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ABSTRACT 

The use ofreinforced concrete structural walls is very common for resisting lateral forces 

induced by earthquakes and wind, particularly in medium-rise to high-rise buildings. 

They provide vertical continuity in the lateral-load resisting system and when designed 

properly, they have been reported to perform well in the events of earthquakes. With 

huge advancements in the field of concrete materials over the past few decades, engineers 

have been able to develop concrete mixes of very high compressive strengths. These 

special concrete mixes, commonly categorized as high-strength concrete (HSC), have 

enabled construction of compact and robust structures. 

This study examines the effects of strategic placement of HSC on the performance of 

slender walls. A conventional prototype wall, for which test data were available in the 

literature, was analyzed using the finite element method. The model was validated with 

test data and was subsequently extended to incorporate HSC in the boundary elements to 

compare its performance with that of the prototype wall constructed with normal-strength 

concrete (NSC). Effects of change in the reinforcement and dimensions of the boundary 

elements of the NSC wall on the force-displacement characteristics were investigated for 

different axial-load ratios. Finally, cold joints resulting from dissimilar concrete pours in 

the web and the boundary elements for the HSC wall were modeled and its ensuing 

effects on performance were reported. 

The HSC wall was found to perform better than NSC prototype wall in terms of strength 

and stiffness. The former also allowed for reduction in the longitudinal reinforcement of 

the boundary elements for matching the target strengths of respective NSC prototype 

walls. The HSC walls also performed better than barbell-shaped NSC walls, enabling 

replacing the latter with the former when needed. Finally, the modelling of the cold joints 

led to a drastic change in the force-displacement characteristics and the stress-transfer 

mechanism due to the breakdown of composite action between the web and the boundary 

elements, underscoring the importance of ensuring shear transfer at this interface. 
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CHAPTERl 

INTRODUCTION 

1.1 REINFORCED CONCRETE SHEAR WALLS 

The use of reinforced concrete structural walls is very common for resisting lateral forces 

induced by earthquakes and wind, particularly in medium-rise to high-rise buildings. 

They provide vertical continuity in the lateral-load resisting system and when designed 

properly, they have been reported to perform well in the events of earthquakes. Apart 

from lateral loads that form the primary forces on shear walls, they can also have vertical 

axial loads, leading to a combination of axial-compressive forces, bending moments and 

shear forces acting on them (Gupta and Rangan (1998); Zhang and Wang (2000)). 

h 

Figure 1-1 Typical elevation of a structural wall 

Structural walls are broadly classified based on the aspect ratio ( hi [), 'h ' being the height 

and'/ ' being the length (Figure 1-1), as flexural walls (hi ! > 2) and squat walls (hi ! < 1). 

The behavior of the former is controlled predominantly by flexure whereas for the latter, 

shear controls the overall response. Walls with intermediate aspect ratios (1 < hi ! < 2) 

exhibit behavior that is a combination of flexure and shear. Flexural walls are designed 

such that they exhibit substantial yielding resulting in large inelastic flexural 

deformations with little loss of lateral-load carrying capacity (Massone (2004)). Squat 
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walls are also used as the primary lateral-load resisting systems in middle and low-rise 

buildings and particularly in critical power generation facilities like nuclear power plants 

(Gulec (2009)). They are usually shear-critical as long as the web-reinforcement ratios 

are not very low (Epackachi and Whittaker (2018)). Walls are expected to experience 

inelastic action in regions of high seismicity, particularly near the base of the wall 

(Thomsen and Wallace (2004)), which warrants special detailing requirements in such 

regions. 

Based on the geometry of the cross section, walls can be classified into rectangular, 

barbell shaped and flanged walls as shown in Figure 1-2. Depending on the prominent 

forces acting on the wall, they can be classified as bearing walls and frame walls, with 

the former carrying a substantial fraction of axial load (gravity loads) along with 

providing lateral stiffness to the structure and the latter primarily providing lateral 

stiffness and resisting only a small part of the gravity loads. 

