
 

 

Concrete Shear Walls Retrofit by Weakening through 

Vertical Cuts and Self-Centering 

 
 

By 
 
 

Lissette Iturburu 
May 15, 2019 

 
 
 
 
 

A thesis submitted to the 
faculty of the Graduate School of 

The University at Buffalo, The State University of New York 
in partial fulfillment of the requirement for the degree of 

 

Master of Science 

 

Department of Civil, Structural, and Environmental Engineering 

 

 

 

 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright in this work rests with the author. Please ensure that any reproduction  
or re-use is done in accordance with the relevant national copyright legislation. 



iii 

Abstract 

This thesis explores seismic retrofit of poorly detailed reinforced concrete shear walls by 

weakening them through vertical and/or horizontal cuts and by adding self-centering 

through unbonded post-tensioning. Weakening is used to shift failure from brittle to 

ductile modes. Unbonded post-tensioning is used to reduce residual displacements after 

an earthquake. Finite element analyses were used to understand the impact of vertical 

and/or horizontal cuts and of unbonded post-tensioning. These analyses were validated 

with results of tests on conventional shear walls from the literature. Two walls with 

different failure mechanisms were analyzed: a lightly reinforced wall that failed with 

shear-slip and a shear critical wall. Analyses were used to study parameters such as 

gap between walls, initial post-tensioning force levels and confinement at walls toes that 

may play a role in structural response of retrofitted walls. The results of this investigation 

showed promising results in modifying the brittle response of these wall, to a more 

flexural response. The analysis showed that the drift at peak capacity increased at least 

70% for both configurations (with steel confinement) in the shear critical wall and the 

lightly reinforced wall, when compared to their respective original wall. It was found that 

by using these method, the strength of the wall could be partially recovered and that the 

crushing of concrete that was experienced in the original walls along with the extension 

of the cracking could be mitigated, with the use of an optimum post-tensioning force 

level. For the first weakening configuration, the lightly reinforced wall with the vertical cut 

and 2.8% Agf’c of post-tensioning force level, the wall recovered 82% of its original peak 

strength. For the shear-dominated wall, the wall recovered 50% of its peak strength, with 

5% of the Agf’c. For the second configuration, the rocking wall for the lightly reinforced 

wall and 2.8% Agf’c of post-tensioning force level, the wall recovered 70% of its original 

peak strength. For the shear-dominated wall with the rocking configuration, the wall 

recovered 30% of its peak strength, with 15% of the Agf’c 

Keywords:  Shear Walls; Weakening; Concrete; Self-centering; Vertical Cut; 

Horizontal Cut; Rocking; Code-deficient; Seismic 
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Chapter 1. Introduction 

Weakening of shear walls is a retrofit technique that can improve the behavior of 

non ductile buildings. Weakened configurations have been studied for frames (Kam and 

Pampanin 2008), shear walls (Ireland 2007), frame and masonry structures (Viti, 

Cimellaro et al. 2006), resulting in enhancement of ductility in element and system 

levels. The application of this retrofit technique on poorly detailed structural walls with 

different expected failure modes has not been extensively studied. This thesis explores 

weakening of poorly detailed concrete structural walls through vertical and horizontal 

cuts, in addition to added post-tensioning for reducing residual displacements.  

For reinforced concrete walls, flexural failure is ensured by designing walls with a 

much lower flexural capacity than shear capacity. As stated by Aktan and Bertero 

(1985), this design is generally based on the assumption of a triangular, linearly 

distributed demand along the height of the building. Older codes such as UBC (1997), 

ACI 318-83  and ATC 3-06 had equations that underestimate the contribution of many 

factors that affect shear capacity. These assumptions can lead to a much smaller ratio of 

actual flexural to shear capacity compared to the predicted ratio and an undesirable 

shear failure. Moreover, the ACI 318-02 guidelines for lap-splices in plastic-hinge zones 

for walls were not sufficient to develop the full flexural capacity of wall as shown by 

Brueggen, Waugh et al. (2007). Therefore, existing reinforced concrete walls designed 

to older codes may have undesirable failure modes and be in need of seismic retrofit.  

The objective of weakening shear walls is to change the expected brittle failure 

mode of non-code compliant walls to a more ductile failure mode (Figure 1). These brittle 

failure mechanisms such as compression and shear failure, out of plane failure and 

buckling of rebar can render the structure unrepairable due to excessive permanent 

deformations. Retrofitting shear walls by increasing ductility is expected to reduce 

seismic induced damage to structures for reparability. 
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Figure 1 Change of failure mechanism by retrofit. Credits for photographs: (Wallace, Massone et al. (2012), 
Franco (2011), Canterbury Royal Commission, (2011)) 

Retrofitting through weakening comes with its own challenges. Because 

weakening reduces wall capacity, walls become more flexible. Retrofitted structures may 

experience increased displacement demands that can be detrimental for drift-dependent 

non-structural elements or for other structural elements that may not have sufficient drift 

capacity. It is through the addition of post-tensioned strands that the structure can 

recover some of its initial stiffness and strength, after it is weakened. This research 

investigated the addition of post-tensioning to recover strength and stiffness of and 

provide self-centering to weakened walls.  
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1.1. Research objectives 

The main objective of this research is to understand the impact of retrofit by weakening 

through vertical cuts and self-centering through unbonded post-tensioning on the 

behavior of code-deficient reinforced concrete shear walls. The sub-objectives are the 

following: 

• Validate numerical models of code-deficient reinforced concrete shear walls under 

monotonic lateral loading with experimental results from the literature.  

• Document the effects of weakening and self-centering separately and together on 

original walls. 

• Compare original and retrofitted walls in terms of strength, stiffness and failure.  

• Understand the impact of parameters such as gap width created by a vertical cut, 

axial load ratio, posttensioned force level on the change in strength, stiffness and 

failure mechanisms. 

1.2. Scope 

This study used analytical methods to understand retrofit of shear walls through 

vertical cuts and post-tensioning. Finite element analyses of original and retrofitted walls 

were conducted by applying lateral monotonically increasing displacement at the top of 

walls. Load-displacement behavior of original and retrofitted walls were obtained and 

compared. Finite element models of original walls were validated using test data from 

the literature. Two shear walls were considered: a lightly reinforced wall and a shear 

dominated wall. The lightly reinforced wall had an aspect ratio of 1.5 and was selected 

due to this type of wall tendency to experience a shear sliding failure mechanism with 

only one horizontal crack being developed at the wall-foundation interface. The shear 

dominated wall has an aspect ratio of 2 and was selected due to its strong brittle 

response. For this study, the analyses were performed at the element level.  

The finite element models assume a continuous reinforcement, with perfect 

adhesion between the concrete and the reinforcement steel. The study of these two 
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structural walls indicates the feasibility of this retrofit technique but more studies are 

necessary to make design recommendations. 

1.3. Outline 

Chapter 2 reviews the literature for damage experienced by non-code compliant 

shear walls as a result of severe earthquakes, pointing out to most common failure 

mechanisms. This is followed by a comparison of weakening to other retrofit strategies.  

Frameworks proposed by others in the implementation of the weakening in frames, 

masonry walls and structural shear walls were reviewed.  

Chapter 3 explains the development of the finite element models along with the 

selection of parameters such as mesh size and materials. This chapter also gives some 

background on the modelling of concrete shear walls.  

Chapter 4 presents validation of finite element models of two shear walls in terms 

of load-displacement behavior and damage patterns. Parameters that needed calibration 

per experimental results were described in this chapter.  

Chapter 5 focuses on determining values of retrofit parameters that result in 

desirable failure mechanisms. Two configurations were considered for each wall: a 

weakened system and a rocking system. 

Chapter 6 presents a simplified cross section analysis for a selected retrofit 

configuration.  

Chapter 7 provides a summary of the principal results and identifies future needs. 
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Chapter 2. Literature Review 

Buildings with shear walls as their lateral resisting system are generally stiff 

enough to resist severe seismic events and avoid collapse. However, this high stiffness 

and mass also makes them vulnerable. Compared to moment resistant frames and 

braced frames, they experience higher accelerations which translate to greater force 

demands in structural elements. With extensive research in understanding the behavior 

of shear walls during seismic events in the last years, many older design and 

construction practices have become obsolete. These shear walls that do not comply with 

the current codes may not be able to develop sufficient ductility. The retrofit approach 

presented in this thesis aims to prevent a brittle response that might render structures 

with reinforced concrete shear walls unrepairable.    

  This section explains undesired failure mechanisms that may be mitigated with 

the retrofit method studied and the advantages of it in comparison with other retrofit 

techniques.  

2.1. Non-code compliant Shear Walls 

Shear walls have fulfilled a need of large lateral stiffness within a thin section for 

earthquake and wind resistant building design for over 70 years. It is only during the past 

10 years that their performance has proven adequate under seismic demands, when 

designed with codes such as NZ 3101 2006, CEN 2004 and ACI 318-11 or newer 

(Sritharan, Beyer et al. 2014). Figure 2 shows well distributed cracks for a ‘flexure 

dominated’ wall in an 11 story building 15 km away from the epicentre after the 6.1 Mw 

Christchurch Earthquake in 2011. Cracks extend through the 4th story as shown in 

Figure 1, as expected for buildings of this height. However, Sritharan, Beyer et al. (2014)  

indicated that although the understanding of shear walls has significantly improved, 

there were some knowledge gaps that needed attention as explored by the report of the 

Canterbury Earthquake Royal Commission  (Comission 2012). Recommendations for 

future research are laid out because some of the “well designed” walls did not performed 

as well as expected during the Christchurch earthquake.  These recommendations 

included: 1. the unforeseen increment on the axial load by the restraint of other structural 

elements during the formation of plastic hinges. 2. The needed attention on the 
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bidirectional loading on which not enough experimental testing has been performed; the 

moderate and high axial load ratios of the walls that will provoke buckling in the vertical 

bars in compression during the seismic loading. 3. The elongations of the structural 

elements due to the plastic hinge formation; and the stiffness degradation in the 

structure which will make the structure more flexible, among other recommendations. 

 

Figure 2 Shear wall response to Christchurch Earthquake: a well distributed cracks (Credits: Wilson and 
Lewis, 2011) 

Shear walls that fail to comply with current code requirements such as with 

minimum reinforcement ratios and thickness, together with lightly reinforced shear walls 

(ratios less than 2%) are expected to experience undesirable brittle failure modes and 

low ductility ratios which are also exacerbated in squat walls (Paulay and Priestley 

(1992)). As explained by Paulay and Priestley (1992), these failure mechanisms: 

diagonal tension, diagonal compression and shear sliding are not uncoupled and may 

appear as mixed modes after a wall has achieved its maximum flexural strength. Gulec 

and Whitaker (2009) developed a database of 435 walls with an aspect ratio less than 2 

where they identified how likely these failure modes are to appear depending on the wall 

aspect ratio. According to their investigation, walls with an aspect ratio less than 1 were 

shear-dominated walls, while walls with an aspect ratio higher than 2 were flexural 

dominated walls. Walls with an aspect ratio between 1 and 2 experienced mixed failure 

modes. Although they highlight that exceptions exist for this classification, as axial load, 

horizontal and vertical reinforcement ratios are parameters that influence the wall 

behavior. 
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Wallace, Massone et al. (2012) studied the implications of the ACI 318-95 and 

ACI 318-08 guidelines in reinforced concrete buildings in shear walls damaged during 

the 8.8 Mw Earthquake in Chile in 2010.  It was observed that overall, the damage was 

concentrated over a short height equal to one to three times the wall thickness (Figure 

3). The main characteristics of the surveyed walls were the lack of sufficient horizontal 

bar spacing that led to the fracture and buckling of vertical bars and concrete crushing 

(figure 3). The insufficient wall thickness together with large axial load ratios led to in-

plan instabilities. T and L-shaped wall configurations lacked adequate reinforcement 

detailing in the web-flange interface (figure 3b), leading to instabilities and premature 

failure.  

 

Figure 3 Damage in squat shear walls as a result of the 2010 Chile Earthquake (Credits: Wallace, 2012) 

 

Figure 4 Experimental buckling failure   (Credits: Wilson and Lewis, 2011)  

Another factor that can diminish performance of shear walls is the anchorage 

detailing and the location of lap splices, especially in tall buildings where continuity can 

be achieved with mechanical couplers. Experimental tests by Aaleti, Brueggen et al. 

(2012) showed that lap splices should be avoided in plastic hinge regions of structural 

walls. Wall ductility was greatly reduced under cyclic loading, caused by progressive 

deterioration of concrete-steel bond accompanied with slippage along the splice. Figure 

5 shows damage of a wall named as “RWS” of that study. This wall had lapped splices 
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at the top of the foundation wall and experienced concentration of severe damage at the 

foundation interface during cyclic loading.  

 
Figure 5 “RWS” test wall block (Credits: Aaleti, Brueggen et al, 2012) 

2.2.  Selective weakening as a retrofit technique 

Available retrofit techniques can range from strengthening and weakening of 

structural elements to changing the seismic demand load path and its demand level on a 

given structure. Additionally, it is understood that the selection of the technique is heavily 

affected by economical and practical constraints and the expected building performance 

by the owner. A sketch developed by Kam and Pampanin (2008) (Figure 6) shows the 

influence of these different techniques in the dynamic performance of a building for a 

single degree of freedom system. The acceleration-displacement response spectra 

intersect with the capacity spectra in a point called the “performance point”, which gives 

an estimate of the maximum pseudo-acceleration and pseudo-displacement 

experienced by the system. 

