = 𝜀 1 + 𝑘
. ,                                                                                               (2.49) 

Alsomiri et al. (2021) used 600 mm tall, 250 mm diameter concrete cylinders as scaled models 

of a circular column, as shown schematically in Fig. 2.30. Three cases were examined: one 

comprising normal or regular concrete (C) whereas the other two were jacketed (J1, J2) with a 

25 mm thick UHPFRC jacket. The jacket was overlaid around the cylindrical specimen (Fig. 

2.30(a)), but the jacket was slightly shorter than the specimen so that a narrow gap of 10mm 

was left at the top and bottom ends of the cylinder to prevent direct loading from being applied 

to the jacket during compression testing. Tables 2.7 and 2.8 show the mechanical properties of 

conventional and UHPFRC concrete used in the study and the results obtained after 

compression testing.  

(a) (b) 
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Figure 2. 30 : Schematic diagram of a concrete cylinder with UHPFRC jacket under axial 

compression (a) three-dimensional view; (b) side view; (c) radial stress of concrete cylinder; 

(d) radial stress on the jacket  

Table 2. 7 : Material properties for normal concrete  

Property Specimen geometry Test results 

Cubic compressive strength (MPa) 150x150x150 44.2 

Modulus of elasticity (MPa) - 34,500 

Tensile strength (MPa) - 2.79 

Passion’s ratio - 0.167 

 

 

 

 

 

(a) (b) 

(c) 

𝝈𝒓𝟏 𝝈𝒓𝟐 

(d) 
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Table 2. 8 : Material properties for UHPFRC  

Property Specimen geometry Test results 

Cubic compressive strength (MPa) 100x100x100 156.8(MPa) 

Modulus of elasticity (MPa) 100x100x100 55,468(MPa) 

Flexural strength (MPa) 100x100x100 17.2(MPa) 

Poisson’s ratio - 0.2 

 

The C specimen developed an explosive crushing failure under compression; in contrast the 

jacketed specimens developed cracks parallel to the loading direction, extensive compressive 

straining (closing the gap at top and bottom in the ends of the test) while at the same time 

maintaining their original shape. Unlike the C specimen, the damage process was ductile and 

progressive.  Significant lateral dilation was also seen in the jacketed specimens.  The response 

curves were nearly elastic up to large fraction of the applied load (to 55% of the peak); when 

the jacket material transitioned into the hardening branch (with the formation of multiple 

cracking), a non-linear stage became more evident.  Using these tests, the confined strength 

increase, reflected by factor K in the relationship:  fcc=K∙fc was determined, indicating that its 

value increases with the jacket thickness, having a more pronounced effect in increasing the 

axial strain capacity rather than the strength.    

The literature, albeit relatively limitted with regards to ECC, has been enhanced recently with 

the addition of more UHPFRC jacketing experiments.  Although the technology is in general 

the same, ECC jacketing seems to be suffering less from problems related to preferential fiber 

orientation seen when steel fibers are used.  This means that the ductility is even greater with 

the ECC jackets; however, the experimental literature need be enhanced substantially before 

definitive conclusions can be made regarding the design issues and usae limitations of this 

retrofitting technology.  This is explored in the remaining chapters of the present thesis. 
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2.4 Review on Finite Element Methods / Analyses of Reinforced Concrete Elements  
 

2.4.1 General 

The need for experimental research persists within the context of advanced design and analytic 

techniques for modern structures. Experiments provide to design equations a solid foundation, 

which is crucial throughout the initial design stages. The fundamental data for finite element 

models, such as materials mechanical properties, are also provided by experimental study. 

Finite element analysis results must also be compared to experiments using full-scale models 

of structural sub assemblages or even entire structures in order to be appraised. Recognizing 

that tests are time-consuming, expensive, and usually do not accurately reflect the loading and 

boundary conditions of the actual structure, it is possible to reduce the number of test specimens 

needed for the solution of a given problem by developing reliable analytical models. 

The following factors highlight the difficulty to create analytical models of RC structure 

response: 

 Reinforced concrete is a composite material comprised of two materials with very 

different physical and mechanical properties: concrete and steel. 

 Concrete exhibits nonlinear behavior even under low level loads due to material 

behavior nonlinearity, environmental conditions, cracking, biaxial stiffening, and strain 

softening. 

  Through bond-slip and aggregate interlock mechanisms, steel reinforcement and 

concrete interact extensively. 

Engineers have historically relied extensively on empirical formulas for the design of concrete 

structures, which were created from numerous experiments, due to these complicated 

phenomena. Researchers have made several attempts to produce analytical answers that would 

reduce the necessity for experiments since the development of digital computers and strong 

analytical techniques such as the finite element method. Thus, the finite element approach has 

developed into a sophisticated computational tool that makes it possible to routinely conduct 

complicated evaluations of the nonlinear behavior of RC structures. This approach allows for 

the analytical study of the significance and interactions of various nonlinear influences on the 

response of RC structures (Kwak and Filippou, 1990).  ANTHOS I. 
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2.4.2 Literature on Finite Element Analysis Algorithm  

This section gives an overview of the research that has already been completed concerning the 

use of the finite element method to model reinforced concrete structures. The American Society 

of Civil Engineers' outstanding state-of-the-art research findings from 1982 (ASCE 1982) and 

1985 provide a more thorough explanation of the theories that have been in existence and the 

use of the finite element method to analyze linear and nonlinear reinforced concrete structures 

(Meyer and Okamura, 1985). 

Ngo and Scordelis published the first paper in 1967 using the finite element method to examine 

RC structures. In their investigation of simple beams using a model in which the concrete and 

steel reinforcement were modeled by constant strain triangular elements, a special bond 

connector element was employed to connect the steel to the concrete and simulate the bond-

slip effect. A linear elastic analysis was performed to identify the main stresses in the concrete, 

stresses in the steel reinforcement, and bond stresses on beams with predefined cracking 

patterns. Since the publication of this important paper, there has been an increase in interest in 

the analysis of reinforced concrete structures, and a lot of studies have been released. The 

similar methodology was utilized by Scordelis et al. (1974) to examine the shear effect in beams 

with diagonal stress fractures and took into consideration the stirrup, dowel, aggregate, and 

horizontal splitting effects along the reinforcing bars close to the support. 

Nilson, 1972 utilized an incremental load approach of nonlinear analysis and added nonlinear 

bond-slip relationships and nonlinear material mechanical properties for concrete and steel to 

the analysis. By condensing the central node of four triangular components of constant strain, 

a quadrilateral element was created. The solution was stopped when an element achieved its 

tensile strength, and progressive reloading was employed to consider cracking after redefining 

a new cracked structure. Concentric and eccentric reinforced concrete tensile members were 

subjected to loads imposed at the ends of reinforcing bars, and the method was applied to these 

members. The results were compared with experimental data. 

By establishing a nonlinear analysis that automatically considering cracking inside finite 

elements and the redistribution of stresses in the structure, Franklin, 1970 improved the 

capabilities of the analytical method. This enabled for the continuous examination of the 

behaviour of two-dimensional systems from initial loading through failure. Cracking in the 

finite elements and nonlinear material behaviour were taken into account using gradual loading 
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with iterations within each increment. Franklin examined the behaviour of plain RC frames 

and combined RC frames-shear walls using specific frame-type elements, quadrilateral plane 

stress elements, axial bar members, two-dimensional bond connections, and tie connectors. 

Many researchers have examined the behavior of reinforced concrete frame and wall systems 

using plane stress elements. Using an initial stress technique, Nayak and Zienkiewicz (1972) 

conducted two-dimensional stress investigations that included the tensile cracking and the 

elasto-plastic behavior of compressed concrete. Cervenka (1970) employed an initial stress 

approach to evaluate shear walls and spandrel beams, using the elastic stiffness matrix at the 

onset of the analysis in each iteration. For the composite concrete-steel material uncracked, 

cracked, and plastic stages of behavior, Cervenka proposed a constitutive relationship. 

The modified stiffness approach and the layer approach have been employed to date in the 

study of RC slabs using the finite element method. The former divides the finite element into 

theoretical layers of concrete and steel with idealized stress-strain relationships for concrete 

and reinforcing steel, whereas the latter bases its response on an average moment-curvature 

relationship that depicts the various stages of material behavior. 

Rajagopal (1976) created a layered rectangular plate element with axial and bending stiffness 

in which concrete was considered as an orthotropic material for the analysis of RC beams with 

material and geometric nonlinearities. Many other researchers have also used similar 

approaches to solve RC beam and slab problems, including Lin and Scordelis (1975), Bashur 

and Darwin (1978), Rots et al. (1985), Barzegar and Schnobrich (1986), Adeghe and Collins 

(1987), Bergmann and Pantazopoulou in 1988, Cervenka et al. (1990), and Kwak (1990). 

Recent findings on nonlinear finite element analysis of reinforced concrete slabs can also 

provide understanding of the behaviour inside the slabs, predicting possible failure 

mechanisms, validate experimental results, and extend existing findings in situations where test 

data are unknown. According to Genikomsou (2015) FEA of reinforced concrete slabs have 

been performed by many researchers (Menétrey, 1994; Hallgren, 1996; Ožbolt et al., 2001; 

Polak, 2005; Guan and Polak , 2007; Negele at al.,  2007; Eder et al.,  2010; ); with the recent 

publication by Genikomsou and Polak (2015). Menétrey (1994) and Hallgren (1996) studied 

reinforced concrete slabs with two dimensional models using rotationally symmetric elements. 

The findings from Menétrey (1994) and Hallgren (1996) demonstrate that the punching shear 

failure can be simulated using rotational symmetric continuum elements. The 2D elements, 
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however, are not suitable for applications where modeling of orthogonal reinforcement or 

unsymmetrical punching is occurred. As a result, 3D elements became the latest innovative 

trend in the most recent investigations.  

In order to simulate the behaviour of masonry and concrete, Mavros (2015) examined through 

a modelling scheme that used the smeared-crack and the discrete-crack methods, with 

constitutive models implemented in shell and interface elements. A uniaxial material law that 

models truss elements and describes the inelastic behaviour of reinforcing steel under cyclic 

stress used to describe the behaviour of reinforcing steel. To simulate how the steel 

reinforcement interacts with the masonry or concrete around it, including bond slip and dowel 

action, a unique interface element with the suitable material laws has been developed. The 

interface element formulation was innovative because enabled the connection of steel and shell 

elements of different sizes. This feature made it possible to greatly reduce the number of shell 

elements needed for an analysis and, as a result, the amount of computational time needed. The 

bond slip and dowel action of reinforcement steel might be accurately modeled while allowing 

for a fine appropriate mesh. To implement the element formulations and the material models 

the finite element software FEAP (Taylor, 2014) has been used. 

Jinlong et al. (2015) investigated an ECC column under eccentric stress using theoretical and 

finite element (FE) methods and reported that the maximum error between these techniques 

was 8.2 %. Hemmati et al. (2016) combined an examination of experimental methods and finite 

element analysis using ABAQUS software to investigate the contributions of HPFRCC on the 

lateral resistance of frame structures through the construction of three frames from plain 

concrete, HPFRCC, and a combined frame from both the materials. With regards to Hemmati 

et al. (2016) for plain concrete and HPFRCC frames, the discrepancies in the magnitude of 

lateral load predicted using experimental techniques and FEA were found to be 4.5 and 2.8 %, 

accordingly. Because of ECC high tensile strength, ductility, and durability (due to the lack of 

coarse grains) (Ramadoss et al., 2008; Wanga et al., 2014), it’s use as a replacement material 

in retrofitting techniques replacing normal concrete concrete is grown up rapidly. A strong 

relationship could also be found between the ECC jacketing and the body of plain concrete 

since the ECC structure and plain concrete are similar. ANTHOS I. 
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Chapter 3: Reinforced Concrete Column Limit States  

3.1 Introduction 

Following the development of Performance – Based Assessment (PBA) frameworks, between 

1995 and 2010, practical evaluation of the seismic behavior of RC became a priority on account 

of the large number of existing RC buildings in urban centers – several already near or beyond 

the end of their design service life. Earthquakes that happened in the last 30 years affected 

urban regions such as Loma-Prieta (1989), Northridge (1994, California), Athens (1999, 

Parnitha), Izmit (1999, Turkey), ChiChi (1999), L’Aquila (2009, Italy), Haiti (2010), etc., all 

highlighted the catastrophic potential and risk to human life imparted by old construction.   

Damage was more intense in RC buildings with soft storeys (also known as pilotis). For the 

first time in this period, the explicit interest in the literature is focused on the drift capacity of 

columns at collapse – i.e., the point in the resistance curve of a column beyond which the 

component can no longer carry it’s overbearing loads. A big number of studies have been 

published since then, attempting to quantify the deformation capacity of columns; with 

reference to the seismic risk presented by existing construction. In particular, crucial 

parameters that affect the seismic behaviour of this type of element at advanced stages of 

deformation are of significant importance when it refers to elements with inadequate steel 

reinforcing configuration that represent old-type practices. On account of the interaction 

between the loading history and the many response parameters that affect deformation capacity 

of columns, not surprisingly, a wide dispersion was found in the characteristic values of 

deformation and failure of R.C columns despite the extent of the relevant literature (Berry et 

al., 2004; Elwood and Moehle, 2005; Syntzirma and Pantazopoulou, 2007; Inel et al., 2007; 

Pantazopoulou and Syntzirma, 2010; Biskinis and Fardis, 2010; Grammatikou et al., 2017; 

Opabola and Elwood, 2021).   

An important factor responsible for the dispersion of results is the perceived insensitivity of 

the analytical models to some critical parameters that control the onset of failure. In columns 

controlled by flexural yielding before failure (flexure-shear elements), the load carrying 

capacity against horizontal load is generally controlled by flexure, but the deformation capacity 

is generally much lower than that specified by the analytical models extracted from 

fundamental principles – the attenuation relationship discussed in Chapter 2, which 

superimposes a limiting envelope on the resistance curve, is intended to deal with this  by 

effectively controlling the interplay between shear and flexure in the range after yielding based 
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on the ratio Vn(μ)/Vflex. For example, limiting drift capacity as per the KANEPE 2014 model, 

where Vn,red=Vn(1 − 0.05 𝑚𝑖𝑛 5, 𝜇 ) leads to the following estimation:  

                    𝜇 = 20 ∙ 1 − → 𝜇 = 1 + 20 ∙ 1 −                      (3.1) 

(i.e., for example, for Vn=1.4Vflex, the implied value of ductility is 7, a value that is seldom 

supported by experimental evidence).  Flexural strength is hardly the only controlling variable; 

for example, strength loss in lap splices, exacerbated by cyclic deformation reversals may alter 

the hierarchy expressed by the preceding ratio.  To account for the effect of shear strength 

degradation on deformation capacity estimates Elwood and Moehle (2005) recognized two 

distinct points of failure in the resistance curve of a structural column – the first, which refers 

to the loss of lateral load resistance, is distinguished from a point occurring later, at higher 

drifts, where the load bearing capacity to vertical loads is lost. Their proposal, being an 

empirical relationship between drift at collapse and axial load magnitude, has been calibrated 

against a limited number of test specimens where this type of collapse could be observed (i.e. 

columns under seismic loading through seismic table and not under imposed controlled 

displacement). 

The present chapter aims to investigate the available models in so far as the evaluation of drift 

capacity of columns under cyclic loading during (a) loss of lateral resistance, and (b) failure 

under axial load. It is noted for consistency that the shear failure is defined as the point on the 

post-peak branch of the envelope resistance curve that corresponds to a residual load of 80% 

of peak.  The axial load failure is referred to as the point of the actual collapse.   

For the needs of the present work, a dataset was extracted from the PEER database of columns 

(Berry et al., 2004) which contained a large volume of tests collected from published 

experimental literature. In incorporating any specimen in the selected dataset, the type of failure 

of the RC column specimen was the main criterion. Using the extracted data, the proposed 

models for shear strength calculation were compared with the reported values, and a specific 

methodology was followed to determine whether or not the experimental results had been 

previously corrected for second order effects (i.e., in the original test reports), as well as when 

assembled in the PEER database of Berry et al. (2004). To improve the investigation, an 

optimization methodology was used to augment and improve the existing proposed 

models evaluating the shear strength, i.e. the model included in EN1998-3, 2005 and that 

proposed by Pardalopoulos et al., 2013. Furthermore, finite element models of specimens with 
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old-type detailing selected from the database have been studied, with the objective to verify 

through parametric studies the experimental trends that have been illustrated by the database 

and to check the validity of the available models used in assessment procedures of existing 

reinforced concrete elements. 

3.2 Significant Behaviour Parameters and Open Issues 

A qualifying criterion for the type of failure and the behavior of RC columns is yielding of the 

longitudinal reinforcement before the occurrence of shear failure.  (Shear failure is identified 

by transverse reinforcement yielding precluding other inadequacies such as lap-splice failure). 

If longitudinal bar yielding precedes stirrup yielding, the failure is described as of flexure-shear 

type, whereas if the sequence is reverse, the failure is referred to as brittle-shear. For brittle-

shear type of failure the drift capacity is particularly small and in any case is less than the 

nominal yielding drift of the element 𝜃 .  

Because flexural yielding is the benchmark reference in assessment procedures, the drift at the 

onset of longitudinal bar yielding is needed to define all other forms of failure by comparison. 

Thus, 𝜃  is calculated either by member analysis (i.e., Response 2000), or according to Greek 

Standards for Assessment and Retrofitting of Existing Structures (KΑ.ΝΕ.ΠΕ., 2014 ) and the 

EN 1998-3, 2005.  Alternatively, mechanics-based relationships may be used (i.e. 𝜃 =

. 𝜑 . 𝐿 , where 𝜑 = 𝑚𝑖𝑛 2.1 ,
.

, and χ the height of the compression zone =𝜉𝑑, 𝐿  is 

the shear span and h the cross-sectional height). The values of drift where brittle failures are 

developed are obtained from 𝜃 = 𝜃 , where 𝑉  is the member shear strength and 𝑉 , is 

the flexural strength calculated from the yielding moment of the critical section divided by the 

shear span (Pardalopoulos et al., 2011). It is noted that in the case of shear failure before 

flexural yielding, the ratio ≤ 1. The shear strength, 𝑉𝑛 for the needs of seismic assessment 

are obtained from ASCE/SEI 41, 2017 and EN1998-3, 2005 respectively, using mean values 

for material strengths:    

𝑉 = 𝑉 + 𝑉 = 𝜂 𝜆
0.5 𝑓𝑐

𝑀

𝑉𝑑

1 +
𝑃

0.5 𝑓𝑐 𝐴𝑔

0.8𝐴𝑔 + 𝜂
𝐴𝑠,𝑡𝑟𝑓𝑦,𝑡𝑟𝑑

𝑠
                                             (3.2) 

𝑉 = 𝑉 + 𝑉 + 𝑉 = 𝜂 (𝜇) ∙ 0.16 𝑓 (0.8𝐴 )[𝑚𝑎𝑥{0.5,100𝜌 }] ∙ (1 − 0.16 ∙ 𝑚𝑖𝑛 5, )] +

𝜂 (𝜇) + 𝑚𝑖𝑛{𝑁, 0.55𝐴 𝑓 ′} ∙ 𝑡𝑎𝑛 𝛼                                                                              (3.3) 
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Indices A and E given in the form of superscrips refer to the two reference standards ASCE/SEI 

41, 2017 and EN1998-3, 2005 respectively, which are using different approaches for the 

discussed factor.  Angle α in the EN1998-3, 2005 approach refers to the angle of inclination of 

the diagonal compression with reference to the longitudinal axis of the element as shown in Fig. 

3.1; i.e., it is defined by the line that connects the centroids of the compression zones in the 

opposite ends of the member.  

A noteworthy difference of approach is underlying the two empirical models, despite that the 

expressions have been calibrated against the same database of tests.  For one, the ASCE 

approach accounts for the influence of the axial load within the concrete contribution term, 

whereas in the EN approach the contribution of the axial load is considered as a standalone 

independent component – the value of  𝑁 ∙ tan 𝑎 actually represents the horizontal component 

of the inclined strut that is visualized as transferring the axial load to the support of the column 

(Chasioti  et al., 2014; Pardalopoulos et al., 2013).  Another difference is that whereas in the 

ASCE approach the axial load component degrades with increasing displacement ductility 

together with all other terms, its contribution is moderated by the ½ exponent.   

 

Figure 3. 1:  EN model for the contribution of the diagonal strut to shear strength (a) Definition 

of the strut angle, and (b) definition of the critical crack angle, θv. 

V,  

𝜈 ∙ 𝑓 ∙ 𝑏 ∙ 𝑑 

Η=2L
s
 

α 

θv 

(a) (b) 
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Relevant studies that have applied the above-mentioned framework have been conducted by 

Aschheim and Moehle, 1992; Lynn and Moehle, 1996; Sezen and Moehle, 2004; Elwood and 

Moehle, 2003; Priestley et al.,1996. Regarding Eq. 3.3, for consistency with fundamental 

principles, a correction has been proposed at a later stage as follows:  The effective concrete 

section area contributing to the shear strength at the critical section is equal to the area of 

compression zone, and therefore the  0.5 𝑓 ′ ⋅ (0.8𝐴 ) is replaced with 0.4 𝑓 ′ ⋅ (𝜒 ⋅ 𝑏)  (Tureyen 

and Frosch, 2003) – at this point the compression zone height is taken equal to  χ=ξd (Berry et 

al., 2004). 

Ioannou et al. 2018 considered the EN expressions with some additional modifications that had 

been proposed earlier in Pardalopoulos et al.  (2013):  first, the concrete contribution term is 

taken as per the Tureyen and Frosh (2003) approach where the underlying assumption is that 

shear transfer in cracked sections under cyclic loading occurs mainly in the compression zone 

of the member; second, the axial load contribution is accounted for, provided that the axial load 

ratio exceeds a lower limit of 0.1(sign convention used is compression positive), so as to ensure 

that cracks in the compression zone are closed and the force component transferred may be 

non-trivial; and third, the number of stirrups activated in the Vw term is determined from the 

inclination of the critical crack plane measured with reference to the longitudinal axis, θv  which 

is usually not taken as 45ο as it is assumed from previous available models in the literature 

[cotθv=1] but rather, it depends on the axial load magnitude acting on the section (Fig. 3.1(b)): 

𝑉 = 0.4𝜉𝑏𝑑 𝑓 ′ + 𝜆 ⋅ 𝜈 ⋅ (𝑏𝑑𝑓 ) 𝑡𝑎𝑛 𝛼 + 𝐴 𝑓
( )

⋅ 𝑐𝑜𝑡 𝜃                                                       (3.4)     

𝜃 = 45  𝑓𝑜𝑟 𝜈 ≤ 0.10  

 𝜃 = 45 −  15 .
𝜈

0.25
≥ 30  𝑓𝑜𝑟 𝜈 ≥ 0.25 

𝜆 = 1 𝑖𝑓 𝜈 ≥ 0.1 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 𝜆 = 0 

Also,  If 
( )

· cot 𝜃 < 1 then the contibution of transverse reinforcement is ignored  

Where,  tan 𝑎 =
( . )

  

Figure 3.2 plots the normalized depth of the compression zone, ξ, for symmetrically reinforced 

cross sections, different amounts of (total) longitudinal reinforcement ratios and different axial 

load ratios.  ANTHOS I. 
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Consequently, for the model considered, the contribution of the transverse reinforcement (Vw) 

is taken into consideration as long as it has been confirmed that at least one stirrup meets the 

critical sliding plane. Last but not least, all terms are reduced with increasing displacement 

ductility through a postulated reduction factor 0.7 ≤ 𝜂(𝜇 ) ≤ 1. The above model is examined 

through comparison with results from tests and nonlinear F.E. analysis described in the 

following sections.  

 

Figure 3. 2: Relationship between ξ, ρl,tot and normalized axial load ratio, v, for columns at the 

onset of yielding 

Literature regarding the limit states in terms of the deformation capacity is dominated by the 

simplified mechanistic model of Elwood and Moehle (2005) although in recent years a few 

attempts at improvement of the expressions though further calibration with tests and different 

regression analyses have been made (Matchulat 2008; Azadi et al., 2019).  To determine the 

relative drift at shear failure (at 80% residual strength) the following has been recommended:  

𝜃 , = 𝑚𝑎𝑥 3% + 4𝜌 − − 𝑣;            in MPa                                                                 (3.5) 

where 𝜌  is the transverse reinforcement ratio (Asw/b·s) and 𝑣  is the shear stresss 

(𝑣 =  𝑉 𝑏𝑑⁄ ) – it is noted here that the last term, for an axial load ratio of 0.3, reduces the 

effective drift capacity by 0.0075 radians; higher shear demand also reduces effectively the 

drift capacity which however increases with shear reinforcement.  For calculating the drift 

capacity at axial load failure, the residual strength along the plane of sliding failure is estimated 

from the clamping action of stirrups:  

𝑉 , =
( )

cot 𝜃                                                       (3.6a) 

Whereas the relative drift ratio where the loss of axial load bearing capacity takes place is 

estimated from:  
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𝜃 , =
( )

  𝑤ℎ𝑒𝑟𝑒 𝜃 = 65°                                                                           (3.6b) 

The inclination 𝜃  of the failure plane, defined with reference to the element’s longitudinal 

axis, is taken equal to 65⁰ for the calculation of Equation 3.6. The above relationship emerged 

from correlation of the model with reinforced concrete experimental results with an axial load 

ratio of 0.5, where a loss of axial load bearing capacity had been reported (e.g., Matchulat et 

al., 2008). 

Actions in a structure are classed as either deformation controlled, or force controlled, 

according to ASCE/SEI 41, 2017. The identification of linear and nonlinear acceptance criteria 

of deformation-controlled actions is specified in Table 3.1 and Table 3.2 for beam and column 

elements respectively. The acceptance criteria are classified according to the limiting structural 

damage state where IO=intermediate occupancy; LS=Life Safety and CP=Collapse prevention.  