(a) Rectangular walls 

C;:::=:::::=:=::::::::::::::=======:::=::::=====;CJ 
(b) Barbell-shaped walls 

(c) Flanged walls 

Figure 1-2 Different plan layouts of structural walls (Whittaker (2017)) 

1.2 HIGH STRENGTH CONCRETE 

With huge advancements in the field of concrete materials over the past few decades, 

engineers have been able to develop concrete mixes of higher-than-normal compressive 

strengths. This development has enabled construction of more compact structural 
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members without compromising on their requisite performance. These special concrete 

mixes are collectively placed under the category of high-strength concrete but with no 

strict lower bound on the compressive strength, whose value has been consistently 

revised in the past and is expected to be done so in the future. The current lower bound 

of compressive strength for concrete to be placed under this category is 8 ksi according 

to ACI 363R-10 (ACI (2010)) committee recommendations, which also mentions the 

transient nature of this definition. All major high-rise buildings, particularly those 

constructed in the past two decades have consistently used HSC as the material of choice 

for ensuring robust structural performance. 

The use of HSC in shear walls and other structural elements also entails substantial 

economic benefits (Lloyd and Rangan (1993)). This study intends to build upon the idea 

of using HSC in slender walls but by its strategic placement in critical regions - the 

boundary elements - for better overall performance. 

1.3 RESEARCH OBJECTIVES 

The main goal of this study is to understand the behavior of slender walls having high

strength concrete (HSC) placed only in the boundary elements and normal-strength 

concrete (NSC) in the web under lateral loading. In this thesis, NSC walls refer to walls 

with NSC web and NSC boundary elements. Walls with NSC web and HSC boundary 

elements are referred to as the HSC walls. The motivation of the study is to benefit from 

the HSC to reduce reinforcement or size of walls. Since HSC has a higher initial cost 

than NSC, it is used only in the boundary elements, where high flexural strength is 

needed. The basic objectives of this study are listed below: 

1. To study the flexural behavior of NSC and HSC slender walls under different 

axial-load ratios (ALRs), where ALR is the ratio of the axial load applied to the 

axial capacity of the section. 

2. To study the effects of lowering longitudinal reinforcement of the boundary 

elements on the global force-displacement behavior ofHSC walls under different 

axial-load cases. 
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3. To compare the performance of barbell-shaped NSC walls with that of 

rectangular HSC walls to check whether the former can be replaced by the latter. 

4. To study the effects of interaction between the different concrete types placed in 

the web and the boundary elements of the HSC wall on its global force

displacement behavior and strain profiles. 

1.4 RESEARCH SCOPE 

The study has been carried out in the commercial finite-element software package LS

DYNA (LSTC (2017)). Results of analyses of an NSC wall were validated against test 

data of a prototype wall from the literature. All shear walls studied were slender (aspect 

ratio= 3) and had flexure dominated failures . Shear walls with low aspect ratios (squat 

walls) and slender walls with high axial-load ratios (above 25%) have not been 

considered. Finite element analyses included NSC walls and HSC walls with varying 

axial-load ratios, varying reinforcement in boundary elements and varying boundary 

element sizes and varying web-boundary element interface properties. HSC wall 

performance was compared to NSC wall performance in terms of load-displacement 

relationship, compression and tension strain distribution, drift at which longitudinal 

reinforcing bars yield and concrete crushes. Analyses were run under quasi-static 

monotonic loading of shear walls at the component level. Dynamic analyses, analyses 

under cyclic loading and analyses at the system level were out of the scope of this study. 

1.5 ORGANIZATION OF THE THESIS 

This thesis is divided into six chapters. 

Chapter 1 presents research objectives and scope. 

Chapter 2 provides a literature review of experimental and analytical studies that have 

been conducted on slender walls and high-strength concrete. Modelling reinforced 

concrete structural elements in general and shear walls in particular has also been 

covered. 
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Chapter 3 gives details of a prototype NSC wall, RWl , tested by Thomsen (1995). This 

wall was used in this study for finite element model validation. The experimental setup 

and the test results are included in this chapter. 