The conventional retrofit technique is the strengthening of structural elements 

(Figure 6), which increases structure stiffness, limits floor displacements but increases 

floor accelerations. While using this technique might result in a building with little residual 

drift, the floor accelerations will increase the damage in non-structural elements. The 

main disadvantage of this technique is the level of intervention in the super-structure and 

the foundation (Figure 7). Strengthening the seismic resisting system will require a 

greater demand on the foundation, especially due to overturning moments in the shear 

wall foundation. 
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Figure 6 Acceleration-Displacement Response Spectrum illustration of different retrofit philosophies and 
strategies (Credits: Kam and Pampanin, 2008 )  

 

Figure 7 Intervention of the foundation for Strengthening. (Credits:Thermou and Elnashai (2006)) 

 Supplemental damping, whether it is through the addition of yielding or viscous 

devices, will reduce the seismic demand level to dissipate earthquake input energy 

through hysteresis or viscous damping (Christopoulos, Filiatrault et al. 2006).  However, 

the load path of the seismic demand will change and some columns and beams may 

need strengthening by capacity design. Compared to the case of strengthening the 

structural elements alone (seen in Figure 6) where the energy will be dissipated mostly 

by inherent damping and some inelastic yielding, supplemental damping can achieve a 

better performance by reducing both floor accelerations and inter-story displacements.  

Base isolation (Figure 6) will minimize the amount of energy transmitted to the 

building through displacement based energy dissipation at the structure foundation level, 

acting as a “filter” of input energy. As seen in Figure 6, the displacement demand (at the 

base of the building) is higher to achieve a considerable reduction of pseudo-
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acceleration. Most common base isolation devices are elastomeric bearings and friction 

pendulum isolators. However, under current ASCE 7-16 guidelines and its “minimum” 

requirements, the probability of collapse for a new isolated building is greater than for a 

new non-isolated building for the maximum considered earthquake (Kitayama and 

Constantinou 2018). Thus, base isolation might not be perceived as the best alternative 

for buildings that already present a brittle response. Additionally, this is a very expensive 

retrofit alternative since structure has to be lifted and columns at the base have to be 

rigidly connected with very stiff beams so that the whole structure can move together. 

This retrofit strategy has been considered for preserving buildings with historical value 

(Christopoulos, Filiatrault et al. 2006).   

 The selective-weakening strategy (Figure 6) seeks to change the response of 

the structure from a non-ductile behavior to a more ductile behavior by removal of 

material (FEMA 356). In special moment resistant frames, a more ductile behavior is 

achieved by severing the beams, inducing a weak beam – strong column mechanism. 

While in the case of special reinforced shear walls, it is by making cuts so that the 

stiffness and strength can be reduced. As seen Figure 5, this technique will increase the 

inter-story displacement and reduce the floor accelerations.  

FEMA 547 (NEHRP 2006) mentions making vertical cuts in a wall with brittle 

behavior to induce a more flexural dominated response, as an alternative to the most 

commonly used strengthening strategy. Additionally, it points out other alternatives for 

weakening, such as cutting the longitudinal reinforcement chords, or making several 

vertical cuts in wall to divide a long wall into wall in panels. This type of retrofitting is 

recommended in FEMA 547 (NEHRP 2006)  for steel frames with concrete shear walls 

and for bearing wall systems. ASCE/SEI-41 (2017) also recommends the removal of 

material in non-structural components, where these components interact with the 

structural elements. 

Some of the disadvantages of this retrofit technique lie on the installation of the 

post-tensioning strands to reduce the displacement demand and on the possible 

strengthening of the load collector elements that will transfer the load. An example of a 

strengthening of a diaphragm (collector) with fiber reinforcement is shown in Figure 8, 

where carbon fibers are installed in the floor system.  



11 

 
Figure 8 Carbon fiber collector elements  installed on the floor Credits: (Panian, Steyer et al. 2007) 

The implementation of the post-tensioning cables are the greatest complication. 

Not only the cables are visible throughout the floors and are not necessarily aesthetically 

pleasing, but they must be connected to the foundation and to the roof. 

2.3. Previous studies on structural weakening 

Weakening has been conceptualized as an economical, non-invasive and low-

technology intensity technique (Kam and Pampanin 2008). This retrofit strategy is 

generally accompanied with supplemental damping devices. With selective weakening 

alone, the structural performance can only be upgraded to achieving a non-collapse 

objective owing to the newer displacement demands. Together with post-tensioned 

cables, it can induce self centering.   

Viti, Cimellaro et al. (2006) numerically examined a moment resistant frame that 

through weakening and the addition of damping, achieved both smaller inter-story 

displacements and floor accelerations. Their framework included disconnecting masonry 

walls from the frame, generating plastic hinges in the beams and adding supplemental 

damping with hysteretic dampers. The effects of using weakening alone and 

supplemental damping alone on the system were compared as well to the final retrofitted 

configuration. The use of weakening alone decreased the force demand in structural 

elements but increased the ductility demand. The hysteretic damping alone did not have 

a considerable effect in the accelerations but decreased the displacement demands 

considerably.  
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In an experimental and numerical investigation by Kam and Pampanin (2010) of 

a poorly detailed and poorly designed frame with round bars, weakening was used to 

trigger flexural plastic hinges. The numerical investigation showed that the original frame 

was susceptible to the formation of a complete shear joint mechanism and column 

collapse due to shear and splice failure. The approach was to cut the positive moment 

reinforcement to obtain flexural plastic hinges, followed by re-grouting the gap. The 

experimental program incorporated a push-pull loading protocol for the top column. The 

original structure failed in the joint at 1% drift, as shown in Figure 9 (a). The retrofitted 

beam was severed from the bottom face up to 50% its depth and failed at a drift of 2.5% 

with no shear joint failure (Figure 9 ).  A second beam was strengthened with 

posttensioned cables, which improved the performance up to a 1.7% drift but with 

column hinging. A final configuration included post tensioning together with 50% 

weakening and improved the frame performance allowing up to a 4.0% drift before 

failing.  

  
Figure 9  Results of selective weakening on beams. Original (left) and Weakened configuration (right) with 
50% beam weakening, (Credits: Kam and Pampanin (2010)) 

Ireland (2007) investigated weakening reinforced concrete structural walls in an 

experimental program and numerical analysis. The investigation included the analysis of 

two walls, the lightly reinforced wall that was selected for this thesis, and a shear critical 

wall. Two configurations were studied: a rocking wall configuration for the lightly 

reinforced wall and a vertical cut at mid-length of the wall for the shear critical wall. The 

rocking wall had the horizontal cut 50 mm (2 in) above of the base of the wall, with the 

addition of exterior steel confinement, post-tensioning strands and hysteretic dampers. 

The second configuration was a vertical cut a with a gap of about 40 mm (1.6 in), with 

unbonded post-tensioning, hysteretic dampers and adding externally bonded Fibre 

Reinforced Polymers (FRP). Figure 10 (left) shows the original shear critical wall, with 

characteristic shear cracks. Figure 10 (right) shows the retrofitted wall. The improvement 
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in the hysteretic behavior is clear from Figure 11 (left) and (right). The brittle shear 

behavior was turned into to a ductile flexure behavior. The strength of the retrofitted wall 

was one third of the original strength.  

  

Figure 10 Cyclic Performance at maximum drift: Original wall (left) and Retrofitted wall (right) ( Credits: 

Ireland (2007) ) 

 

  

Figure 11 Hysteretic response: Original wall (left) and Retrofitted wall (right) ( Credits: Ireland (2007) ) 

 In contrast to Ireland’s study (2007), this thesis explores the rocking walls with a 

vertical cut and an horizontal cut at the base. This way the tendency of the walls to slide 

at the base can be reduced. Additionally, Ireland (2007) studies the configuration with 
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the vertical cut, only for the shear-critical wall. In this study, both the rocking and the 

weakening by a vertical cut has been studied for both walls and for the different levels of 

post-tensioning with the aim to obtain an optimum level of post-tensioning where the 

greatest amount of stiffness and strength is recovered while changing the response of 

the element to a flexural response.  

2.4. Self centering systems 

Residual displacements and deformations may remain in structural elements 

after a seismic event. Systems that are no longer in the state of zero displacement - zero 

stress may affect neighboring structural elements with additional restraints due to the 

plastic hinging and elongation of elements.  It is through the addition of post-tensioning 

strands that these permanent displacements can be mitigated. Self-centering systems 

are able to bring back these structural elements (at least partially) to their initial state by 

a combination of self-weight based stability and post-tensioning cables. 

Rocking shear walls have been studied for precast concrete and steel shear 

walls during the last 20 years. Variations of the self-centering configurations include 

walls with unbonded pretension cables, with bonded and unbonded steel reinforcement 

in the wall and with the foundation (Srivastava (2013)).   

 Previous studies by  Perez, Pessiki et al. (2004), Srivastava (2013), and Perez 

and Mauricio (2018) have shown that the response of these systems is determined by 

structural limit states that depend mainly on the lateral displacement of the wall and the 

crushing of the concrete. An example of this response is shown in Figure 12, for a wall 

with unbonded PT steel and longitudinal reinforcement that is connected through the 

wall to the foundation. The limits states that govern this configuration are: 1. 

Decompression state (DEC), the state at which the wall has started to rock and the 

concrete, still behaves elastically. 2. Elastic limit (ELL), which is the lesser of the elastic 

limits of the concrete, the longitudinal steel, or the cracking moment of the concrete. 3. 

Yielding of mild steel (YM).  4. Fracture of mild steel (FMS). 5. Plastic limit of the post-

tensioning cable (LLP). 6. Concrete crushing at the tipping toe (CCC). 
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.  
Figure 12 Structural limit states for a wall with unbonded PT steel and longitudinal reinforcement. 

(Credits:Srivastava (2013)) 

Weakening structures will change the failure mechanism and impose higher 

displacement demands in the structure. Coupling of weakening with self-centering can 

reduce residual displacements (Kam and Pampanin (2010), Ireland (2007)) and restore 

stiffness and strength lost through weakening. In this study, the post-tensioning that will 

reduce this displacement demands is explored with two cases: a fully rocking 

mechanism and only by the addition of this post-tension.  
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Chapter 3. Finite Element Analysis 

Two walls were analysed: a lightly reinforced wall and a shear dominated wall. 

The lightly reinforced wall was taken from a selective weakening study by Ireland (2007), 

where a sample of New Zealand construction practice before the 70’s was tested under 

weakened configurations. The shear dominated wall was taken from a series of tests by 

Pilakoutas (1990). The selected wall experienced the highest reduction of post-peak 

stiffness among the walls tested. 

3.1. Finite Element Types and Solution Method 

Shear walls were modelled using brick and beam elements for concrete and 

reinforcement steel, respectively. Brick elements with reduced integration (ELFORM=1 

in LS-DYNA) were selected to decrease the computational time, instead of elements 

with full integration formulation (ELFORM=2 in LS-DYNA). In the case of the beam 

elements, the Hughes-Liu formulation with cross section integration was selected. In the 

case of the walls with post-tensioning cables, discrete beam elements are selected and 

connected to the loading beam through rigid solid elements. Figure 13 shows the 

implementation of these elements types in a close up of one the shear walls.  

 
Figure 13 Element types used in the finite element models.  

The elements with reduced integration come with a single integration point within 

the element, meaning the stress is constant across the element. The main disadvantage 

of these elements is the appearance of zero-energy deformations in the elements or 

hourglass (Hallquist 2006). LS-DYNA assumes a default hourglass control with a strain-

based method that takes into account the elastic stiffness of the material. The hourglass 
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energy has been monitored in the simulations and has accounted as less than 1% of the 

total energy.  The advantage that the elements with reduced integration offer against the 

elements with fully-integration is that they do not experience shear-locking, which makes 

the elements with poor aspect ratio stiffer. Therefore, elements with reduced integration 

were used in this study.  

The implicit formulation was selected due to its characteristic unconditional 

stability and iterative process with a maximum error of 0.05% in each time-step. The 

Broyden–Fletcher–Goldfarb–Shanno algorithm was applied: default in LS-DYNA for 

implicit problems (Hallquist 2006). The global stiffness matrix is updated in every time 

step and every iteration (by setting ILIMIT=1) until the maximum number of reformations 

or convergence is achieved. 

3.2. Material models for the modelling of Shear walls 

Modelling the shear walls required an inelastic concrete model with the addition 

of strength degradation for the concrete, a plasticity material model for the 

reinforcement, elastic material models for other components of the retrofit such as the 

post-tensioning strands, exterior steel confinement and shear keys. This section 

discusses the parameters for each of the material models. 

3.2.1. Inelastic concrete model 

The constitutive models for concrete available in LS-DYNA were initially 

developed for impact loadings with a specific range of applicability that has been 

validated and enhanced for other applications over the years (Hallquist 2006). These 

models are the Karagozian & Case Concrete (KCC) Model, the Winfrith Concrete Model, 

the Continuous Surface Cap Model, and the RHT Model.  

The KCC Model was developed for blast loadings in substantial dividing walls 

used in munitions production, maintenance and storage facilities (Malvar, Crawford et al. 

1997). The Winfrith Concrete Model was developed for impact loadings such as aircraft 

impact loads and blast loaded panels (Broadhouse and Neilson 1987). The Continuous 

Surface Cap Model was developed for roadside safety structures such as concrete 
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response against crashing (Murray 2007).  Finally, the RHT model was also developed 

for impact loadings (Borrvall and Riedel 2011). 

Coleman (2016) presented a comprehensive comparison of these four models. 

The study showed how the response of these models changed depending on the strain 

rate, mesh size, and monotonic loading. It was found that among these models, the 

strain rate (from 0.001/s to 1/s) and mesh size did not affect the response of the Winfrith 

model. In the case of the KCC however, it could mean an increment of 2 times the 

concrete strength, when the strain-rate enhancement option is included. If the strain-

enhancement is not included, the strain-rate does not affect the peak strength as 

much as it does for the RHT model. It is worth noting that although the strength of the 

concrete depends on dynamic loading (Pająk 2011), it should not change significantly 

within the range of strain rates that are commonly experienced during a seismic event. 

Additionally, the CSC and RHT models are both sensitive to the selected element 

formulation and hourglass control definitions. For monotonic loading, all material 

models were able to capture the softening-post peak of concrete, excluding the 

Winfrith model. This behavior is important in damage accumulation, which can be 

captured with element erosion, as shown by Epackachi and Whittaker (2018) in a 

study of 22 reinforced shear walls.  

The Winfrith model is not suitable for all concrete applications. A study by 

Wu, Crawford et al. (2012) shown in Figure 14, compared a triaxial compression test 

of a solid cylinder to simulations in the KCC (a), Winfrith (b) and CSC (c) models for 

different concrete compressive strengths. The boundary conditions of their 

simulation are shown in Figure 14 (left). In Figure 14, results of the test and 

simulation are depicted with dashed and solid lines, respectively. Winfrith model did 

not predict behavior under triaxial compression well. 