 

 

 

 

 

 

 

 

Figure 3. 3: Generalized Force - Deformation Relation for Concrete Elements or Components 

(ASCE/SEI 41, 2017)  
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Table 3. 1: Modeling parameters and Numerical Acceptance Criteria for Nonlinear 

Procedures-Reinforced Concrete Beams according to ASCE/SEI 41, 2017 

 

 

 

 

 

Conditions 

Modelling Parametersa Acceptance Criteriaa 

Plastic Rotation 
Angle (radians) 

Residual 
Strength 

Ratio 

Plastic Rotation 
Angle(radians) 

Performance Level 

a b c IO LS CP 

Condition i.  Beams controlled by flexureb 

𝝆 − 𝝆

𝝆𝒃𝒂𝒍

 
Transverse 
Reinforcementc 

𝑽𝒅

𝒃𝒘𝒅 𝒇𝒄𝑬

 
      

≤0.0 C ≤0.25 0.025 0.05 0.2 0.010 0.025 0.05 

≤0.0 C ≥0.5 0.02 0.04 0.2 0.005 0.02 0.04 

≥0.5 C ≤0.25 0.02 0.03 0.2 0.005 0.02 0.04 

≥0.5 C ≥0.5 0.015 0.02 0.2 0.005 0.0015 0.02 

≤0.0 NC ≤0.25 0.02 0.03 0.2 0.005 0.02 0.03 

≤0.0 NC ≥0.50 0.01 0.015 0.2 0.0015 0.01 0.015 

≥0.5 NC ≤0.25 0.01 0.015 0.2 0.005 0.01 0.0015 

≥0.5 NC ≥0.5 0.005 0.01 0.2 0.0015 0.005 0.01 

Condition ii. Beams controlled by shearb 

Stirrup spacing ≤d/2 0.003 0.02 0.2 0.0015 0.01 0.02 

Stirrup spacing>d/2 0.003 0.01 0.2 0.0015 0.005 0.01 

Condition iii. Beams controlled by inadequate development or splicing along spamb 

Stirrup spacing ≤d/2 0.003 0.02 0.0 0.0015 0.01 0.02 

Stirrup spacing ≤d/2 0.003 0.01 0.0 0.0015 0.005 0.03 

Condition iv.  Beams controlled by inadequate embedment into beam-column jointb  

 0.0015 0.003 0.2 0.01 0.02 0.03 

Note: 𝒇𝒄𝑬 in MPa units. 

a Values between those listed in the table should be determined by linear interpolation.  

b Where more than one of conditions i, ii, iii and iv occur for a given component, use the minimum appropriate 
numerical value from the table.  

c"C" and "NC" are abbreviations for conforming and nonconforming transverse reinforcement, respectively.  
Transverse reinforcement is conforming, within the flexural plastic hinge region, hoops are spaced at ≤d/3, 
and if, for components of moderate and high ductility demand, the strength provided by the hoops (Vs) is at 
least ¾ of the design shear.  Otherwise, the transverse reinforcement is considered nonconforming  

dV is the design shear force from NSP or NDP  ANTHOS I. 
IO
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Table 3. 2 : Modeling Parameters and Numerical Criteria for Nonlinear Procedures – 

Reinforced Concrete Columns other than Circular with Spiral Reinforcement or Seismic Hoops 

as Defined in ACI 318 according to ASCE/SEI 41, 2017 

Modelling Parametersa Acceptance Criteriaa 

 

 

 

Plastic Rotation Angles, a and b (radians) 

Residual Strength Ratio, c 

Plastic Rotation Angle(radians) 

Performance Level 

 

IO 

 

LS 

 

CP 

Columns not controlled by inadequate development or splicing along the clear height a 

𝐚 = (𝟎. 𝟎𝟒𝟐 − 𝟎. 𝟎𝟒𝟑
𝐍𝐔𝐃

𝐀𝐠𝐟𝐜𝐄

+ 𝟎. 𝟔𝟑𝛒𝐭 − 𝟎. 𝟎𝟐𝟑
𝐕𝐲𝐄

𝐕𝐜𝐨𝐥𝐎𝐄

≥ 𝟎. 𝟎 

 

0.15𝑎 ≤ 0.005 

 

0.5𝑏  

 

0.7𝑏  

For 
𝑵𝑼𝑫

𝑨𝒈𝒇𝒄𝑬
≤ 𝟎. 𝟓 𝒃 =

𝟎.𝟓

𝟓
𝑵𝑼𝑫

𝟎.𝟖𝑨𝒈𝒇𝒄𝑬
 

𝟏

𝝆𝒕
 

𝒇𝒄𝑬
𝒇𝒚𝒕𝑬

− 𝟎. 𝟎𝟏 ≥ 𝒂𝒂 

𝒄 = 𝟎. 𝟐𝟒 − 𝟎. 𝟒
𝑵𝑼𝑫

𝑨𝒈𝒇𝒄𝑬

≥ 𝟎. 𝟎 

Columns controlled by inadequate development or splicing along the clear heightc 

𝐚 =
𝟏

𝟖

𝛒𝐭

𝛒𝐥

 
𝐟𝐲𝐭𝐄

𝐟𝐲𝐥𝐄

 
≥ 𝟎. 𝟎

≤ 𝟎. 𝟎𝟐𝟓𝐝
 

 

 

0.0 

 

0.5b 

 

0.7b 

𝒃 = 𝟎. 𝟎𝟏𝟐 − 𝟎. 𝟎𝟖𝟓
𝑵𝑼𝑫

𝑨𝒈𝒇𝒄𝑬
+ 𝟏𝟐𝝆𝒕

𝒆
≥ 𝟎. 𝟎

≥ 𝒂
≤ 𝟎. 𝟎𝟔

  

𝒄 = 𝟎. 𝟏𝟓 + 𝟑𝟔𝝆𝒕 ≤ 𝟎. 𝟒 

Notes: 𝝆𝒕 shall not be taken as greater than 0.0175 in any case nor greater than 0.0075 when ties are not adequately 
anchored in the core. Equations in the table are not valid for columns with 𝝆𝒕 smaller than 0.0005 

𝑽𝒚𝑬

𝑽𝒄𝒐𝒍𝑶𝑬
 shall not be taken as less than 0.2 

𝑵𝑼𝑫 shall not be the maximum compressive axial load accounting for the effects of lateral forces as described in 
𝑸𝑼𝑫 = 𝑸𝑮 + 𝑸𝑬 where 𝑸𝑼𝑫 =deformation-controlled action caused by gravity loads and earthquake forces; 𝑸𝑮= 
action caused by gravity loads as defined in Paragraph 7.2.2 of ASCE/SEI 41, 2017; 𝑸𝑬 =action caused by the 
response to selected Seismic Hazard Level calculation using Paragraphs 7.4.1 and 7.4.2 of  ASCE/SEI 41, 2017. 

Alternatively, it shall be permitted to evaluate 𝑵𝑼𝑫based on the limit state analysis:  

a b shall be reduced linearly for 
𝑵𝑼𝑫

(𝑨𝒈𝒇𝒄𝑬)
> 𝟎. 𝟓 from its value at  

𝑵𝑼𝑫

(𝑨𝒈𝒇𝒄𝑬)
= 𝟎. 𝟓 to zero at 

𝑵𝑼𝑫

(𝑨𝒈𝒇𝒄𝑬)
= 𝟎. 𝟕 but shall not 

be smaller than a 

b 
𝑵𝑼𝑫

(𝑨𝒈𝒇𝒄𝑬)
 shall not be taken as smaller than 0.1 

c Columns are considered to be controlled by inadequate development or splices where the calculated steel stress at 
the splice exceeds the steel stress specified by Eq. (10-1a) and (10-1b) of   ASCE/SEI 41, 2017.  Modelling parameter 
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The parameters affecting the value of drift at failure are, the aspect ratio, the second-order 

effects because of the axial load, and the transverse reinforcement ratio. Additionally, it is 

estimated that the residual shear strength, which may degrade down to 60% - 70% of the design 

value (EN1998-3, 2005, ASCE/SEI 41, 2017) and applies independently from steel 

reinforcement details and axial load size, seems to be conservative. In the following, and in 

order to understand the phenomenon better, a set of experimental data is examined paying 

special attention to the individual phenomena contributing to the overall loss of resistance. 

 

3.3 Selection of Dataset Entries   

 

The dataset used in the present study comprised 74 specimens containing steel reinforcement 

configurations that classify as of old type. Before using the data, a correction was considered 

on account of the apparent loss of strength caused by second order effects which was kept 

separate from the actual degradation. Through this process, the post peak reduction of the 

envelope became milder (see Fig. 3.4(b) which illustrates schematically the resulting 

differentiated envelope resistance curve as modified from the original experimental result).  

The influence of the correction is negligible for low levels of relative drift (<1%) but it becomes 

significant at higher levels. The conceptional failure point at 20% loss of shear strength was 

defined in order to quantify the ductility that led to this degradation (i.e., in 80% residual 

strength, see Fig. 3.4(c)). This displacement divided by the yielding displacement gives the 

ductility level at shear failure,  𝜇 , . For this value of ductility, the estimated degradation 

of the Code models was calculated and compared with the 20% loss that was used as an anchor 

point reference (nominal shear failure).  

for columns controlled by inadequate development or splicing shall be taken as zero if the splice region is not crossed 
by at least two tie groups over its length.  

da for columns controlled by inadequate development or splicing shall be taken as zero if the splice region is not 
crossed by at least two tie groups over its length 

e𝝆𝒕 shall not be taken as greater than 0.0075 
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Figure 3. 4 : Schematic representation of the influence of second order effects in the envelope 

resistance curve   

 

3.4 Description of Data Base Configurations (Data, Parameters and Description of the 

Procedure Followed for Data Base Composition)  

 

A comprehensive selection and correction of the available experimental results was carried out 

which aimed to remove any experimental bias and the statically quantifiable effects such as P-

 from the strength degradation relationships. In the selected dataset, reinforced concrete 

columns with rectangular cross section, tested under static cyclic loading to single or double 

curvature were included.  Criterion for the specimens’ selection was the reporting of a pure 

shear or a flexure-shear failure, which meant that longitudinal reinforcement yielding preceded 

the observed shear failure.  Several of the specimens were extracted from available databases 

from Berry et al. (2004) and Kim et al. (2018). 

 

 

 

𝝁
𝚫,𝐬𝐡−𝐟𝐚𝐢𝐥

=
𝚫𝐬𝐡

𝚫𝐲

 

Δ, or θ, or μ  

Experiment actual loss 
of strength 

correction 
for second 
order effects 

Δ, or θ, or μ  

Experiment 

Strength restoration 
through correction 
for P-Δ 

Δ, or θ, or μ  

Definition of Shear 
Failure 

Restored envelope 
resistance curve 

(a) (b) (c) 

V𝑚𝑎𝑥 
V80%

V75%

ΔshΔy 

𝑽𝟖𝟎%,𝒆𝒙𝒑,𝒄𝒐𝒓

𝑽𝒎𝒂𝒙,𝒆𝒙𝒑
  vs.  𝜼(𝝁)

𝑪𝒐𝒅𝒆
 

Definition of 
Yielding 
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Table 3. 3: Analysis of data base parameters 

Parameter Definitions  

Test Identification Code 

Slippage if longitudinal bar slippage is possible out of the critical section  

Ls Element shear span  

b Section Width  

h Section Height 

d Effective depth from the extreme compression face of a reinforced 

concrete section to the centroid axis of tensile steel reinforcement 

Ls/d Shear span to depth ratio    

c Concrete cover 

ρtot Longitudinal reinforcement ratio 

fyl Longitudinal reinforcement yielding stress 

dbl Longitudinal reinforcement diameter 

fc Concrete compressive strength  

dbw Transverse reinforcement diameter 

s Transverse reinforcement spacing 

fyw Transverse reinforcement yielding stress 

ρst Geometrical transverse reinf. ratio in the direction of seismic action     

ν=P/fcAc Axial load ratio    

P Axial load 

Failure 

Classification 

FS= Flexure-Shear Failure=2   

S=Shear Failure =1 

θy Drift at yield point  

θshear Drift at shear failure  
ANTHOS I. 

IO
ANNOU



81 

 

θaxial Drift at axial failure 

θmax Drift at maximum lateral load  

Vexp,max Experimental shear force  

VResponse 2000 Analytical maximum shear force 

Notation: For Table 3.3, the drift at shear failure is taken at 80% residual post peak strength after correction 

of the recorded resistance. Drift at axial failure is associated with the inadequacy to support axial load on the 

corrected envelope resistance curve.   

Specimens in the dataset are drawn from the experimental studies of, Lynn et al.  2001; 

Henkhaus et al.   2013; Zhou et al.  1987; Kim et al.   2018; Nagasaka et al.  1982; Arakawa et 

al.  1989; Umehara et al.  1982; Aboutaha, 1999; Sokoli and Ghannoum, 2016; Matchulat et 

al.  2008; Sezen and Moehle 2002; Pujol et al.  2002; Ohue et al.  1985; Amitsu et al.  1991; 

Martirossyan and Xiao 2001; Zhou et al.  1985; Imai and Yamamoto et al.  1986 and Ono et 

al., 1989.  The collection of data is given in Table 3.4 
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Table 3. 4: Data set with specimen details  
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3.5 Parametric Analysis for Strength and Deformation Parameters  

3.5.1 Correction for Second Order Effects According to the PEER (Berry et al., 2004) 

Data Base Manual  

In order to take into consideration the influence of second order effects, Berry et al. (2004) 

proposed four types of correction with regards to experiment boundary conditions.  It was 

stated that columns included in the Berry et al. (2004) database needed to be resolved regarding 

the vertical and lateral components to consider P-∆ effects. The vertical load P is the axial load 

given by the available data. Depending on the test setup, the contribution of the vertical actuator 

is added to (or subtracted from) the force applied by the horizontal actuator component to 

obtain the net horizontal force, FH.  

 

Figure 3. 5: Second order effects incidents according to Berry et.al. 2004 

P 

𝑭𝒓𝒆𝒑 Δ 

𝑳𝒎𝒆𝒂𝒔 = 𝑳 

(c) Case III 

P 
𝑭𝒓𝒆𝒑 

Δ 

𝑳𝒎𝒆𝒂𝒔 = 𝑳 

(a) Case I 

P 

𝑭𝒓𝒆𝒑

Δ 

𝑳𝒎𝒆𝒂𝒔 = 𝑳 

(b) Case II 

P 

𝑭𝒓𝒆𝒑 

Δ 

𝑳𝒎𝒆𝒂𝒔 = 𝑳 

(d) Case IV 

𝑳𝒕𝒐𝒑 
𝑳𝒕𝒐𝒑 
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To enable consideration of the P-∆ effects in the reference study, the specimens were organized 

into four cases of lateral force-displacement application (see Figure 3.5).  In the figure, the 

horizontal force is what is reported from the piston/jack through the data acquisition system 

(subscript “rep”).  The schematics of the four cases illustrate how the reported value is used 

together with the magnitude of the axial load and the lateral drift, in order to calculate the actual 

horizontal (lateral) force FH that quantifies the lateral resistance of the specimen.  

 Case I: The force and displacement data in the source reference is in the format of 

effective force 𝐹  in a relationship with Δ at 𝐿 .  Thus, in this manner of load 

application, the vertical rods that apply the axial load P on the column via prestressing 

rods, resist the lateral load, artificially increasing the measured strength.  The actual 

lateral or horizontal resistance of the column is defined according to Equation 3.7. 

𝐹 = 𝐹 −                                                                                                                (3.7) 

 

 Case II: Force-displacement data in the source reference is in the format of horizontal 

piston force, force 𝐹  against the horizontal displacement, Δ.     

             𝐹 = 𝐹                                                                                                                                                      (3.8) 

 Case III: Force data represent the horizontal load applied by the lateral actuator, but 

the top support of the vertical hydraulic jack does not move – instead the jack pivots at 

its top support to follow the specimen at the point of its attachment to it. Here, the lateral 

component of the vertical load actuator needs to be added to the reported force, 𝐹 , in 

order to be included in the combined horizontal force (𝐹 ). 

𝐹 = 𝐹 +                                                                                                                                 (3.9) 

 Case IV: Force data represent the horizontal load applied by the lateral actuator.  

Because the axial load ratio is not applied at the same elevation as the lateral force, the 

horizontal component (𝑃 ) of the vertical load actuator is subtracted from the reported 

force, 𝐹 , to get the horizontal force (𝐹 ).  

𝑃 = 𝑃. 𝑠𝑖𝑛𝑎                                                                                                              (3.10) 

𝑎 = tan                                                                                                      (3.11) 

F = F − P                                                                                                            (3.12) 
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When the axis of the axial load application does not pass through the centroid of the base cross 

section as in cases II and III, then the combined lateral force and the overbearing vertical load 

contribute to the total base moment as follows:  

𝑀 = 𝐹 . 𝐿 + 𝑃. 𝛥                                                                                                      (3.13) 

𝐹 =net horizontal force (Column Shear) 

𝐿 =shear span length  

𝑃 =gravity vertical load  

Δ =measured displacement at cantilever elevation L  

𝐿 =distance from elevation at which lateral force was applied to elevation at which gravity 

(vertical load) is applied  

𝐿 =elevation at which lateral column displacement was measured 

As the flexural moment is the only objective measure of the member strength, the corrected, 

effective shear force can then be calculated from:  

𝐹 =                                                                                                                                 (3.14) 

3.5.2 Additional Correction of Second Order Effects  

With reference to the primary purpose of this investigation, it is recommended that the actual 

column shear, Vactual be used instead of FH in each of the cases described in section 3.5.1. This 

was analyzed in detail in Fig. 2.9; it is noted that even in the case of follower axial loads that 

are applied through prestressing rods that connect the centroid of the top cross section of a 

cantilever specimen with the centroid of the base, reportedly so as to eliminate the second order 

effects, errors are induced as the load cannot follow the trajectory of the deforming specimen.  

Thus, the top cross section where the axial load is applied, rotates by 1.5θ, where θ=Δ/L the 

column drift – which introduces further errors that are generally not accounted for since it is 

generally assumed that the vertical follower force acting along the chord of the member makes 

no contribution to shear.  Here the member is analyzed in the deformed configuration to account 

for these effects, as outlined by the following Equations 3.15, 3.16, 3.17, 3.18 and 3.19 which 

define the calculation of Vactual as per Fig. 3.6:  

 

ANTHOS I. 
IO

ANNOU



87 

 

Case I:    

𝑉 = 𝐹 + 𝑃 cos 𝜃                                                                                                                              (3.15)   

Case II:   

𝑉 = 𝐹 + 𝑃                                                                                                                                    (3.16) 

Case III:   

𝑉 = 𝐹 + 𝑃 sin 𝜃                                                                                                                              (3.17) 

Case IV:  

𝑉 = 𝐹 + 𝑃                                                                                                                                    (3.18) 

Case V:  

V = (F  – V
,

) + P cosθvp ∙
∆

≈ (F − V
,

) + P ∙
∆

≈ F   (3.19)          

In the above equations, θ  is the rotation of the piston relative to the vertical axis, in degrees.  
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Figure 3. 6:  Additional corrections for second order effects for cases I, II, III, IV 
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3.6 Methodology Followed for Dataset Processing  

3.6.1 Shear Strength Degradation  

Figure 3.7 summarizes, using as an example case specimen CB060C by Amitsu et al (1991), 

the steps of systematic processing of the data so as to eliminate contributions of P- effects 

from the apparent strength degradation with increasing drift demand. Appendix B details the 

analytical process used on all specimens included in the dataset. 

1. Classification of experimental type according to the cases discussed in previous 

paragraph.  

2. Determination of 𝑉   value according to Eq. 3.15, 3.16, 3.17, 3.18 and 3.19  

3.  Correlation between degradation factor proposed values and the relevant values carried 

out considering the influence of second order effects  

4. Section and member analysis through Response 2000 to evaluate the elements’ flexural 

resistance, Vflex considering the influence of shear in the stress and strain analysis 

5. Data processing and optimization of proposed and existing relationships concerning the 

elements’ shear strength evaluation.   

 

 

 

Failure classification: Flexure-Shear Boundary Conditions 
Categorization  

P 

𝑭𝒓𝒆𝒑

Δ 

𝑳𝒎𝒆𝒂𝒔 = 𝑳 

 Case II 
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Figure 3. 7 : Procedure followed for second order effects consideration  

𝑉(𝐾𝑁)

𝐷𝑟𝑖𝑓𝑡(%)

𝑉𝑚𝑎𝑥

ΔV𝑑𝑖𝑠 =
𝑉𝑢𝑙𝑡,𝑖𝑛

𝑉𝑚𝑎𝑥

ΔV𝑃×Δ =
𝑉𝑢𝑙t,𝑃×Δ

𝑉𝑚𝑎𝑥

 

𝜂
𝑛
 

Member Displacement Ductility (μ) 

1 

II.  Correction of the envelope considering PΔ 

III.  Definition of degradation factor:  Obtain 𝜼𝒏 =
𝑽𝒂𝒄𝒕𝒖𝒂𝒍(𝝁)

𝑽𝒎𝒂𝒙
  

Ι. Plotting of Resistance Curve in accordance with the source experiment and the data from PEER  
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3.6.1.1 Investigation of Proposed and Existent Equations Related to the Evaluation of the 

Shear Strength of Reinforced Concrete Elements 

Figure 3.8 shows a comparison of the experimental values from the dataset against the proposed 

model related to shear strength evaluation of Equation 3.4 (Pardalopoulos et al., 2013) and the 

respective suggested model from EN1998-3, 2005 (Equation 3.3). The purpose of the study 

was to verify the consistency of the examined models in terms of actual experimental 

reinforced column shear or flexure-shear failures to propose improved models using an 

optimization methodology as detailed in the following paragraphs. 

 

 

Figure 3. 8: Correlation of data base elements experimental corrected maximum shear strength 

vs. proposed models (a) Proposed model by Pardalopoulos et al. (2013); (b) Proposed model 

by EN1998-3, 2005; Degradation models of flexure-shear failures after correction of the data.  

(Green line:  Eurocode; Yellow: ASCE/SEI -41)  
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The 45o line is the equal value case: points above it are cases where the analytical estimate 

overestimates the experiment; points below are conservative estimates. Consistent 

overestimation suggests the need for introduction of a safety factor; distant dispersion from the 

equal value line suggests poor predictive capacity.  It is observed that the model proposed by 

Pardalopoulos et al. 2013 has a higher correlation value of 𝑅 = 0.65 than the current EN1998-

3, 2005 model, that has a correlation coefficient of 𝑅 = 0.53. This result underscores the need 

for improvement of the maximum shear strength estimate.  To achieve this objective, an 

optimization technique has been used. 

Degradation of shear strength with increasing ductility for the experiments that experienced 

shear failure after correction for the contribution of the axial load in the response is depicted 

by the orange line in Fig. 3.8( c) below, defined by:  

                                𝑉 = (𝑉 ) 1 − 0.04 ∙ (𝜇 − 2)                                                  (3.19) 

It is noted that this is much milder than the estimated degradation obtained from the current 

expression (KΑ.ΝΕ.ΠΕ., 2014).   

3.6.1.2 Optimization of Shear Strength Estimation Using an MLA  

The Machine Learning Algorithm (MLA) model's basic concepts are focused on the formation 

of nonlinear terms made up of various combinations of independent variables up to the third 

degree. The method may choose nonlinear features that correlate to the lowest prediction error 

automatically.  

The algorithm was programmed to analyze 90 percent of the data by discovering relative 

relationships, which were then utilized to train the system. The remaining 10% of the data was 

then used to evaluate the performance of the shear strength equations after optimization. This 

procedure is repeated 100 times, by choosing randomly permutated subsets of the training set, 

in a cross-validation setting. The algorithm on the next page provides the procedure for 

generating the formula that has been developed in Julia programming language (Bezanson et 

al. 1992; Murphy 2012). It was confirmed that the proposed algorithm is efficient in supplying 

the necessary tools for constructing the prediction equations based on the numerical inquiry 

performed for the purposes of this work. However, this is based on a limited dataset, and in our 

future steps, we will enrich the dataset with more samples, and possibly further refine the 

resulting expressions. 
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To build a design formula through training, a large number of data sets was necessary (related 

to experimental shear strength), and the shear strength experimental results of data base 

elements were employed as an independent variable. Additionally, the parameters from 

proposed equations from Pardalopoulos et al. (2013) and EN1998-3 2005 were employed as 

dependent variables, with the goal of proposing improved models for both Equations 3.3 and 

3.4. Figures 3.9 and 3.10 and Equations 3.20 and 3.21 show the results of optimized models, 

respectively. 

𝑉 , = 𝑎 ∙ 𝑑 ∙ 𝑓 ∙ 𝜃 + 𝑏 ∙ 𝑓 ∙ 𝐴 ∙ 𝜈 + 𝑐 ∙ 𝑠 ∙ 𝜈               all units in mm, MPa and 

degrees                                                                                                                                                       (3.20) 

𝜃 = 45  𝑓, 𝑜𝑟 𝜈 ≤ 0.10  𝜃 = 45 −  15 .
𝜈

0.25
≥ 30  𝑓𝑜𝑟 𝜈 ≥ 0.25 

𝑎 = 4𝑥10 , 𝑏 = 4.1𝑥10 , 𝑐 = 2.87 × 10   

 

 

 

 

 

 

 

 

 

 

Figure 3. 9: Extra validation data for proposed shear strength model from Pardalopoulos et al. 

(2013).  Correlation of the 3-feature formula.  

𝑉 , = 𝑎 ∙ tan 𝑎 ∙ 0.55 ∙ 𝐴 ∙ 𝑓 ∙ 𝑓 ∙ 𝐴 + 𝑏 ∙ 𝑃 ∙ 100 ∙ 𝜌 + 𝑐 ∙ ( 𝑓 ∙ 𝐴 )         (3.21)    

𝑎 = 4.47 ∙ 10−11
, 𝑏 = 5.65 ∙ 10−11

, 𝑐 = 1.4 ∙ 10−16
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Figure 3. 10: Extra validation data for proposed shear strength model from EN1998-3 2005:  

Correlation of the 3-feature formula.  

 

3.6.2 Correlation of Experimental Values of Drift at Shear and Axial Failure   

 

The parameters of  𝜃 ,  and 𝜃 , have been recorded using the experimental envelope 

curves of each column from the dataset. The drift at shear failure is measured at a 20 percent 

reduction of maximum lateral strength, while the drift at axial failure is measured at the the 50 

percent of the residual load. According to Elwood and Moehle, (2005) in Equations 3.5 and 3.6 

(b) and Figure 3.11(c), 𝜃 ,  describes the midpoint of the empirical drift capacity model and 

the idealized flexural response curve. In addition, 𝜃 ,   denotes the point at which an element 

can no longer support vertical loads, mainly because experimentally the longitudinal 

reinforcement capacity cannot be verified. Figures 3.11 (a) and 3.11 (b) show the experimental 

results of the two limit states as a function of the relevant proposed model (b).To evaluate the 

accuracy of the suggested equations, the drift capacities for the two failure scenarios are 

computed (flexure-shear and shear). According to Fig. 3.11(a) and (b) and considering the 

correlation factor R2 (with a maximum value of 1), there is a significant scatter of the respective 

ratios. In general, the analytical findings demonstrate a good correlation, notably for shear and 

flexure-shear failures for the given shear drift model, and for flexure-shear failures in the case 
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of the axial drift ratio model. The distribution underscores the need for improvement of the 

drift capacity estimates.   

 

Figure 3. 11: Correlation between analytical vs experimental values: (a) drift at shear failure; 

(b) drift at axial failure; (c) determination of drift at shear failure according to Elwood and 

Moehle, (2005). 

Additional methods were employed aiming to compare and analyse the envelope resistance 

curves of data base specimens that developed flexure-shear failure modes. The specimens were 

split into 3 plot types according on their axial load ratio; type 1: green for 0 < 𝜈 ≤ 0.15; type 

2: orange for 0.15 < 𝜈 ≤ 0.30 and type 3: red for 𝜈 ≥ 0.30. Values in the vertical axis are 

presented, normalized with respect to the recorded peak strength. Then, in accordance with the 

ASCE/SEI 41, 2017 standard, the equation of parameter a shown in Figure 3.3 and Table 3.2 

was utilized to determine the nonlinear drift capacity of each column. The average values of 

parameter a were also categorized according to the axial load ratio level, and the corresponding 

values are given in Figure 3.12 as vertical dashed lines. In contrast to type 2 results, which are 

shown to be very unconservative and show a large dispersion, type 1 and type 3 results exhibit 

consistency with the tests.  This supports the suggestion that axial load limits the drift capacity 
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in ways that are not accurately represented by the available drift models in members that 

develop shear failure after the occurrence of flexural yielding.  

The grey arrow illustrates also the increasing degradation intensity of the columns – the 

phenomenon is much more intense in type 3 columns, whereas it is mild to negligible in type 

1 – this finding underscores the need to link the degradation parameter, (θ) to the axial load 

ratio .  How strength provided by the stirrups is also affected by the axial load ratio and 

whether that degrades with drift is an open question that may only be interpreted through 

numerical simulation.  