Chapter 4 describes finite element modelling of the prototype wall (RWl), elements, 

analysis types and material models considered and finally the validation of the model 

against test results provided by Thomsen (1995). 

Chapter 5 presents the extension of HSC to the validated model and the ensuing global 

force-displacement behavior and strain profiles for different axial-load cases. Prospects 

ofreducing longitudinal reinforcement in HSC walls and a study involving an equivalent 

barbell-shaped NCS wall have also been discussed. Finally, the implications of defining 

cold joints between the web and boundary elements for HSC walls have been covered. 

Chapter 6 gives a summary of the results and the conclusions of the study. 

5 



CHAPTER2 

LITERATURE REVIEW 

2.1 OVERVIEW 

This chapter deals with review of sample literature concerning shear walls in general, 

high-strength concrete (HSC) and its current state of practice, composite reinforced 

concrete structural elements and finite-element modelling of reinforced concrete 

elements. 

2.2 BRIEF REVIEW OF EXPERIMENTAL STUDIES ON REINFORCED CONCRETE 

WALLS 

Thomsen (1995) conducted experimental studies on a set of four reinforced concrete 

slender walls, to check the adequacy of the then newly introduced displacement-based 

provisions in ACI 318-99 (ACI (1999)) for detailing wall boundaries. Two of the four 

walls, RWl and RW2, were rectangular in cross section and the remaining two were T

shaped, TWl and TW2. Wall RWl is used for validating finite element models in this 

thesis. The walls tested were one-quarter scale models of typical slender walls present in 

multistory buildings in high seismicity regions. All walls were subjected to cyclic loading 

for determining the global force-displacement behavior and strains at discrete points 

along the wall height. Boundary reinforcement was designed for a design drift of 1.5%. 

For all four walls, flexure dominated the global response. For the two rectangular walls 

designed per the displacement-based design provisions of ACI 318-99, the lateral drift 

capacities were found to exceed 2.0%. One of the T-shaped walls (TWl) experienced 

brittle failure due very high flexural capacity when flanges came under tension, which 

furthered the idea that cross-sectional features of walls needed to be given due 

consideration for predicting wall behavior. The other T-shaped wall (TW2) performed 

well because of tight spacing of boundary-element reinforcement. Finally, the code

based procedure of detailing wall boundaries based on neutral-axis depth for an extreme

fiber compressive strain of 0.003 was found to be adequate for general cases. Highly-
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strained walls required incorporation of the effects of special confining reinforcement on 

the stress-strain behavior of concrete. 

Zhang and Wang (2000) conducted experimental studies on a group of four slender 

walls with aspect ratio of 2.5 to observe their seismic behavior under high axial loads. 

The walls were tested under two sets of axial-load ratios (ALRs) - 0.24 and 0.35 . ALR 

is the ratio of the axial load applied to the axial capacity of the wall (Axial Load / Agf'c). 

The intent was to study the effect of such high ALRs on the strength, stiffness 

characteristics, ductility, cracking and the failure modes of slender walls. 

They reported that higher ALR delayed the first occurrence of cracks and limited the 

growth of inclined cracks in the web by reducing the principal tensile strains. For strength 

predictions, the equations in ACI 318-95 (ACI (1995)) were found to be slightly 

conservative. ALR was found to have profound effect on the failure modes, ductility and 

stiffness of the walls. Walls with high ALR of 0.35 exhibited lower ductility because of 

subsequent out-of-plane buckling compared to walls with lower ALR. Higher ALR was 

also found to negatively impact the energy-dissipation characteristics and stiffness in the 

post-yield deformation stage. 