 

 
Figure 14 Cylinder test simulation for different concrete materials models (from left to right): Boundary 
condition of the test, MAT-072, MAT-084, MAT-159 in LS-DYNA.  Credits (Wu, Crawford et al. 2012) 
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The Winfrith material model was developed by Broadhouse and Neilson (1987) 

and it is based on the 4-parameter criterion proposed by Ottosen (1979), with an 

addition of a crack width related tensile strength, an optional strain rate dependence and 

crack visualization. The Ottosen criterion is characterized by the unconfined 

compression strength, the uniaxial compression strength, the biaxial compressive 

strength, and an arbitrary triaxial state of stress that depend on the principal deviatoric 

invariants J2 and J1: 

𝐴 ∗
𝐽2

(𝑓𝑐
′)2

+  𝜆
√𝐽2

𝑓𝑐
′ + 𝐵 ∗

𝐼1

𝑓𝑐
′ − 1 = 0 

The parameters A, B and λ depend on the tensile and compressive strength 

ratio. The biaxial compressive strength is rather approximated with the test results of 

Kupfer, Hilsdorf et al. (1969), with the biaxial compressive being about 16% greater than 

the uniaxial compressive strength.  

As mentioned before, the Winfirth constitutive model was developed for impact 

problems. Thus, it includes a strain rate relationship that will affect the way the cracks 

propagate along the solid. This is optional for the user and strain rate effects have been 

neglected for this investigation. 

A crack occurs when a solid element has failed under tension. The Winfrith 

model uses crack propagation, two point approximation by Wittmann, Rokugo et al. 

(1988), where the crack widens up with the loss of axial strength. In the non-rate 

dependent case, the user inputs only the crack width that makes the tensile strength in 

an element drop to zero. The second point is taken as 25% of the tension uniaxial 

strength (Schwer 2011). 

Element erosion is the automatic deletion of elements during the simulation once 

an element attains a given strain or stress. This modelling technique has been adopted 

because the Winfrith model is an elastic-plastic model for concrete that only includes 

softening for tension and not for compression. The strength of a wall is influenced by the 

compressive strength of the concrete and tensile strength of the steel. Thus, element 

erosion is applied to concrete after a predetermined effective compressive strain. This 

strain was calibrated to achieve a better fit with the overall behavior of the shear wall. 

This technique produces an imbalance in the total energy because as elements are 
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eroded, they stop interacting with the surrounding elements.  The material properties 

used as an input for the Winfrith model are provided in Section 3.5 for each shear wall 

modeled in this study. 

3.2.2. Plasticity material model for steel reinforcement 

The Mat-Plastic-Kinematic (MAT003) material model in LS-DYNA was used for 

the reinforcing steel. The constitute model is defined by the modulus of elasticity, 

poisson’s ratio, and yield strength. The model assumes an isotropic behavior and can 

include kinematic hardening. In this study, kinematic hardening was neglected. A young 

modulus of 200 GPa and Poisson’s ratio of 0.3 was used for all cases. Other material 

properties for reinforcing steel used as input for the finite element model are provided in 

Section 3.4 for each shear wall modeled in this study. 

3.2.3. Cable elastic material model for post-tensioning strands 

The cable material (Cable_mat in LS-DYNA) was used for post-tensioning 

strands. The material is elastic and is not discretized along the length of the cable. For 

this material, the user must define the time in which the initial post-tensioned force is 

developed and it is recommended that a ramp function is used to develop this force. The 

initial post-tensioned force was developed in 0.25 s in this study. During the simulation, 

an additional post-tensioned force was developed according to deformation of the cable. 

The properties for the strands are the same as an elastic steel material. A elastic 

modulus of 200 GPa and a poisson’s ratio of 0.3. The strands had an area of 100 mm2 

(0.16 in2) for all the models that included them. The area is not a vital parameter for this 

material model and any area can be defined (e.g. 1 mm2). It is the initial force that is an 

input by the user and the rotation of the cap-beam (for the walls only with vertical cut) or 

displacement (for the walls with vertical and horizontal cuts) that define the force 

developed in the cable, which can be calculated by the user as stress.    

The strands were connected to the loading beam through rigid plates that had 

the same elastic properties as the steel. The strands were fixed at the foundation level.  
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3.2.4. Elastic material model  

An elastic material model was used for the concrete in the foundation and 

loading beam with the same elastic stiffness and Poisson’s ratio as each shear wall were 

used. Similarly, an elastic material model was used for the steel plates that connect the 

strands to the loading beam and for the toe confinement. The material properties used 

for foundation, loading beam, steel plates are displayed in Table 1. 

Table 1 Material Properties for Elastic material model 

Parameters 

 
 

Steel Plates 

 
 

Concrete 

Density (
𝑇𝑜𝑛−𝑠

𝑚𝑚3 ) 7.8 ∗ 10−9 2.4*10−9 

Poisson’s Ratio  0.3 0.18 

Initial Tangent 
Modulus  (GPa) 

200 28 

 

3.3. Contact  

Interaction between the different surfaces are present in the retrofitted walls as: 

two adjacent wall segments, the walls and the steel confinement and the walls and the 

foundation were simulated with the finite element tool in LS-DYNA, “contact”. This 

interaction is shown in Figure 15. Parameters such as friction and contact formulation 

need to be defined for the use of this tool. The static coefficient of friction was assumed 

to be the same as the dynamic coefficient of friction and was assigned to the different 

interfaces according to the values shown in Table 2. 

Table 2 Static coefficient of friction for different sufarces 

Surfaces in contact 
Static Friction 

coefficient 
Source 

Concrete and concrete 0.7 Fib 2010 Concrete 
model y Beverly 

(2013) 
Steel and Steel 0.5 Fib 2010 Concrete 

model y Beverly 
(2013) 

Concrete and Steel 0.5 Bruneau, Kenarangi et 
al. (2018) 
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Figure 15 Types of contact used during the modelling of the shear walls 

If the adjacent wall segments interact with each other due to local deformations, 

friction coefficient is expected to influence the ultimate capacity in the strain hardening 

range due to contact forces along wall interfaces. Similarly, the coefficient of friction is 

expected to be instrumental in the sliding capacity of rocking walls over foundation. 

Vertical and horizontal cuts are expected to be created by mechanical means 

such as by using a concrete saw. The roughness of the weakened surfaces was 

assumed to be the same as a cast-in situ concrete. The coefficient of friction was 

selected from the fib Concrete model (Beverly 2013), which offers different ranges of 

friction coefficient depending on interface smoothness. It was assumed that concrete to 

concrete interface had the properties of a very rough to rough surface. Thus, a 

coefficient of static friction of 1.0 was selected.  

The coefficient of friction for the steel casing that provided confinement and 

protection against crushing to the wall, was specified as 0.5. A study by Bruneau, 

Kenarangi et al. (2018) for a circular concrete shaft with steel casing for different 

coefficients of friction showed that over 0.5, the coefficient of friction does not affect the 

flexural capacity significantly..   

LS-DYNA offers different contact formulations depending on the stiffness of the 

materials in contact, the type of elements that come into contact (e.g., solid with solid, 

solid with shell) and type of entity that is taken as the slave and master (nodes, shells, 

bricks). The penalty formulation with the standard penalty approach and hard contact 

were selected. Hard contact is for surfaces with stiffness of the same order of 

magnitude. 
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The penalty method was developed by Hallquist, Goudreau et al. (1985) and it is 

based on the contact segment material properties (mass and stiffness). This method 

consists of first, reforming the global stiffness matrix and locations of nodes and then, 

checking if penetration between the master and slave element exists. When penetration 

exists, the algorithm places interface springs between the penetrating surfaces, moving 

the segments away from the penetration. These springs create forces that depend on 

the material stiffness and mass and can be scaled down. This approach has been found 

to excite little, if any, hour glassing (Hallquist 2006).  

3.4. Reporting of results 

In this document, the finite element results will be reported in terms of stress in 

Mega Pascal (MPa) and strains (mm/mm) or (in/in). In LS-DYNA, the effective stress or 

von misses stress and the effective stress or maximum and minimum direction principal 

strains are used for solid elements. The minimum principal strains are referred to the 

compressive strains, while the maximum principal strains are referred to the tension 

strains. For the reinforcement (beam elements), the axial stress is preferred as it is 

easier to tell whether an element has yielded or not, especially since monotonic loading 

has been used in the analysis. For elements such as cables (also beam elements), the 

force that is developed during the simulation is preferred. 

Element erosion is used in all the models. To compare the crushing of concrete 

between the walls, an “Element erosion volume” or (EEV) has been calculated, which is 

the percentage of the elements that have been eroded from the models by the volume of 

the original wall. 

For every retrofitting configuration, a monotonic loading is applied to obtain the 

force-displacement relationships for the different levels of post-tensioning (%Acf’c) that 

are explored with these walls. The parameters of interest to characterize these curves 

for each post-tensioning force level are shown in Figure 16. The main objective of this 

investigation is to change the brittle mechanism of the wall to a more flexural response. 

By changing the post-tensioning force levels, a better performance of the wall or a 

limiting post-tensioning force level might be found through these parameters of interest.  
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Figure 16 Parameters of interest of this study 

Reporting the initial stiffness can be useful for service load calculations. In addition, to 

the other parameters such as the yield shear capacity, the ultimate shear capacity, the 

yield displacement and the displacement at peak capacity, along with the strength 

degradation, due to its importance in performance based design analysis.  

3.5. Finite Element Models 

The finite element models were created from existing walls in the literature.  

Material properties were as reported by testing (e.g., compression strength of concrete) 

or derived from properties reported by testing (e.g., modulus of elasticity of concrete in 

compression). An exception to this was the calibration of uniaxial tensile strength and 

the crack width of concrete. These parameters, which have large variabilities, were 

calibrated to achieve a better fit between finite element analysis and test results.  

3.5.1. Finite element model for wall “W1” 

  The experimental program by Ireland (2007) included a lightly reinforced wall and 

a shear dominated wall, tested before and after retrofit by weakening and with dampers. 

Wall characteristics such as reinforcement ratios and spacing resulted from a field 

survey and comparison with the New Zealand Standard 1900. The survey indicated that 

reinforcement sizes and spacing, and wall thickness were consistent in most buildings 
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regardless of the wall shape. For instance, the preferred bar diameter for longitudinal 

and transverse reinforcement was 12 mm (½”) and between and 10 mm and 12 mm 

(3/8” – ½”) with spacing of 25 mm (1’’), respectively. Prototype walls had the 

development of lap slices at plastic hinge locations and the 90 degree hooks obtained 

from the survey.  

For the present study, the lightly reinforced wall “W1” was selected because it 

failed under shear sliding with a single crack developed in the wall-foundation interface 

under lateral loading. The details of the wall and its experimental set up are shown from 

Figure 17 through Figure 19. The photo report in Figure 17 shows channels that restrict 

the wall to out of plane movement, post-tensioning strands that together with a vertical 

actuator maintain the axial load constant throughout the test. More details of the 

experiment set up are shown in Figure 18. 

The prototype wall “W1” was scaled down by a factor of 1.58 from the field 

findings to the experiment. The final cross section of the wall is shown in Figure 19 and 

the elevation is shown in Figure 20. The wall was initially expected to support an axial 

load ratio of 4.7% with 28 MPa of the concrete compressive strength accounting for 

7MPa of strength gain over time and 21 MPa of common design strength of New 

Zealand constructions in the 70’s (Ireland 2007). However, on the day of the test the 

concrete had a compressive strength of 38 MPa, leading to an axial load ratio of 3.15%. 

 
Figure 17 Photo report of Wall W1 (Credits: Ireland (2007)) 
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Figure 18 Experimental set up for wall W1 (Credits: Ireland (2007)) 

 
Figure 19  Wall cross section for wall W1  

 For this wall (W1), the reinforcement steel that was used were round bars with no 

deformation. The steel reinforcement properties were obtained through uniaxial tensile 

tests and are summarized in Table 3. The same properties were applied for the 

modelling of the walls. During the test, post-tensioning cables with a force of 150 kN 

were used to simulate an axial load that was maintained constant during the test. This 

load was converted into a uniformly distributed load applied over a distance 150 mm 

over the top of the wall used in the validation.  

Table 3 Steel Properties in the model 

Reinforcement 
 

Diameter (mm) 
 

Fy (MPa) Fu (MPa) εu  (mm/mm) 

Transverse 6 370 460 0.0187 

Longitudinal   8 310 415 0.186 
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 The wall was modeled with a mesh size of 25 mm, chosen after a mesh 

sensitivity analysis. Table 4 shows material input parameters used for concrete material 

model and how they were calculated or obtained.   

 
Figure 20  Wall elevation section for wall W1  

 The post-tensioning strands were applied in the model, as they were applied in 

the experimental testing by Ireland (2007). The location of the post-tensioind strands are 

shown in Figure 21. The loading beam had along its center line an actuator that pushed 

the loading beam, instead displacement control was used as displayed in Figure 22. The 

displacement was applied at the cap beam using a ramp function with a maximum 

displacement of 45 mm (1.7 in) in ten seconds to avoid dynamic effects in the implicit 

analysis. The maximum displacement translates to 3% drift of the shear wall with a 

height of 1500 mm (59 in). A post-tensioning force of 150 kN (33.72 kip) was applied 

through the strands in the model (3.15% Acf’c). This force was maintained during the 

simulation, as it was during the test. Only the half of the shear wall was modelled 

utilizing symmetry through the thickness of the wall. 
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Figure 21 Localization of post-tensioing strands. Credits: Ireland (2007) 

Table 4 Material Properties of the Winfrith concrete model for wall W1  

Parameters Values Source 

Density 
2.4 ∗ 10−6

𝑘𝑔

𝑚𝑚3
 

Beverly (2013) 

Uniaxial Compressive 
Strength 

38 MPa As tested by Ireland 
(2007) 

Initial Tangent Modulus 28972 MPa 4700 ∗ √𝑓𝑐
′ 

Poisson Ratio 0.18 Epackachi and 
Whittaker (2018) 

Aggregate size 13 mm diameter As tested by Ireland 
(2007) 

Uniaxial Tensile 
Strength 

0.45 Mpa Calibrated 

Fracture Energy 0.14 
𝑁𝑚𝑚

𝑚𝑚2   Beverly (2013) 

Crack Width 0.14 2 ∗ (
𝐹𝐸

𝑓𝑡
)  from  Beverly 

(2013) 
Principal compression 

strain after which 
concrete erodes 

1.5% Calibrated 
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Figure 22 Boundary conditions and material models applied in the simulations 

 

3.5.2. Finite element model for wall SW5 

The shear dominated wall was selected from the experimental work by 

Pilakoutas (1990), where 9 walls were tested. This experimental program was developed 

to understand the effectiveness of web and shear reinforcement in shear resistance and 

energy dissipation. It was found that concentrating flexural reinforcement closer to the 

extreme fibres provided more efficient sections and that providing additional shear 

reinforcement did not significantly improve the post-peak behavior of the wall. On an 

extreme case of flexural reinforcement concentration, the wall “SW5” (Figure 23) is 

designed with 2.54% and 0.47% flexural reinforcement ratio in the boundary elements 

and in the web, respectively. Figure 23 shows the cross section of wall SW5 and Figure 

24, its elevation. 