 

Figure 3. 12 :  Flexure-shear critical columns classification according to axial load ratio 

 

 

 

 

 

 

 

 

𝒂𝒕𝒚𝒑𝒆 𝟏 = 𝟎. 𝟖𝟔 𝒂𝒕𝒚𝒑𝒆 𝟐 = 𝟑. 𝟎 𝒂𝒕𝒚𝒑𝒆 𝟑 = 𝟑. 𝟔𝟓 
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3.7 Finite Element Analysis  

3.7.1 Nonlinear Finite Element Analysis  

To investigate the role of axial load ratio 𝜈, and the angle of the failure plane 𝜃  on the shear 

failure and deformation mechanisms, a finite element investigation was undertaken to observe 

the parametric dependency of these phenomena.  Through the study, the extent of plastic hinge, 

𝑙 , was also monitored, as it affects significantly the theoretical estimates of drift capacity.  In 

the present investigation, the length 𝑙  was determined as the region where bar strains exceed 

the yielding limit; this definition, originally introduced by Tastani et al., (2018), is meant to 

account for strain penetration that occurs beyond the region where flexural moment attains its 

yielding value (which is the conventional definition of the plastic hinge length). Benchmark 

study for the parametric investigation were the data base specimens of Matchulat et al. (2008) 

shown in Figure 3.13. Additionally, to the existing levels of axial load ratio (=0.5), five 

different levels of axial load ratio were also considered, i.e., 𝜈 = 0, 𝜈 = 0.1, 𝜈 = 0.2, 𝜈 = 0.3, 𝜈 =

0.4. A discretization of eight nodes hexahedral elements of 50mm cubes was used in order to 

prepare the FEA models. According to Abaqus Documentation Manual, 1992 a static stress 

analysis was used neglecting inertia effects on account of the pseudostatic application of the 

load in the actual test. Time-dependent material effects (creep, swelling, viscoelasticity) were 

also not considered. The longitudinal and transverse reinforcements were simulated as truss 

elements in full embedment connection with concrete.  The columns were subjected to a 

relative lateral translation of top and bottom cross sections, with the following boundary 

conditions:  

Table 3. 5:  Specimen Boundary Conditions 

Matchulat et al. 2008 (column bent in double curvature) 

1. Bottom: ux=0, uy=0, uz=0, θx=0, θy=0, θz=0 

2. Top: ux=400mm, uy≠0, uz≠0, θx≠0, θy≠0, θz≠0 

3. Symmetry in level z=0: uz (0) =0 
 

 

Material mechanical properties were modelled using: (a) the Concrete-Damaged Plasticity 

(CDP) model for concrete, and (b) the elastoplastic behavior model (Metal Plasticity Model) 

with hardening based on the Von Mises failure criterion for the steel 
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Figure 3. 13: Matchulat et al. (2008) Specimen 1 details: (a) Geometrical properties of 

examined specimen; (b) Finite elements of concrete parts and steel reinforcement rebars. 

 

Lateral Loading Direction 

Φ9.5/457.2
mm 

Φ28.5mm 

752.4mm 

2903.2mm 

752.4mm 

457.2mm 

457.2mm 

90 degree 
hook  

8Φ28.5mm 

Φ9.5/457.2
mm 

(a) 

(b
) 

ANTHOS I. 
IO

ANNOU



99 

 

3.7.1.1 Concrete Damaged Plasticity Model in ABAQUS 

Based on Genikomsou et al. (2015) and Abaqus Documentation Manual, 1992 a brief 

presentation of the damaged plasticity model is presented. The yield function was proposed by 

Lubliner et al. (1989) and then modified by Lee and Fenves (1998). It is defined according to 

Equation 3.24: 

𝐹 = 𝑞 − 3𝑎�̅� + 𝛽 𝜀̃ 〈𝜎 〉 − 𝛾〈−𝜎 〉 − 𝜎 𝜀̃                                                         (3.24) 

In Equation 3.24, �̅� is the hydrostatic pressure stress and 𝑞 is the Mises equivalent effective 

stress. Parameter α is calculated according to Equation 3.25, where (𝜎 ) is the biaxial 

compressive strength and (𝜎 ) is the uniaxial compressive strength. The default value of the 

biaxial ratio at failure ( ) is 1.16.    

𝑎 =
( / )

( / )
                                                                                                                           (3.25) 

Function 𝛽 𝜀̃  shows up in the yield function, when the algebraically maximum principal 

effective stress 𝜎  is positive (the Macauley bracket 〈 . 〉 is obtained as: 〈𝑥〉 = (|𝑥| + 𝑥) and 

it is determined as: 

β ε = (1 − a) − (1 + a)                                                                                              (3.26) 

where σ ε  and σ ε  are the effective cohesion stresses for compression and tension 

respectively. In biaxial compression where  𝜎 = 0, the parameter 𝛽 𝜀̃  is not active and 

the only remaining parameter in the equation is α.  The shape of the yield surface is defined by 

parameter γ according to Equation 3.27. Parameter γ is active in Equation 3.24, when the 

maximum effective principal stress 𝜎  is negative, a situation that occurs in triaxial 

compression. 

γ =
( )                                                                                                                                     (3.27) 

𝑘  is the ratio of the tensile to the compressive meridian and defines the shape of the yield 

surface in the deviatoric plane (Fig. 3.14).    ANTHOS I. 
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Figure 3. 14: Yield surfaces in the deviatoric plane (Kc = 2/3 corresponds to the Rankine failure 

criterion, whereas Kc = 1 corresponds to the Drucker–Prager criterion).   

The concrete damaged plasticity model uses the flow potential function, 𝐺(σ), which is a 

Drucker–Prager hyperbolic function and is defined according to Equation 3.28. 

 

𝐺(σ) = (𝜀𝜎 𝑡𝑎𝑛𝜓) + 𝑞  − �̅� tan 𝜓                                                                                         (3.28) 

 

In Equation 3.28, ε is the eccentricity that gives the rate at which the plastic potential function 

approximates the asymptote (see Fig. 3.16 (a)), 𝜎  is the uniaxial tensile stress and ψ is the 

dilation angle measured in the p - q plane at high confining pressure. Figure 3.1 (a) shows the 

plastic potential function compared to the yield surface. The plastic strain increment is 

normalized as for the plastic potential function.  Figure 3.16 (b) presents the schematic 

representation of the dilation angle and the eccentricity. According to the default value, the 

eccentricity is taken equal to 0.1, showing that the concrete has the same dilation angle through 

a wide range of confining pressure stresses. The dilation angle shows the direction of the plastic 

strain increment vector. The non-associated flow rule means that the plastic strain vector is 

normal to the plastic potential function, which however is different from the yield surface. 

𝜎  𝜎  
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Figure 3. 15: (a) Plastic potential surface and yield surface in the deviatoric plane, (b) Dilation 

angle and eccentricity in the meridian plane. 

Damage is introduced in the model according to Equation (3.28):  

σ = (1 − 𝑑)𝜎 = (1 − 𝑑)𝐸 : (𝜀 − 𝜀 )                                                                                    (3.28) 

The damage parameter d is defined in terms of compression and tension, dc and dt, respectively, 

as follows:  

(1 − 𝑑) = (1 − 𝑠 𝑑 )(1 − 𝑠 𝑑 )                                                                                               (3.29) 

where st and sc describe the tensile and compressive stiffness recovery.  

 

3.7.1.2 Material Modelling  

The concrete material parameters that were used in the presented analyses are: the modulus of 

elasticity E0, the Poisson’s ratio  and the compressive and tensile strengths of the selected 

material. The concrete damaged plasticity model considers a constant value for the Poisson’s 

ratio, , even for cracked concrete. Therefore, in the analyses presented herein, the value =0 

was assumed, so that the expansive behavior of concrete due to damage is attributed entirely 

to the elastic response. The dilation angle was taken as 36 degrees, the shape factor, Kc =0.667, 

the biaxial stress ratio, 𝜎
𝜎 =1.16 and the eccentricity ε=0.1. The uniaxial stress–strain 

response of concrete in tension was assumed linear elastic up to cracking at attainment of 

tensile strength, 𝑓 . After cracking, the descending branch was modelled by a softening process, 

which ends at a tensile strain εu, where residual tensile strength is taken equal to zero (Fig. 3.16 

(b)). The concrete’s brittle behavior is often characterized by a stress-crack displacement 

response instead of a stress–strain relationship. The stress-crack displacement relationship can 
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be defined using various options: linear, bilinear, or exponential tension softening response. In 

this study, bilinear stiffening response was selected and was calculated according to the Fig. 

3.17 (a), where 𝑓  is the maximum tensile strength and Gf  denotes the fracture energy of 

concrete that represents the area under the tensile stress-crack displacement curve. 

The fracture energy Gf depends on the concrete quality and aggregate size and can be obtained 

from Equation 3.30, obtained from the CEB-FIP Model Code, 1993. 

𝐺 = 𝐺 ( ) .  ( )                                                                                                                 (3.30) 

where 𝑓 = 10𝑀𝑃𝑎  and 𝐺  is the base fracture energy depending on the maximum aggregate 

size, dmax. The value of the base fracture energy 𝐺  is 0.030 N/mm has been recommended for 

maximum aggregate size dmax equal to 20 mm that was used in the tested specimens. 

According to Model Code, 1990  fcm is the mean compressive strength of concrete and its 

relationship with the characteristic value, fck, is: 

𝑓 = 𝑓 + 8𝑀𝑃𝑎                                                                                                                (3.31) 

In order to minimize the localization of fracture, the tensile strains were used, and they were 

defined by dividing the cracking displacement (w) by the characteristic length of the element, 

lc. For 3D elements the characteristic length can be defined as the cubic root of the element’s 

volume. The adopted critical length lc in the following simulations was 50 mm. The equivalent 

tensile stress–strain graph is illustrated in Fig. 3.16(b). 

 

Figure 3. 16: Uniaxial tensile stress-crack width relationship for concrete.   
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Concrete in compression was modelled using the familiar Hognestad parabola (Fig.  3.18). The 

assumed stress–strain relation to describe the behavior of the concrete under uniaxial 

compressive stress was divided into three domains. The first one represents the linear-elastic 

branch, with initial modulus of Elasticity, 𝐸 = 4500 𝑓 .  The linear branch ends at the stress 

level of  𝜎  that here was taken as: 𝜎 = 0.4𝑓 . The second segment describes the ascending 

branch of the uniaxial stress–strain relationship for compression loading to the peak load at the 

corresponding strain level, 𝜀 = .  The secant modulus of Elasticity was defined as:  𝐸 =

𝑓
𝜀 , where εo=0.00225.  The third part of the stress–strain curve after the peak stress and until 

the ultimate strain 𝜀  represents the post-peak branch. The equations for the assumed 

compressive stress–strain diagram for first, second and third branch of curve are given in Figure 

3.18. 

 

 

Figure 3. 17: Uniaxial compressive stress–strain relationship for concrete. 
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.
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Kent and Park, 1971 (Park and Paulay 1975)  
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Damage was introduced in concrete damaged plasticity model in tension and compression 

according to Figs. 3.19 (a) and 3.19 (b), respectively.  Concrete damage was assumed to occur 

in the softening range in both tension and compression. In compression the damage was 

introduced after reaching the peak load corresponding to the strain level,  𝜀 . 

Figure 3. 18: (a) Tensile damage parameter–strain relationship for concrete; (b) Compressive 

damage parameter–strain relationship for concrete (simplified in linear form).   

 

The uniaxial stress–strain relation of reinforcement was modelled as linear elastic with 

Young’s modulus  𝐸  and Poisson’s ratio ν of which typical values are 200,000 MPa and 0.3, 

respectively. Plastic behavior was input in a tabular form, including yield stress and 

corresponding plastic strain. The plastic properties were defined based on the test results with 

a bilinear strain hardening yield stress – plastic strain curve obtained from the tensile test 

performed both on longitudinal and transverse reinforcement by Matchulat et al. (2008). Table 

3.7 presents the material properties of the reinforcement. Appendix C contains information on 

Finite Element Analysis, including the algorithm, type of analysis, type of element, and type 

of meshing. 
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Table 3.  1: Material properties of the reinforcement. 

Reinforcement 

Type 

Column Specimen 𝒇𝒚(MPa) 𝜺𝒚 𝒇𝒕(MPa) 𝜺𝒕 

Longitudinal Matchulat et al. 
(2008), Specimen 1 

442 0.0024 442 0.01 

Transverse Matchulat et al. 
(2008), Specimen 1 

282 0.0015 376 0.0092 

 

3.7.1.3 Parametric Analysis  

The experimental results regarding the envelope curve and the failure mode of the reference 

specimens are presented in Fig.  3.19.  The results from the monotonic push-over simulation 

are compared to the envelope resistance curve of the cyclic loading results from the 

experimental procedure in Fig. 3.20. Results are in good agreement both in relation to the Shear 

Load as well as the drift of the member.  
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Figure 3. 19: Specimen 1 from Matchulat et al. (2008) experimental results: (a) Failure mode; 

(b) Cyclic loading curve; (c) Experimental envelope resistance curve  
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Figure 3. 20:  Matchulat et al. (2008) experimental envelope curve vs FEA pushover curve 

considering different levels of axial load ratio.    

Figure 3.20 compares the envelope resistance curves (V-θ) considering the theoretical value of 

the shear force for the examined different levels of axial load ratio. While the axial load is 

increasing an immediate decrease is observed in the available deformation capacity and the 

descending branch falling gradually after maximum value of shear strength.  In order to 

estimate the specimen's lateral load bearing capacity, which was referred to as 𝑉   in the 

preceding paragraphs, it is important to emphasize the role of second order effects. Comparison 

of  before and after a correction ,   was the most practical technique to 

establish the proportion of strength consumption due to axial load additional moments. In 

Figure 3.21, the findings are compared for different level of axial load ratio and a constant drift 

level equal to 4%. 
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 Figure 3. 21 : Comparison of ratios  ((𝑉 − 𝑉 ) / 𝑉 ) vs  ((𝑉 − 𝑉 ,  )/𝑉 ) 

according to theoretical shear force values taken from Figure 3.20  

Figure 3.21 demonstrates that the influence of second order effects on phenomenological shear 

strength degradation beyond the peak is significant. As a result, any reduction factor employed 

in assessment methods must be calibrated for second order effects to avoid underestimating the 

residual shear strength. The parametric investigation yielded also results regarding the 

relationship between plastic hinge length and axial load ratio. Equation 3.32 is a theoretical 

estimate of 𝑙  considering the effect of strain penetration (fb
res is the residual bond strength 

along the bar, inside the footing and along the shear span) (Tastani et al.,  2019); this estimate 

used to determine the plastic hinge length according to FEA models results which was 

applicable for 𝜈 < 0.3, since for 𝜈 ≥ 0.3 a compression damage failure occurred in the relevant 

models. The results emerged from Equation 3.32 are compared with the respective values 

obtained from Equation 3.33 which was proposed by Priestley and Park (1987). Figure 3.23 

illustrates that the plastic hinge length grows proportionally with the axial load ratio, a finding 

that is consistent with the results of Bayrak et al. 2008.  Plastic hinge shrinks and diminishes 

for higher axial load ratios that preclude bar yielding (i.e. when the depth of compression zone 

exceeds 55% of the section height).   

                 𝑙 = 𝑙 , + 𝑙 , = (𝜀 − 𝜀 ) ∙ , + ,                 (3.32)                       
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The specimen cross section analyzed in the present study was 457mm square, reinforced with 

eight 𝑑 = 28.6𝑚𝑚 longitudinal reinforcing bars with 𝑓 =441.3MPa and 𝐸 =0.05𝐸  having 

a clear cover of c=39.7mm. Stirrups had a 9.5mm diameter, spaced at 457mm o.c. (on centres) 

with yield strength of 372.3 MPa. Concrete strength was 𝑓 = 20.7𝑀𝑃𝑎, and the axial load 

ratio [𝜈 = 𝛮
𝑓 𝑏𝑑] was 0.16. For the example studied, the residual bond strength for the 

anchorage was taken equal to 𝑓 , = 5
.

  (4.7MPa) according to Fib Model Code 

2010. For the shear span the bond strength was calculated using the same model due to the 

sparse installation of transverse reinforcement 𝑓 , , = 4.73𝑀𝑃𝑎. At ultimate strain 

cover delamination had already occurred and thus the residual bond strength 𝑓 , ,   was 

calculated as 1.80MPa (this value was also assigned to 𝑓 , , ).  

𝑙 = 0.08𝑧 + 6𝑑                                                                                                                (3.33) 

𝑤here z = distance from critical section to point of contraflexure and  

d = diameter of longitudinal reinforcement                                                                                                                   

 

Figure 3.22: Plastic hinge length parameters and results: (a) Cracking in member and bending 

moment diagram; (b)results obtained from the FE analysis and the theoretical estimate of strain 

penetration through bond degradation.  

Figure 3.23 presents the deformed shapes of the model column for the different levels of axial 

loads considered in the parametric FEA analysis.  It is observed that with an increase in the 

axial load, the length of the damaged area also increases.  Using the length of the damaged 
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region and dividing with the effective depth of the cross section, the angle θv of the sliding 

plane is defined, by which the number of stirrups intersecting that failure plane can be 

calculated, thereby determining the Vw contribution in the present study.    

 

 

Figure 3. 22 : FEA models failure modes for different levels of axial load ratios  
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3.4. Conclusions 

The present study investigated the strength and deformation parameters defining the 

mechanical behavior of columns under lateral sway such as what is occurring during seismic 

loading, focusing into the details of failure mechanisms of columns. A carefully chosen 

collection of specimens from the experimental database that experimentally highlight the 

behavior of columns experiencing shear failure after flexural yielding was assembled in order 

to study the parametric sensitivity of the examined data, while at the same time an evaluation 

of the proposed relationships for the limit state failure in displacements and strength terms was 

carried out (shear mechanism failure and bearing capacity at failure).  It was seen that a fraction 

of the apparent strength degradation of columns is really a manifestation of second order 

effects; the remaining fraction of shear strength reduction, which is an effect of internal damage 

of the shear resisting mechanism, although significant, is relatively milder than originally 

accounted for in terms of ductility.  The influence of the axial load ratio in the development of 

the observed failures and in terms of the formation of the plastic hinge length was studied using 

the finite model of a benchmark example that represented a full-scale column with brittle 

details that was tested to failure under a high axial compression. It was found that the length of 

plastic hinge, when defined with reference to steel strains accounting for strain penetration, is 

consistent with the Finite Element results, and this measure is significant in determining the 

the failure plane of the component.   
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Chapter 4: Interface interaction between ECC and Normal-Strength Concrete 

4.1 Introduction  

The observed degradation in structural performance of existing concrete structures subjected 

to extreme mechanical and environmental actions, which has prevailed in the last few years as 

the older building stock exceeds the 50-year service-life mark, raises the importance and 

prioritizes the development of pertinent repair and retrofitting methodologies (Hyun-Soo 

Youm et al., 2021). Over the years two retrofit methods have gained popularity and are 

recognized by practitioners as the main available options for rehabilitation of frame 

components:  One is the traditional jacketing, whereby a layer of reinforced concrete, about 70 

to 150 mm thick is overlaid on the member cross section; the other is through wrapping of FRP 

layers comprising glass or carbon fibers.  Of these two methods, the first is classified as a global 

intervention (Thermou et al., 2006) because it increases significantly the flexural strength and 

therefore the flexural stiffness of the retrofitted member from its original state.  The second is 

considered a local intervention only (Pantazopoulou et al., 2016) because although it alters the 

deformation capacity by suppressing the brittle modes of failure, it cannot affect the member 

stiffness.  The latter has received criticism, over the recent years, because it locks inside the 

member moisture and reactive agents that may lead to anaerobic corrosion of the reinforcement 

that is not externally detectible until it is too late, whereas in the former case the concerns are 

of a different type: the change in the cross section size is an important architectural intervention, 

whereas the effect of the stiffness addition of the rehabilitation need be seen in the context of 

the entire structural system response (Youm et al., 2021).    

With the emergence of ECC, new opportunities have emerged to mitigate these two problems 

of the jacketing retrofits: (Tayeh et al., 2013; Momayez et al., 2004; Mu et al., 2002; Ali et al., 

1999). Because of the significant tension force resultant that strain hardening cementitious 

materials can develop in tension, the same result in terms of confinement can be achieved with 

a much thinner jacket than conventional concrete, while mitigating the problems of 

permeability of the FRP jackets. A sustainable ECC mix (whereby 60% of the reactive powders 

are Fly-ash) containing PVA fibers was developed at UCY (Georgiou, 2017) and has been 

shown to have significant tensile ductility. This material is used in the present study as a means 

of retrofitting through jacketing (Ioannou et al., 2021).  

Cementitious jackets applied on concrete structural members have a critical plane of weakness, 

at the interface of existing and new material.  The cohesion and strength between the two 
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surfaces is yet to be determined (Momayez et al., 2004). As indicated by  Youm et al. (2021) 

the genuine investigation of interface examination can be executed through at least three 

experimental tests using different combinations of effectively induced stress at the interface  

specifically, a shear slant test, a pure shear test, and the direct tensile test; the upper limit is 

defined by monolithic compression tests. The stress conditions of interfaces for each applicable 

experimental test strategy are shown in Fig. 4.1.  

 

Figure 4. 1:  Interface stress states for various test methods: (a) direct tension;(b) pure shear; 

(c) shear slanted and (d) monolithic compression (Youm et al., 2021) 

Therefore, the interface of two bonded semi-prisms of concrete and repair system should be 

examined through tests of the type listed above, by subjecting specimens containing interfaces 

of ECC and plain concrete to loading combinations of shear and compression or tension, to 

simulate the state of stress that occurs at the interface in the jacket of a typical real structure. 

As per ACI 546.3R-1413, 2014 the interface bond performance between two different 

concretes is required to be evaluated using the slant shear test, conforming to ASTM C882.14, 

2013. Thus, to define the failure envelope shown above, the angle of inclination of the interface 

is an important variable.  

As the jacketing is applied in retrofitting after removal of cover, the interface in such 

applications is a very anomalous surface – this to a certain extent is expected to enhance the 
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interface properties, through interlocking and friction (Naderi, 2009). The roughness is 

therefore an important parameter in defining the failure surface of Fig. 4.1.   

Several studies aiming to investigate the bond of the ECC-PC interface have been already 

published [Youm et al., 2021; Tayeh et al., 2013; Momayez et al., 2004]. Parameters such as a 

roughness index of the interface and the moisture content of the PC (Plain Concrete) substrate, 

as well as the PC strength which are the most important factors for the bonding strength at the 

PC substrate and ECC (Engineered Cementitious Composite) interface have been examined 

(Zhang et al., 2020).  Harris et. al. (2014) found that the experimental results prove a strong 

bonding between ECC and PC and this can succeed with limited surface preparation and 

without the use of bonding agents such as epoxies or latex emulsions that are commonly used 

in overlays. It was shown that the bond of ECC with the old concrete is adequate and restores 

the structural integrity and it is durable having the ability to tolerate (withstand) severe climatic 

conditions. Finally, it was found that it has a chemical, electrochemical, permeability, and 

dimensional compatibility with the old substrate being repaired (Harris et al., 2014). 

The studies cited focused on the evaluation of interface interaction between plain and fiber 

reinforced concrete which consider various parameter ranges, but only a small number tried to 

describe the failure envelope characteristics. The main objective of the present study is the 

experimental investigation of bond stress level in the interface of the two materials through 

pure tension and  shear slanted tests. The examined variables were the inclination angle, the  

interface roughness and the plain concrete mix design . Two cycles of tests were conducted, 

where the failure modes were studied through comparison between the instrumentation system 

recordings and the digital image correlation methodology. 

 

4.2. The Aim of the Experiment  

4.2.1 Experimental Procedure 

 Regarding the experimental investigation of ECC jackets for the repair of damaged R.C.  

members under monotonic and cyclic loading which are examined in the next chapters, the 

experimental study conducted to characterize the interface properties between plain concrete 

(PC) and ECC is presented. To this end, series of slanted shear, direct tensile and compression 

tests were carried out.  Parameters of the investigation was the inclination of the interface with 

respect to the longitudinal axis of the member, the mix design which affected the compressive 
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strength of the plain concrete, and the roughness of surface substrate [Youm et al., 2021; Tayeh 

et al., 2013; Zhang et al., 2020; Banthia et al., 2014].  Therefore, as shown in Figure 4.2, four 

types of experiments were executed. The compressive test (Fig.4.2 (a)) was used to characterize 

the basic strength of the individual materials (as per the ASTM C39-21, 2021 standard). Four-

point bending tests on prismatic specimens of ECC were used to measure the tensile strength 

according to the Canadian Standard (Fig. 4.2 (b)) as described in Annex U of CSA-A23.1 2019; 

characteristic points of the tensile stress strain response were obtained through inverse analysis 

of the test results according with the method of Lopez (2017). Splitting tests (Fig.4.2 (c)) used 

to test the tensile strength of combined specimens in the interface as specified in ASTM C496/ 

C496M-I7, 2017 and slanted shear tests (Fig. 4.2 (d) ) as per ASTM C882/C882M, 2013 were 

used to investigate the interface interaction between PC and ECC.  

 

 

Figure 4. 2: Types of experiments: (a) compression test (b) four-point bending test for ECC 

tensile strength evaluation; (c) splitting test for interface tensile strength evaluation; and (d) 

combined compression - shear test to define the failure surface model of the interface. 
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4.2.2 Materials – PC and ECC Mix Designs  

With regards to the construction of experimental specimens for the needs of the investigation, 

two similar test series were carried out, the only difference between the two groups of 

experiments being the free surface roughness of the PC material, which controls the aggregate 

interlock at the ECC-PC interface. To achieve this goal the concrete mix designs differed in 

the volume of sand (<4mm).   

4.2.2.1 Plain Concrete   

The mix designs are given in Table 4.1 for plain concrete production of category C20/25 for 

experimental cycles 1 and 2 respectively. Pure calcite limestone aggregates (Mitsero) were 

used, having diameter of 0-4 mm for the sand, and 4-10mm for the gravel.  Composite Portland 

Cement of type EN 197-1 CEM II / A-M 29 (L-S) 42.5 R, 2011 was used. This type of Blended 

Cement is produced using pure calcite limestone and it is more impermeable and denser as 

compared to OPC, with a higher degree of workability and reduced plastic shrinkage. The 

compressive strength of this particular cement at 28 days is equivalent to that of 42.5 R OPC 

and superior at 2 and 7 days. 

Sand comprised pure calcite limestone of 0-4mm size (Fig. 4.3 (a)) with the grain size 

distribution shown in Fig 4.3 (a). Pure calcite limestone gravel was used having 4-10mm grain 

size (Fig. 4.3 (b)). The grain size distribution is illustrated in Fig. 4.3(b).  

 

 

 

 

 

 

Figure 4. 3 : (a) Limestone sand of 0-4mm size; (b) limestone gravel used of 4-10mm grain 

size  

Sika ViscoCrete Techno-10+ was used as superplasticizer; the admixture comprised aqueous 

solution of polycarboxylate polymers and is produced according to ΕΝ 934.02:2009+A1,2012. 