Su and Wong (2006) conducted a similar study as Zhang and Wang (2000) but with 

slender walls with much higher aspect ratio of 4, which was representative of walls in 

mid-rise residential buildings in Hong Kong. For these buildings, ALR of 0.3 have been 

reported at service loads, which can increase to 0.5 at ultimate-loading condition. They 

conducted cyclic tests three slender walls made of high-strength concrete and with high 

longitudinal-reinforcement ratios to study the effect of axial loads and confinement on 

the ductility, axial-load capacity and strength degradation of these walls. They considered 

two sets of ALRs - 0.25 and 0.50. 

The failure patterns were found to be affected by ALR. The first wall with lower ALR of 

0.25 exhibited typical flexural failure with cracks propagating to the core, followed by 

spalling of cover concrete and buckling of re bars. The other two walls with higher ALR 

of 0.50 failed by out-of-plane bending. Higher ALR also had a detrimental effect of the 

ductility of the walls, particularly due to axial load- moment interaction. The lower ALR 

of 0.25 was below balance-failure point whereas higher ALR of 0.5 was above it, which 

7 



made the failure mode of the former more ductile and of the latter brittle-compressive. 

Higher ALR was also reported to have negative impact on rotational ductility, energy 

dissipation and strength degradation characteristics. 

Orakcal and Wallace (2006) conducted a study to improve upon the multiple-vertical

line-element model (MVLEM), originally proposed by Vulcano et al. (1988) and used 

for predicting the inelastic response ofreinforced concrete slender walls. They calibrated 

the model and validated it against available test data. 

It was reported that the model predicted key responses like the lateral-load capacity and 

stiffness, inelastic deformations and the global force-displacement response ofreinforced 

concrete structural walls accurately and could include the effects of axial-load variation 

on the wall response. The model was reported to underestimate compressive strains and 

could simulate only the flexural responses and not the shear-failure mode arising out of 

shear-flexure interaction. 

Takahashi et al. (2013) studied the flexural drift capacities of RC walls that did not 

satisfy tie-detailing requirements ofACI 318-08 (ACI (2008)). They proposed equations 

to predict the drift capacities of such walls with the implicit assumption that the plastic

hinge length was 2.5 times the wall thickness, as opposed to 0.5 times the wall length 

assumed by Wallace and Orakcal (2002). Assumption of plastic hinging of 0.5 times the 

wall length formed the basis of seismic-detailing requirements of ACI 318-08. They 

conducted test on a set of 10 flexural-critical walls, having columns at one end and with 

axial loads of 20% of axial capacity of columns. 

It was observed that for calculating inelastic flexural drift, the plastic-hinge length could 

be taken as 2.5 times the thickness of wall provided that the boundary-element 

reinforcement amount was half or less than what was mandated by ACI 318-08. 

Hube et al. (2014) conducted an experimental study following the 2010 Maule 

earthquake in Chile to better understand the flexural-compressive interaction that lead to 

brittle damage in many structural walls during the event. These structural walls were thin 

with inadequate confinement in the boundary elements and also carried very high axial

loads due to great heights of structures. In order to better estimate the effective stiffness 

and lateral displacement of slender walls, six half-scale wall specimens of aspect ratios 
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of 2. 3 were tested. These walls were representative of walls seen in Chile and were tested 

under cyclic displacements and constant axial load of 15% of axial capacity of the walls. 

The observed that as expected, the behavior was dominated by flexure-compression 

interaction. Majority of the specimens observed excessive spalling followed by buckling 

oflongitudinal reinforcement. There was loss of axial-load carrying capacity of the walls 

due to sudden compressive failure along the wall length. This subsequently lead to out

of-plane buckling of the walls, which was very similar to what was observed in the 2010 

Maule earthquake. They also found that the lateral strength of the walls calculated per 

flexural-capacity method was underestimated by around 27%. Moreover, the plastic

hinge length method assumption of 2.5 times the wall thickness, as proposed by 

Takahashi et al. (2013), underestimated the ultimate displacement by around 29%. 