 
Figure 23 Cross Section of SW5 Wall 
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Figure 24 Elevation of SW5 Wall 

 

The model boundary conditions are displayed in Figure 25.  During the experiment to 

displace the shear wall, two steel beams come in contact with the loading beam on each 

side as shown in Figure 25 (left). In order to mimic this loading, the displacement was 

applied in all nodes along the top surface of the loading beam as shown in Figure 25 

(right). The displacement was applied per a ramp function with a maximum displacement 

of 25 mm in ten seconds to avoid dynamic effects in implicit analysis. The maximum 

displacement translates to 2% drift of the shear wall with a height of 1200 mm. No axial 

load was added as the experiment did not have any axial load during the test. Only half 

the thickness of the shear wall was modelled utilizing symmetry across the thickness of 

the shear wall.  The finite element model for wall SW5 had a maximum mesh size of 7.5 

mm, chosen due to geometric constraints. For example, the cover measured from the 

center of the most extreme bar is 15mm.  

Table 5 Steel Properties in the model 

Reinforcement 
 

Diameter (mm) 
 

Fy (MPa) Fu (MPa) εu  (mm/mm) 

Transverse 4 400 460 0.06 

Longitudinal   16 535 660 0.02 

Longitudinal   6 545 590 0.075 
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Figure 25 Experiment set up as tested by Pilakoutas (1990) (left) Boundary conditions in the model (right) 

 

Table 6 Material Properties for Winfrith Model for SW5 Model 

Parameters Values Source 

Density 
2.4 ∗ 10−9

𝑇𝑜𝑛 − 𝑠

𝑚𝑚3
 

(Beverly 2013) 

Uniaxial Compresive 
Strength (𝑓𝑐

′) 
31.8  MPa As tested by Pilakoutas (1990) 

Initial Tangent Modulus  26504 MPa 4700 ∗ √𝑓𝑐
′ 

Poison Ratio  0.18 Epackachi and Whittaker (2018) 

Aggregate size  10 mm As tested by Pilakoutas (1990) 

Uniaxial Tensile Strength 3  Mpa  Calibrated 

Fracture Energy (FE) 0.06 
𝑁𝑚𝑚

𝑚𝑚2  𝐺𝑓𝑜 ∗ (
𝑓𝑐

′

10
) from Fib 2010 

concrete model (Beverly 2013) 
Crack Width 0.09 2 ∗ (

𝐹𝐸

𝑓𝑡
) from Fib 2010 concrete 

model (Beverly 2013) 

Mimimum principal strain -1.5% Calibrated 
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Chapter 4. Validation 

In this chapter, finite element model results of the two walls tested by Ireland 

(2007) and Pilakoutas (1990) were compared to the results of tests. Cyclic curves 

obtained from testing were compared to load-displacement response obtained from finite 

element modeling. Strain contour plots obtained from finite element modeling were 

compared with failure reported failure modes. 

4.1. Wall W1 

 The prototype wall “W1” had a progressive loss of stiffness, particularly at 1.5% 

and 2.5% drift. It had a single major crack along the wall to foundation interface. A 

comparison between the experimental photographic report and simulations results are 

shown from Figure 26 to Figure 28.  The results in the finite element model are reported 

in terms of maximum principal strains (tension).  

At 1.0% drift (Figure 26, left), extensive cracking developed at the wall corner, 

which widened the crack in the wall-foundation interface, in every cycle. In the model 

(Figure 26, right), tension strains are developed from the base of the wall to one third of 

the height of the wall. These tension strains indicate cracking, which at 1.5% is extended 

up to ¾ of the wall length.  

  
Figure 26 Comparison between experimental photographic report (Ireland (2007)) and simulation at 1% drift  
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At 1.5% drift (Figure 27, left), during the testing extensive cracking is developed 

at the wall corner, which widened the crack in this interface in every cycle. In the model 

(Figure 26, left), tension strains are developed from the base of the wall to one third of 

the height of the wall. These tension strains indicate cracking, which at 1.5% is extended 

up to ¾ of the wall length. 

  
Figure 27 Comparison between experimental and simulation at 1.5% drift  

At the end of the test, at 3.0% drift (Figure 28, left), spalling of concrete and buckling of 

the longitudinal reinforcement was observed in wall toes in the test. Poorly detailed lap 

slice did not govern the behavior, contrary to what was expected. Ireland (2007) 

explained that the bars had corroded surfaces, which may have increased concrete-steel 

bond. In the finite element model, Figure 27 (right), extensive crushing of the concrete 

on the right corner of the wall.  

Numerical model results are plotted against the test cyclic test curve in Figure 29.  The 

numerical model plot displays the reaction force in the direction of the loading. Since 

only half the wall was modelled, the reaction force from the test was divided by 2 for 

comparisons to the model results. Figure 29 shows that elastic stiffness, which depends 

on the steel reinforcement area and concrete elastic stiffness, obtained from the model 

is very close to the experiment. Concrete uniaxial tensile strength governed the post 

elastic stiffness and the peak strength. Tensile strength was reported to be 3.4 MPa. 

This strength was calibrated to 0.45 MPa to better match post-peak strength. Reductions 
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in concrete tensile strength are possible due to the micro crack formation during casting 

(Epackachi and Whittaker (2018)).  

  
Figure 28 Comparison between experimental and simulation at 3% drift  

Erosion of finite elements started around 0.5% drift, coupled with a small reduction in 

post peak strength. The greatest amount of finite element deletion occurred at 1.5% drift, 

which is consistent with spalling of concrete during the test. From this displacement on, 

element erosion progressed with the formation of cracks. At the end of the simulation, 

most of the elements on the right edge of the wall (shown in white color in Figure 26) 

eroded across a height between 50 mm (2 in) and 200 mm (8 in). This matches with the 

location of the single crack that appeared wall-foundation interface during testing.  

 
Figure 29 Comparison of wall W1 forced-drift relationship as obtained from testing (Ireland (2007)) and from 
finite element modeling for the cyclic test in positive direction of the testing 
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 Although, a good fit between the force-displacement relationships from in the 

positive direction of the testing was obtained. For the other direction of the cyclic testing 

(Figure 30), the strength degradation was not well captured.  

 
Figure 30 Comparison of wall W1 forced-drift relationship as obtained from testing (Ireland (2007)) and from 

finite element modeling for the cyclic test in negative direction of the testing 

4.1.1. Validation of Wall W1 with self-centering model results  

A rocking version of wall W1 with post-tensioning strands and steel encased wall 

toes was also tested by Ireland (2007). The simulation and boundary condition of the 

test are showed in Figure 31. Wall was tested to 2.0% drift at which there was no failure 

as the wall slid freely.  

 
Figure 31 Desription of Wall W1 with selfcentering model 
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A good match between the simulation and the experiment results was obtained, as seen 

in Figure 32 for the positive direction of the testing. The jaggedness in the finite element 

results is a result of the unseating of the wall, which was also present in the experiment. 

For the negative direction of the testing (Figure 33), the force-displacement relationship 

from the model predicted a higher stiffness than the one obtained in the cyclic testing. 

 
Figure 32 Comparison of test results (Ireland (2007)) to finite element model results for W1 with self-
centering for the postive direction of the tesint 

 
Figure 33 Comparison of test results (Ireland (2007)) to finite element model results for W1 with self-

centering for the negative direction of the testing 
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4.2. Shear Dominated Wall 

The SW5 wall showed a shear dominated failure with concrete crushing and strength 

loss at 0.8 % drift (10 mm). The wall was tested up to a 2.0% drift as seen in Figure 34. 

The finite element model was not able to simulate after the wall experienced excessive 

concrete crushing along the shear crack at 1.4%. The authors reported that at 2.0% drift, 

the stirrups had just started yielding and the longitudinal bars had not reached their yield 

strain. The numerical model results are plotted against the cyclic test curve in Figure 34, 

in the positive direction of the testing.  Finite element predicted the wall behavior well in 

terms of stiffness, peak and post-peak strengths in this direction. For the other (negative 

direction of the testing), the peak stiffness was over predicted, as shown in Figure 34.  

 
Figure 34 Comparison of wall  SW5  forced-drift relationship as obtained from testing (Pilakoutas (1990)) 
and from finite element modeling for the cyclic test in the positive direction of the testing 
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Figure 35 Comparison of wall  SW5  forced-drift relationship as obtained from testing (Pilakoutas (1990)) 
and from finite element modeling for the cyclic test in negative direction of the testing 

The comparison between the experimental results and the finite element models are 

shown from Figure 36 to Figure 38. Erosion of finite elements started around 0.8% drift, 

similar to the drift at which the wall started experiencing shear cracking and crushing of 

the concrete. The erosion of elements propagated from the bottom right corner of the 

wall upwards as seen Figure 38 (right) as white regions, similar to the shear dominated 

crack propagation shown in the experiment report.  

  
Figure 36 Comparison between the experiment report (Pilakoutas (1990)) (left) and simulation at 0.33 % drift 

(right) 
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Figure 37 Comparison between the experiment report (Pilakoutas (1990)) (left) and simulation at 0.8 % drift 
(right) 

  

Figure 38 Comparison between the experiment report (Pilakoutas (1990)) (left) and simulation at 1.2 % drift 
(right) 

The stress field shown in Figure 39 (left) of the reinforcement is also consistent with the 

experiment observations. A close up of the stresses in for the reinforcement is also 

shown in Figure 39 (right). Pilakoutas (1990) reported that at the end of the test, the 

longitudinal reinforcement had just started yielding and the shear reinforcement did not 

yield.  



40 

 

 
 
 
 
 

 

Figure 39 Stresses in the steel reinforcement for the wall (left) and for the most stressed region (left)  
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Chapter 5. Retrofitting Shear Walls  

This chapter focuses on investigating the response of shear walls that are 

retrofitted through weakening and self-centering. The walls used for the validation study 

were modeled with retrofit. The modeling results were compared for original and 

retrofitted walls. Two types of weakening were studied: 1) creating a vertical cut at mid-

length of wall, 2) creating a vertical cut at mid-length of wall together with a horizontal cut 

at the base of wall. A vertical cut changes the wall length and aspect ratio of walls. A 

horizontal cut allows walls to rock over the foundation. Both cuts reduce stiffness and 

strength of original walls. For both cases, retrofit was completed by adding post-

tensioning to walls to recover strength and stiffness and to provide self-centering. For 

some walls, wall toes were confined to prevent premature crushing of concrete.  

5.1 Retrofitting with a vertical wall cut 

The retrofitting approach was to remove material in the middle of the wall, 

severing concrete and shear reinforcement along the height of the wall (weakening) and 

adding post-tensioning (self-centering). The stages of retrofit are shown in Figure 40. 

Thresholds after which weakening of a shear wall changes the brittle behavior of the wall 

to a more ductile and stable behavior are sought. Therefore, the impacts of the gap 

width at the center line of the wall, amount of axial load and post-tensioning strand 

eccentricity on structural response were studied. Limits of feasible axial loads were 

suggested based on the response of the two weakened walls. These limits can also be 

used in the selection of the initial force on post-tensioning strands.  

 
Figure 40 Stages of retrofit for the walls with the vertical cut 
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Gap thickness in between the two walls created due to a vertical cut was varied, 

as this gap influences when/if two walls come in contact during lateral displacement. The 

gap thickness was varied from 2 mm to 40 mm in 10 mm increments. A gap of 2mm 

between walls was sufficient enough to prevent walls from coming into contact. 

Therefore, increasing the gap beyond 2mm did not change the results and results of 

these analyses are omitted from this thesis.  

Because weakening decreases wall stiffness and strength, post-tensioning 

strands were added to both walls (W1 and SW5) to partially or fully restore stiffness and 

strength loss. Post-tensioning strands were modeled as linear elastic in this study and 

do not contribute to energy dissipation. Instead, post-tensioning strands control inter-

story drift and control crack propagation. The parametric study included the variation of 

the initial post-tension force in strands for both walls. Different post-tensioning forces 

were studied for W1 and SW5 walls, which are expressed in terms of %Acf`c, where Ac is 

the gross concrete cross section area and f`c is the compressive strength of concrete. 

For the W1 wall, the initial post-tensioning forces were 0.2% Acf`c, 2.8% Acf`c, 4.8% Acf`c, 

7% Acf`c in addition to the post-tensioning force level of the original wall, which is 3.15% 

Acf`c,. For the SW5 wall, the initial post-tensioning forces were 0% Acf`c, 5% Acf`c, 10% 

Acf`c, 15% Acf`c, 20% Acf`c, 30% Acf`c.  

During the validation for wall W1, the axial load (or gravity loading) was applied 

to the loading beam through post-tensioning cables and was maintained constant. For 

the parametric analysis for this wall, the force levels mentioned above are in addition to 

the axial load given in the original wall.  