 

(a) (b) 
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Table 4. 1: Plain concrete mix design of experimental cycle 1   

Mix Design #1 Mix Design #2 

Materials  Quantity(kg/m3) Materials  Quantity(kg/m3) 

Cement 352 Cement 432 

Water 211 Water 288 

Sand(0-4mm) 828 Sand(0-4mm) 600 

Gravel (4-10mm) 1004 Gravel (4-10mm) 1080 

Superplasticizer       

        

6 Superplasticizer 12  

 

Figure 4. 4: Grain sizes granulation for aggregates (Mitserou) (a) Gravel 4-10mm and (b) Sand 

0-4mm  

4.2.2.2 Fiber Reinforced Concrete  

The ECC material mix design which used was adopted from Georgiou (2017). The mix design 

is detailed in Table 4.2 and batching is described below. In summary the composition of ECC 

material comprised Cement EΝ 197-1 CEM IΙ / A-M (L-S) 42.5 R, 2011 silica sand, fly-ash, 

Polyvinyl alcohol fibers (PVA); the same superplasticizer as in mixing PC was used. 
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Silica Sand:  

It comprises spherical crystal quartz particles with a very narrow grain size distribution (see 

Fig. 4.5), it has a high SiO2 content as well as a very special light color. The sand particles 

vary from 0.06 to 0.3 mm. The percentage of silica oxide is in the order of 98.6%, while small 

quantities of Al2O3, Fe2O3 and TiO2 are contained. The Mohs Hardness of this product is 7, 

while raw density is 2.65 gr/cm3 and bulk density is 1.35 gr/cm3. 

 

Figure 4. 5: Grain size distribution for silica sand  

Fly Ash  

A-type Fly Ash (FA) was used. This fly ash is intended as partial cement replacement as well 

as aggregate for cement slurries and mortars.  The pozzolanic and physical properties enhance 

the performance of concrete and it complies fully with EN 450-1:2012P, 2012. It contains 

extremely fine latently reactive silicon dioxide of fineness category N (30±10%). The presence 

of this substance gives greatly improved internal cohesion and water retention. The 

cohesiveness of concrete becomes extremely strong and the pumping properties are 

substantially improved. In the set concrete the latently reactive silicon dioxide forms a chemical 

bond with free lime.  The fly ash is categorized to class F according to the certificate of 

conformity (Szcerbiak, 2015). Class F fly ash chemical composition properties are specified in 

ASTM C618 and are shown in Table 4.2.   
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Table 4. 2: Fly ash declared performance  

Basic Characteristics Performance Harmonised Technical 

Specification 

Activity index 

After 28 days 

After 90 days  

 

≥ 75% 

≥ 85% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EN 450-1:2012 

Ignition loss: Category A ≤ 5% 

Fineness: Category N 30 ± 50% 

Constancy of Volume  ≤ 10𝑚𝑚 

Initial Setting Time:  No more than a double value of the 

initial setting time of concrete 

slurry made in 100% of 

comparative cement 

Sulfuric acid anhydride (as S03) ≤ 3% 

Chloride Content  ≤ 0.1% 

Specific Density 2100 𝑘𝑔/𝑚  

Free Calcium oxide CaO ≤ 1.5% 

Reactive Calcium Oxide  ≤ 10.0% 

Reactive silicon dioxide SiO2reactive ≥ 25.0% 

Sum of content of oxides SiO2, 

Al2O3, Fe2O3 

≥ 70.0% 

Total content of alkalies  ≤ 5.0% 

Magnesium oxide MgO ≤ 4.0% 

Soluble phosphates P2O5  ≤ 100𝑚𝑔/𝐾𝑔 

Phosphates P2O5 ≤ 5.0% 

Durability Fulfilled in accordance with PN-

EN-450-1 point 5.4.1 
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Release of hazardous substances 

and radioactivity 

PL, fulfilled, see, ‘Substance 

Information Sheet’-Cinder 

(residua), carbon  

 

When used in production of concrete, Class F fly ash is often mixed as Portland cement 

replacement in the range of 20-30% of the mass of the reactive powders; in ECC as in the 

present case the cement replacement ratio is in the order of 60%. The advantages derived by 

cement substitution with class F fly ash are:  

 Increased late compressive strength (beyond the 28 days) 

 Increased resistance to alkali silica reaction (ASR) 

 Increased resistance to sulfate attack 

 Less heat generation during hydration 

 Increased pore refinement 

 Decreased permeability 

 Decreased water demand 

 Increased workability 

 Decreased cost ($80/ton for Portland cement vs. $30/ton for fly ash). 

It is noted that when Class F fly ash is used as a Portland cement replacement, the setting time 

may be delayed, and the early compressive strengths (before 28 days) may be decreased. 

Additionally, the fine aggregate fraction of the concrete mix will need to be modified because 

fly ash has a lower bulk specific gravity than Portland cement, and therefore a greater volume 

is needed for the same mass. If using any organic admixtures such as air entrainment, the 

amount added must be modified since the carbon (LOI) in the fly ash adsorbs organic 

compounds. Moreover, if the fly ash has a high calcium content, it should not be used in 

hydraulic applications. 

Polyvinyl alcohol fibers (PVA) 

In the present investigation PVA fibers having 12 mm length and 39 μm diameter were used. 

The nominal tensile strength was 1600 MPa, the Young’s Modulus was 40 GPa, the fibers’ 

strain capacity was 6.5% and the density was 1300 kg/m3. The fibers were procured from 

KURARAY-Japan, and the product chemical name is Kuralon K-II, based on polyvinyl alcohol 

(PVOH) resin. 
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Table 4. 3: Engineered Cementitious Composite Mix Design  

Materials  Quantity(kg/m3) 

Cement 530 

Fly Ash 636 

Silica Sand  425 

PVA Fibers 25 

(SP) Superplasticizer 13 

4.3. Specimen Fabrication  

4.3.1 Plain Concrete Preparation  

To batch the plain concrete mix, firstly sand, gravel and cement in dry conditions were mixed 

in the pan-type mixer for two minutes (Fig. 4.6 (a)). Half of the total quantity of water was 

added into the mixer and after 3 minutes of continuous mixing the remaining water was 

gradually added (Fig. 4.6(b)). After 3 minutes of mixing if the concrete slump test control was 

less than 18 cm (Fig. 4.6(c)) a small dosage of superplasticizer poured into the mixing 

composition for keeping and maintaining an adequate concrete workability required for 

concrete casting into the molds.  

 

 

 

 

 

 

Figure 4. 6: (a) Dry Aggregates; (b) Mixing after water addition; (c) Concrete slump test  

(a) (b) (c
) 
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4.3.2. Fiber Reinforced Concrete Preparation 

4.3.2.1 ECC Strength Confirmation   

Several trial procedures were used for production of the ECC-FRC, the objective being to 

achieve flowability during the pour, but also adequate strength; this investigation was necessary 

as the fly ash used was sourced from a different supplier than what had been used in the original 

development of the mix design (Georgiou, 2017).  In order to ascertain the ECC mechanical 

properties a final trial batch was executed prior to fabrication of the specimens, where totally 

six prismatic samples were examined in tension and compression (see details in Table 4.4). 

The testing method was in accordance with EN 196-1 2016 and the samples were tested at 90 

days under laboratory conditions ((20 ± 2) ◦C and (50 ± 3) % RH). 

Table 4. 4: Experimental specimens coding and dimensions for flexural and compression 

strength determination  

Specimen  Dimensions  Type of Experiment  

FRC-T1 4040160mm Flexural Strength 

FRC-T2 40  40  160mm Flexural Strength 

FRC-T3 40  40  160mm Flexural Strength 

FRC-C1 40  40  80mm Compressive Strength 

FRC-C2 40  40  76mm Compressive Strength 

FRC-C3 40  40  76mm Compressive Strength 

4.2.2.2 ECC Mixing Procedure  

During the FRC production, firstly powders in dry condition of ECC (cement, fly ash and silica 

sand) were mixed in the planetary mixer for 2 minutes.  Then half of the total water and 

superplasticizer were added and mixing continued. Finally, PVA fibers were added and then 

the rest of water and superplasticizer volume mixed independently and gradually added into 

the mixer until an adequate workability got in the mixture. (See Figure 4.7 (a) and 4.7 (b)) ANTHOS I. 
IO
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Figure 4. 7: (a) FRC trial production and mixing procedure in planetary mixer; (b) FRC 

specimens for tensile and compressive strength tests  

4.3.2.3 ECC Tensile and Compression Tests and Experimental Results   

To determine the tensile strength of ECC, experimental tests were executed under three-point 

bending tests according to EN 196-1 2016 and tensile stress and strain relationships were 

exported (Fig. 4.8 (a)). Compression tests (EN 196-1 2016) were done on rectangular prisms 

with a 1:2 aspect ratio with dimensions of 404080mm. Tests were executed under 

displacement control to obtain the compression stress and strain relationship; strain rate used 

in the compression test was 0-60με/s.  Strain gauges were applied in the three sides of 

specimens, i.e., on two opposite sides to record the vertical strain and a third strain gauge 

installed in the horizontal axis to record transverse strains (Fig. 4.8(b) and (c)). Experimental 

results are presented in Figure 4.9 (a) and (b). 

 

 

(a) (b) 
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Figure 4. 8: (a) Three point bending experimental lay out; (b) Installation of strain gauges on 

rectangular shaped prisms; (c) Compression test under displacement control  

 

Figure 4. 9; (a) Three-point bending test Force vs. Displacement result (b) Compression test 

results  

(a) (b) (c) 

ANTHOS I. 
IO

ANNOU



125 

 

After ascertaining the tensile and compressive strength levels the procedure described in 

Paragraph 4.3.2.2 was applied for upscaling the production of ECC batch in the pan-mixer. 

Preparation of materials (Fig. 4.10 (a)), powder mixing in dry condition (Fig. 4.10 (b)), and 

after water and SP addition in Fig. 4.10 (c) and (d) PVA fibers were added last and final mixing 

continued in order to get the specified ECC mix design flow consistency (Figure 4.10 (e) and 

(f).  

Figure 4. 10: (a) Weighed quantities (b) Mixing of powders in dry condition (c) Mixing of 

powders with half the water volume (d) Mixing of powders with half the SP volume (e) PVA 

fibers’ addition (f) Addition of remaining water and final mixture consistency   

4.3.3 Specimen Production Procedure  

Specimen identification used illustrates the values of the main parameters varied in the 

interface characterization study, namely the inclination of the interface with respect to the 

longitudinal axis and surface roughness. Specimen coding is analyzed in Table 4.5. 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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Table 4. 5:  Specimen coding scheme and dimensions for flexural and compression strength 

determination  

Specimen  Dimensions  Type of Experiment  

PC-CYL-N D=100mm, H=200mm CT 

ECC-CYL-N D=75mm, H=200mm CT 

SP-N-A 100100200mm SST 

SP-N-SPLIT 100100200mm ST 

FRC-SPN-BEAM 10060280mm FPBT  

Notation: CYL=Cylinder; SP=Specimen; N= ID number of the specimen; A = inclination of interface; 

CT=compression test; SST=slant shear test; ST=splitting test; FPBT=four-point bending test  

4.3.3.1 PC Specimen casting  

In total 18 specimens of type SP-N-A and 3 specimens of type PC-CYL-N were made. First 

the PC part of the specimen was cast. To ensure the inclination level of interface special 

wooden stepwise structures were prepared, where each step had a different angle with the 

horizontal plane.  After filling the molds exactly at 50% of the total volume with fresh PC, they 

were placed on the steps as shown on Fig. 4.11.  Thus, when placed on the inclined steps the 

free surface of the fresh concrete leveled along the horizontal, thereby creating an angle of 

inclination with the longitudinal axis of the mold, that was equal to the angle of the supporting 

wooden step.  After hardening in that position, molds were removed and specimens were cured 

immersed in the laboratory water tanks under stable temperature of 20◦C for 28 days.  

Specimens PC-CYL-N were tested at that point in compression to measure the PC compressive 

strength.  
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Figure 4. 11: (a) Casting of slanted shear specimens in horizontal position; (b), (c) Positioning 

of SP-N-A specimens for configuration of the free surface (d) Casting of SP-N-SPLIT series  

Records of the specimens’ dimensions are given in Table 4.6 in order to accurately determine 

the actual inclination of the interface.  The roughness factor of all free surfaces was measured 

through the use of Gwydion software with a simple methodology. Gwydion is a modular 

program for SPM (scanning probe microscopy) data visualization and analysis. Primarily it is 

intended for the analysis of height fields obtained by scanning probe microscopy techniques 

(AFM, MFM, STM, SNOM/NSOM) and it supports various SPM data formats (Petr K et al., 

2004). 

4.3.3.1 Roughness Parameters  

The estimation of standardized one-dimensional roughness parameters was evaluated through 

Gwyddion software with the Roughness tool. The one-dimensional texture is split into 

waviness (the low-frequency components defining the overall shape) and roughness (the high-

frequency components) at the cut-off frequency. This frequency is specified in the units of the 

Nyquist frequency, that is value 1.0 corresponds to the Nyquist frequency. The Nyquist 

frequency is a signal processing sampling frequency that is defined as "half the rate" of a 

discrete signal processing system. The Nyquist frequency denotes the point at which a visual 

model of a signal can be constructed. This is related to the concept of "aliasing" in discrete time 

sampling. Two samples each cycle is required to adequately establish a signal, according to 

(a) (b) 

(c) (d) 

α=45
◦ 

α=35◦ 
α=30◦ 
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this theory. It is the maximum frequency that can be coded for a given sample rate in order to 

reconstruct the signal. It is also displayed as the corresponding real-space wavelength. 

A few parameters were used to quantify the surface roughness and are presented in the 

following according to ISO 4287 4 by Equations 4.1– 4.2. These parameters may be considered 

individually or combined. 

4.3.2.1.1 Roughness amplitude parameter  

Roughness Average 𝑅  Standards:  Represents the arithmetic mean deviation. The average 

deviation of all points of the roughness profile from a mean line over the evaluation length 

  𝑅 = ∫ |𝑦(𝑥)|𝑑𝑥                                                                                                                                          (4.1) 

Where, 𝑙  is the evaluation length; and 𝑦(𝑥) is the profile height at position x  

4.3.2.1.2 Statistical parameters  

Skewness 𝑅 : Skewness is an additional parameter that describes the amplitude distribution 

function (ADF) which is a function that gives the probability that a profile of the surface has a 

certain height y at any position x. Skewness is a measure of the symmetry of the ADF. It 

measures the symmetry of variation of a profile about its mean line.  

𝑅 = ∫ 𝑦 (𝑥)𝑑𝑥                                                                                                                                (4.2) 

𝑅  greater than about 1.5 in magnitude (positive or negative) indicates that the surface does 

not have a simple shape and a simple parameter such as 𝑅  is probably not adequate to 

characterize the quality of the surface (Tayeh et al., 2013). 

4.3.3.3 PC Specimen Parts’ Roughness Factor Measurements   

After 28 days of wet curing, PC specimens were removed from the water storage tank and 

measurements referred to in the previous paragraph were taken or recorded. All specimens 

related to slanted shear and splitting tests were stored for three days in the laboratory ambient 

conditions (Fig.  4.12 (a)) and widescreen photos were taken (Fir. 4.12(b)) for each specimen 

in order to record roughness average and skewness (Fig. 4.12 (c) and (d)). Results related to 

roughness parameters are given in Table 4.7.  ANTHOS I. 
IO
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Figure 4. 12: (a) Specimens in laboratory environmental conditions; (b) Sample specimen wire 

screen for roughness parameter processing; (c)Roughness average and (d) Skewness  

4.3.3.4 Concrete Surface Profiles Quantification  

The most well-known qualitative method for estimating a quantitative measure of the texture 

of a concrete surface was proposed by the International Concrete Repair Institute (ICRI) 

(1997). In this method, the concrete surface to be characterized is visually compared with nine 

concrete surface profiles (CSP) of increasing roughness, Figure 4.13. The advantages and 

disadvantages are clear: rapid method, yielding subjective results that are user-sensitive (Santos 

and Santos, 2009). 
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Figure 4. 13: Concrete Surface Profiles (a) CSP 1; (b) CSP 2; (c) CSP 3; (d) CSP 4; (e) CSP 

5; (f) CSP 6; (g) CSP 7; (h) CSP 8; (i) CSP 9 (pictures extracted from Maerz and Myers (2001))   

4.3.3.5 ECC Specimen Casting  

For the completion of specimens’ fabrication, the production of ECC was necessary. 

Specimens shown in Fig. 4.14 (a) and (b) were once again installed inside the moulds, including 

the cylindrical and rectangular prism specimens that were intended for ECC mechanical 

properties’ determination (tensile and compressive strength, see Fig 4.14 (a) and (b)). The 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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production of ECC according to the specified mix design was executed and specimens casting 

completed by filling the molds, standing upwards, to the rim (4.14 (a), (c), (d)).  

 

Figure 4. 14: (a) PC parts placement into the molds; (b) Casting of ECC; (c) and (d) 

experimental specimens   

4.3.3.6 Combined Specimen Dimensions and Roughness Parameters  

After casting and setting, the composite PC-ECC specimens were maintained in the water tank 

for a period of 90 days, after which point, they were tested. All measurements regarding 

combined specimens and roughness parameters recordings and representative samples of the 

results are listed in Tables 4.6, 4.7 for both the first and second experimental cycles, 

respectively.   
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Table 4. 6: First experimental cycle specimens’ reference coding and dimensions   

First Experimental Cycle  

Element Code  Experiment Type Dimensions  

PC-CYL-1 CT H=200mm, D=100mm 

PC-CYL-2 CT H=200mm, D=100mm 

PC-CYL-3 CT H=200mm, D=100mm 

ECC-CYL-1 CT H=150mm, D=75mm 

ECC-CYL-2 CT H=150mm, D=75mm 

ECC-CYL-3 CT H=150mm, D=75mm 

FRC-SP1-BEAM FPBT L=200mm, B=100mm, H=60mm 

FRC-SP2-BEAM FPBT L=200mm, B=100mm, H=60mm 

FRC-SP3-BEAM FPBT L=200mm, B=100mm, H=60mm 

I or II-SP-4-A(A>30) SST H=200mm, B=100mm, W=100mm 

I or II-SP-5- A(A>30) SST H=200mm, B=100mm, W=100mm 

I or II-SP-6- A(A>30) SST H=200mm, B=100mm, W=100mm 

I or II-SP-1- A(A>35) SST H=200mm, B=100mm, W=100mm 

I or II-SP-5- A(A>35) SST H=200mm, B=100mm, W=100mm 

I or II-SP-6- A(A>35) SST H=200mm, B=100mm, W=100mm 

I or II-SP-1- A(A>45) SST H=200mm, B=100mm, W=100mm 

I or II-SP-2-A(A>45) SST H=200mm, B=100mm, W=100mm 

ANTHOS I. 
IO

ANNOU



133 

 

I or II-SP-4- A(A>45) SST H=200mm, B=100mm, W=100mm 

I or II-SP-1-SPLIT ST H=200mm, B=100mm, W=100mm 

I or II-SP-2-SPLIT ST H=200mm, B=100mm, W=100mm 

I or II-SP-3-SPLIT ST H=200mm, B=100mm, W=100mm 

 Notation: I=First experimental cycle; II=Second experimental cycle; N=Sample type 

numner; A = inclination angle of interface measured with respect to the horizontal axis.  
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Table 4. 7: Substrate level inclination and roughness parameters of PC - first batch of 

specimens    

 
 

Substrate 

Level 

inclination  

Mean 

Roughness 

Factor 

Skewness  Concrete 

Surface 

Profiles  

Surface 

Profile  

I-SP-4-51 51▫ 87.82

± 29.15𝜇𝑚 

−0.96

± 0.51𝜇𝑚 

CSP 6 

 
 

I-SP-5-50-1 50▫ 115

± 28.84𝜇𝑚 

−1.084

± 0.80𝜇𝑚 

CSP7 

 
 

I-SP-6-56 56▫ 99.21

± 27.45𝜇𝑚 

−1.274

± 1.39𝜇𝑚 
 

CSP5 

 
 

I-SP-1-53 53▫ 113.2

± 28.52𝜇𝑚 

−0.87

± 1.066𝜇𝑚 
 

CSP8 

 
 

I-SP-5-50-2 50▫ 95.44

± 22.5𝜇𝑚 

−0.77

± 1.15𝜇𝑚 

 
 

CSP6 

 
 

I-SP-6-49 49▫ 105

± 27.17𝜇𝑚 

−0.72

± 0.65𝜇𝑚 

 
 

CSP7 

 
 

I-SP-1-45 45▫ 99.25

± 29.6𝜇𝑚 

−0.921

± 1.89𝜇𝑚 

CSP9 

 
 

I-SP-2-45 45▫ 98.16

± 32.63𝜇𝑚 

−0.76 ± 1.5𝜇𝑚 
 

CSP9 
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I-SP-4-42 42▫ 98.19

± 21.73𝜇𝑚 

−0.87

± 1.612𝜇𝑚 
 

CSP9 

 

I-SP-1-SPLIT - 190.7

± 125.9𝜇𝑚 

0.18 ± 0.53𝜇𝑚 
 

CSP4 

 
 

I-SP-2-SPLIT - 202.4

± 118.6𝜇𝑚 

−0.22

± 0.9125𝜇𝑚 

CSP4 

 
 

I-SP-3-SPLIT - 162.9

± 114.1𝜇𝑚 

0.067

± 0.65𝜇𝑚 

CSP5 
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Table 4. 8: Substrate level inclination and roughness parameters of PC second experimental 

cycle specimens    

 
 

Substrate 

Level 

inclination  

Mean 

Roughness 

Factor 

Skewness   Surface 

Profile  

II-SP-1-51 51▫ 229.9

± 89.22𝜇𝑚 

0.50

± 0.20𝜇𝑚 
 

CSP6 

 
 

II-SP-3-50 50▫ 189

± 12.51𝜇𝑚 

1.03 ± 0.1𝜇𝑚 

 
 

CSP6 

 
 

II-SP-4-57 57▫ 206.1

± 112.4𝜇𝑚 

0.44

± 0.305𝜇𝑚 
 

CSP5 

 

II-SP-1-58 58▫ 180.1

± 126.7𝜇𝑚 

0.077

± 0.65𝜇𝑚 
 

CSP5 

 
 

II-SP-2-53 53▫ 236.2.44

± 110𝜇𝑚 

0.20

± 0.39𝜇𝑚 
 

CSP5 

 
 

II-SP-3-56 56▫ 185.8

± 129.6𝜇𝑚 

0.055

± 0.67𝜇𝑚 

CSP4 

 
 

II-SP-1-46 46▫ 187.5

± 131𝜇𝑚 

0.18

± 0.58𝜇𝑚 

CSP5 

 

II-SP-2-45 45▫ 205.9

± 93.44𝜇𝑚 

0.62

± 0.20𝜇𝑚 

CSP5 

 
 

II-SP-3-42 42▫ 186.7

± 130.4𝜇𝑚 

0.18

± 1.58𝜇𝑚 

CSP5 

 
 ANTHOS I. 

IO
ANNOU



137 

 

II-SP-1-

SPLIT 

- 244.6

± 170.5𝜇𝑚 

0.24

± 0.530𝜇𝑚 

CSP4 

 
 

II-SP-2-

SPLIT 

- 244.8

± 171.2𝜇𝑚 

0.25

± 0.53𝜇𝑚 

CSP4 

 
 

  II-SP-3-

SPLIT 

- 231.7

± 161𝜇𝑚 

0.25

± 0.51𝜇𝑚 

CSP4 

 

 

4.4 Experiments - Instrumentation Layout  

 

In this section the layout of instrumentation is specified for the four types of experiments 

executed to characterize the interfacial properties of PC-ECC composite specimens; these 

include tests of the individual materials in compression (100200mm PC cylinders, 75150 

ECC cylinders), ECC tensile strength, slanted shear tests to characterize the interface shear 

under combined shear-compression, and the resistance of the interface to direct tension through 

splitting tests. The stress-strain response in compression was recorded using cylinder 

specimens, instrumented with four 30mm-long straingauges, two along the horizontal axis and 

two along the vertical axis (Fig 4.15 (a) and (b)). ECC tensile strength was characterized though 

flexural prism tests where the properties were extracted from the resistance curve by 

conducting inverse analysis (presented in the following paragraphs). As shown in Figure 4.15 

(c), two pairs of displacement transducers were used to record the relative displacement of the 

midspan with regards to the support rollers (the pairs were used in the front and the back of the 

specimen, respectively).  For the slanted shear tests, two displacement transducers were placed 

in the vertical direction on PC and ECC parts (Fig. 4.15 (d) and (e)). Additionally, for interface 

splitting tests, a pair of horizontal displacement transducers were used in the horizontal 

direction (Fig. 4.15 (f)).  
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Figure 4. 15: Instrumentation lay out of (a) PC cylinder; (b) ECC cylinder; (c) Rectangular 

prismatic ECC specimen; (d), (e) Combined (slanted) prismatic specimen (ECC and PC) under 

compression, and (f) splitting test on combined prism. 

In a parallel manner with the traditional monitoring system, digital image correlation (DIC) 

was also used to record the specimen deformations.  DIC uses image processing techniques; 

specimens are speckled, and sequential images are taken during the loading, which are used as 

input to the DIC algorithm (here, a Matlab based open software was used, known as ncorr 

(https://ncorr.com/ ). The algorithm determines a one-to-one correspondence between speckles 

in the reference and the current configurations, (i.e., initial to subsequent deformed specimen 

condition.) DIC does this by taking small subsections of the reference picture, called subsets, 

and deciding their particular areas in the current state. For every subset, the program acquires 

dislocations and strain data through the change used to coordinate with the area of the subset 

in the current configuration. Numerous subsets are picked in the reference arrangement, 

regularly with a separating parameter to lessen computational expense (note that subsets 

commonly cross-over also). The final product is a framework containing displacement and 

strain data concerning the reference condition (Lagrangian strains, Blabber, 2021). 

 

LVDT 

LVDT 

(a) (b) (c) 

(d) (e) (f) 
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4.5 Analysis and Discussion of Results 

4.5.1 PC and ECC Cylinders under Uniaxial Compression 

Uniaxial compression tests were performed well into the post-peak range under displacement 

control using a closed-loop, servo hydraulic controlled testing machine at a loading rate of 1.50 

µm/s. An additional LVDT measured the deformation over the entire length of the specimen, 

through the displacement of the platens. The displacement control of the machine was based 

on this LVDT.  

Compressive stress-axial strain-lateral strain curves extracted from the experimental 

measurements are plotted in Figure 4.16. Axial stress was computed by dividing the recorded 

load by the area of the cross section while axial and lateral strains were obtained as the average 

of the two strain gauges’ records. Lateral dilation was a very important parameter that was 

required for the analysis of ECC and PC behavior under compression since softening of the 

compressive strength is directly related to cracking parallel to the direction of loading and 

lateral expansion (Pantazopoulou and Mills, 1992; Pantazopoulou, 1995). 

From comparison of the PC and ECC uniaxial compression experimental results shown in 

Figure 4.16 (a), (b), the dramatic improvement in ductility effected by the fibers is noted 

(relatively milder post-peak stress-strain envelope). Response curves are terminated where 

straingauge failure occurred.   
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Figure 4. 16:  Average compression stress and stain envelopes for PC-CYL-N and ECC-CYL-

N series of (a) first experimental cycle and (b) second experimental cycle.   

4.5.2 Four Point Bending Tests 

Four-point bending tests for both cycles of experiments were carried out to determine the 

tensile stress and cracking mechanical properties of the proposed ECC mix design. Three 

prismatic rectangular shaped specimens were prepared to for each batch and the experimental 

set up was discussed in Section 4.4.  The experiments were conducted under displacement 

control. Specimens were more than 90 days when tested, to evaluate the deformation capacity 

in the end of the pozzolanic activity of the FA powders which could enhance fiber bond thereby 

compromising ductility. 