Increasing the plastic-hinge length was proposed to alleviate both the above mentioned 

discrepancies. Finally, the effective stiffness ratio, which is the ratio of experimental 

stiffness to the theoretical stiffness, used for calculating the elastic displacements of 

cracked reinforced concrete structural walls was found to be 0 .39, which was little higher 

than the recommended value of 0.35 per ACI 318-08, which is still retained in ACI 318-

14 (ACI (2014)). 

Alarcon et al. (2014) conducted a study on similar walls as Hube et al. (2014) following 

the 2010 Maule earthquake but this time, the effects of axial-load on the performance of 

slender walls without confined boundaries were studied. A group of three walls with 

different ALR of 0.15, 0.25 and 0.35 was tested to reproduce the failure modes observed 

during the Maule earthquake. The aspect ratio of the walls was above 2. 

The behavior of all three was controlled by flexure-compression interaction. For the wall 

with the lowest ALR of 0.15, the behavior was ductile with failure occurring at a drift of 

2.7%. Subsequent increase in ALR to 0.25 made the failure more brittle with concrete 

crushing at drift of 1.8% after spalling of cover concrete. A similar behavior was 

observed for the wall with the highest ALR of 0.35, with the failure being all the more 

brittle at drift of 1.5%. It was concluded that the ALR limit of 0.35 proposed by the 

Chilean code was not sufficient to check brittle failure for slender walls without special 

boundary-reinforcement detailing. 
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2.3 HIGH-STRENGTH CONCRETE (HSC) 

ACI 363R-10 (ACI (2010)) committee report expatiates on the specifics of high-strength 

concrete (HSC). Per the report, all concrete mixes above 8 ksi compressive strength come 

under the purview of HSC, although this threshold has been consistently revised in the 

past and is expected to be revised in the future too as further advances are made in 

material sciences. Many of the empirical equations that are presented in the ACI 363R

l Odocument are based on test data for concrete with compressive strengths ranging from 

8 ksi to 10 ksi. ACI 239R-18 (ACI (2018)) classifies concrete mixes with compressive 

strengths under 8 ksi as normal-strength concrete and those above 22 ksi as ultra-high

performance concrete (UHPC). AASHTO LRFD Bridge Design Specification (2017) 

(AASHTO (2017)) does not explicitly mention any upper bound on the compressive 

strength but does warrant special circumstances for the use of concrete with compressive 

strength higher than 10 ksi.. A brief overview of mechanical properties is presented here: 

1. Uniaxial compressive strength: According to ACI 363R-10, the uniaxial 

compressive strength of HSC is determined by testes on 4 x 8 in. cylindrical 

specimens because of limitations of capacities of testing machines. The initial 

tangent modulus ofHSC is more than that of normal-strength concrete (NSC) and 

so is the strain at peak stress. The descending curve of the stress-strain curve is 

steeper for the former as compared to the latter. Representative stress-strain 

curves for HSC, taken from Nawy (2009), are shown in Figure 2-1. 
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Figure 2-1 Stress-strain curves for concrete in compression (Nawy (2009)) . 

10 



Logan et al. (2009) conducted tests on thirty-six 4 x 8 in. cylinders and thirty

three 6 x 6 x 20 in. beams with target compressive strengths of 10 ksi, 14 ksi and 

18 ksi to study short-term mechanical properties of HSC. They observed that 

curing method had a profound effect on the compressive strength of HSC, with 

moist curing resulting in the highest compressive strength of cylinders as opposed 

to 1-day heat curing that gave the least compressive strength. Moist curing was 

reported to not cause any substantial increase in strength beyond 7 days. 