5.1.1. Retrofit of Wall W1 

The model characteristics for wall W1 after retrofit are showed in Figure 41. The 

same displacement was applied on the retrofitted wall as the original wall. Post-tension 

force varied from 0.2%Acf`c to 7%Acf`c. Post-tensioning cables were connected to the 

loading beam through rigid steel plates and developed the initial post-tension force in 

0.25s.  
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Figure 41 Elements of the model with retrofit  

Figure 42 shows the strength of the retrofitted walls were equal or smaller than 

50% of the strength of the original wall. With 0.2%Acf`c, the retrofitted wall experienced 

concrete crushing at 2.8 % drift. This retrofitted wall had increasing strength after yield, 

as opposed to strength drop observed in the original wall in the post-yield range. 

 
Figure 42 Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 

post-tensioning ratios 

Concrete strain contours are shown from Figure 43 to Figure 46 for the different levels of 

post-tensioning and are compared with contours of the original wall with 0.2%Acf`c of 

axial load. The walls with the post-tensioning force (from 0.2% to 4.8%) were capable of 
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undergoing greater deformation than the original wall without experiencing a significant 

loss of strength at similar drift levels. The minimum principal strains from Figure 43 to 

Figure 44, shows the transition of the crushing of concrete. It is worth noting that as the 

post-tensioning force levels increase, it is not only the right corner of the walls undergo 

strains closer to the calibrated crushing strain of 1.3%. The whole body of the wall is 

stiffening (not only in the plastic hinge zone) and the concrete is starting to crush in other 

areas as seen in Figure 44 for a post-tensioning force level of 7% Acf`c. 

  .  
Figure 43 Minimum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 0.2 %Acf`c ratio and retrofitted wall 

with 2.8 %Acf`c .  

   
Figure 44 Minimum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 4.8 %Acf`c ratio and retrofitted wall 
with 7 %Acf`c .  

Figure 45 and Figure 46, shows the progression of the tension strains compared to the 

original wall, which is where cracking is expected. It can be appreciated that the cracking 

can be expected to be less extended over the wall height and length compared to the 

original wall. The tension strain has been also reduced from 5% to 3.5% with all the 

initial post-tensioning force on the retrofitted walls that are presented in these figures.  
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Figure 45 Maximum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 0.2 %Acf`c ratio and retrofitted wall 
with 2.8 %Acf`c .  

   
Figure 46 Maximum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 4.8 %Acf`c ratio and retrofitted wall 

with 7 %Acf`c . 

The stresses developed in the steel are shown in Figure 47 and Figure 49, in contrast 

with the original wall (on the left in all the figures). In all the post-tensioning levels, the 

longitudinal bars yield (shown in black), while the horizontal reinforcement does not 

show any yielding.  
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Figure 47 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wall (left) with 3.5% 
Axial load, Retrofitted Walls with Post-tensioning levels 3.5% 

  

Figure 48 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wall (left) with 3.5% 
Axial load, Retrofitted Walls with Post-tensioning levels 6% Acf`c (right) 

  

Figure 49 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wall (left) with 3.5% 
Axial load, Retrofitted Walls with Post-tensioning levels, 8% Acf`c (right) 

The effect of the post-tensioning force levels on the yield shear, ultimate shear capacity 

and ductility is shown in Figure 50. Increase in post-tension force increased the yield 

shear for all post-tension levels, but the ultimate shear remained fairly constant. The 

difference between the ultimate and yield strength is smaller with the increasing post-

tension levels. For post-tension forces higher than 2.8%Acf`c, displacement capacity 

decreases as seen in Figure 43. The shape of the load-displacement curve of the 

retrofitted walls becomes similar to the one of the original wall for higher post-tension 

levels.  
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Figure 50 Yield and ultimate shear capacity of the walls  

The change of crushing of concrete in the walls was quantified by the ratio of the volume 

of finite elements eroded in the retrofitted walls to the volume of the finite elements 

eroded in the original wall, shown in Figure 51. This ratio increased, indicating increasing 

concrete crushing, with the increase of post-tension levels (P) as seen in Figure 51. This 

concrete crushing is expected to be limited by adding steel confinement around wall 

toes. Confinement of wall toes is discussed in the following sections.  

 
Figure 51 Concrete crushing volumne for different axial load ratios. EEV = Eroded element volume 
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5.1.2. Retrofit for Wall SW5 

The model characteristics and boundary conditions for the shear critical wall are 

shown in Figure 52.  The original and retrofitted walls were applied same displacement. 

Initial post-tension force levels studied were 0%Acf`c, 5%Acf`c, 10%Acf`c, 15%Acf`c, 

20%Acf`c and 30% Acf`c. Post-tensioning strands were connected to the loading beam 

through rigid steel plates and developed their initial force in 0.25s.  

 
 

Figure 52 Elements of the model for SW5 wall 

The results presented in Figure 53 and Figure 54 show that the strength of the 

original wall can be partially recovered through the addition of post-tension load but not 

to the full strength of the original wall. With this configuration, the yield shear strength 

and initial stiffness were 50% and 30% of the ones for the original wall. However, all 

cases (original and retrofitted) had a strong strength drop at between 0.8% and 1% drift, 

indicating a brittle response. The drop in strength was less pronounced for post-tension 

equal to 5% Acf`c. 
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Figure 53 Load-displacement behavior or the original and retrofitted walls for varying initial post-tension 
levels. 

 
Figure 54  Yield shear capacity of retrofitted walls with varying initial post-tension levels 

Concrete strain contours are shown in Figure 55 to Figure 58 for the different levels of 

post-tensioning and are compared with contours of the original wall, which had no axial 

load. It can be appreciated that due to the direction of the loading the half wall on the left 

is the only that experiences a brittle response. The right half wall does not experience 

any crushing at 2% drift up a level of initial post-tensioning of 30%Acf’c. These figures 

also show the transition of the crushing of concrete. The shear dominated concrete 

crushing in the left half wall increases as the post-tensioning loading. On the right half 

wall, similar affected areas are perceived in compression, for all the levels of post-

tensioning.  
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Figure 55 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 5 %Acf`c ratio and retrofitted wall 
with 15 %Acf`c . 

   
 
Figure 56 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 20 %Acf`c ratio and retrofitted wall 
with 30%Acf`c . 
 

The right half wall experienced a flexure dominated mechanism, which can be clearly 

appreciated in Figure 57 and Figure 58. The maximum principal strains (tension strains), 

are developed in one corner of the wall, and the affected area has increased with the 

post-tensioning levels.  
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Figure 57 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 5 %Acf`c ratio and retrofitted wall 
with 15 %Acf`c . 

 

   
 
Figure 58 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 20 %Acf`c ratio and retrofitted wall 
with 30%Acf`c. 

The stresses developed in the steel are shown from Figure 59 through Figure 62, in 

contrast with the original wall (on the left in all the figures). In all the post-tensioning 

levels, the two extreme longitudinal bars were able to yield in the right half wall (shown in 

black), while the horizontal reinforcement does not show any yielding, in any either of the 

walls for all post-tensioning levels.  
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Figure 59 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with Post-tensioning levels 5% 

  

Figure 60 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 

no axial load, Retrofitted Walls with Post-tensioning levels 15% 

  

Figure 61 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with Post-tensioning levels 20% 
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Figure 62 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with Post-tensioning levels 30% 

 

Although the stiffness and the failure mechanisms did not change for the walls and only 

very limited stiffness was recovered, the concrete crushing was mitigated by the use of 

this technique. Figure 63 shows the extend of this mitigation of concrete crushing. This 

crushing has been reduced from 11% to 20% of the original volume of elements that had 

been eroded in the original wall. 

 
Figure 63 Concrete crushing in the wall. EER= Element Erosion Volume  
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5.1.3. Wall toe confinement 

Wall toes may be confined by steel plates or similar to prevent premature 

compression failure of concrete in this region. The focus of this section is the 

determination of the effects of confinement and confinement length.  

Confinement is distributed across the plastic hinge length, which it is estimated 

by the equation developed by Hoult, Goldsworthy et al. (2018) for lightly reinforced walls 

for W1. For SW5, the confinement was length was the product of a parametric analysis. 

Retrofit of Wall W1 with toe confinement 

The parametric analysis shows that by stiffening the wall by a pretension force of 

around 2.8%, the original capacity is recovered by about 70%, with no significant 

strength degradation at 2.5% drift. The strength degradation has been significantly 

controlled with the addition of steel casing as shown in Figure 64 for all post-tensioning 

force levels. 

 
Figure 64 Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 
post-tensioning ratios 

Concrete strain contours are shown from Figure 65 to Figure 68 for the different levels of 

post-tensioning and are compared with contours of the original wall with 3.15%Acf`c of 

axial load. The steel confinement controlled the strength degradation, especially in the 

walls with 0.2% to and 2.8%Acf’c posttensioning load levels. For higher post-tensioning 

load levels, these strain contours are similar to the ones without steel confinement.  
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. 

 
Figure 65 Minimum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 0.2 %Acf`c ratio and retrofitted wall 
with 2.8 %Acf`c .  

   
Figure 66 Minimum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 4.8 %Acf`c ratio and retrofitted wall 
with 7 %Acf`c .  

 

Figure 67 and Figure 68, shows the progression of the tension strains compared to the 

original wall. It can be appreciated that the cracking can be expected to be less 

extended over the wall height and over the length of the wall. As post-tensioning force 

level increase the extension of the cracking (length) decrease. The tension strain has 

been also reduced from 5% to 3.6% for all post-tensioning force levels.  

The stresses developed in the steel are shown from Figure 69 to Figure 71, in contrast 

with the original wall (on the left in all the figures). In all the post-tensioning levels, the 

longitudinal bars yield (shown in black), while the horizontal reinforcement does not 

show any yielding.  
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Figure 67 Maximum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 0.2 %Acf`c ratio and retrofitted wall 
with 2.8 %Acf`c .  

    
Figure 68 Maximum principal compressive strain contours at 3% drift for different post-tensioning level ratios 
(from left to right): the original wall with 3.15% Acf`c, retrofitted wall with 4.8 %Acf`c and retrofitted wall with 

7%Acf`c . 

  
Figure 69 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wall (left) with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 0.2% 

  

Figure 70 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wall (left) with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 4.8% Acf`c (right) 
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Figure 71 Axial Stress for different post-tensioning levels ratios at 3% drift: Original wal (left)l with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels, 7% Acf`c (right) 

 

Retrofit of Wall SW5 with toe confinement 

A parametric analysis was executed for wall SW5 which showed the most 

significant concrete crushing and strength degradation in wall toes without confinement. 

This analysis included the variation of the height of confinement for varying post-tension 

levels. The results of this analysis is shown in  in terms of the Element Erosion Volume 

(EEV) of the retrofitted wall to the Element Erosion Volume of the original wall and as a 

function of confinement height as a percentage of the total wall height.  

The confinement was modelled with brick elements and elastic material with steel 

properties. Contact was used in the concrete wall-steel confinement interface, with a 

friction coefficient of 0.5 (Bruneau, Kenarangi et al. (2018)). For the selection of the 

thickness, a force demand equal to the original wall shear capacity was selected for both 

walls and a minimum strain of 0.00125 was selected to maintain the confinement in the 

elastic range with an A36 steel. The calculations resulted in 3.5 mm plates for the SW5 

wall, which was rounded off to 4 mm and 2 mm steel plates for the W1 wall, which was 

rounded off to 3mm.  

All cases experienced concrete crushing along a shear crack, regardless of the 

confinement height. The volume of eroded elements in the original wall had an erosion 

volume of 2.7%, while the wall with no axial load and no encasing (0% height) showed 

1.8% of concrete crushing volume. When confinement was applied, the concrete 

crushing was controlled. For confinement heights from 10% to 20% of the total height of 

the wall, the ratio of the Element Erosion Volume (EEV) of the retrofitted wall to the 

Element Erosion Volume of the original wall was under 0.5%. The mechanism in which 
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this concrete crushing is propagated is shown in Figure 73, with load vectors that 

converge to the encasing-wall interface. Figure 73 (left) shows the propagation of the 

erosion of elements that starts at the right corner of the wall at 0.8% and propagates up 

in an inclined angle. Figure 73 (right) shows the same behavior that has now shifted to 

the steel confinement-wall interface.  

 
Figure 72 Concrete crushing volume comparison due to the encasing Length for SW5 – Mitigation of 
concrete crushing in the wall 

 

Figure 73  Propagation of Damage in SW5, in terms of concrete crushing: Original Wall at 0.8% and 1% drift 
(two on the left), Retrofitted wall at 1.25% and 1.35% drift for an encasing length (L) of 10% (two on the 
right) 

As discussed from the previous analysis, the post-tensioning load did not change 

help in strengthening the wall significantly. Some level of post-tensioning is necessary to 

provide more capacity to the half wall that experience a flexure dominated failure. From 

the previous analysis (concrete crushing and strength degradation mitigation and 

stiffness addition), it was shown that that around 5%, was the level of optimal post-
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tensioning.  With steel confinement and low levels of post-tensioning or no post-

tensioning an improved performance can be achieved. From Figure 75 to Figure 78, the 

difference in the extension of concrete crushing along a shear crack and extension of 

cracking, with the compression and tension strains are presented for the wall with no 

post-tensioning and with an initial force of 5% Acf`c.  

The drift capacity has been doubled, from 0.8% in the original wall to 1.5% in the 

retrofitted wall with a post-tensioning level of 5%, as seen in Figure 74. Now that the 

walls have also steel confinement, the affected area has transitioned to the area above 

the confinement. The concrete crushing in volume of eroded element, has decreased to 

11% with the addition of the steel confinement.  

 

Figure 74 Load-displacement behavior or the original and retrofitted walls for varying initial post-tension 
levels. 

Figure 75 shows the minimum principal strain contours (compression strains) for the 

retrofitted wall with no post-tensioning and the wall with a 5% Acf’c post-tesnsioning 

level. The extension of the compressive strains have been reduced. With the addition of 

the post-tensioning even less elements eroded and a less pronounced shear dominated 

response is appreciated.  
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Figure 75 Minimum principal compressive strain contours at 2% drift for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 0 %Acf`c ratio and retrofitted wall 
with 5 %Acf`c . 