The experimental envelope curves of load-deflection curves of the four-point bending results 

are given in Figure 4.17 (a), (b) accompanied by the most characteristic failure mode. The 

tested specimens developed flexural ductile response, marked by multiple cracking in the 

constant moment zone. Failure occurred by localization of deformation along an inclined single 

crack that developed after maximum load either under the load application points or in the 

constant moment region. 

Yang et al. (2020) used the inverse analysis method to determine the critical points of the 

tension stress-strain response of the material using the approach adopted by the CSA-S6 (2019) 

Canadian bridge code as described in the (tension hardening) THFRC Annex 8, that originally 

was developed and proposed by Lopez (2017).  The procedure requires the resistance curve 
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from four point loading as depicted in Fig. 4.18a, where the total applied vertical load is P, and 

the midspan displacement is δ.  Note here that the midspan displacement must be measured 

with reference to the chord of the deformed specimen (i.e., with reference to the chord of the 

member, which is the line that connects the midpoints of the sections directly above the 

supports).  This is achieved either using a yoke mounted on the specimen that supports the 

linear variable differential transducers (LVDTs) in order for the relative displacement to be 

obtained directly, or three LVDTs are used in order to measure both the midspan deflection 

and the support displacements from a stationary reference, so that the relative displacement δ 

may be obtained (the latter approach was used in this study). 

 

Figure 4. 17: Load - Deflection response curves and failure modes of FRC-SPN-BEAM series 

of (a) first experimental cycle and (b) second experimental cycle.   

The procedure used for inverse analysis is outlined with reference to Fig. 4.18.  The slope of 

the ascending branch of the curve, so, defines the point (𝑃 , 𝛿 ) and the intersection of the 

straight lines from (0,0) with inclination 75% and 40% of so, which are denoted as 𝑠  and 𝑠 , 

with the envelope curve, determines the points (𝑃 , 𝛿 ) and (𝑃 , 𝛿 ). Additionally, (𝑃 , 𝛿 ) and 
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(𝑃 , 𝛿 ) correspond to the 97% of maximum load and 80% of 𝑃  in the post-peak range, 

respectively.   

Using the coordinates of these points from the resistance curve of the prism specimens, the 

milestone points of the tensile stress–strain response of the material are obtained, as shown in 

Figure 4.18 (b). Note that the obtained tensile behavior comprises a stress–strain relationship 

that describes the ascending and strain-hardening part of the response (f-ε), which is followed 

by a stress-crack opening displacement (f-w), where the maximum crack width, w, is limited 

by half the length of fiber used, lf (i.e., here wmax = 6 mm). 

A summary of the inverse analysis steps and the related mathematical relationships which are 

used in conducting the calculations is provided in Appendix A. Following the application of 

this procedure, the results obtained for the characteristic tensile stress – strain response of the 

ECC material are given in Table 4. 9. 
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Figure 4. 18: Third Point Loading of Prism to obtain the resistance curve shown in (b) and 

from there, through inverse analysis the stress-strain curve shown in (c) and the 

stress-crack opening displacement in (d). 

 

Table 4. 9:  Inverse analysis results of first and second experimental procedures  

First Cycle Second Cycle 

𝐟𝐜𝐫 = 𝟒. 𝟔𝟓𝐌𝐏𝐚 f = 4.00MPa 

𝐟𝐅𝐮 = 𝟓. 𝟎𝟎𝐌𝐏𝐚 f = 5.00MPa 

𝐄𝐜 = 𝟏𝟖𝟑𝟎𝟎𝐌𝐏𝐚 E = 1800MPa 

𝛆𝐭𝐮 = 𝟎. 𝟎𝟎𝟗𝟐 ε = 0.0044 
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4.5.3 Slanted Shear Tests and Direct Tensile Tests  

In the following paragraph the failure modes and ultimate strengths of combined specimens 

under slanted shear and direct tension tests are presented. The influence of the main parameters 

affecting the interface response, such as the simultaneously acting compressive stress and the 

resulting displacement(slip) are additionally examined and discussed.   

4.5.3.1 Interface bond strength    

At the point of interface, the vertical and transverse stresses can be determined by resolving 

the applied uniaxial compression force 𝑃 on the inclined sliding plane of the slanted specimen.  

If  is the angle of inclination of the plane relative to the horizontal axis, the axial load P results 

in a normal and a shear force as shown in Fig. 4.19 (a), equal to Pꞏcos and Pꞏsin, 

respectively.  These are divided by the area of the sliding plane, A/cos to produce normal and 

shear stresses as depicted in Fig. 4.19 (b), where A is the normal cross-sectional area of the 

prism; therefore, these stresses may be obtained from the normal stress, 𝜎 = 𝑃
𝐴, that is 

applied at the top through compression as, 

𝜎 =
∙

= 𝜎 ∙ 𝑐𝑜𝑠 𝛼                                                                                                     (4.2)                                                           

𝜏 =
∙ ∙

= 𝜎 ∙ sin 𝛼 ∙ cos 𝛼                                                                                         (4.3)                                             

 

 

  

 

 

 

 

 

Figure 4. 19: Slanted shear test method for evaluating the repair/concrete bond strength with 

applied forces   

ECC 

PC 

α 

𝝈𝒏 𝝉𝒏 
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The interface bond strength is determined at peak load, denoted here as 𝑃  beyond which failure 

by sliding occurs.  Concerning the interface bond strength, the minimum requirements, 

regarding the test methods and curing periods of the concrete according to ACI 546.3R-1413, 

(2014) are presented in Table 4.10.   

Table 4. 10: Minimum requirements for interface bond strength of repair material and substrate 

plain concrete (ACI 546.3R-1413, 2014; Youm et al., 2021)  

Test Method Bond Strength, MPa 

1 day 7 days  28 days  

Slanted Shear  2.8 to 6.9 6.9 to 12  14 to 21  

Direct Tension  0.5 to 1 1 to 1.7 1.7 to 2.1 

Direct Shear  1.0 to 2.1  2.1 to 2.8  2.8 to 4.1  

The results emerged from the slanted shear tests are illustrated in Table 4.11 for both batches 

of specimens which were tested at greater age than the 28 days.  In comparison with the above 

values most specimens satisfied the minimum requirements of ACI 546.3R-14.13 with the 

exception of II-SP-1-58, II-SP-3-56, II-SP-4-57 of the second batch. As it can be seen from the 

results, increasing angle of substrate plan with respect to the horizontal led to reduced bond 

strength at the interface.  Mechanisms such as aggregate interlock, increased roughness of the 

examined surface and higher concrete compression strength contributed to enhancing the bond 

value.  
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Table 4. 11: Summary of test results at the ultimate  

First Experimental Cycle  
 

Specimen Code  α σc (vertical compressive stress) τu σn,u 

I-SP-4-51 51.0 57.0 27.9 22.6 

I-SP-5-50-1 50.0 46.0 22.7 19.0 

I-SP-6-56 56.0 59.0 27.4 18.4 

I-SP-1-53 53.0 54.0 26.0 19.6 

I-SP-5-50-2 50.0 38.0 18.7 15.7 

I-SP-6-49 49.0 70.0 34.7 30.1 

I-SP-1-45 45.0 70.0 35.0 35.0 

I-SP-2-45 45.0 70.0 35.0 35.0 

I-SP-4-45 42.0 59.0 29.3 32.6 

     

Second Experimental Cycle  
 

Specimen Code  α σc (vertical compressive stress) τu σu 

II-SP-1-58 58.0 27.0 12.1 7.6 

II-SP-2-53 53.0 36.0 17.3 13.0 

II-SP-3-56 56.0 30.0 13.9 9.4 

II-SP-1-51 51.0 29.0 14.2 11.5 

II-SP-3-50 50.0 36.0 17.7 14.9 

II-SP-4-57 57.0 23.0 10.5 6.8 

II-SP-1-46 46.0 35.0 17.5 16.9 

II-SP-2-45 45.0 34.0 17.0 17.0 

II-SP-3-42 42.0 39.0 19.4 21.5 
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4.5.3.3.2 Failure modes 

Most of the specimens with greater roughness surface and compressive strength showed brittle 

behaviors with a sudden drop in load-bearing capacity after the peak, resulting in cracks 

extending from the part of PC before an interface sliding failure, irrespective of the interface 

inclination angle and the curing condition of the ECC.  In some cases, the damage level 

penetrated into the ECC.  In the meantime, the samples with a less roughened interface area 

failed directly at the substrate level due to the absence of aggregates with diameter greater than 

4-10mm, where the aggregate interlocking mechanism could not be developed. Is clearly 

shown from the results that the contribution of PC mix design (volume of greater size 

aggregates  greater roughness) and the compressive strength contributed to the shear transfer 

mechanism at the interface. It is furthermore seen that compressive strength at the interface 

exceeded the compressive strength of PC as it has been reported by Youm et al. (2021); Austin 

et al. (1999) and Randl et al. (2016). Failure modes are shown in Table 4.12. 
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Table 4. 12: Failure modes identified through DIC 

First Experimental Cycle  
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Second experimental cycle  
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4.3.3.2 Splitting Tensile Test  

According to ASTM C496, 2017 the splitting tensile test - which is an indirect tensile test, was 

carried out to evaluate the tensile bond strength between the PC substrate and ECC. After 

casting of PC, ECC was cast and bonded to the PC substrate specimens to form a rectangular 

shaped prismatic composite sample (100 mm height, 100mm width and 200 mm length). The 

splitting tensile strength was calculated using Equation 6.  

𝜎 = =
(

− 1 =                                                                                                                     (4.4) 

where 𝜎  is the splitting tensile strength (in MPa); P is the maximum applied load (in N); B 

is the length of the specimen and D the height of the specimen. In this case the bonded area 

was taken equal to the nominal value of 200 x 100 = 20,000 mm2.The splitting test results for 

both the first and second experimental cycle are shown in Table 4.13. The relevant failure 

modes are listed in Table 4.14. As it may be seen most of the tensile strengths obtained from 

the first experimental cycle are following the minimum requirements according to Table 4.10 

except of specimen SP-1-SPLIT. In the case of the second batch none of the tensile strength 

results met the minimum requirement.   

Table 4. 13: Splitting tensile strength results  

First Experimental Cycle -Direct Tensile Test  
 

Specimen Code  σsplit τu 
 

SP-1-SPLIT  1.6 0 
 

SP-2-SPLIT  3.5 0 
 

SP-3-SPLIT  2.3 0 

Second Experimental Cycle -Direct Tensile Test  
 

Specimen Code  σsplit τu 
 

SP-2-SPLIT  0.6 0 
 

SP-3-SPLIT  0.3 0 
ANTHOS I. 

IO
ANNOU



152 

 

Table 4. 14: DIC from first and second experimental batches 

First experimental cycle  

 

Second experimental cycle  
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4.5.4 Parameters affecting the interface 

In most of the cases of slanted shear tests, the specimens showed higher interface bond 

performance than the minimum requirements of ACI 546.3R-1413. However, splitting test 

results of batch 2 where the interfaces were smoothened were below limits – no cohesion could 

be supported between the PC and the ECC parts of the specimen. A large fraction of tests failed 

directly at the interface and another large group failed in the plain concrete part of the specimen. 

For a small number of specimens, the failure penetrated into the ECC part of the specimen. 

Adequate strength was developed at the interfaces of the first batch of specimens where the 

roughness was higher.  High roughness increases both the contact surface and the frictional 

resistance due to mechanical interlocking at the interface. In the tests, this improvement 

depended on the concrete mix design and the relevant slump test (Fig. 4.20). It is concluded 

that interface roughness is crucial in the success of the strengthening by ECC jackets over PC 

surfaces. 

 

 

 

 

 

Figure 4. 20: Types of failure modes (a) Direct interface failure; (b) and (c) PC cracking and 

failure; (d) Failure penetration in ECC  

Another fundamental parameter influencing the magnitude of shear strength in the interface 

was the inclination angle. According to the experimental results most of the specimens with 

higher angles failed in lower levels of shear strength independently of the interface roughness.  

In a real circumstance this can be interpreted as the lower the angle of interface, the higher the 

shear to normal stress ratio can be achieved according to Youm et al. 2021. Normal stress 

clamps the interface providing greater robustness and resistance to crack growth at the interface 

and contributes to the development of a micro-crack mechanism. With a high inclination angle, 

the interface has relatively low resistance as the normal stress acting in the role of clamping is 

small, whereas the applied shear stress is high.  

(a) (b) (c) (d) 
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4.5.4.1 Mohr Coulomb Failure Criterion for the ECC-PC interface 

With reference to shear and tensile strengths results from the tests presented in the preceding 

sections have clearly shown that interface strength depends on its roughness. The effect of the 

interface roughness on shear and tensile strength of the specimens is presented in Figures 14.21 

(a) and (b) where the envelope curve between normal (i.e., clamping) and shear (i.e., sliding) 

stress could be described by the Mohr–Coulomb failure criterion using a linear relationship of 

the type (Labuz et al. 2012, Heyman 1972): 

|𝜏 | = 𝑠 + 𝜎 tan 𝜑                                                                                                                                         (4.5) 

where 𝑠  is the inherent shear strength, also known as cohesion c, and φ is the angle of internal 

friction, with the coefficient of internal friction 𝜇 = tan 𝜑. The criterion contains two material 

constants 𝑠  and φ as opposed to one material constant for the Tresca criterion (Nadai 1950). 

The representation of the equation in the Mohr diagram is a straight line inclined to the 𝜎 -axis 

by the angle φ (Figure 4.21 (b)). All the results are following a clear linear correlation, i.e., a 

failure surface that presents the characteristics of a frictional material. For the experimental 

results these constants are, c=0.96MPa and φ=43.83º. 
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Figure 4. 21: (a) Normal vs shear stress at the interface plane for first and second experimental 

batch; (b) Mohr diagram and failure envelopes.   

(𝝈𝒖, 𝝉𝒖) 

𝝉 

𝝈 

𝝋 

𝝉 = 𝒇(𝝈) 

Failure Envelope 

𝝈𝟏 𝝈𝟐 

𝒂𝒇 
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4.3.5.4.2 Three Parameter Failure Criterion  

In order to determine the behavior of combined specimens at the interface, a criterion for the 

failure mode marking the beginning of fracture ought to be determined. By the use of this 

boundary, the incremental stress-strain relationship for concrete in the plastic range can be 

established. While the Mohr-Coulomb criterion could be used for this purpose, a number of 

disadvantages such as the fact that the intermediate stress in not considered, is contrary to the 

experimental results, whereas the fact that the failure surfaces are straight lines with corners is 

difficult to handle in numerical analysis.  In order to express the failure criterion, the octahedral 

stresses 𝜏  and 𝜎 , were used to develop a three-parameter criterion, while the influence of 

J3 or θ were neglected. The relationship between the octahedral stresses is represented by a 

nonlinear envelope which is consistent with the experimental evidence.  

Therefore, the experimental results were used to calibrate the failure criterion that included: 

uniaxial compression and the splitting test. The relation between the octahedral stresses are 

approximated by a quadratic parabola of the form (Georgiou et al., 2021) (σc positive when 

tensile and fc always positive): 

= 𝑎 + 𝑏 + 𝑐                                                                                                                               (4.6) 

Parameters a, b and c are established by curve fitting of the available experimental test data. 

The equations that were used to derive the octahedral stresses of the experimental set are as 

follows: 

τ =  J (octahedral shear stress)                                                                                                    (4.7) 

𝜎 = 𝐼     (octahedral normal stress)                                                                                (4.8) 

𝐼 = 𝜎 + 𝜎 + 𝜎       (first invariant of stress tensor)                                                          (4.9) 

𝐽 = 𝜎 − 𝜎 + 𝜎 − 𝜎 𝜎 − 𝜎 + 𝜏 + 𝜏 + 𝜏    (second invariant)       (4.10) 

The complete set of octahedral stresses of all the experiments are plotted in Fig. 4.22 (a) and 

(b). 
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Figure 4. 22: (a) Octahedral stresses according to experimental data; (b) Normalized octahedral 

stresses  

4.6. Conclusion     

Through a set of slanted shear and splitting tests in this study the interface shear strength and 

ultimate failure modes of the interface between PC and ECC was experimentally studied. The 

most important parameters that controlled the bond strength of the interface were, interface 

roughness, the PC and ECC compressive strengths, the inclination angle, the curing condition 

(a) 

(b
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and the aggregate interlocking mechanism. Interface failure criteria for the ECC-PC 

composites have been discussed by determining the parameters of a Mohr-Coulomb failure 

criterion and a Bresler-Pister type three-parameter failure criterion (Brestler and Pister, 1985).  

The following conclusions were drawn: 

- The ultimate failure modes of the ECC-PC interface were classified into three different types, 

i.e., direct interface failure, the direct PC cracking and the combination of PC and ECC 

cracking. The first failure mode was observed in the samples with a low level of roughness, 

whereas the second failure mode occurred in specimens wi.th a medium level of roughness and 

the third occurred in specimens where the PC surface roughness was high. 

-  Failure criteria based on a three-parameter envelope was used to model the strength at failure 

of the interface between ECC and PC components. 

- The combination of the two failure criteria for ECC-PC components interprets the transitions 

between the failure modes exploiting the interface characteristic parameters from the 

experimental results.  

-  Results of the slanted shear test method depend on the strengths of repair and concrete as 

well as on the bond and friction between the two. Increasing the interface angle increases the 

possibility of sliding failure with limited resistance in the absence of clamping pressure.  
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Chapter 5: Members under Monotonic Loading 
 

5.1 Introductions 

Several retrofitting methods have been developed for the repair and strengthening of deficient 

structural elements, a prominent concept being the various forms of jacketing. Such include 

concrete and steel jacketing (Thermou and Pantazopoulou, 2007; Rodriguez  and Park , 1991; 

Chai et al., 1994; Vandoros and Dritsos, 2008; Raza et al., 2019), fiber-reinforced polymer 

(FRP), SRP and SRG jacketing, either fully wrapped around rectangular section (for 

strengthening of plastic hinge regions) or in U-shaped layers (for shear strength enhancement) 

(Parvin  and Wang, 2001; Thermou and Pantazopoulou, 2009; Funari et al., 2020; Funari et al., 

2021). A disadvantage of concrete jackets is the need to provide a layer of external 

reinforcement in order to mitigate the lack of stirrups, which leads to a minimum jacket 

thickness in the range of 70 to 100 mm; the increased thickness in some situations is considered 

a disadvantage, as it interferes with the architectural function of the retrofitted member, while 

the jacketing scheme takes on the role of a global intervention(Thermou et al., 2007), since it 

affects significantly the stiffness of the member. Thin jackets (SRP and SRG) are an effective 

method to reduce the geometric alteration of the member; their strength is controlled by the 

anchorage of the metallic wires and the adhesion of the grout layer on the (Parvin  A.  and 

Wang W., 2001; Thermou, G.E. and Pantazopoulou, S.J., 2009, Funari et al. 2020; Funari et 

al., 2021). FRP jackets represent a well-documented, effective, and quick solution to recover 

or enhance deformation capacity, mitigating brittle failures without altering the member 

stiffness; a disadvantage is the cost, the susceptibility to fire, and the decreasing efficiency as 

more and more FRP layers are added to the jacket. Steel jackets are a very robust option, their 

only disadvantage being that they are rather expensive and difficult to apply, and for this 

reason, this solution is only used in high importance structures, such as critical highway bridge 

piers. 

This chapter explores the use of Strain-Hardening Cementitious Composites (SHCC) for 

replacement of concrete cover as a means of retrofitting damaged reinforced concrete structural 

members. Cover replacement means that the external dimensions of the retrofitted member 

remain unaltered; the fiber-reinforced cover sustains its tensile strength up to very large levels 

of tensile deformation, which, in the role of an encasing jacket of the existing member, 

functions as a confinement mechanism (Figure 5.1). 
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Figure 5. 1 : (a) Deficient cross-section; (b) Retrofit with reinforced concrete jacket; (c) 

Retrofit with cover replacement using SHCC. 

The higher the tensile strength and the strain hardening properties of the SHCC material, the 

greater the intensity of the effected jacket confinement. Depending on the type of fiber, a high 

tensile deformation capacity, durability, and reinforcement protection may be achieved; the 

method of application is simple and can provide an alternative solution for use in the repair and 

strengthening of reinforced concrete members either as web concrete replacement or as 

concrete jacket in the areas of plastic hinges of columns (Massicotte and Boucher-Proulx, 

2009). 

In the present research, an Engineered Cementitious Composite (ECC) reinforced with 12 mm 

long, 0.039 mm diameter PVA fibers was used to retrofit the cover of four beam–column 

elements with different types of substandard reinforcement details, which had been previously 

damaged through the application of monotonically increasing lateral displacement to failure. 

This material has a very resilient strain-hardening response in direct tension, marked by fine, 

multiple cracking—therefore, it is an SHCC material. The specimens had been designed using 

the minimum requirements of EN 1992-1-1, 2004 for lap-splicing of longitudinal 

reinforcement and for transverse steel reinforcement detailing. Transverse reinforcement 

comprised smooth bars to simulate old type (pre-1980s) detailing practices. The SHCC material 

used for cover replacement had already been investigated in Cyprus (Georgiou, 2017) with 

demonstrated advantages in terms of ductility and tensile strength. Through testing of the 

retrofitted components, it was found that the cover replacement is a very effective means of 

strengthening, enabling a significant increase of deformation capacity and recovery of 

resistance. 
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The objective of the present chapter is to investigate a new form of jacketing of reinforced 

concrete members with inadequate transverse reinforcement details, where the cover is 

replaced with a tension-hardening cementitious composite with significant tensile strain 

resilience after cracking. The contribution of the new cover material to the shear strength and 

confinement of existing, damaged reinforced concrete columns through concrete cover 

replacement is investigated through testing. In the following sections, the experimental 

program, the material laws, the primary loading results, and the application of the retrofit are 

described in detail, including reference to the observed failure modes, and specimens’ section 

analysis, as well as the overall performance and efficacy of the retrofitting methodology. 

 
5.2 Experimental Program 

 

5.2.1. Experimental Setup 

To evaluate the effectiveness of cover replacement with SHCC, four pre-damaged structural 

components were tested under monotonically increasing lateral displacement. The objective of 

the tests was to determine whether the thin cover layers comprising strain hardening fiber-

reinforced cementitious (FRC) material may effectively provide the benefits of a jacket in 

confining the structural member, particularly in recovering part of the deformation capacity in 

the critical regions of the components tested and to quantify the FRC cover contribution to the 

shear strength of the repaired components. To this end, four specimens of beam/column type 

were constructed and subjected to monotonic lateral displacement using the setup illustrated in 

Figure 5.2a. The experimental testing in the reaction frame using a servo-hydraulic piston, 

depicted in Figure 5.2b, was adopted from an older investigation for specimens of similar 

geometry (Georgiou and Pantazopoulou, 2018).  Overall, the test setup resembles a simply 

supported system of a beam–column subassembly loaded at midspan with a point load, which 

generates the moment and shear diagrams shown in Figure 5.2c. 
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Figure 5. 2: (a) Test setup; (b) Picture of actual setup; (c) Moment and shear diagrams of the 

simply supported assembly. 

Two equal length beam-columns were connected back-to-back in the central stub, which served 

as the midspan support of the piston. Roller supports were provided at the ends of the 

subassembly. The load was applied monotonically under displacement control. The central stub 

modeled the foundation part of a half column subjected to constant shear. The two sides of the 

subassembly adjacent to the stub represent two half beam-columns; of those, the one shown on 

the right-hand side is the test specimen, where specific reinforcing details and retrofit measures 

are studied. The one on the left hand-side of the central stub is a much stronger element (heavily 

reinforced), which is designed to serve as the reaction specimen. The longitudinal 

reinforcement of each prismatic member was anchored in the central stub with 90° hooks; the 

stub was confined with significant amounts of transverse reinforcement (Figure 5.2). 

 

5.3. Parameters of the Test Specimens 

 

Four specimens were constructed, having a 200 mm square cross-section and a length of the 

test element equal to 1000 mm, whereas the shear span (distance from the face of the stub to 

the roller support) was Ls = 890 mm. Thus, the moment diagram created resembles the pattern 

occurring in a structural member that belongs to a lateral load resisting system undergoing 

lateral sway (i.e., constant shear in the shear span, linearly varying moment from the face of 
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the support to the roller). All test specimens had smooth stirrups comprising 6 mm diameter 

bars spaced at 120 mm and tied with 90° hooks, as would occur in older construction. Of the 

four specimens, two had continuous longitudinal reinforcement, whereas the other two had lap 

spliced longitudinal reinforcement in the critical region extending over a length of 35Φ, where 

Φ is the longitudinal bar diameter. This was intended to test the influence of an inadequately 

tied lap-splice on the deformation capacity of the member before and after the retrofit. 

Another parameter studied was the magnitude of shear demand in the plastic hinge region, 

which is affected through adjustment of the longitudinal reinforcement ratio. Thus, by changing 

the longitudinal bar diameter (Φ, either 10 or 14 mm), the longitudinal reinforcement ratio was 

altered from 1.6% to 3.1% (note that a Φ10 has a bar area Ab = 78.5 mm2, whereas a Φ14 has 

Ab = 154 mm2). Following the monotonically increasing displacement of the central stub, all 

columns developed the expected damage in the critical region. A repairing procedure was 

applied (ECC jacketing by cover replacement), and the specimens were re-examined under 

monotonic loading to assess the repair material’s contribution to the lateral load resistance and 

deformation capacity. Therefore, the results for eight tests are examined in the present study 

(initial and repaired condition). Specimens are identified by a code name as depicted in Table 

5.1, referring to the layout of reinforcement depicted in Figure 5.3. 

Table 5. 1: Specimen parameters’ identification code. 

Specimen Code 

Condition Long. 

Reinf. 

Ratio, ρ 

Bar 

Diameter 

Φ (mm) 

No Lap-

Splice 

(NL) 

w/ Lap-

Splice ℓo 

(in Φ Mult.) 
Initial Repaired 

M1.6Φ10ΝL   1.6% 8–Φ10   

RM1.6Φ10ΝL   1.6% 8–Φ10   

M1.6Φ10L35   1.6% 8–Φ10  35∙Φ 

RM1.6Φ1035   1.6% 8–Φ10  35∙Φ 

M3.1Φ14ΝL   3.1% 8–Φ14   

RM3.1Φ14ΝL   3.1% 8–Φ14   

M3.1Φ14L35   3.1% 8–Φ14  35∙Φ 

RM3.1Φ14L35   3.1% 8–Φ14  35∙Φ 
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5.4. Specimen Design 

 

Τhe reference specimen that was used as a benchmark for the geometry layout and 

reinforcement detailing was the ECC specimen tested in (Georgiou and Pantazopoulou, 2018). 

In the reference study, a comparison between two test specimens was made, whereby in one 

case, the steel reinforcement was configured for Ductility Class M according to EN 1998-1, 

2004, whereas in the second case, the minimum transverse reinforcement was provided; 

however, a fiber-reinforced ECC material was used in the latter case, while the same matrix 

but without the fibers was used in the former. 

Figures 5.3, 5.4 illustrate the geometry of experimental specimens accompanied by the steel 

reinforcement detailing. The elements’ axial load ratio was ν = 0. All specimens and reaction 

members have cross-sectional dimensions 200 × 200 mm2, with eight bars symmetrically 

placed on the cross-section, i.e., three bars per side, as shown in Figure 5.3. While specimens 

were reinforced with 10- or 14-mm bars (Table 5.1), the reaction members were all reinforced 

with eight, symmetrically placed, 16 mm bars. Clear cover was 25 mm in all cases. During 

testing, a constant shear force acted in the specimen, equal to ½ of the applied total force at the 

midspan stub; flexural moment at the critical section was calculated from the product of the 

shear force times the shear span. 