Figure 76 shows the maximum principal strains (tension strains), it can be appreciated 

that the strains are concentrated in the confinement area. These strains that the indicate 

the extension of the cracking, show that the right half wall exhibits a flexural dominated 

response. The extension of the cracking has not changed in either of the walls.  

   
Figure 76 Maximum principal compressive strain contours at 2% drift for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 5 %Acf`c ratio and retrofitted wall 
with 15 %Acf`c . 

The axial stress in the steel reinforcement is shown for the two walls (0% Acf’c 

and 5% Acf’c) in Figure 77 and Figure 78, and compared to the original wall. It is seen 

that the both walls experience the similar levels of stresses. However, it is the 
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contribution of the post-tensioning cable to the moment capacity that allows this wall to 

have a greater stiffness that the wall without post-tensioning. 

  

Figure 77 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with no post-tensioning strands 

  

Figure 78 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with Post-tensioning
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5.2. Retrofitting with a vertical and horizontal cut 

Introducing a horizontal cut at the wall-foundation interface in addition to the cut 

at wall mid-length provides additional reduction in strength and stiffness. Walls that are 

weakened with a horizontal cut at the wall base also have the ability to rock over the 

foundation in a rigid body motion. The rigid body behavior of rocking walls is controlled 

by the addition of post-tension strands in this retrofit. A schematic of this retrofit method 

is shown in Figure 79. To control potential wall sliding over the foundation, steel shear 

keys are introduced at the exterior edges of the shear walls. The horizontal cut includes 

cutting the entire wall base including reinforcement going from the wall to the foundation. 

 
Figure 79 Stages of retrofit of a wall through vertical and horizontal cuts 

5.2.1. Retrofit of Wall W1 

Model characteristics for W1 retrofitted through vertical and horizontal cuts and 

post-tensioning are shown in Figure 80. The gap created by the vertical cut was 2 mm, 

sufficient to prevent two adjacent walls to come in contact during loading.  

The retrofitted walls were subjected to the same displacement as the original 

wall. Post-tension ratio was varied for the following posttensioning levels: 0.2 Ac*f’c %, 

2.8 Ac*f’c %, 4.8 Ac*f’c % and 7Ac*f’c %.Post-tensioning strands were connected to the 

loading beam through rigid steel plates and developed the initial force in 0.25s.  
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Figure 80 Elements for the model in in LS-DYNA for the horizontal and vertical cut retrofit 

Figure 81 shows that as the post-tensioning force levels increase so does the 

recovered strength (yield and ultimate). In addition, as this strength is recovered, the 

strength degradation starts at lower levels of drift. It is evident that there is a need of 

steel confinement for this configuration. 

 
Figure 81 Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 
post-tensioning ratios 

The wall yield strength depends on post-tension force as shown in Figure 82. 

Figure 82 shows that the retrofitted wall has only 21% of the yield shear strength of the 

original wall when post-tension was 0.2%Acf’c. The shear capacity at the ultimate 

displacement is also plotted in this figure as the “ultimate shear capacity”. Initial 

pretension force has a high influence on yield shear capacity but a low influence on the 
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ultimate capacity. This figure also shows that as the initial post-tension force increases, 

the difference between the yield and ultimate shear capacity decreases.  

 
Figure 82 W1 Rocking Wall Yield and Ultimate shear capacity for varying post-tension force levels 

Concrete strain contours are shown from Figure 83 to Figure 86 for the different 

levels of post-tensioning and are compared with contours of the original wall with 

3.15%Acf`c of axial load. The walls show same or greater levels of concrete crushing 

than the original wall due in tipping edge of the wall.  

Some tension strains are observed at the base of the rocking walls, which 

magnitude increase as the post-tensioning and crushing of the concrete also increase, 

appearing mainly in the opposite corner of the concrete crushing.  

   

Figure 83 Minimum principal strain countours for differente post-tensioning levels ratios (from left to right): 

Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels: 3.5%, 6% Acf`c  
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Figure 84 Minimum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 8%, 10% % Acf`c  

 

   
Figure 85 Maximum principal strain countours for differente post-tensioning levels ratios (from left to right): 

Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 3.5%, 6% Acf`c  

 

   
Figure 86 Maximum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 8%, 10% Acf`c  

From Figure 87 to Figure 90, the reinforcement stresses are shown and it is seen that 

the extreme longitudinal bars have yielding in compression for all the cases of the 

rocking walls.  
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Figure 87 Axial Stress for different  post-tensioning levels ratios (left to right) Original wall with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 0.2% Acf`c  

  

Figure 88  Axial Stress for different  post-tensioning levels ratios (left to right) Original wall with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 2.8% Acf`c  

  

Figure 89  Axial Stress for different  post-tensioning levels ratios (left to right) Original wall with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 4.8% Acf`c  

  

Figure 90  Axial Stress for different  post-tensioning levels ratios (left to right) Original wall with 3.15% Axial 
load, Retrofitted Walls with Post-tensioning levels 7% Acf`c  
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5.2.2. Retrofit of Wall SW5 

Model characteristics for SW5 retrofitted through vertical and horizontal cuts and 

post-tensioning are shown in Figure 91. The same boundary condition as in the original 

SW5 has been applied to this model. To prevent sliding, shear keys were added at the 

outer extremes of the wall.  

 
Figure 91 Characteristics of the model for SW5 

The parametric analysis for SW5 showed that the wall recovers little strength (2% to 

20% of the strength of the original wall) after retrofit for post-tension levels between 

3.5%Acf’c to 35%Acf’c. Stiffness of retrofitted walls with all levels of post-tension was 

much lower than the one of the original wall as shown in Figure 92 and Figure 93. 

Excessive concrete crushing started at much lower drift ratios for these walls in the 

foundation-wall base interface. As the initial post-tensioning force levels increased, so 

did the displacement capacity.  The displacement capacity dropped from 0.8% to 0.5% 

when the post-tensioning level was 35% Acf’c. This alternative strategy did not yield 

good results for this wall.   
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Figure 92 Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 
post-tensioning ratios 

                    
Figure 93 Rocking Wall Yield capacity for different axial load ratios 

 

Strain and strain contours are presented for each of the different post-tensioning force 

levels applied to the walls, from Figure 94 to Figure 101. These results are presented at 

failure and not at a specific drift.  Little to none tension strains (cracking) is present in the 

walls, instead excessive crushing of concrete is appreciated for all the post-t levels  
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Figure 94 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 3.5 %Acf`c ratio and retrofitted wall 
with 14 %Acf`c . 

 

   
 
Figure 95 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 28 %Acf`c ratio and retrofitted wall 
with 35%Acf`c . 

 

The stresses developed in the steel are shown from Figure 98 to Figure 100, in contrast 

with the original wall (on the left in all the figures). In all the post-tensioning levels, the 

longitudinal bars yield (shown in black), while the horizontal reinforcement does not 

show any yielding.  
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Figure 96 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 3.5 %Acf`c ratio and retrofitted wall 
with 14 %Acf`c . 

 

   
 
Figure 97 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 28 %Acf`c ratio and retrofitted wall 
with 35%Acf`c. 
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Figure 98 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 
no axial load, Retrofitted Walls with Post-tensioning levels 5% 

  

Figure 99 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall with 

no axial load, Retrofitted Walls with Post-tensioning levels 15% 

  

Figure 100 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 
with no axial load, Retrofitted Walls with Post-tensioning levels 20% 
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Figure 101 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 
with no axial load, Retrofitted Walls with Post-tensioning levels 30% 

5.2.3. Wall toe confinement 

Toe confinement was especially needed for these walls, since the crushing of the 

concrete is a limit state that can affect not only the strength but also, the stability of the 

system.  

Retrofit of Wall W1 with toe confinement 

According to the results in Figure 91, a good balance between the recovery of 

strength and strength degradation can be found between 2.8 to 4.8% of axial load ratio. 

For all the post-tensioning force levels, the performance has been significantly improved 

from the uncased scenario. However, as seen from the volume concrete crushing 

quantification in Figure 92, in most cases there is some crushing in the concrete. 

Especially at higher post-tensioning force levels, showing a greater concrete curshing 

than in the uncased scenario. Most of the concrete crushing is found above the casing of 

the concrete as shown in Figure 104 and Figure 107. 
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Figure 102  Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 
post-tensioning ratios 

 

 

Figure 103 Concrete crushing volumne for post-tensioning levels 
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Figure 104 Minimum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels: 0.2%, 2.8% Acf`c  

   
Figure 105 Minimum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 4.8%, 7% % Acf`c  

 

   
Figure 106 Maximum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 0.2%, 2.8% Acf`c  
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Figure 107 Maximum principal strain countours for differente post-tensioning levels ratios (from left to right): 
Original wall with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 4.8%, 7% Acf`c  

 
 

Figure 108 Axial Stress for different post-tensioning levels ratios (from left to right) at 3% drift: Original wall 
with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 0.2% Acf`c 

 
 

Figure 109 Axial Stress for different post-tensioning levels ratios (from left to right) 3% drift: Original wall with 
3.15% Axial load, Retrofitted Walls with Post-tensioning levels 2.8% Acf`c 

 
 

Figure 110 Axial Stress for different post-tensioning levels ratios (from left to right) 3% drift: Original wall with 

3.15% Axial load, Retrofitted Walls with Post-tensioning levels 4.8% Acf`c 
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Figure 111 Axial Stress for different post-tensioning levels ratios (from left to right) at 3% drift: Original wall 
with 3.15% Axial load, Retrofitted Walls with Post-tensioning levels 7% Acf`c 

 

Retrofit of Wall SW5 with toe confinement 

The steel confinement is effective in improving significantly the performance of 

the rocking wall, compared to the rocking wall without any steel encasing. The drift 

capacity has been at least doubled in all the post-tensioning levels. The strength 

degradation has also been controlled as seen in Figure 112. 

 
Figure 112 Comparison of load-displacement behavior of the original wall and retrofitted walls with varying 
post-tensioning ratios 
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Figure 113 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 5 %Acf`c ratio and retrofitted wall 
with 15 %Acf`c . 

 

   
 
Figure 114 Minimum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 20 %Acf`c ratio and retrofitted wall 
with 30%Acf`c . 

 

With the addition of steel encasing, tension strains below 0.5% are developed at the 

base of the rocking walls, as seen from Figure 115 to Figure 116.  
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Figure 115 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 5 %Acf`c ratio and retrofitted wall 
with 15 %Acf`c . 

 

  
 

 
Figure 116 Maximum principal compressive strain contours at failure for different post-tensioning level ratios 
(from left to right): the original wall with no axial load, retrofitted wall with 20 %Acf`c ratio and retrofitted wall 
with 30%Acf`c.t 

The stresses developed in the steel are shown from Figure 117 to Figure 120, in 

contrast with the original wall (on the left in all the figures). In all the post-tensioning 

levels, none of the longitudinal reinforcement yield and stresses bellow 100MPa are 

developed.  
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Figure 117 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 
with no axial load, Retrofitted Walls with Post-tensioning levels 5% 

  

Figure 118 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 

with no axial load, Retrofitted Walls with Post-tensioning levels 15% 

  

Figure 119 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 
with no axial load, Retrofitted Walls with Post-tensioning levels 20% 
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Figure 120 Axial Stress for different post-tensioning levels ratios (from left to right) at failure: Original wall 
with no axial load, Retrofitted Walls with Post-tensioning levels 30% 

5.3. Comparison of retrofit by its dynamic characteristics 

Fundamental periods of the walls are obtained from modal analyses for the 

original walls, retrofitted walls with vertical cuts, and retrofitted walls with vertical and 

horizontal cuts. The first mode shape and periods are presented for the original and 

retrofitted wall W1 and wall SW5, respectively in , respectively. Post-tensioning on wall 

W1 and wall SW5 were 3.15 %Acf’c and 5%Acf’c, respectively. 

It is seen that the period of the original walls increased when retrofitted with a 

vertical cut by 10% for wall W1 and by 40% for wall SW5. When walls were retrofitted 

with vertical and horizontal cuts, their period of the retrofitted wall was 1.88 and 2.08 of 

the one of the original wall for wall W1 and SW5, respectively. These increases in 

periods indicate that accelerations and base shear demands may be reduced, and 

displacement demands may increase.  

 

 

  
T=0.016 s  T= 0.017 s T=0.030s 

Figure 121 Period change for Wall W1 (left), Vertical cut only (middle), rocking wall (right) 
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T=0.013s T=0.019s T=0.027s 

Figure 122 Period change for wall SW5 (left), Vertical cut only (middle), rocking wall (right) 

5.4. Discussion 

The weakening on the walls was performed by removing 2mm of material in the 

middle of the wall. The two half walls are analyzed under displacement control, with the 

same boundary conditions of their original test.  The severed walls are not longer 

symmetric with one end still being constrained by the hoops and with the other end of 

the severed wall being free. These walls are pushed on the same direction and with the 

same boundary conditions as in the original test. For the installation of the steel 

confinement, the gap between the walls had to be increased to 10mm. 

The impact on strength loss, change in failure modes, and displacement capacity 

are discussed bellow.  

Strength loss 

The walls experienced a strength loss due to the weakening. For wall W1 without 

steel confinement, the strength ranged from 50% to 80% of the original wall. For wall 

SW5 without steel confinement, the strength loss ranged from 30% to 50%. 

 The retrofit by vertical and horizontal cut, experienced most of the strength loss. 

For wall W1, the remaining strength ranges from 45% to 58%. For wall SW5, this 

strength loss ranges from 40% to 45%.  

The steel confinement allowed some of the walls to delay its loss of strength.  
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Change in failure modes 

The lightly reinforced wall (W1) had originally an aspect ratio H/L of 1.5, which 

after the weakening, it was increased to three. With the first weakening configuration 

(vertical cut only), the maximum principal strain (tension) which indicate cracking, 

showed that not only the tension strains reduced its magnitude in all of the walls but also 

the cracking extension had been reduced in about 50% of the length of the wall. 

Besides, as the post-tensioning force levels increase, this extension was reduced, 

especially when the exterior steel confinement was present.  