In the present study, emphasis is placed on the development capacity of longitudinal 

reinforcement over the lap length. Pairs of specimens were designed to have either continuous 

reinforcement or with lapped bars over a length measured from the face of the central stub, 

which is equal to 35Φ. The required lap length was calculated as per EN 1992-1-1, 2004, 

assuming a bond strength fb = 5 MPa, as follows. 

The required lap-splice length was obtained from: 

𝑙 = 𝑎 𝑙 , ≥ max( 0.3𝑎 𝑙 , 15Φ, 200 mm),                                                                    (5.1) 

where 𝑙 = 𝑙 , . In Equation (5.1), coefficient 𝑎  is a factor that depends on the geometric 

conditions of the lap-splice, whereas the required anchorage length is obtained from: 

𝑙 , = 𝛼 ∙ ∙ ≥ 𝑙 ,                                                                                                (5.2) 

Here, 𝛼 = 1 for a straight anchorage and 𝛼 = 0.7 if (a) hooks are formed and the bars are stressed 

in tension or if (b) transverse bars have been welded on the anchored bar. Length 𝑙 , =
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max( 0.3𝑙  or 0.6𝑙 ) for bars in tension or compression, respectively. Upon substitution, it was 

found that 𝑙 = 2 ∙ (0.25 ∙ Φ ∙ 500/5) = 50Φ (with 𝑎  = 2). In the present investigation, the 

estimated required lap-slice lengths for anchorage are shown in the insert table of Figure 5.3c. 

Where lap-splicing has been used, a shorter lap than the required value was provided (i.e., 35Φ 

as compared to 50Φ) to represent older practices of construction. The lapped bar-pairs were 

placed side by side at the top and bottom sides of the cross-section, as depicted in Figure 5.3f, 

g to further emulate old reinforcing practices, stirrups were spaced at distances of 120 mm, i.e., 

12Φ and 8.5Φ for the two utilized sizes of longitudinal bars, respectively. Pictures of 

specimens’ actual steel reinforcement configurations are provided in Figure 5.4. 

 

 

Figure 5. 3: (a) M1.6Φ10ΝL steel reinforcement; (b) M1.6Φ10L35 steel reinforcement; (c) 

Table of lap-splicing and anchorage lengths; (d) M1.6Φ10ΝL section; (e) M3.1Φ14ΝL section; 

(f) M1.6Φ10L35 section; (g) M3.1Φ10L35 section; (h) Reaction element section. 
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(a) (b) 

Figure 5. 4: Specimens’ molds and steel reinforcement configuration: (a) with continuous 

longitudinal bars; (b) with lap-spliced bars. 

 

5.5. Material Properties 

 

Table 5.2 presents the mix design for standard concrete and the resulting average compressive 

strengths obtained after 28-day testing of 100 mm diameter by 200 mm height cylinders in 

uniaxial compression. The corresponding axial compressive stress vs. axial and lateral strain 

diagrams are plotted in Figure 5.5a. The uniaxial tensile stress-strain diagrams of steel 

reinforcement (all bar sizes) are plotted in Figure 5.5b. 

Table 5. 2: Standard concrete mix design and concrete compressive strengths. 

 

 

 

 

 

 

 

Materials Quantity (kg/m3) Specimen ID fc’ (MPa) 

Cement 352 M1.6Φ10ΝL 61.20 

Water 211 M3.1Φ14NL 54.75 

Sand (0–4 mm) 828 M1.6Φ10L35 61.45 

Gravel (4–10 mm) 1004 M3.1Φ14L35 58.30 

Superplasticizer 6   
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Figure 5. 5: (a) Cylinder’s compression stress vs. lateral and axial strain curves for normal 

concrete; (b) Steel reinforcement tensile stress–strain curves. 

Figure 5.6 illustrates the crack pattern of specimens after monotonic loading up to an advanced 

level of damage or failure, whichever occurred first. Tests of specimens with continuous 

reinforcement were terminated at a nominal drift ratio of 5%; specimens with lap-spliced 

reinforcement failed at a corresponding nominal drift ratio of 3%. As shown in Figure 5.6a, a 

through vertical crack developed at the face of the support of specimen M1.6Φ10ΝL, combined 

with flexure and shear-flexure cracks. Specimen M3.1Φ14ΝL also developed flexure-shear 

cracking, but eventually tensile reinforcement pullout from the central stub dominated the 

response, as may be observed from the initiating horizontal crack on the adjacent stub at this 

point. For both specimens M1.6Φ10L35 and M3.1Φ14L35, where reinforcement was lap-

spliced in the critical zone, a brittle shear failure was observed, which was accompanied by 

shear cracks starting from the overlapping endpoint. 
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Figure 5. 6: Failure patterns of specimens under monotonic loading: (a) M1.6Φ10ΝL; (b) 

M3.1Φ14ΝL; (c) M1.6Φ10L35; (d) M3.1Φ14L35. 

The response curves obtained are presented together with those of the retrofitted counterparts 

in later sections of this paper. The response was marked by an almost linear ascending branch 

up to a drift ratio of about 1% for M1.6Φ10NL and M1.6Φ10L35, and up to about 1.5% for 

specimens M3.1Φ14NL and M3.1Φ14L35; peak strengths were attained roughly at 3% drift 

ratio for the specimens with continuous reinforcement, but strength degradation started earlier 

(at about 2.5% drift ratio) for the lap-spliced specimens. The drift level where each specific 

crack occurred is shown in Figure 5.6(numerals on the specimen faces near the cracks represent 

the drift level at which the crack had propagated up to the point that is adjacent to the numeral). 

A brittle failure was observed in the lap-spliced specimens, which was marked by dense 

diagonal cracking, with a clear splitting crack propagating along the lap splice. No 

reinforcement ruptures were observed; longitudinal reinforcement yielded extensively with 

yield penetration into the central stub and significant pullout slip at the support, whereas, owing 

to the poor anchorage of the stirrups, the transverse reinforcement did not reach the yield point. 

 

 

  

(a) (b) 

  

(c) (d) 
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5.6. Retrofitting Procedure 

 

The procedure for repair and strengthening was carried out after completion of the monotonic 

tests. All tested specimens were retrofitted in the critical region (starting from the face of the 

support, the repair length was ℎ = 2𝑏 ) after removal of the damaged cover, as depicted in 

Figure 5.7a, using a small electric concrete hammer until all the reinforcement was revealed. 

Where the damaged region extended into the central stub, this was also included in the retrofit. 

The removed concrete cover was replaced using an inhouse-made ductile, fiber-reinforced 

cementitious composite (ECC) material, which was placed to also function in the role of a 

jacket. The mix design of the ECC material is listed in Table 5.3. The material was workable, 

self-consolidating with a pot life that extended to about 40 min after mixing. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 7: a) Removal of damaged cover to full revelation of the bars; (b) Bottom extendable 

form for lower cover cast; (c) Side forms for side and top cover cast; (d) Final result of cover 

replacement. 

Figures 5.7b, c depict the placement of the ECC material in the cover of the specimen, lying in 

the horizontal direction during repair as during testing. To facilitate placement, an extendable 

form was used; first, the lower layer (bottom cover) was cast, as shown in Figure 5.7b, with 

the sides of the form extending upwards only 40 mm. Then, the extensions to the side forms 

  

(a) (b) 

  

(c) (d) 
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were placed as shown in Figure 5.7c, and the side cover was cast, whereas the top cover and 

finishing of the free surface followed. Where cracking had been detected in the reaction 

members, they were strengthened with high strength repair mortar and CFRP wraps, in order 

to enhance their reacting capacity to the repaired study specimens. 

Table 5. 3: Strain-hardening ECC mix design. Compressive strength and corresponding 

compressive strain at peak: fc,ECC = 45 MPa, εco = 0.0027. 

Materials Quantity (kg/m3) 

Cement 530 

Water 372 

Fly Ash  636 

Silica Sand 425 

PVA Fibers (12 mm, d=39μm) 16.25 

Superplasticizer 13  

 

5.7 Repair Material 

 

The mix design for the repair ECC material used for cover replacement is listed in table 5.3 

PVA fibers having a tensile strength of 1600 MPa, a Young’s Modulus of 40 GPa, density of 

1300 kg/m3, length of 12 mm, and diameter of 39 μm were added at a volumetric ratio of 

1.25%. Then, 75 mm in diameter by 150 mm-high ECC cylinders were tested in compression 

under displacement control in order to characterize the compressive stress–strain properties of 

the cementitious repair material. Figure 5.8 presents the average axial compressive strain vs. 

axial and circumferential strain of the tested specimens. Flexural prisms having a cross-section 

of 60 × 100 mm2 and a span of 180 mm were tested under four-point loading (with the applied 

loads acting at the third points of the span). The objective of these tests was to obtain the tensile 

stress–strain response of the material through inverse analysis as discussed in Chapter 4; the 

detailed description of the procedure used is provided in the following paragraphs and 
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Figure 5. 8: Cylinder’s compression stress vs. lateral and axial strain curves for fiber-

reinforced concrete. 

A summary of the inverse analysis steps and the related mathematical relationships, which are 

used in conducting the calculations, is provided in Appendix A. Following the application of 

this procedure, the results obtained for the characteristic tensile stress–strain response of the 

ECC material are given in Table 5.4. 

Table 5. 4: Inverse analysis results. 

𝑓 = 4.65MPa 

𝑓 = 5.00MPa 

𝐸 = 18300MPa 

𝜀 = 0.0092 

 

5.8 Instrumentation 

 

The instrumentation layout included five LVDTs (defined earlier) and eight displacement 

transducers (DTs) of different nominal gauge lengths (see Figure 5.9) to record the specimens’ 

deformations and displacements during the experiment. The positioning of the whole 

instrumentation equipment is depicted in Figure 5.9. For monitoring of the vertical deflection, 

five LVDTs were installed at the bottom center point of the element. DTs 7 and 8 were 

positioned at the ends of shear spans to measure the centroidal axis’s vertical displacement, 

0

5

10

15

20

25

30

35

40

45

50

−9 −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5

Ax
ia

l s
tr

es
s (

M
Pa

)

Strain (mm/mm)

Lateral strain

×10−3

Axial strain

ANTHOS I. 
IO

ANNOU



172 

 

and DTs 1 to 6 were installed at the top and the bottom sides of experimental specimens at the 

areas where the development of plastic hinge was expected. All measuring instruments were 

supported on an independent steel beam without having any contact with the reacting steel 

frame that supported the hydraulic piston. 

 

Figure 5. 9: Instrumentation layout. 

 

5.9 Observed Experimental Response 

5.9.1 Damage Profiles and Resistance Curves 

The responses of the retrofitted specimens obtained after monotonically increasing midspan 

load applied under displacement control are compared with the original specimens in Figure 

5.10 and figure 5.11. The failure modes are compared for the original and the retrofitted 

specimens placed side by side in Figure 5.10. Figure 5.11 plots the experimentally obtained 

resistance curves for the original and the retrofitted specimens; the vertical axis plots the shear 

force developed in the shear span of the specimen (i.e., it is half the total applied load), whereas 

the drift ratio plotted in the horizontal axis is the nominal chord rotation of the deforming 

member, which is calculated as the ratio of midspan displacement divided by the deformable 

length of the member from the face of the support to the end roller. 
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(a.1) (a.2) 

 

(b.1) (b.2) 

 

(c.1) (c.2) 

 

(d.1) (d.2) 

Figure 5. 10: Failure modes of specimens: (a.1) M1.6Φ10ΝL vs. (a.2) RM1.6Φ10ΝL; (b.1) 

M3.1Φ14ΝL vs. (b.2) RM3.1Φ14ΝL; (c.1) M1.6Φ10L35 vs. (c.2) RM1.6Φ10L35; (d.1) 

M3.1Φ14L35 vs. (d.2) RM3.1Φ14L35. ANTHOS I. 
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Figure 5. 11: Envelope curves of specimens: (a) M1.6Φ10ΝL vs. RM1.6Φ10ΝL; (b) 

M3.1Φ14ΝL vs. RM3.1Φ14ΝL; (c) M1.6Φ10L35 vs. RM1.6Φ10L35; (d) M3.1Φ14L35 vs. 

RM3.1Φ14L35. 

Note that all specimens in the original condition developed a brittle response after attainment 

of the peak load. On the contrary, retrofitted specimens with continuous reinforcement attained 

their peak load at a drift ratio of about 3% and showed spectacular deformation capacity and 

resilience up to nominal drift levels that exceeded the limit of 5% (Figure 5.11). For example, 

specimen RM1.6Φ10ΝL, containing a low reinforcing ratio and continuous bars extending into 

the central stub, developed a purely flexural response marked by cracks oriented normal to the 

neutral axis of the element; the same behavior was observed in the case of specimen 

RM3.1Φ14ΝL, despite the very high shear demand effected by the larger size of longitudinal 

bars; however, in this case, diagonal cracking did occur particularly beyond a drift ratio of 

1.5%. 
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During primary loading, specimens with continuous longitudinal reinforcement had developed 

shear and shear-flexure cracks of maximum length 200 mm and width 0.2–0.3 mm. Lap-

splicing specimens had shown densely combined diagonal and horizontal crack patterns of 

length and width 300 mm and 1–2 mm, respectively. On the other hand, failure modes of 

retrofitted elements showed a lighter crack profile, with cracks extending to shorter lengths and 

with smaller crack width openings in the critical region. A wide vertical crack that pre-existed 

from the first phase of loading at the face of the support, owing to the anchorage slip from the 

footing, which occurred in the primary loading phase, persisted in the post-repair phase. 

It is noted that the contribution of the ECC cover in both cases is significant, despite the fact 

that the average compressive strength of the ECC material was inferior to that of the original 

specimens; the improved behavior is evidently owing to the confining contribution of the jacket 

material in the compression zone, but also it is due to the contribution of the tensile strength of 

the material beyond cracking in the section equilibrium (a resultant tensile force develops in 

the concrete tension zone). 

The specimens containing lap splices showed inferior performance to those with continuous 

reinforcement when tested in the original condition (see Figure 5.10c.1, d.1, and the green lines 

in the resistance envelopes of Figure 5.11c, d). Although the replacement of the cover could 

not fully recover the original strength of the specimens due to permanent damage in the joint 

region (anchorage), a much more resilient response was obtained after retrofit; the extent of 

cracking was also less after retrofit, underscoring the strain hardening response of the cover 

material in tension. 

The compressive layer of the replaced cover spalled off in the cases of RM1.6Φ10L35 and 

RM3.1Φ14L35 at relatively large levels of drift, which was dominated by reinforcement 

pullout from the anchorage (a damage caused in the first phase of loading, which could not be 

repaired without invasive operation in the rigid side of the stub; this was not done because it 

was deemed to be beyond the scope of the study, which focused on cover replacement only). 

To illustrate the strength recovery that was affected by the retrofit procedure, sectional analysis 

of the specimen cross-sections shown in Figure 5.12, considering the original condition of the 

cover, as well as its replaced condition as per Figure 5.12c, is pursued in the following section. 
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5.9.2 Evaluation of the Flexural Strength of the Specimens 

Calculation of the flexural moment vs. curvature of the cross-sections of the specimens with 

continuous reinforcement was conducted using the basic concepts of the theory of flexure 

(plane sections remaining plane, discretization of the cross-section in layers and numerical 

integration). Material stress-strain laws were as follows: (a) for concrete and ECC concrete in 

compression, a basic Hognestad-type parabola 195  was used to describe the ascending branch, 

each material attaining its respective peak compressive strengths (as per Tables 38 and 40) at 

a compressive strain of 0.002 and 0.0027 for plain and ECC concretes, respectively; the Kent 

and Park, (1982) model was used for the post-peak descending branch, using strain values of 

𝜀 ,  = 0.003 and 0.004, respectively (this is the strain in the post-peak range where 

compressive strength has been degraded to 50% of peak). The tensile strength of plain cover 

was neglected in the analysis of the original sections. However, the tensile strength of the ECC 

cover was accounted for in calculating the forces developed in the sectional layers that fell 

within the tension zone of the repaired sections using a bilinear, elastic–perfectly plastic stress–

strain diagram for the tensile response prior to crack localization (at 𝜀  = 0.0092, see Table 4). 

The slope of the ascending branch was set equal to the elastic modulus of the ECC (= 18300 

MPa). A bilinear elastic–perfectly plastic diagram of stress and strain curve for steel 

reinforcement was considered, the yield point being defined as per Figure 5.12b. 

The calculated moment–curvature diagrams are plotted in Figure 5.12 for the typical cross-

sections of specimens M1.6Φ10ΝL, RM1.6Φ10ΝL, M3.1Φ14ΝL, and RM3.1Φ14ΝL. The 

strength obtained in the respective test is plotted as well. It is noted that strength values are 

approximated closely by the flexural theory. Evidently, the actual influence of the ECC cover 

replacement is remarkable, underscoring the confining effectiveness of the jacket as well as its 

sustained tensile resilience to large strain levels, which was also sufficient to compensate for 

the initial stiffness loss of the damaged specimens (the retrofitted specimens were stiffer than 

the original cases). 
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Figure 5. 12: (a) Moment vs. curvature relationships: M1.6Φ10ΝL vs. RM1.6Φ10ΝL, and 

M3.1Φ14ΝL vs. RM3.1Φ14ΝL. (b) Estimation of confinement stress, and (c) shear stress 

contribution provided by the ECC jacket. 

5.9.3. Envelope Resistance Curves 

The improvements attained in terms of lateral load resistance and deformability by means of 

cover replacement are summarized in Table 5.5 both for the original as well as the retrofitted 

components. Values reported include the coordinates of nominal yielding (Vy and θy, defined 

by the point in the ascending branch of the response curve that corresponds to 80% of strength), 

peak resistance (Vmax and θmax), as well as the point in the post-peak branch at a residual strength 

equal to 80% of the peak, or the last point in the experimental curve if degradation did not 

occur (Vu, θu); these points are also marked on the response curves of Figure 5.11. In all cases, 

the ECC-retrofitted specimens developed a more ductile or resilient response curve than the 

corresponding control specimens. The post-peak strength reduction was more gradual, and a 

greater energy dissipation was achieved by means of the retrofit. 
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Table 5. 5: Characteristic points of the retrofitted envelope curves and ductility μ. 

Specimens Vy (kN) θy (%) Vmax (kN) θmax (%) V80% (kN) θ80 (%) μ θ80/θy  

M1.6Φ10ΝL 24.7 1.8 30.9 3.3 24.7 5.1 2.8 -  

RM1.6Φ10ΝL 28.8 1.6 36.0 2.4 30.5 5.7 3.6 -  

M3.1Φ14ΝL 45.0 1.8 56.2 3.1 47.6 4.7 2.6 -  

RM3.1Φ14ΝL 48.0 1.8 60.0 2.6 57.0 10.3 5.7 -  

M1.6Φ10L35 32.8 1.3 41.0 2.4 32.8 2.7 2.3 2.1  

RM1.6Φ10L35 26.0 0.9 32.5 1.7 26.0 2.6 10.5 2.9  

M3.1Φ14L35 49.4 1.7 61.7 2.8 49.4 3.0 1.9 1.8  

RM3.1Φ14L35 45.2 1.5 56.5 2.3 45.2 3.6 6.4 2.4  

 

Τhe experimental results confirmed older investigations where traditional jacketing approaches 

had been applied without dowelling (Deng et al., 2018), provided the member was fully 

encased by the jacket as in the present case. In these studies, lateral load resistance and 

deformation capacity were improved as a result of the high tensile properties of the retrofitting 

material. In a state-of-the art review of strengthening applications with ECC, Shang et al. 

(2019) concluded that the strain-hardening property of ECC renders it an ideal retrofitting 

material; the interfacial resistance is adequate to ensure monolithic behavior between core and 

jacket, which is a finding that is also supported by inclined interface shear tests between plain 

and ECC concrete, particularly if the substrate is roughened prior to the strengthening 

application. It is also worth mentioning that the results of the present work are in line with the 

findings of Papavasileiou et al. (2020), who demonstrated that implementing a thin jacket layer 

to a deficient member is an effective retrofit technique that can be competitive to other 

strengthening methods (such as conventional thicker jackets or bracings at frame bays), 

provided that the thin jacket is composed of appropriate material(s) to develop sufficient 

confinement of the core and the additional strength required for the retrofitted member. 

To assess the jacket effectiveness in enhancing all the mechanisms of resistance (apart from 

flexural strength which is depicted in Figure 5.12a), the contribution of the 25 mm jacket layer 

provided to shear and lap splice strength of the member was calculated with reference to Figure 
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5.12b, c. First, the average confining stress in the remaining core concrete (after cover 

replacement) is estimated from equilibrium of normal stresses through a cut in the cross-

section: 

𝜎 =
⋅ ⋅

=
⋅ mm⋅ MPa

mm ⋅ mm
= 1.67MPa.                                                                         (5.3) 

Shear strength contribution is obtained with reference to the shear sliding plane inclined at an 

angle θ = 45° (Figure 5.12c) with respect to the longitudinal axis of the member (since there is 

no axial load present) and assuming isotropic development of tensile strength in the jacket (on 

account of the random distribution of the fibers) as: 

                                                                                                                                             (107) 

Ιt is noted that the contribution to shear is substantial and increases with the depth of cross-

section, whereas the effective core confinement is inversely proportional to the section width, 

so the effect of confinement on the compression zone may be neglected. On the other hand, the 

jacket force normal to the splitting plane (see the red lines representing splitting cracks through 

the lap splices in Figure 5.12b) multiplied by the length of lap splice quantifies the tension 

development capacity increase for each of the spliced longitudinal bar pairs (assuming a 

coefficient of friction of 1 over the bars), which is estimated here as Δ𝑇 = 𝜇 ∙ (𝑡 ∙ 𝑓 ) ∙ 35Φ, 

which is equal to 43 kN for 10 mm diameter bars and 61.2 kN for 14 mm bars. Note that even 

with a safety factor of 2, the jacket contribution to both shear and lap-splice development 

capacity remains significant. 

 

5.10. Conclusions 

A retrofit scheme of reinforced concrete structural members with old-type detailing, 

comprising replacement of conventional concrete cover with a ductile, tension hardening 

engineered cementitious composite (ECC) was studied in the present work. Based on the 

experimental results, the following conclusions are drawn. 

The ECC-cover replacement acted as a confining jacket, mitigating the brittle characteristics 

of the response of inadequately tied structural elements. The tension-hardening characteristic 

of the new cover material participated in flexural response through the development of tensile 

stresses over the height of the tension zone, thereby enhancing the flexural strength by more 

𝑉 = 2 ⋅ 𝑡 ⋅ 𝑓 (ℎ − 𝑡 ) ⋅ 𝑡𝑎𝑛 𝜃 = 2 ⋅ 25mm ⋅ 5MPa ⋅ (200 − 25)mm ⋅ 𝑡𝑎𝑛 4 5° = 43.7kN 
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than 17% and 9%, respectively, for flexure and shear dominated members that had been 

originally damaged under lateral sway. It also recovered the lap-splice resistance of members 

controlled by failure in lap splices due to inadequate transverse confinement and enhanced their 

post-peak resilience. 

By the retrofitting application of ECC jackets in the plastic hinge zone, significant rotation 

capacity was attained: retrofitted specimens with continuous reinforcement exceeded a drift 

ratio of 5.5%; lap-spliced specimens exceeded a drift capacity ratio of 2.5% after retrofit of the 

lap-splice zone. Where reinforcement anchorage was not severely damaged during the previous 

loading application, the cementitious material’s contribution in the increase of lateral load 

resistance was significant. Where damage outside the critical region (in the footing) had 

occurred, cover replacement was still able to retrofit the critical region recovering a significant 

fraction of strength (90% of maximum) and imparting notable strain energy absorption capacity 

and resilience. The contribution of the ECC jacket to confinement of the encased core, to the 

member’s web shear strength, and to the lap-splice development capacity through clamping 

action was quantified, using established mechanistic models. It was found that this contribution 

can be substantial and can alter the critical mode of failure of the structural member while at 

the same time enhancing the component’s strain energy dissipation and resilience. Thus, for a 

layer of 25 mm of strain-hardening jacket material with a uniaxial tensile strength of 5 MPa, it 

was found that the confining pressure exerted on the encased core was 1.65 MPa, the shear 

strength increase was 43.7 kN (i.e., an average shear stress of 5 MPa developing in the vertical 

segments of the jacket), whereas the clamping force enhancing the development capacity by 

an equal amount due to friction was 125 N per mm of lap length and for each bar pair (i.e., a 

total of 43 kN and 61.2 for a 10 mm and 14 mm diameter lapped bar, i.e., it was adequate to 

support yielding of the longitudinal reinforcement). 

The experimental program confirms that the replacement cover developed sufficient bond at 

the interface with normal concrete, to the extent that stress transfer was possible in order to 

engage the section in a monolithic response. 
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Chapter 6: Cyclic Testing of RC Elements Repaired with ECC Cover Replacement 
 

6.1 Introduction 

Recent earthquakes have revealed time and again the vulnerability of older reinforced concrete 

(R.C.) construction by the extensive damage of structural components especially in columns 

and in the critical regions of beam-column connections. Poor structural performance was due 

to brittle structural details, such as light transverse reinforcement, smooth reinforcing bars, 

insufficient longitudinal reinforcement, and poor anchorage and lap splicing length. Many of 

these structural details are critical causes of brittle failure (shear, flexure-shear) that lead to 

degradation of the elements’ structural strength and ductility.  

To improve the lateral load resistance of R.C. beam-column elements, a new and innovative 

methodology using Engineered Cementitious Composites (ECC) was proposed by Ioannou et 

al. (2021) according with the developed technique, the damaged concrete cover of R.C. 

elements is replaced by ECC to a depth of about 25-30 mm. Four prismatic members that had 

been retrofitted using ECC jackets for cover replacement following preliminary damage were 

tested under monotonically increasing lateral drift.  Through the tests it was illustrated that the 

thin ECC jacket suffices to successfully recover the damaged lateral strength of the element, 

enhance its deformation capacity, while preserving the geometric dimensions of the original 

component. 

In this chapter the proposed retrofit methodology is examined under cyclic displacement 

reversals simulating earthquake effects. Four new beam-column elements were fabricated with 

varied steel reinforcement details representing old-type detailing practices.  In fabricating the 

R.C. specimens, the minimum DIN 1045, 1972 prescribed requirements of longitudinal, 

transverse, and lap-splicing reinforcement detailing were used. The reinforcement detailing and 

the concrete mix design are typical of R.C. structures built approximately in the latter half of 

the 20th century.  The specimens were first damaged through testing under a cyclic history of 

displacement reversals, and were subsequently retrofitted with the cover replacement 

technique, using a moderate strength ECC (Georgiou and Pantazopoulou, 2018; Li, 2003, Xu 

and Pan et al., 2017). Because of the high degree of compactness of ECC material which is 

reinforced with PVA fibers, this cementitious material provides a very resilient strain-

hardening direct tensile response, marked by fine and multiple cracking.  ANTHOS I. 
IO
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Cover replacement with a ductile ECC composite is used as the retrofitting strategy in order to 

remedy the existing damage but also to compensate for the brittle details along the member 

length.  The underlying concept of the retrofit method is that the ECC thin layer on the 

perimeter of the member will arrest crack formation and will contribute to the response through 

an effective confining mechanism, as the material behavior in tension is characterized by post-

cracking tension hardening up to significant levels of tensile strain capacity. The contribution 

of ECC material in confinement and shear strength of the structural component is investigated 

by testing the repaired components under a reversed cyclic displacement history of gradually 

increasing intensity.  The mechanics of this response is further explored through detailed finite 

element simulations.  In the following the experimental program, material laws, the main 

experimental findings, and the finite element analysis results are discussed in detail including 

the observed specimen’s failure modes as well as the overall performance and efficiency of the 

retrofitting methodology. 