The shear critical wall (SW5) with the longitudinal steel reinforcement being 

heavily concentrated over the wall edges had an aspect ratio H/L of 2, which after the 

weakening, it was increased to four. With the first configuration (vertical cut only), and 

because the loading was applied in the same direction, each wall developed a different 

failure mechanism. One half developed a shear dominated mechanism, while the other 

half developed a flexural dominated mechanism. The exterior steel confinement 

decreased the concrete crushing significantly.  

The failure modes for rocking walls are very different from the original wall. The 

failure modes of this rocking system, depends only on the crushing of the concrete in the 

tipping region. The rocking wall, moves as a rigid block, and due to the friction 

coefficients that have been selected for the foundation-wall interface and to the aspect 

ratio of the walls, the walls have a tendency to rock. However, they still slide.  

For W1 wall, the rocking configuration presented a crushing of concrete in terms 

of element erosion, very close or greater to the original wall, even when confinement 

was present. Without confinement the crushing of concrete was between 90% to 300%, 

while when steel confinement was present this crushing was reduced within the range 

from 70% to 120%. 

 For SW5, no significant concrete crushing in the concrete corner when the wall 

was confined was experienced. Moreover, although some stresses are developed in the 

longitudinal reinforcement steel, this does not affect the behavior of the rocking wall.   
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Displacement at peak capacity 

As the post-tensioning force levels increased, the wall recovered more of its 

initial stiffness and strength, and the displacement at peak capacity was reduced. 

However, in most cases this displacement at peak capacity, would still be greater than 

the original wall for the confined configurations. An optimum post-tensioning level was 

selected, where a balance between strength, stiffness and displacement at peak 

capacity was found.  

For the wall W1 and the first weakening configuration (vertical cut only), the 

optimum post-tensioning force of 2.8% Agf’c allowed the wall to increase its 

displacement ductility from 9 to 13.  For the wall SW5, one half of the wall did not yield. 

However, the displacement capacity before any strength degradation started increased 

from 0.8% to 1.5%. For the yielding half of the wall, the displacement ductility was of 20.  

The yielding moment is very low (even with the contribution of the post-tensioning cable) 

and thus, not a great length for the compression block in the concrete is necessary to 

counteract this force. 

The weakening reduced the concrete crushing significantly for Wall W1 and 

offered a more ductile behavior for all the cases of axial load ratios when compared to 

the original wall. The SW5 wall still experienced a shear-dominated behavior after the 

weakening. But with steel confinement, the strength degradation was delayed and a 

greater drift at peak capacity was obtained. 

With the steel encasing, the rocking wall for the lightly reinforced wall was able to 

increase the drift capacity an additional drift from 0.5% to 9% for some post-tensioning 

force levels.  With the steel encasing, the rocking wall for the shear critical wall was able 

to increase the drift capacity an additional drift from 0.2% to 1% for all the post-

tensioning force levels. 

The following tables (from Table 7 to Table 11 Comparison of performance for 

SW5 with the vertical cut for the right side of the wall (with the steel reinforcement in the 

boundary element in compression)  present the performance of the walls for the 

weakened wall and the rocking wall with and without steel confinement. This 

performance is presented in terms of its first yielding of longitudinal reinforcement, first 

yielding of horizontal reinforcement, first crushing of concrete, first rupture of longitudinal 
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reinforcement and buckling of rebar is detailed, for the least drift of each side, the drift at 

which the walls develop: 

For the shear critical wall with the vertical cut weakening, a table for the left side 

of the wall and a table for the right side of the wall are presented because they develop 

different failure modes. In none of the cases for this case, the yielding of the in the 

longitudinal bar comes from the extreme 16 mm (0.63 in)  bar , but they instead come 

from the 6 mm (0.63 in) bar.
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Table 7 Comparison of performance for Wall 1 with the vertical cut 

 
 

Drift (%) 
 

 

First yielding of 
Longitudinal 

reinforcement 

First yielding of 
horizontal 

reinforcement 

Crushing of 
concrete 

starts 

First Rupture of 
longitudinal 

reinforcement 

First Rupture of 
horizontal 

reinforcement 

Buckling of 
Longitudinal 

reinforcement 

Original Wall 0.35 1.6 1.15 - - 2.3 
0.2% Agf’c of 
post-tensioning 
 

0.18 - 1.60 - - - 

0.2% Agf’c of 
post-tensioning 
+ confinement 

0.21 - 1.70 - - - 

2.8% Agf’c of 
post-tensioning 
 

0.20 2.56 1.72 - - - 

2.8% Agf’c of 
post-tensioning 
+ confinement 

0.19 - 1.66 - - - 

4.8% Agf’c of 
post-tensioning 
 

0.20 2.24 1.60 - - - 

4.8% Agf’c of 
post-tensioning 
+ confinement 

0.20 2.50 1.60 - - - 

       
7% Agf’c of post-
tensioning 
 

0.21 1.76 1.51    

7% Agf’c of post-
tensioning 
+ confinement 
 

0.38 2.20 0.84 - - - 
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Table 8 Comparison of performance for Wall 1 with the vertical cut and horizontal cut at the base 

 
 

Drift (%) 
 

 

First yielding of 
Longitudinal 

reinforcement 

First yielding of 
horizontal 

reinforcement 

Crushing of 
concrete 

starts 

First Rupture of 
longitudinal 

reinforcement 

First Rupture of 
horizontal 

reinforcement 

Buckling of 
Longitudinal 

reinforcement 

Original Wall 0.35 1.6 1.15 - - 2.3 
0.2% Agf’c of 
post-tensioning 
 

2.15 - 1.75 - - - 

0.2% Agf’c of 
post-tensioning 
+ confinement 

- - 2.13 - - - 

2.8% Agf’c of 
post-tensioning 
 

0.53 - 1.20 - - - 

2.8% Agf’c of 
post-tensioning 
+ confinement 

0.53 2.57 1.18 - - - 

4.8% Agf’c of 
post-tensioning 
 

0.48 - 1.08 - - - 

4.8% Agf’c of 
post-tensioning 
+ confinement 

0.48 2.58 1.06 - - - 

7% Agf’c of post-
tensioning 
 

0.46 2.22 0.86 - - - 

7% Agf’c of post-
tensioning 
+ confinement 
 

0.80 2.53 0.84 - - - 
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Table 9 Comparison of performance for Wall SW5 with the vertical cut and horizontal cut 

 
 

Drift (%) 
 

First yielding 
of 

Longitudinal 
reinforcement 

First yielding of 
horizontal 

reinforcement 
in the boundary 

elements 

First yielding 
of 

horizontal 
reinforcement 

in the web 

Crushing 
of concrete 

starts 

First Rupture 
of 

longitudinal 
reinforcement 

 

First Rupture of 
horizontal 

reinforcement 
in the web  

Buckling of 
Longitudinal 

reinforcement 

Original Wall 
0.35 0.59 1.00 1.15 - - 

1.01 

5% Agf’c of 
post-tensioning 
+ confinement - 2.00 - - - - - 

10% Agf’c of 
post-tensioning 
+ confinement - 1.58 - 1.58 - - - 

15% Agf’c of 
post-tensioning 
+ confinement - 1.05 - 1.34 - - - 

-        

20% Agf’c of 
post-tensioning 
+ confinement 
 

 0.79  1.12    
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Table 10 Comparison of performance for SW5 with the vertical cut for the left side of the wall (with the steel reinforcement in the boundary element in tension) 

 
 

Drift (%) 
 

 

First yielding 
of Longitudinal 
reinforcement 

First yielding 
of 

horizontal 
reinforcement 

in the 
boundary 
elements 

First yielding 
of 

horizontal 
reinforcement 

in the web 

Crushing 
of 

concrete 
starts 

First Rupture 
of longitudinal 
reinforcement 

 

First Rupture 
of 

horizontal 
reinforcement 

in the web  

Buckling of 
Longitudinal 

reinforcement 

Original 
Wall 

0.35 0.59 1.00 1.15 - - 1.01 

0% Agf’c of 
post-
tensioning 
 

1.00 1.39 1.38 1.12 - - - 

0% Agf’c of 
post-
tensioning 
+ 
confinement 

1.09 1.50 1.31 1.40 - - - 

5% Agf’c of 
post-
tensioning 
 

0.89 1.30 1.12 1.07 - - - 

5% Agf’c of 
post-
tensioning 
+ 
confinement 

0.65 1.35 1.25 1.38 - - 1.96 

 

 

 



89 

 Table 11 Comparison of performance for SW5 with the vertical cut for the right side of the wall (with the steel reinforcement in the boundary element in 
compression) 

 
 

Drift (%) 
 

 

First yielding 
of Longitudinal 
reinforcement 

First yielding 
of 

horizontal 
reinforcement 

in the 
boundary 
elements 

First yielding 
of 

horizontal 
reinforcement 

in the web 

Crushing 
of 

concrete 
starts 

First Rupture 
of longitudinal 
reinforcement 

 

First Rupture 
of 

horizontal 
reinforcement 

in the web 

Buckling of 
Longitudinal 

reinforcement 

Original 
Wall 

0.35 0.59 1.00 1.15 - - 1.01 

0% Agf’c of 
post-
tensioning 
 

0.5 - - 1.12 1.25 - - 

0% Agf’c of 
post-
tensioning 
+ 
confinement 

0.61 - - - - - - 

5% Agf’c of 
post-
tensioning 
 

0.52 1.98 1.78 1.78 - 1.36 - 

5% Agf’c of 
post-
tensioning 
+ 
confinement 

0.65 - - - - - - 
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Chapter 6. Capacity Predictions  

In this section, the capacity of the weakened walls is estimated by simplified 

cross section analysis for the selected retrofit technique for each of the walls. In the 

previous chapter a rocking configuration was explored (a horizontal cut at the base), but 

the vertical cut yielded better results in both concrete crushing and strength degradation 

control and energy dissipation.  

6.1. Predicted capacities of walls by ACI 318-14 

Shear critical walls experience failure modes such as diagonal tension, diagonal 

compression, and sliding shear, while lightly reinforced walls with flexural dominated 

behavior, are more prone to sliding (Paulay and Priestley (1992)). Estimations of the 

capacity of a wall against these mechanisms have been laid out by ACI 318-14.  

6.1.1. Predicted capacities of the original walls  

The walls studied in this investigation exhibited different behaviors before the 

retrofit: the W1 wall was a lightly reinforced wall with flexural response and low ductility 

and the SW5 wall had a shear dominated response with a strong loss of strength post-

peak capacity. The capacity of these walls to prevent an undesirable response has been 

estimated with simplified cross section analysis. 

To prevent a shear dominated response, the flexural capacity must be smaller 

than the shear capacity. Thus, it is through simplified calculations that we are able to 

deduce which mechanism is more likely to govern. The peak shear capacity of the walls 

is calculated through the equation 18.10.4.1 of ACI 318-14, which accounts for the 

contribution of concrete and stirrups and it is expected to prevent the diagonal tension 

and diagonal compression mechanisms if the shear demand is smaller. It does not 

consider the influence of displacement ductility (or drift) on shear capacity.  

The shear capacity of the two original walls is shown in Figure 123. Forces 

developed at the nominal moment capacity of the wall is also shown in this figure as a 

function of the drift ratio (shear demand). The moment capacity was calculated through 
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simplified cross-section analysis, using the Mander model for confined concrete 

(Mander, Priestley et al. (1988)) and the assumption of a triangular moment distribution 

along the height and the ultimate moment as the maximum moment. The forces were 

calculated by dividing the moment capacity by the distance between the wall base and 

the application of the load for the cantilever walls.  

  
 

Figure 123 Shear capacities of wall W1 (left) and SW5 (right) for half of the wall.  

As seen in Figure 123 (left), the shear capacity of wall W1 is more than 3 times 

higher than the force developed at its moment capacity (shear demand). Therefore, it is 

expected to develop a flexure dominated failure. Its displacement ductility was limited to 

1.5 % drift during the experimental test due to its low reinforcement ratio. However, 

simplified calculations gives an estimation of 2.25% drift.  

 For wall SW5 (right), shear capacity was 70% of the demand. Therefore, this 

wall is expected to develop a shear dominated response. During the test, the wall 

reached its maximum shear capacity at 0.8% drift. However, the simplified calculations 

gave no estimation of the drift capacity.  

6.1.2. Predicted capacities of the retrofitted walls 

The capacity of the retrofitted walls was estimated using simplified cross-section 

analysis as in the previous section. Chapter 5 demonstrated that retrofitting through a 

vertical cut only generated walls that had higher capacity and stiffness than the ones 

with vertical and horizontal cuts. Therefore, capacities were calculated only for walls that 

had vertical cuts are considered in this section.  
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The retrofitted cross section is composed of post-tensioning strands and steel 

confinement at wall toes. Due to the vertical cut, stirrups were severed. The contribution 

of the post-tensioning strands to the moment capacity can be substantial. This 

contribution is influenced by the initial pre-tension force, rotation of the wall, eccentricity 

of strands across the wall length (Figure 124). As the wall displaces, strands elongate 

and provide an additional force that contributes to moment capacity.  

The strain distribution assumed for this analysis is shown in Figure 125. 

Confinement is distributed across the plastic hinge length estimated by the equation 

developed by Hoult, Goldsworthy et al. (2018) for lightly reinforced walls for W1, while 

for SW5, the confinement was length was the product of the parametric analysis in 

chapter 5. The confinement height resulted in 160 mm for the W1 wall and 125 mm for 

the SW5 wall. 

 For the capacity calculations, simplified cross-section analysis is used to 

calculate the three response points: cracking moment, yield moment and ultimate 

moment. Due to the implementation of the steel casing, the equations by Sakino and 

Sun (2000) are used to calculate the parameters needed to estimate the concrete 

overstrength, ultimate strain and the concrete stress block. The elongation of the cables 

are calculated based on the calculated rotation of the base (θb) (Figure 124). 

Displacements in compression and in tension calculations are based on the 

compression stress block of the concrete for the ultimate capacity point and on the steel 

for the yielding point.  