 

6.2 Specimen preparation and experimental testing  

 

Four beam-column specimens were constructed in total.  Fig. 6.1 depicts the geometry and test 

setup of the typical specimen.  It is noted that the present specimens have the same geometry 

with other previously tested beam-columns under monotonic loading, in order to enable 

comparison of the retrofit response between monotonic and cyclic load conditions Specimens 

were designed to be tested using the available reacting frame of the lab in a horizontal layout 

with a servo-hydraulic piston loading in the vertical orientation.  To enable this type of a test 

setup, each complete test unit has the layout shown in Fig. 5.11a, so that the full assembly may 

be tested as a simply supported beam with a point load at the center; the actual setup is shown 

in Fig. 6.1b. Double direction rollers are provided in the ends of the span to support the reversal 

of the load, as depicted in the detail of Fig. 6.1c.  To enable the load application, a central stub 

is formed in the middle, which also serves as a footing for the anchorage of the longitudinal 

reinforcement of the left and the right parts of the specimen – the moment and shear diagrams 

thus generated by application of the mid-span cyclic load are depicted in Fig. 6.1c.  Reversal 

of the load is achieved by anchoring the piston head to a steel plate under the footing, with 

through threaded rods.  The right part of the test unit shown in Fig. 6.1 is the study region:  here 

the reinforcing details are varied according with the experimental study objectives. The left 
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part is overdesigned in order to ensure that failure would occur in the study region.  The length 

from the face of the footing to the roller support (Fig. 6.1a) is referred to henceforth as the 

shear span of the element; in modelling a swaying component of an actual frame structure, this 

corresponds to the length from the inflection point to the location of peak moment, so it 

represents half the height (or length) of a swaying column (or beam) respectively (Fig. 6.1d).    

 

Figure 6. 1: (a) Test setup; (b) Picture of actual setup; (c) Moment and shear diagrams of the 

simply supported assembly (blue: loading downwards, gray: upwards) (d) Schematic 

representation of shear span 

Fig. 6.2 depicts the geometry and reinforcing details of the specimens tested. The specimens’ 

cross section outside the central stub region was 200200mm with a total length of control and 

test segments equal to 1000 mm each (so the total length of a typical unit was 2.5m including 

the length of the stub and the length of the beam-columns extending beyond the supports).   The 

typical shear span from the face of the stub to the double-direction roller supports was Ls = 

890mm. Note the similarity of the moment and shear diagram in the shear span of the test 

specimen (Fig. 6.1c) with the triangular moment distribution that occurs in the shear span of 

the swaying frame elements of Fig. 6.1d.  Sparse transverse reinforcement in the form of 

perimeter stirrups was used for the test specimens; stirrups were smooth 6mm diameter bars, 
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spaced at 120mm on centers (o.c.) and having 90º anchorage hooks, as would occur in old 

practices.  

Parameters of the study were the presence or not of a lap splice in the critical region of the test-

span and the amount of longitudinal reinforcement used in the cross section in order to vary 

the intensity of the shear demand as compared to the shear strength.  All test specimens were 

reinforced with 8 bars equally spaced on the perimeter of the cross section. The support 

segment of the test unit was reinforced with 8 – 16 mm diameter bars. Of the four test units, 

two had 10mm diameter longitudinal bars in the test span, whereas the other two were 

reinforced with 14mm diameter bars. (Note that the individual bar areas are as follows:  

A16=200mm2; A14=150mm2; A10=78.5mm2; A6=30mm2). These reinforcement arrangements 

correspond to 1.6% and 3.2% longitudinal reinforcement ratio, calculated over the element 

cross section respectively.   Cover was 25mm in all cases. For each pair of specimens reinforced 

with identical bars, one had lap-spliced longitudinal reinforcement in the critical region 

extending to 35Φ length where Φ is the longitudinal bar diameter (Fig. 6.2(b)). Where lap-

splicing has been used, it was set as per the requirements of DIN 1045, 1972– this length would 

be shorter than what is required by modern standards such as EN 1992-1-1, 2004 (i.e., 35Φ as 

compared to 50Φ) to represent older practices of construction. Cross sectional reinforcement 

arrangement is depicted in Fig. 6.2(c).  Bars were anchored with 90o hooks inside the stub.  The 

total anchorage length of the bars (including the hook) was 35Φ also, so as to model old 

detailing practices; this length may be adequate to support bar yielding in one cycle, however 

swift degradation is expected to follow after yielding.  In the remainder of this work specimens 

are referred to with the following code:  after the letter C (for cyclic), the numeral indicates the 

percentage of the longitudinal reinforcement ratio (C1.6 and C3.2); followed by the 

longitudinal bar diameter used (Φ10 and Φ14), and by the length of the lap splice (NL means 

no lap, and L35 means a lap length of 35 times the bar diameter).  Letter R in the beginning of 

the specimen identification code identifies the repaired specimen.    

Reinforcement yield strength values of the longitudinal and transverse bars were:  fy,Φ6 = 330 

MPa, fy,Φ10 = 520 MPa,  fy,Φ14 =505 MPa, fy,Φ16 =510 MPa.  For the fabrication of the 

specimens, plain concrete was batched in the Reinforced Concrete Laboratory of the University 

of Cyprus using a mix design of C20/25 concrete (ASTM C94/C94M-04; which would 

correspond to Bn250 in DIN 1045, 1972 or B300 in South European practice of the time (Beton 

Kalender 1970). The workability category was S3 according to EN 1992-1-1, 2004. Average 
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compressive strengths obtained from standard 100200 mm cylinder tests at 28 days are listed 

in Table 6.1.  

Table 6. 1: Cylinder specimens’ compressive strengths  

Specimen ID 28-day Cylinder 
Strength, fc

’ (MPa) 

C1.6Φ10ΝL 33 

C1.6Φ10L35 43 

C3.1Φ14ΝL 38 

C3.1Φ15L35 40 

Average of 3 identical tests 

 

Figure 6. 2: (a) C1.6Φ10NL and C3.1Φ14ΝL steel reinforcement and specimens’ section; (b) 

C1.6Φ10L35 and C3.1Φ14L35 steel reinforcement and specimens’ section.  

 

6.3 Calculation of Member Resistance Values 

 

The characteristic strengths of all the specimens that are reported in the present study are 

calculated considering the initial and the retrofitted condition.  The mechanistic model 

establishes the shear force Vmin that may occur in the test specimen when (a) flexural strength 

of the member develops at the face of the support, Vflex; (b) The anchorage or the lap splice of 
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the specimen attains its development capacity, Va; and (c) The shear reinforcement attains its 

yield strength, Vs.  

Nominal yield values are listed in Tables 43 and 44. These were calculated using the intended 

characteristic strength of concrete (fck=20MPa). The flexural strength of the cross section, My, 

was calculated from layered sectional analysis using the material properties for steel and 

concrete for the original and the retrofitted condition: it is noted here that after cover 

replacement with ECC, the contribution of the cover’s tensile strength which is supported by 

the material up to large levels of tensile strain, was considered in establishing sectional 

equilibrium.  The corresponding value of the shear force required to support nominal flexural 

yielding at the critical section of the test specimen was obtained from (Table 6.3),  

𝑉 =
𝑀

𝐿                                          (6.1) 

The recommended bond model from Fib Model Code, 2010 for Concrete Structures was used 

to calculate the available bond and lap splicing strength. For the anchorage, the pullout strength 

in good bond conditions was considered with:  

𝜏 = 2.5 𝑓                                                                                                                   (6.2) 

where fck is the characteristic compressive strength of concrete (here the design was 20/25), 

which corresponds to 𝜏 = 11 𝑀𝑃𝑎.   The anchoring force was then produced by Eqn. 6.3, 

where Lb is the straight length of the anchorage. 

𝐹 , 𝜏 (𝐿 𝜋𝛷 + 60𝐴 )                                                                                             (6.3) 

Where, the second component in the right-hand side is owing to the contribution of the hook.  

Similarly, the lap splice length is likely to develop splitting type of bond failure where the peak 

bond strength is estimated from,  

f = 7.0 ∙ (f /20) . , with 𝐹 , = 𝑓 (𝐿 𝜋𝛷)                                        (6.4) 

Based on Eqns. (6.3) and (6.4) the shear force of the structural component at Anchorage or Lap 

Failure is obtained from (also listed in Table 6.3), 

𝑉 = 𝑚𝑖𝑛 𝐹 , , 𝐹 , , 𝐹 ∙ 𝑛 , ∙ 𝑗𝑑 + 𝑛 , ∙ (𝑗𝑑 − 0.5ℎ) /𝐿                                           (6.5)                                            

Here nb,t is the number of longitudinal bars in the remotest tension layer (here nb,t=3), nb,m is 

the number of intermediate bars in the cross section (here nb,m=2), jd is the internal lever arm 

in flexure (estimated as 0.85d, where h and d is the total and the effective depths of the member 
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cross section respectively (here, h=200mm, and d=200-25mm=175mm, and Ls=890mm), and 

Fy is the nominal yield force of the bar.  Resulting values for 𝑚𝑖𝑛 𝐹 , , 𝐹 , , 𝐹  are listed 

in Table 6.2: it is noted that yielding controls, and therefore, the values for Va in Table 6.3 for 

the original specimens are identical to Vflex which is obtained from flexural analysis of the cross 

section of the member considering the theoretical yielding of longitudinal reinforcement.   

Table 6. 2: Bond and lap-splicing strength parameters   

   

 

 

 

The nominal shear strength contribution of the transverse reinforcement Vs for specimens in 

their original condition was calculated using Eqn. 6.6, and values are summarized also in Table 

6.3.  

𝑉 = 𝐴 , ∙ ∙ 𝑓 ,                                           (6.6)  

In Eqn. (6.6), As,tr is the area of stirrup legs intersecting a diagonal crack (here 2x30mm2 = 

60mm2); dv is the effective depth of the idealized Ritter Mörsch truss (dv = 200 mm – 225mm) 

and s is the longitudinal spacing of stirrups (Beton Kalender 1970).  It is noted here that the 

above calculation was based on assumption of a 45o-angle diagonal struts, and that the nominal 

values listed in the table for the original specimens do not account for the concrete contribution. 

For the repaired condition the jacket contribution is accounted for, considering the tensile 

strength of the ECC material in the cover, according with the model proposed by Ioannou et 

al. (2021) i.e.,  

∆𝑉 = 2𝑡 𝑓 , (ℎ − 𝑡 )𝑡𝑎𝑛                              (6.7) 

Where tj is the jacket thickness for cover replacement (here tj=25mm), and ft,ECC is the tensile 

strength of the material.  For the nominal tensile strength of the ECC used herein (ft,ECC = 

4MPa), the expected shear strength increase owing to the ECC jacket through cover 

replacement is 35 kN. 

 

Bar Diameter, 

Φ 

Lap Splicing 
Length (mm) 

Min{Fb,anch, Fy} 

[kN] 

Min{Fb,lap, Fy} 

 [kN] 

Φ10 350 min{82.0, 39.25} min{76.9, 39.25} 

Φ14 490 min{158.37;76.9} min{150.78;76.9} 
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Table 6. 3: Specimen parameters’ identification code.  (Letter R stands for repaired) 

 

6.4 Instrumentation and Experimental testing procedure 

 

Eight displacement transducers (DTs) with various nominal gauge lengths and five linear 

variable differential transducers (LVDTs) were used in the experimental setup to provide 

insights into the behavior of the specimens. Figure 6.3 depicts the instrumentation equipment 

configuration. LVDT 1 to 5 were installed at the bottom of the specimen for vertical deflection 

monitoring.   

 

 

 

 

 

 

 

 

Figure 6. 3: Outline of the instrumentation equipment  

       

       

       

       

       

       

       

       

       

Specimen ID Long. 

Reinf. Ratio, ρ 

Φ (mm) & 

# of bars 

Lap-Splice ℓo 

(in Φ Mult.) 

Vflex [kN] Vs [kN] Va 

[kN] 

C1.6Φ10ΝL 1.6% 8–Φ10 NL 24.2 24.75 24.2 

RC1.6Φ10ΝL  1.6% 8–Φ10 NL 36.60 59.75 36.6 

C1.6Φ10L35 1.6% 8–Φ10 35∙Φ 24.2 24.75 24.2 

RC1.6Φ1035  1.6% 8–Φ10 35∙Φ 36.80 59.75 36.8 

C3.1Φ14ΝL 3.1% 8–Φ14 NL 47.5 24.75 47.5 

RC3.1Φ14ΝL  3.1% 8–Φ14 NL 55.75 59.75 55.75 

C3.1Φ14L35 3.1% 8–Φ14 35∙Φ 47.5 24.75 47.5 

RC3.1Φ14L35  3.1% 8–Φ14 35∙Φ 55.75 59.75 55.75 

LVDT1 LVDT2 LVDT3 

LVDT5 LVDT4 

DT1 DT2 DT3 

DT4 DT5 DT

DT7 DT8 

LVDT : Travel length 100mm 
DT    : Travel length 40mm 

40mm

m 
80mm 

80mm 
80mm 
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Six DTs were installed symmetrically at the top and bottom part of the test specimen for 

monitoring the deformation and curvature along with the height of the specimen. To measure 

the vertical displacement of the centroidal axis, DTs 7 and 8 were placed at the ends of the 

shear spans over the roller supports. Figure 6.4 (a) presents the displacement load history 

applied on the central stub of the specimens during both test phases (initial damage and post-

repair).  Displacement histories are corrected for the support displacement (provided by the 

DTs at the roller supports) – however, the difference is negligible as depicted in the comparison 

shown in Fig. 6.4 (b). 

 

Figure 6. 4: Cyclic displacement history of the central stub used in all tests (specimens in 

original and in repaired condition)  

 

6.5 Experimental Results of the Initial Testing Phase  

 

During testing all specimens developed a plastic hinge in the critical region of the test span and 

strain penetration in the footing stub.  In the initial phase of testing ten cycles of displacement 

with increasing amplitude were applied to each specimen, following the history of Fig. 6.4. 

Each test was continued up to a drift ratio of 4% (40mm central displacement, which was the 

limit of the hydraulic actuator). As it may be observed from the experimental results which are 

presented in Fig. 6.5, the response was characterized by an envelope curve with a linear 

ascending branch up to 1.15% and 1.10% for C1.6Φ10NL and C1.6Φ10L35 and up to 1.6% 

and 1.15% for specimens C3.1Φ14NL and C3.1Φ14L35 respectively. The significant 
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compliance was a result of pullout activity in the anchorage and lap splices of the specimens, 

as evidenced also by the severe pinching of the response hysteretic loops near the zero-

displacement value.  As expected, the peak strength was greater for the specimens having a 

higher longitudinal reinforcement ratio (8Φ14 bars), but because the shear contribution of the 

stirrups was insufficient to support the flexural strength (see the comparison of the Vs and Vflex 

values in Table 6.3 lines corresponding to the Φ14 cases) these specimens developed intensive 

shear cracking (Fig. 6.6(c) and (d)).  Both tests with 10 mm diameter longitudinal bars showed 

early flexural cracks in the specimen length after the third cycle (see Fig. 6.6).  As the response 

envelope degraded, cracks continued to penetrate both along the length of the test unit towards 

the support but also in the central stub, marked by splitting of cover, due to the limited length 

of anchorage and lap splice. It is noted that the splice length could not suffice for bond 

redistribution as strain penetration occurred after load reversals in the anchorage and lap 

splices, although it was able to support development of first yielding. In all cases the nominal 

flexural strength calculated in Table 6.3 (Vflex value) was attained, but begun to degrade after 

few cycles only, marked by bar pullout from the footing stub and the lap splices in all cases.    
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Figure 6. 5: Failure modes of specimens before retrofit: (a) C1.6Φ10ΝL; (b) C1.6Φ10L35; (c) 

C3.1Φ14ΝL; (d) M3.1Φ14L35  
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 Figure 6.5: Cyclic loading curves of specimens: (a) C1.6Φ10ΝL; (b) C1.6Φ10L35; (c) 

C3.1Φ14ΝL; (d) C3.1Φ14L35.   
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6.6 Retrofitting Procedure and Repair Material  

 

Engineered Cementitious Composites (ECCs) can be used effectively for retrofitting of the 

critical regions of RC columns (Li, 2003). Their advantage over conventional concrete rides 

on the ability to sustain tensile stresses up to large levels of tensile deformation, due to 

development of multiple fine cracks. ECCs as a retrofitting material may contribute effectively 

to control of cracking, attenuate stiffness reduction, and may actually enhance the energy 

dissipation and improve the characteristics of the element’s resistance curve. This was 

demonstrated experimentally by the authors (Ioannou et al., 2021), where the amount of 

confining strength enhancement and contribution to shear strength by the ECC jacket was 

quantified and related to the ultimate tensile strength of the ECC material, ftu.  

In the present study the ECC material used contained a large fraction of Fly Ash (see Table 

6.4) and was reinforced with 1.25% by volume of PVA fibers, having the following fiber 

properties: tensile strength of 1600MPa, density of 1300Kg/m3, a Young’s Modulus of 40GPa, 

length of 12mm and diameter of 39μm. The compressive strength of the ECC material, 

measured on cylinders 75 mm 150 mm at 28 days from casting was 45MPa (Fig. 6.7(a)). 

Tensile strength was determined from four-point bending tests conducted on prisms having a 

square cross-section of 100mm width by 60 mm height, and a total span of 360 mm (loads 

were applied at the third points of the span).  An inverse analysis procedure was applied on the 

experimental data (CSA S6-Annex 8, 2019; Yang et. al., 2020) originally proposed by Lopez 

(2017). The milestone points of the tension stress-strain response of ECC material were as 

follows (Fig. 6.7(b)): cracking strength 𝑓 = 4.65 MPa, ultimate tensile resistance, 𝑓 =

5.0 𝑀𝑃𝑎, secant modulus of elasticity (slope of the compressive stress strain response to 40% 

of peak compressive stress) 𝐸 = 18300 MPa, ultimate tensile strain capacity at peak tensile 

strength, 𝜀 = 0.0092 and the maximum crack width wmax=6mm.  
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The retrofitting application includes the production (according to ACI PRC-544.1R-96, see 

6.8) and application of the ECC jacket [Ioannou et al., 2021, Georgiou and Pantazopoulou, 

2018] to the pre-damaged control specimens maintaining the same geometry and construction 

detailing. To achieve this goal the cracked concrete was removed over the length of the critical 

region (in the present work this was taken, hcr=2bw) as per Fig. 6.8 until all transverse and 

longitudinal reinforcement was fully exposed in the length of interest (see specimen in Fig. 

6.8a). Jacketing was applied in phases using easy to assemble, modular forms as depicted in 

the sequence of Fig. 6.8a-c, after removal of the damaged, cracked cover.  

Table 6. 4: ECC material mix design 

Materials   Quantity (kg/m3) 

 Cement 530 

Water 372 

Fly Ash 636 

Silica Sand 425 

PVA Fibers 16.25 

Superplasticizer 13 
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Figure 6.7 (a) Tensile stress and strain response of ECC material; (b) Cylinder's 

compression stress vs. lateral and axial strain curves for fibers e reinforced concrete   
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Figure 6. 6: A modular form is used to cast the jacket: (a) lower cover cast from the side; (b) 

Side forms are placed for casting of the sides; (c) Leveling of top cover; (d) After formwork 

removal; (e) retrofitted specimens ready for testing; (f) Sectional detail of the modular form.   

It should be noted at this point that additional retrofit measures were used in cases where 

damage to the central rigid stub and supporting specimen had occurred during the initial phase, 

to avoid further localization of damage in these areas. Any cracked concrete was removed from 

the central stub and was replaced with a high strength cementitious repair grout as per class R4 

of EN 1504-3. The supporting segments were also retrofitted using ultra high cement grout 

according to EN 1504-06 to prepare for the increased demands of the second test phase where 

it was expected that the repaired test spans could exhibit increased strength.  Following the 

repair of the stub and supporting segment, the sharp corners were smoothened so that a 

unidirectional woven carbon fiber fabric with mid-range strength FRPs could be placed to 

ensure further confinement (Figure 6.9).   

 

 

 

 

Figure 6. 7: Additional retrofitting of central stub and supporting part of the specimen 

 

(a) 

(b) 
(c) 

(d) 
(e) 

(f) 

ANTHOS I. 
IO

ANNOU



195 

 

6.7 Observed Response of Retrofitted Specimens  

 

Figure 6.10 plots the cyclic shear force vs - drift experimental curves attained by the retrofitted 

test specimen after loading with the displacement history of Fig. 6.4. With the exception of 

specimen RC3.1Φ14ΝL, which had experienced irrecoverable damage in the anchorage inside 

the stub, the peak load matched the theoretical values listed in Table 6.3 for the ECC-retrofitted 

components.  The cracking patterns that developed in the specimens near the end of testing are 

shown in Fig. 6.11.  Specimens that attained a higher load developed intensive cracking over 

the test length whereas those experiencing lower loads exhibited transfer of damage in the 

region near the end of the repaired segment.   

 

 

Figure 6. 8: Cyclic loading curves of specimens: (a) RC1.6Φ10ΝL; (b) RC3.1Φ14ΝL; (c) 

RC1.6Φ10L35; (d) RC3.1Φ14L35.  
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Figure 6. 9: Failure modes of specimens after retrofitting: (a) RC1.6Φ10ΝL; (b) 

RC1.6Φ10L35; (c) RC3.1Φ14ΝL; (d) RC3.1Φ14L35   

The characteristic points of the hysteresis load–drift curves are illustrated in Table 6.5.  

Yielding is defined as the point corresponding to 75% of the peak in the ascending branch. 

Original specimens exhibited a stable behavior up to 2-2.5% but retrofitted specimens 

presented an ascending branch of greater stiffness up to 3% drift.  In general, specimens with 

lap spliced reinforcement attained higher resistance than their counterparts with continuous 

reinforcement – this is most likely owing to the fact that in the lap-spliced specimens damage 

during the first phase occurred mostly in the plastic hinge zone which was repaired after the 

cover replacement; whereas in the continuous reinforcement case, the hooks were deformed 

out of shape at large drifts – a damage pattern that could not be recovered with replacement of 

the damaged concrete.  As was seen in the case also of the monotonic tests, the ECC jacketing 

through cover replacement was able to fully recover the strength and mitigate shear failure 

under cyclic displacement reversals (an exception was the case where the damage in the 

anchorage occurred outside the ECC-repair region, which limited the resistance of the unit).  

 

 

 

 

(a) (b) 

(c) (d) 
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Table 6. 5: Characteristic points of cyclic loading tests under vertical displacement of the 

central stub 

Specimen  Vmax Vy Θy % Vu Θu % 

C1.6Φ10NL  28.5  21.30  0.8  20.50  3.0 

 -26.0 -19.5 -1.0 -17.0 -3.48 

RC1.6Φ10NL  54.0  40.50  2.25  50.50  2.28 

 -46.5 -34.90 -3.0 -46.0 -3.40 

C3.1Φ14ΝL  50.0  37.50  1.0   51.0  2.92 

 -45.0 -33.75 -1.25 -43.5 -2.35 

RC3.1Φ14ΝL   21.6  16.20  1.25  18.0  5.95 

 -15.0 -11.25 -1.50 -15.0 -4.0 

C1.6Φ10L35   32.0  24.0  0.75   29.0  3.25 

 -28.0 -21.0 -1.1 -25.0 -3.0 

RCΦ10L35   36.0  27.0  1.25   28.0  5.85 

 -17.0 -12.75 -1.40 -11.0 -3.70 

C3.1Φ14L35   47.5  36.0  1.25   48.0  3.10 

 -42.0 -31.50 -1.0 -42.5 -2.80 

RC3.1Φ14L35   55.0  41.25  1.90  30.0  5.75 

 -33.5 -25.10 -2.40 -34.0 -3.70 

 (Positive value is down / negative is up)   

Figure 6. 10: (a) Comparison between monotonically and cyclically loaded specimen pairs.  

(b) Ratio of retrofitted to initial specimen strength 
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The ultimate drift values of the cyclically loaded specimens and the corresponding strength 

values (defined at the point in the post-peak range of the resistance curve envelope at a 

resistance equal to 80% of the peak value) are compared in Fig. 6.12(a).  The blue dots refer to 

specimens with 10mm diameter longitudinal bars, whereas the orange dots refer to specimens 

with 14mm bars.  It is noted that in most cases cyclic loading reduced the resistance and 

effectiveness of the strength recovery.  This is shown more clearly in Fig. 6.12(b) which gives 

the strength ratio of retrofitted over the original specimen; with the exception of C1.6Φ10L35 

which is marked with the red circles in Fig. 6.12b, that had endured significant damage in the 

anchorage (i.e. outside the range of the ECC retrofit) all specimens recovered at least 80% of 

their resistance.  It was seen that the most critical aspect that determined the applicability of 

the retrofit scheme with ECC cover replacement was whether the anchorage had developed 

permanent deformation during previous loading (i.e., strength was non-recoverable) or not, (in 

which case strength was recoverable through retrofit).     

With regards to the cracking patterns, it was found that in the initial state, specimens with 

continuous reinforcement had developed flexure and shear-flexure cracks extending to a plastic 

hinge zone of 300mm reaching crack widths of 0.1-0.3mm. The extent of the cracked region 

was smaller (50 mm) and cracks larger (0.1-0.5mm respectively) in the case of the lap-spliced 

cases.  However, the failure modes of retrofitted elements developed firstly flexural cracks, 

whereas shear cracks were observed at advanced stages of loading, especially near the end of 

the cover replacement length. The response of the retrofitted specimens show that cover 

replacement may fully mitigate the effects of damage over the critical length (plastic hinge), 

however it cannot eliminate the implications of prior damage to the anchorage of the 

reinforcement if it has occurred beyond the length of cover replacement; thus the methodology 

should be ideally used to retrofit members where shear strength deficiency has precluded the 

occurrence of extensive flexural yielding that could lead to strain penetration in the footing.  

Note that the same limitation had been reported with regards to the effectiveness of FRP 

jacketing for retrofitting of columns (Thermou and Pantazopoulou, 2009).   
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6.8 Numerical Modeling to Determine Cover Replacement Effectiveness 

 

To explore further the mechanics of cover replacement as a retrofit methodology a selected 

number of cases was analyzed in detail using advanced nonlinear finite element simulation in 

ABAQUS (Georgiou and Pantazopoulou, 2018; Chu and Wu, 2019; Oucif et. al., 2017; Abaqus 

Manual 2010; Sakr et al., 2020).  Eight nodes solid elements were used to model concrete and 

the ECC cover.  Longitudinal steel reinforcement was modeled using beam elements with 

linear elastic-plastic stress-strain laws. Truss elements were used to model stirrups.  