 

Figure 124 Base curvature for rotation calculations (Credits: Kazaz (2012)). Δc= displacement in 
compression Δt= displacement in tension. Lpz=plastic hinge length. Lw=length of the wall and θb=rotation 
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Figure 125 and Figure 127 shows that the two adjacent walls generated by a 

vertical cut may not have the same cross section details, leading to uneven flexural 

capacities between the two walls. The wall on the left provides a higher moment capacity 

since the centroid of longitudinal steel is farther from the extreme compression fiber. 

Uneven reinforcement may also result from original walls that have boundary elements 

or walls that have larger bars to resist flexure near the edges. 

The analytical estimations are shown in Figure 126 and Figure 128. As expected, 

each side of the wall, share an uneven distribution to the capacity of the system.  The 

shear capacity by ACI is also shown. For the lightly reinforced wall, it predicts are 

flexural response. For the shear critical wall, a shear dominated failure is predicted on 

one side, while in the right wall a flexural dominated failure mechanism is predicted, 

which closely matches the finite element analysis.  

 
Figure 125 Cross section analysis of the retrofitted walls for the yielding moment capacity for wall W1 

 
 
Figure 126 Analytical Estimation of capacity of Shear Wall W1  



94 

 

 
Figure 127 Cross section analysis of the retrofitted walls for the yielding moment capacity for wall SW5 

 

 

  
Figure 128 Analytical Estimation of capacity of Shear Wall W5  
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6.2. Discussion on the predicted capacities of the 
retrofitted walls 

In this section, the capacities of the retrofitted walls were estimated by means of 

simplified analysis. The failure pattern (flexure or shear) is predicted with these simplified 

calculations for each of these walls.  

Of interest, it is wall SW5, which after the retrofit is converted into two walls that 

experience different failure mechanisms. One wall experienced a shear critical failure 

pattern, while the other wall experienced a flexural mechanism. This is due to the 

uneven distribution of reinforcement. Which wall will experience either of these 

mechanisms, depends only on the direction of the load. 

The strength of the walls was closely predicted to the strength obtained through 

finite element analysis. However, as pointed out by Wibowo, Wilson et al. (2013), 

approximations closer to the real displacement capacities are rather more difficult to 

obtain than their strengths counterparts.  
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Chapter 7. Conclusions 

7.1. Summary 

This study investigated retrofit of reinforced concrete shear walls through 

weakening and post-tensioning. Two types of weakening were considered: creating a 

vertical cut at mid-length of the walls, and creating vertical cut at mid-length of the walls 

in addition to creating a horizontal cut at the base of walls. Retrofit was studied by using 

finite element models of a cantilever wall that failed by shear-slip at the base and 

cantilever wall that failed under shear under monotonically increasing displacements at 

top of walls. Test data available through literature were used to validate finite element 

models of the original walls. Models were then used to investigate retrofit and 

parameters that play a role in retrofit. Original walls were compared to retrofitted walls in 

terms of lateral load-lateral drift relationship, concrete strains, reinforcement strains, 

volume of finite elements that reached concrete crushing strain and failure modes. Need 

for wall toe confinement was also investigated through finite element analysis. Code 

predictions of capacities were used to identify expected failure modes of original and 

retrofitted walls. These failure mode predictions were compared to the ones obtained by 

finite element analyses.  

7.2. Conclusions 

The following were the main conclusions of this study:  

Finite element model validation: 

• Finite element models predicted the yield and ultimate strength of the original walls 

within 2.0% and 1.5% error, respectively for wall W1 for the positive direction of the 

cyclic testing and in error for the negative direction of the testing. 

•  For wall SW5, the predicted ultimate strength of the finite element models was within 

0.8% error, compared to test data in the positive direction of the testing and 14% in 

the negative direction of the testing. The wall SW5 had a brittle failure and the 

strength degradation started before the longitudinal reinforcement could yield.  
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• All input parameters were used as reported by the original studies that tested the 

walls, except for tensile strength of the concrete and minimum principal strain 

(compression strain) that required calibration.  

Retrofit with a vertical cut at mid-length and post-tensioning:  

Wall that originally failed by shear-slip at wall base  

• Retrofitted walls had 50%, 73%, 75% and 80% of the yield strength of the original 

wall for 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-tensioning.  

• Initial stiffness of the retrofitted walls were 23%, 28%, 30% and 32% of the initial 

stiffness of the original wall for 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-

tensioning. 

• The drift at peak capacity of the retrofitted walls was 2.7%, 2.25%, 2.1% and 2% of 

the strength of the original wall for 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of 

post-tensioning.  

• The volume of finite elements that eroded were 80%, 100%, 115% and 150% of the 

strength of the original wall for 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-

tensioning at 3% drift. This indicates the concrete crushing, was mitigated only in one 

wall. These results indicate the need of steel confinement in the wall toes. 

• The shape of the load-displacement curves of the original and the retrofitted walls 

were different for post-tension levels below 2.8%Ac’fc, indicating that retrofitted walls 

had a higher contribution of flexure to failure.  

• Based on these findings, the recommended post-tension amount was determined to 

be 2.8%Acf’c for this wall.   

• Steel confinement at wall base was needed to mitigate crushing of concrete at wall 

base for all post-tensioning levels. The concrete crushing was significantly controlled.   

• Steel confinement reduced the volume of elements that eroded in 70%, 66%, 37% 

and 30% for 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-tensioning.  
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Wall that originally failed by shear  

• Retrofitted walls had 42%, 47%, 49%, 50% and 54% of the strength of the original 

wall for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 20%Ac’fc, 30% Acf’c of post-tensioning.  

• Initial stiffness of the retrofitted walls were 26%, 28%, 29%, 20% and 32% of the 

initial stiffness of the original wall for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 20%Ac’fc, 30% 

Acf’c of post-tensioning.  

• The drift at peak capacity of the retrofitted walls was 1%, 0.95%, 0.9%, 0.85% and 

0.8% of the strength of the original wall for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 20%Ac’fc, 

30% Acf’c of post-tensioning. Not only failure pattern did not change but also the 

ultimate drift did not change significantly.   

• The volume of finite elements that eroded were 11%, 12%, 13%, 14%, 17% and 20% 

for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 20%Ac’fc, 30% Acf’c of post-tensioning of post-

tensioning at 2% drift. This indicates the concrete crushing, was mitigated by retrofit.  

• Steel confinement at wall base was needed to mitigate crushing of concrete at wall 

base. 

• The steel confinement allowed the walls to undergo greater deformations and 

increased the drift capacity of the walls. The mechanism of each wall did not change: 

one wall experienced a shear failure pattern, while the other wall experienced a 

flexure failure mechanism. However, the concrete crushing was significantly 

reduced, to about 11% of the volume damaged in the original wall.  

• Based on these findings, the recommended post-tension amount was determined to 

be 5%Acf’c for this wall with steel confinement.  

• After steel confinement was introduced, the drift capacity almost doubled. From 0.8% 

in the original wall, to 1.5% in the retrofitted wall with confinement and an initial post-

tensioning of 5% Acf’c. 
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• For this post-tensioning force level, the strength increased to 51% for 5% Acf’c of 

post-tensioning and steel confinement,  the initial stiffness was reduced to 30% of 

the original.  

Retrofit with a vertical cut at mid-length, a horizontal cut at base and post-

tensioning:  

Wall that originally failed by shear-slip at wall base  

• At a drift of 2.15%, the Retrofitted wall had 45%, of the peak strength of the original 

wall 0.2%Acf’c of post-tensioning. For 2.8%Acf’c of post-tensioning, the Retrofitted 

wall had 55%, of the peak strength of the original wall at 2.15% drift. For 8%Acf’c of 

post-tensioning, the Retrofitted wall had 58%, of the peak strength of the original wall 

at 2.15% drift. For 8%Acf’c of post-tensioning, the Retrofitted wall had 64%, of the 

peak strength of the original wall at 1% drift. 

• The drift at peak strength of the retrofitted walls was 2.15%, 2%, 2% and 1% for 

strength of 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-tensioning.  

• The volume of finite elements that eroded were 46%, 92%, 120% and 300% of the 

eroded elements of the original wall at 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c 

of post-tensioning at 2.75% drift. This indicates the concrete crushing, was only 

mitigated by retrofit for the first two axial load levels.  

• The shape of the load-displacement curves of the original and the retrofitted walls 

were different for post-tension levels below 4.8%Ac’fc, indicating that retrofitted walls 

had a higher contribution of flexure to failure.  

• Based on these findings, the recommended post-tension amount was determined to 

be 0.2%Acf’c for this wall.  

Steel confinement at wall base was needed to mitigate crushing of concrete at wall base, 

which improved the performance significantly. The results are presented below:   

• Retrofitted walls had 58%, 62%, 62%, 65% and 70% of the strength of the original 

wall with 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-tensioning, 

respectively. 
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• The ultimate drift of the retrofitted walls was 3%, 2.75%, 2.5% and 1% of the strength 

of 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of post-tensioning.  

• The volume of finite elements that eroded were 52%, 72%, 106% and 120% of the 

eroded elements of the original wall 0.2%Acf’c, 2.8%Ac’fc, 4.8%Acf’c and 7%Acf’c of 

post-tensioning at 2.75% drift. This indicates that the concrete crushing has been 

mitigated by retrofit for the first two axial load levels.  

• Based on these findings, the recommended post-tension amount was determined to 

be 6%Acf’c for this wall.  

Wall that originally failed by shear  

• These walls without steel confinement experienced excessive crushing at the base of 

the walls, which made them fail at much lower drift than the original wall and very 

small stiffness. Steel confinement at wall base was needed to mitigate this excessive 

crushing of concrete at wall base and make this option more viable.   

• The strength of the rocking walls is drift dependent. Thus as at a drift of 2%, the 

Retrofitted walls had 40%,42%,42%,45% of the peak strength of the original wall for 

5%Acf’c, 10%Ac’fc, 15%Acf’c and 20% of post-tensioning. For 30% of post-

tensioning, the maximum drift before strength degradation was 42% at 1.4% drift.  

• The ultimate drift of the retrofitted walls was 2%, 1.9%, 1.6%, 1.4% and 1.2%  of the 

strength of the original wall for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 20% and 30% of of 

post-tensioning.  

• The volume of finite elements that eroded were 0%, 0.9%, 5%, 3.9% and 29% of the 

volume of eroded elements of the original wall for 5%Acf’c, 10%Ac’fc, 15%Acf’c, 

20% and 30% post-tensioning at 2 % drift for all the walls expect the latter, which 

was measured at 1.6% drift. This indicates that concrete crushing was mitigated by 

retrofit.  

• The shape of the load-displacement curves of the original and the retrofitted walls 

were different for post-tension levels below 15%Ac’fc, because the crushing of 

concrete started prematurely with higher axial loads. 
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• Based on these findings, the recommended post-tension amount was determined to 

be 15%Acf’c for this wall, which gives a good balance between stiffness and drift 

capacity. The reduction in crushing of concrete was reduced to 94 % for this level of 

post-tensioning. However, the initial Stiffness was reduced to 35% of the original wall 

and the peak capacity 30% of original. 

Comparison of weakening by vertical cut to vertical and horizontal cuts  

• The addition of steel encasing was necessary to achieve an improved performance 

for both the retrofit by vertical cut and the retrofit by vertical and horizontal cut.  

• For wall W1, the optimum post-tension amount was determined as 2.8%Acf’c for the 

retrofit by vertical cut and for the retrofit by vertical and horizontal cut. The rocking 

wall only recovered 62% of the initial strength, while with the retrofit by vertical cut 

the strength was recovered 76%. Crushing of concrete was also better controlled 

with the retrofit by vertical cut, the volume of eroded elements dropped to 30% of the 

original wall volume erosion. The walls retrofitted by vertical and horizontal cut only 

reduced the concrete crushing to 72% of the original wall volume erosion. 

• For wall SW5, the optimum post-tension amount was determined as 5% Acf’c for the 

retrofit by vertical cut and as 15% for the retrofit by horizontal and vertical cut. The 

rocking wall recovered 30% of peak strength, while with the retrofit by vertical cut the 

strength was recovered 51%. Concrete crushing was reduced with the retrofit by 

vertical cut to 11% of the original wall for the vertical cut only and to 6% of the 

concrete crushing of the original wall for the rocking wall at 2% drift. The initial 

stiffness of the rocking wall is 35% of the original wall, while for the vertical cut the 

initial stiffness is 30%.  

• The drift at peak capacity increased at least 70% for both configurations (with steel 

confinement) in the shear critical wall and the lightly reinforced wall, when compared 

to their respective original wall.  

• The retrofit with the vertical cut only and steel confinement accomplished a greater 

increase of the drift at peak capacity for the lightly reinforced wall than with the 

rocking configuration. 
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• The rocking walls were able to mitigate in a greater degree, the crushing of concrete 

for the shear critical wall than the walls with the vertical cut only. 

Capacity predictions by codes 

Wall that originally failed by shear-slip at wall base  

• Calculations of shear and moment capacities performed per ACI 318-14 Confirmed 

that the expected failure modes of retrofitted walls were flexure for both of the half 

walls for W1. 

Wall that originally failed by shear  

• Calculations of shear and moment capacities performed per ACI 318-14 Confirmed 

that the expected failure modes of retrofitted walls was a flexural failure for one-half 

of the wall and shear failure for the other half of the wall.  

7.3. Limitations of the Current Study and Future Research 

This investigation focused on understanding the impact of weakening and post-

tensioning on strength, stiffness, ductility, strains and failure modes of walls that are 

expected to fail in undesirable manners without retrofit. Investigations of changes in 

demand on the walls due to retrofit was out of the scope of this study. To this end, 

dynamic analyses are recommended to be conducted in the future to understand base 

shear and displacement demands. The increment on displacement demands and 

stresses on elements neighboring shear walls should be assessed.  

This study was conducted using finite element models of walls under monotonic, 

quasi-static loading. Cyclic analyses can be performed in future work to evaluate energy 

dissipation and residual displacements. If needed, energy dissipation can be provided 

through external yielding elements or dampers.  

Practical considerations that should be addressed by future research include the 

installation of post-tensioning strands. Anchorage systems necessary to connect strands 

to the foundation and walls should be investigated. Finally, visibility of strands 

throughout the floors may create aesthetic concerns, which need to be considered when 

weighing in retrofit options.  
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