Accounting for the increased slip of the reinforcement in the specimens, the load-displacement 

response of the beam elements representing the embedded bar in the anchorage was calibrated 

in a separate investigation in order to match the compliance by reducing the effective bar 

stiffness for that bar segment.  Material stress and strain laws were modelled as follows: (a) 

Concrete Damage Plasticity Model was used for both confined and unconfined concrete; the 

ascending envelope of the uniaxial stress-strain law was modelled with a basic Hognestad 

parabola (1951) attaining the respective peak compressive strength at a compressive strain of 

0.002. The Kent and Park (1981) model was used for the post-peak descending branch using 

values of εc,50 =0.003 and 0.004 respectively, for plain and confined concrete.  The experimental 

uniaxial compression and tension stress versus strain curve was used to define the input stress-

strain response for the ECC jacketing.  Concrete model parameters used in the study are listed 

in Table 6.6. Plain and ECC concrete had elastic properties with a tangent modulus of 

EPC0=21000MPa, EECC,0= 20000MPa and Poisson's ratio of 0.2, respectively.  Appendix C 

contains information on Finite Element Analysis, including the algorithm, type of analysis, 

type of element, and type of meshing. 

 

 

 

       :      : Concrete Damage Plasticity Model Parameters  

Dilation Angle  Eccentricity       fb0/fc0         K Viscosity Parameter  

36 0.1 1.16 0.67 0  

Table 6. 6 
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Figure 6. 11:  Finite element model: (a) Partitioning; (b) Boundary conditions 

 

 

Figure 6. 12: (a) C1.6Φ10NL crack patterns and Monotonic response envelopes; (b) same for 

RC3.6Φ14L35.  

Table 6.7 compares the results of finite element modeling normalized with the relevant 

experimental data. Good agreement is found in terms of both strength and deformation capacity 

of the specimens in the initial testing phase; for the retrofitted estimates, the F.E. results show 

a stiffer ascending envelope. The performance of the models for the retrofitted specimens 

overestimates the resistance only in those cases where significant yield penetration and 

(b) (a) 
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deformation of the anchorages had taken place in the initial testing phase – these are the 

specimens with continuous reinforcement (i.e., both C1.6Φ10NL and C3.1Φ14NL.  For these 

cases, the difference between analytical and experimental strength values is attributed to the 

prevalence of pre-existing reinforcement pullout from the anchorage which is not accounted 

for in the model.  

Table 6. 7: Normalization of FEA Characteristic points of finite element analysis models under 

monotonic loading with the respective points emerged from experimental cyclic loading tests 

Specimen 𝑽𝒎𝒂𝒙,𝑭𝑬𝑨

𝑽𝒎𝒂𝒙,𝑬𝑿𝑷
 

𝑽𝒚,𝑭𝑬𝑨

𝑽𝒚,𝑬𝑿𝑷
 

𝜽𝒚,𝑭𝑬𝑨

𝜽𝒚,𝑬𝑿𝑷
 

C1.6Φ10NL 1.10 1.10 1.07 

RC1.6Φ10NL 0.67 0.67 0.27 

C3.1Φ14ΝL 0.91 0.91 0.50 

RC3.1Φ14ΝL 2.89 2.89 1.25 

C1.6Φ10L35 1.32 1.32 0.80 

RCΦ10L35 1.23 1.23 0.80 

C3.1Φ14L35 1.26 0.82 0.56 

RC3.1Φ14L35 1.10 1.01 0.4 

 

6.8.1 Finite Element Analysis Models Parametric Investigation 

Since the best correlation of the retrofitted models matched the responses of those specimens 

that had lap splices (i.e. such members did not develop permanent damage in the anchorages 

in the footing due to extensive yield penetration), the corresponding model of C3.1Φ14L35 

was used as a point of reference in order to conduct a parametric investigation. This was 

intended to supplement the findings of the experimental study in quantifying and interpreting 

the effectiveness of the cover replacement. To this end, the performance after cover-

replacement jacketing was compared with the initial response of the R.C. member. For the 
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theoretical cases that were included in the parametric study and for clarity of illustration, 

extensive anchorage length was provided inside the stub so as to eliminate the likelihood of 

early anchorage failure outside the jacketed region. Using as benchmark cases the 

reinforcement arrangement of experimental cases C3.1Φ14NL and C3.1Φ14L35 in defining 

the theoretical examples T3.1Φ14NL and T3.1Φ14L35, the parameters varied were the length 

from the support where the cover was replaced with ECC, and the effective depth of the cross-

section (so as to study the possible reduction of the effectiveness in a deeper cross-section). 

Cases with R in the identification code are retrofitted examples of the otherwise identical cases 

comprising common concrete (e.g., RT3.1Φ14NL has ECC material in the cover over a length 

equal to 2bw measured from the face of the support but is otherwise identical to T3.1Φ14NL). 

In cases with the extension Full in their identification code, the cover has been replaced with 

ECC over the entire length of span, e.g., RT3.1Φ14NL-Full has identical geometry as 

T3.1Φ14NL but with ECC cover).   

Another group of cases considered have the same pattern of reinforcement arrangement (i.e. 8-

14mm diameter continuously anchored bars continuous identified by NL), same spacing of 

rectangular stirrups and cover with the square sections shown in Fig. 6.2, but having a deeper 

cross-section (hb=400 mm and bw=250mm).  Following the same scheme of identification as 

before, these cases are identified with D in lieu of T in the identification code.  (For example, 

D8Φ14NL represents the deeper section with 8Φ14 bars comprising normal concrete; 

RD8Φ14NL is retrofitted over a length of 500mm with cover replacement, and RD8Φ14NL-

Full has cover replaced with ECC over the entire length).   In this manner, a total of nine 

theoretical examples were considered in three triplets as depicted in the resistance curves 

obtained from finite element analysis plotted in Fig. 6. 13.  
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Figure 6. 13:  Comparison of the response curves obtained from the parametric investigation 

Figures 6.15 and 6.16 summarize the results of the parametric investigation.  It is noted that as 

was observed in the experiment, partial replacement of the cover (i.e. over a critical length 

measured from the face of the support) does increase the strength of the member up to drift 

levels between 1.5% and 2%.  Beyond this limit, the discontinuous nature of the jacket controls, 

localizing the failure at the endpoint of the retrofitted zone where the limited number of 

available stirrups is insufficient to resist the higher shear demand which is affected by the 

increased flexural strength of the retrofitted member cross-section. Cases with full cover 

replacement show superior performance in all examples considered.  The margin of strength 

increase was maintained in the case of the deeper member although the cover was the same.  It 

is concluded that the tensile strength contributed by the cover in the tension zone as well as 

through its contribution in resisting shear is sufficient for the range of sectional dimension 

increase (doubling the section height) considered.  It is noted that based on the derivations by 

Ioannou et al. (2021) shear strength contribution by the ECC cover jacket equals, 

𝑉 = 2 ∙ 𝑡 ∙ 𝑓 ∙ (ℎ − 𝑡 ) ∙ tan 𝜃                                                                                                      (6.8) 

therefore, the jacket’s contribution is proportional to the section height and is not likely to be 

diminished due to size effects, as illustrated here in the finite element cases of RD8ΦNL and 

RD8ΦNL-Full which were used to explore the effect of size on the jacketing effectiveness.  
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Figure 6. 14: Cracking patterns (Ultimate limit state) obtained for the parametric cases studied 
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6.9 Conclusions  

 

The experimental results confirmed the seismic vulnerability of lightly reinforced concrete prismatic 

members, designed with details typical of the European construction practice of the 1960s–1970s, 

characterized by inadequate lap-splicing lengths of reinforcement, and sparse transverse links. The 

experimental results of four specimens representing these detailing practices under cyclic load 

demonstrated a significant loss of lateral strength due to the slip of longitudinal rebars on the support 

accompanied by flexure–shear cracks along with the specimens. Retrofitting was considered using the 

replacement of the damaged cover with a strain hardening Engineered Cementitious Composite, 

extending over a critical region that was about twice the cross-sectional dimension. The proposed 

retrofitting technique was relatively simple since the material can sustain its tensile strength well beyond 

cracking and over a large range of strain, whereas being flowable and self-consolidating, it can be cast 

in thin layers. Experimental results demonstrated that this appears to be an effective technique for 

strength recovery of severely damaged components, whereas, in the absence of prior damage in the 

anchorage through yield penetration and bar deformation, it may retrofit existing detailing inadequacies 

mitigating shear failure and enhancing the flexural strength of components.  Therefore, it was concluded 

that the effectiveness of the approach is hampered if previous flexural yielding has caused the spread 

of inelastic strain into the support, whereas members with deficiencies that would cause brittle failure 

along the length of the member may be mitigated effectively through cover replacement with the ECC. 

Retrofitting effectiveness was studied further through finite-element complementary investigations 

where it was shown that jacket effectiveness was maintained even after doubling the member section 

height since the shear strength contribution of the jacket increases proportionally with the member 

depth. 
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Chapter 7: Conclusions and Future Work  

 

7.1 Conclusions 

 

The use of eco-materials in building projects is a design framework that combines criteria and 

methodologies in structural design aiming to extend the life of structures. To this end, the main 

objective of material design is to limit the resource exploitation while also assisting towards 

improving the service life and safety of existing construction. Structures with a shorter life 

expectancy are more expensive and resource intensive, especially when maintenance costs are 

considered. The present study demonstrated how to optimize the evaluation of elements failing 

in shear or shear-flexure (sparse transverse reinforcement, inadequate anchorage and lap-

splicing length of longitudinal reinforcement) demonstrating via the development of data 

processing and finite element numerical models that axial load ratio impacts and accelerates 

the and shear failure mechanism. ECC materials compared to plain concrete, provide extensive 

ductility in tension, compression, shear, flexure and may be employed in retrofitting 

approaches with extraordinary results. The strength and ductility of an element can be 

improved without having a significant impact on the element's geometry and stiffness or mass. 

Before applying the jacketing retrofitting technique, it was assumed crucial to conduct a 

number of interface interaction experiments in order to better understand the magnitude and 

transfer mechanism of shear strength at the interface. 

Through a data base development, the current research seeks to investigate the proposed 

models for assessing the strength and drift capacity of columns under monotonic and cyclic 

loading conditions. In terms of providing improved expressions for shear strength evaluation, 

an artificial intelligent algorithm through machine learning was employed to check the shear 

strength of data base elements that undergone shear failure, considering expressions of relevant 

standards that were already proposed. Moreover, finite element models of specific specimen 

from the database were developed in order to validate the experimental findings from the 

database and the accuracy of the models that were used in the assessment procedures. In order 

to understand how second order effects affect an element's shear strength mechanism, this 

interaction was further investigated. When bonding on existing substrates the investigation of 

the bond stress level at the interface of the repair materials was another primary objective of 

this study. This was accomplished without the use of an epoxy adhesive at the interface 

utilizing pure slanted shear and direct tensile tests. The plain concrete mix designs, interface 
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inclination level and roughness, and other critical parameters were investigated. Another 

important goal of the current study was the application of Engineered Cementitious Composites 

(ECC) for concrete cover replacement as a method of rehabilitating damaged reinforced 

concrete structural members. It was shown through FEA numerical models’ parametric 

investigation that the fiber-reinforced cover maintains its tensile strength up to large prominent 

levels of tensile deformation, acting as a confinement mechanism in the role of an encasing 

jacket for the existing member.  

The following are some of the most important findings: 

Through nonlinear FEA analysis using three-dimensional volume type finite elements, the 

current work examined the mechanical behavior of columns under horizontal translation, 

focusing on the developed failure mechanisms (shear), the plastic hinge length and the diagonal 

cracking inclination. The effect of the axial load was investigated using simulation in order to 

determine the parametric sensitivity of the analyzed data, while also evaluating the proposed 

relationships for limit state failures in terms of shear strength. Ιn conclusion, with an emphasis 

on second order effects, the influence of failure plane  and the axial load ratio on the 

development of plastic hinge length and mode failures has been studies, and improved models 

for shear strength evaluation during assessment have been provided. 

The interface shear strengths and ultimate failure mechanisms of PC and ECC were examined 

experimentally using a series of slanted shear and direct tensile tests. Surface roughness, PC 

and ECC compressive strength, inclination angle, curing condition, and aggregate interlocking 

mechanism are the most critical characteristics that influence shear stress mechanism at the 

interface. The ultimate failure modes of ECC-PC may be classified into three separate 

categories: direct interface failure, direct PC cracking, and a combination of PC and ECC 

cracking. To study the interface of ECC-PC composites, the Coulomb criteria were combined 

with a three parameters failure criterion. The slanted shear test method's results are dependent 

on the compressive strengths of on the ECC and normal concrete's, as well as the bond and 

friction mechanisms within the two materials. The failure is getting vulnerable when the angle 

of the interface is increased. 

Using established mechanistic models, the contribution of the ECC jacket to confinement of 

the encased core, web shear strength, and lap-splice formation capacity via clamping action 

was assessed. It was discovered that this contribution might be significant, influencing the 

structural member's critical mode of failure while also improving the component's strain energy 
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dissipation and durability. The efficiency of retrofitting was investigated using finite-element 

supplementary studies, which revealed that jacket effectiveness was maintained even after 

doubling the member section height since the jacket's shear strength contribution increased 

proportionately with member depth. 

 

7.2 Future Research Plans 

 

Prequalifying the procedures developed for characterization of the interface of ECC vs PC, the 

proposed retrofitting techniques of reinforced concrete elements, and the improvement of the 

procedure proposed for existing reinforced concrete elements assessment through further 

testing and authentication studies is a next step in the direction of promoting and advancing the 

research of the current study. The nonlinear finite element code will be quite useful in this 

respect since it is designed to examine the sensitivity of the design approaches and performance 

requirements created. The following are some of the longer-term research plan:  

Additional research investigation are required to resolve various issues that arose over the 

process of the current study's development. Alternative surface preparation methods shall be 

investigated for their impact on the bond strength of concrete-to-concrete interfaces, as well as 

the variability of the roughness degree obtained using the same preparation method, which can 

be caused by exposition time, applied pressures, and other factors. It is important to note that 

this research was conducted without steel reinforcement crossing the interfaces. It's necessary 

to look into the impact of steel reinforcing bars or connections across the interface. The dowel 

action ought to be examined and evaluated. 

To fully assess the material's various properties of durability, an extended program of 

accelerated tests exposing elements to severe conditions (fire, chloride-induced corrosion, and 

freeze-thaw) would be required. 

According to previous studies, research gaps with regards to seismic upgrading of RC 

structures with novel techniques needed. An area, which is certainly worth receiving further 

attention by the scientific community, is the development of the proposed retrofitting technique 

not only in linear structural members such as beams but also an investigation needed for 

applying the proposed technique to other structural members (walls, foundations, structural 

joints). 
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Appendix A  
 

A.1 Inverse Analysis  

 

The tensile properties of the strain-hardening, fiber reinforced cementitious material are 

derived from the resistance curve of a prismatic specimen loaded at the third-points along its 

span as depicted in Figure 4.18(a) (Lopez, 2017).  The dimensions of the specimen are, L, h, 

and b (clear span, section height and width); in the present study, these values were, 180mm, 

60mm, and 100mm, respectively. The tensile modulus of elasticity is 𝐸 , and the effective 

strain value is  𝜀 . Taking into consideration that after localization (at the peak point) the crack 

occurs at a horizontal distance 𝑑  from the mid-span in the constant moment region, where the 

peak displacement actually occurs, the corrected displacement of that midpoint is determined, 

𝛿∗.  Next, the normalized parameters 𝐾  to 𝐾  are defined. 
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Table A. 1 : Inverse analysis parameters 

 

𝐸 =
.

𝑠  
𝐾 =

𝑃
𝑃

.

1.63
 

𝑓 = 𝐾
𝑃 𝐿

𝑏ℎ
 

 

𝜀 =
𝑓

𝐸
 𝐾 = 7.65

𝛿

𝛿
− 10.53 

 

𝜀 = 𝐾 𝜀  

 

 

𝑓 = 𝐾 𝑓  

𝐾 = 𝐾 . (2.46
𝑃

𝑃
− 1.76) 

 

𝛿∗ = 𝐾 𝛿  

𝐾 = 1 +
0.6

𝐿
𝑑  

 

𝜀 = 𝐾 𝜀  

𝐾 = 𝐾 . 𝐾 . (3
𝛿∗

𝛿
− 1.8) 

 

𝑤 =(𝜀 − 𝜀 +
 
)1.5ℎ  

 

The inverse analysis method summarized herein determines the milestone points in the tensile 

stress-strain, and tensile stress-crack opening displacement w, as per the idealized bilinear 

shapes adopted in Figure 4.18(c) and d:  𝑓  represents the cracking strength and  𝑓  the 

ultimate tensile resistance after strain hardening; the respective strains are the  𝜀  and 𝜀 . The 

magnitude of crack opening after failure  𝑤  is measured in mm, whereas lF is the fiber length 

used in the mix (here PVA fibers, 12 mm long).  
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Appendix B 
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B.1 Shear critical columns  

 

Member Response  

 

Figure B. 1: Specimen SCD2 experimental envelope curve and response 2000 section and 

member analysis (Lynn et al., 1998). 
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Member Response 

 

Figure B. 2: Specimen 25.033(East) experimental envelope curve and response 2000 section 

and member analysis (Wight and Sozen, 1971). 
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Member Response  

 

Figure B. 3: Specimen 25.033(West) experimental envelope curve and response 2000 section 

and member analysis (Wight and Sozen, 1971). 
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Member Response 

 

Figure B. 4: Specimen OA2, experimental envelope curve and response 2000 section and 

member analysis (Arakawa et al., 1989). 
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Member Response 
 

 

Figure B. 5: Specimen OA5, experimental envelope curve and response 2000 section and 
member analysis (D). 
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Member response 

 

Figure B. 6: Specimen CUS, experimental envelope curve and response 2000 section and 

member analysis (Umehara and Jirsa, 1982). 
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Member Response 

 

Figure B. 6: Specimen CUW, experimental envelope curve and response 2000 section and 

member analysis (Umehara and Jirsa, 1982). 
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Member Response  

 

Figure B. 7: Specimen 2CUS, experimental envelope curve and response 2000 section and 

member analysis (Umehara and Jirsa, 1982). 
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Member Response 

 

Figure B. 8: Specimen 1-1, experimental envelope curve and response 2000 section and 

member analysis (Bett et al., 1985). 
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Member Response 

 

Figure B. 9: Specimen SC3, experimental envelope curve and response 2000 section and 
member analysis (Aboutaha et al., 1999). 
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Member Response  

 

Figure B. 10: Specimen SC9, experimental envelope curve and response 2000 section and 

member analysis (Aboutaha et al., 1999). 
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Member Response  

 

Figure B. 11: Specimen 104-08, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Member Response 

 

Figure B. 12: Specimen 114-08, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Member Response  

 

Figure B. 13: Specimen B1, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Member Response  

 

Figure B. 14: Specimen B2, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Figure B. 15: Specimen B3, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Member Response 

 

Figure B. 16: Specimen B4, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Figure B. 17: Specimen B5, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Member Response  

 

Figure B. 18: Specimen B6, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Figure B. 19: Specimen B7, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 
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Figure B. 20: Specimen B8, experimental envelope curve and response 2000 section and 

member analysis (Ηeankhaus et al., 2013). 

ANTHOS I. 
IO

ANNOU



233 
 

 

 

Member response 

 

Figure B. 21: Specimen SBd2, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Figure B. 22: Specimen SBd4, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Figure B. 23: Specimen SCd2, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Figure B. 24: Specimen SDd2, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Figure B. 25: Specimen SDd4, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Member Response 

 

 

Figure B. 26: Specimen RFd2, experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Member Response 

 

Figure B. 27: Specimen HPRC10-63 experimental envelope curve and response 2000 section 

and member analysis (Νagasaka., 1982). 
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Figure B. 28: Specimen 3SLH18, experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Figure B. 29: Specimen 3CMD12, experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Member Response 

 

Figure B. 30: Specimen 3CMH18, experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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B.2 Flexure-Shear critical columns  
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Member Response 

 

Figure B. 31: Specimen HPRC19-32, experimental envelope curve and response 2000 

section and member analysis (Νagasaka., 1982). 
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Figure B. 32: Specimen 2D16RS, experimental envelope curve and response 2000 section 

and member analysis (Οhue et al., 1985). 
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Figure B. 33: Specimen 4D13RS, experimental envelope curve and response 2000 section 

and member analysis (Οhue et al., 1985). 
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Figure B. 34: Specimen No 806, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1985). 
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Figure B. 35: Specimen No 1007, experimental envelope curve and response 2000 section 
and member analysis (Zhou et al., 1985). 
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Figure B. 36: Specimen No 1, experimental envelope curve and response 2000 section and 

member analysis (Imai and Yamamoto, 1986). 
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Figure B. 37: Specimen No 1309, experimental envelope curve and response 2000 section 
and member analysis (Zhou et al., 1985 
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Figure B. 38: Specimen 124-08, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Figure B. 39: Specimen 204-08, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Figure B. 40: Specimen 223-09, experimental envelope curve and response 2000 section and 
member analysis (Zhou et al., 1987). 
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Figure B. 41: Specimen 302-07, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 

ANTHOS I. 
IO

ANNOU



255 
 

 

Member Response 

 

Figure B. 42: Specimen 312-07, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Figure B. 43: Specimen 322-07, experimental envelope curve and response 2000 section and 

member analysis (Zhou et al., 1987). 
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Figure B. 44: Specimen CA025C, experimental envelope curve and response 2000 section 

and member analysis (Οno et al., 1989). 
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Figure B. 45: Specimen CA060C, experimental envelope curve and response 2000 section 

and member analysis (Οno et al., 1989). 
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Figure B. 46: Specimen CB060C, experimental envelope curve and response 2000 section 

and member analysis (Amitsu, 1991). 
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Figure B. 47: Specimen 40.033a(East) , experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 48: Specimen 40.033a(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 49: Specimen 40.048(East), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 50: Specimen 40.048(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 51: Specimen 40.033(East), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 52: Specimen 40.033(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 53: Specimen 40.067(East), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 54: Specimen 40.067(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 55: Specimen 40.147(East), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971) 
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Figure B. 56: Specimen 40.147(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 57: Specimen 40.082(East), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 58: Specimen 40.082(West), experimental envelope curve and response 2000 

section and member analysis (Wight and Sozen, 1971). 
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Figure B. 59: Specimen 2CLH18, experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Figure B. 60: Specimen 3CLH18 experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Figure B. 61: Specimen 2SLH18 experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Figure B. 62: Specimen 3SMD12 experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 
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Figure B. 63: Specimen 2CMH18 experimental envelope curve and response 2000 section 

and member analysis (Lynn et al., 1998). 

ANTHOS I. 
IO

ANNOU



277 
 

 

Member Response 

 

Figure B. 64: Specimen HC4-8L16-T6-0.1P experimental envelope curve and response 2000 

section and member analysis (Xiao and Martirossyan, 1998). 
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Figure B. 65: Specimen HC4-8L16-T6-0.2P experimental envelope curve and response 2000 

section and member analysis (Xiao and Martirossyan, 1998). 
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Figure B. 66: Specimen 4 experimental envelope curve and response 2000 section and 

member analysis (Sezen and Moehle, 2002). 
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Figure B. 67: Specimen 1 experimental envelope curve and response 2000 section and 

member analysis (Sezen and Moehle, 2002). 
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Figure B. 68: Specimen 2 experimental envelope curve and response 2000 section and 

member analysis (Sezen and Moehle, 2002). 
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Figure B. 69: Specimen CS-60 experimental envelope curve and response 2000 section and 

member analysis (Sokoli and Ghannoum, 2016) 
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Figure B. 70: Specimen CS-100 experimental envelope curve and response 2000 section and 

member analysis (Sokoli and Ghannoum, 2016). 
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Figure B. 71: Specimen 1 experimental envelope curve and response 2000 section and 

member analysis (Matchulat et al., 2005). 
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Figure B. 72: Specimen 2 experimental envelope curve and response 2000 section and 

member analysis (Matchulat et al., 2005). 
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Figure B. 73: Specimen SAd2 experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018). 
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Figure B. 74: Specimen RGd2 experimental envelope curve and response 2000 section and 

member analysis (Kim et al., 2018) 
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Appendix C 
 

Table C. 1 : Matchulat et al. (2008) Finite Element Analysis Algorithm Details  

  
Analysis Type: Static, General 

Incrementation 
Maximum Number of Increments: 100000 

Increment Size 
Initial Minimum Maximum 
0.01 1e-20 0.1 

Matrix storage:  Solver Default  
Solution Technique:  Full Newton  
Convert Severe Discontinuity 
Iterations:   

Propagate from previous step  

Default Load Variation with Time: Ramp linearly overstep 
Extrapolation of previous state at 

start of each increment: 
Linear 

 

Table C. 2 : Matchulat et al. (2008) Finite Element Analysis Element Types for Solid Parts  

  
Element Library: Standard, 3D stress 
Geometric Order:  Linear  

Element Type:  Hex 
Integration:   Reduced 

Viscosity: Default  
Kinematic Split: Average Strain 

Second Order Accuracy:  No  
Distortion Control:  No  
Hourglass Control:  Default  

Stiffness viscous weight-factor:  0.5 
Element Deletion:  Default 
Max Degradation:  Default  

Scaling Factors 
Displacement Hourglass: 1 

Linear Bulk Viscosity:   1 
Quadratic Bulk Viscosity:  1 

Element Description:  C3D8R, An 8-node linear brick, reduced 
integration, hourglass control   

Mesh Technique:  Structured  
 

 

 

 

 

ANTHOS I. 
IO

ANNOU



289 
 

Table C. 3 : Matchulat et al. (2008) Finite Element Analysis Types for Truss Elements 
(Longitudinal and Transverse Reinforcement) 

  
Element Library: Standard 
Geometric Order:  Linear  

Element Type:  Truss 
Line  

Scaling Factors: 
Element Description:  A 2-node linear 3-D truss   

Mesh Technique:  - 
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Table C. 4 : C1.6Φ10NL and RC3.6Φ14L35 Finite Element Analysis Algorithm Details 

  
Analysis Type: Dynamic Explicit 
Time Period:  

Incrementation 
Type:  Automatic 
Stable Increment Estimator:  Global 
 Max Time Increment:   Unlimited 

Time Scaling Factor: 1 
Linear Bulk Viscosity Parameter: 0.06 

Quadratic Bulk Viscosity 
Parameter: 

1.2 

 

Table C. 5 :  : C1.6Φ10NL and RC3.6Φ14L35 Finite Element Analysis Element Types for 
Solid Parts 

  
Element Library: Explicit, 3D stress 
Geometric Order:  Linear  

Element Type:  Hex 
Integration:   Reduced 

Viscosity: Default  
Kinematic Split: Average Strain 

Second Order Accuracy:  No  
Distortion Control:  No  
Hourglass Control:  Default  

Stiffness viscous weight-factor:  0.5 
Element Deletion:  Default 
Max Degradation:  Default  

Scaling Factors 
Displacement Hourglass: 1 

Linear Bulk Viscosity:   1 
Quadratic Bulk Viscosity:  1 

Element Description:  C3D8R, An 8-node linear brick, reduced 
integration, hourglass control   

Mesh Technique:  Structured  
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Table C. 6 : C1.6Φ10NL and RC3.6Φ14L35 Finite Element Analysis Types for Truss 
Elements (Longitudinal Reinforcement) 

  
Element Library: Explicit 
Geometric Order:  Linear  

Element Type:  Beam 
Line  

Scaling Factors: 
Element Description:  A 2-node linear beam in space   

Mesh Technique:  - 
 

Table C. 7: C1.6Φ10NL and RC3.6Φ14L35 Finite Element Analysis Types for Truss 
Elements (Transverse Reinforcement) 

  
Element Library: Standard 
Geometric Order:  Linear  

Element Type:  Truss 
Line  

Scaling Factors: 
Element Description:  A 2-node linear 3-D truss   

Mesh Technique:  - 
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