2. Modulus of elasticity: Although a plethora of equations has been proposed by a 

number of researchers like Ahmad and Shah (1985), Myers and Carrasquillo 

(1998), Mokhtarzadeh and French (2000), scatter in predictions of modulus of 

elasticity of HSC remains. The equation proposed by Martinez et al. (1982) gives 

a relatively acceptable lower-bound value of the modulus of elasticity for normal

density HSC. The equation, given below, is only valid for concrete with 

compressive strength below 12 ksi. In this equation, /'c is the compressive 

strength of concrete in psi 

Some studies (Myers and Carrasquillo (1998); Gross and Burns (1999)) suggest 

that this equation significantly underestimated the modulus of elasticity. Logan 

et al. (2009) reported that the equations specified in AASHTO LRFD Bridge 

Design Specification (2006) (AASHTO (2006)) and ACI 318-05 (ACI (2005)) 

overestimated the modulus of elasticity and proposed a new equation based on 

collected data, which is mentioned below: 

E = 310 000 K X 2 · 5 X F'
0

·
33 

C , 1 We Jc 

where factor Ki depends on the source of aggregates (normally taken as 1), We is 

the unit weight of concrete in kip/ft3 and /'c is the compressive strength of 

concrete in ksi. AASHTO LRFD Bridge Design Specification (2017) (AASHTO 

(2017)) also mentions a similar equation for concrete with compressive strength 

as high as 15 ksi, which is given as : 
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0 33EC = 120,000 K1 X We 
2 ·0 X JcF' · 

where the variables are as defined in the previous paragraph. 

Myers and Carrasquillo ( 1998) also reported that the modulus of elasticity ofNSC 

and HSC was dependent on the curing conditions, just like the compressive 

strength. Moreover, modulus of elasticity has been found to be very sensitive to 

aggregate type, content and other constituents in the mixture. ACI 363R-10 thus, 

suggests that design engineers verify modulus of elasticity through "a trial field 

batching series on the specific mixture proportion design or by documented 

performance". 

3. Poisson's ratio: There is paucity of experimental data on Poisson 's ratio ofHSC, 

although Carrasquillo et al. (1981) reported a value of 0.2 for mixes of strength 

up to 10.57 ksi having lightweight aggregates. Perenchio and Kleiger (1978) 

reported a value ranging from 0.2 to 0.28 for compressive strengths between 8 

ksi to 11.6 ksi. Logan et al. (2009) also concluded that a value of 0.2 for Poisson 's 

ratio was appropriate for HSC up to a compressive strength of 18 ksi. In general, 

the values of Poisson's ratio for HSC and NSC are found to be comparable in the 

elastic range. 

4. Tensile properties: The modulus of rupture value for lightweight and normal

density HCS, as reported by researchers like Iravani (1996), Mokhtarzadeh and 

French (2000), Legeron and Paultre (2000), etc. tends to lie in the range of 

7.Sjl;to 12 JT: (psi). The lower bound of the range is also the value mentioned 

in ACI 318-14 for the modulus of rupture for normal-weight concrete. Logan et 

al. (2009) reported that modulus of rupture (J;.) ofHSC was significantly affected 

by the curing method and conditions and the equation in AASHTO LRFD Bridge 

Design Specifications (2006) for its lower-bound value overestimated it. A new 

equation was proposed for the lower bound ofmodulus of rupture for HSC up to 

compressive strength of 18 ksi, which is as: 

fr = 0.19.J7l (ksi) 
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The splitting tensile strength for HSC, as reported by Dewar (1964), was found 

to be as low as 5% of the compressive strength as opposed to NSC, which could 

go as high as 10%. Splitting tensile strength was reported to change with the type 

of aggregates used and per ACI 318-14, is given as: 

let = 6.7Cfem) 0·
5 (psi) 

where /cmis the average compressive strength of concrete. 

AASHTO LRFD Bridge Design Specifications (2017) states a different equation 

for the calculation of the modulus of rupture, which is given as: 

let = 0.24 ,1 f1l (ksi) 

where "A is the concrete density modification factor (taken as 1 for normal-weight 

concrete) andf'c is the compressive strength of concrete in ksi. 

Discussion on other properties is available in the ACI 363R-10 but has been 

omitted here for brevity. 

2.4 COMPOSITE REINFORCED CONCRETE STRUCTURAL ELEMENTS 

This section provides a brief overview of composite reinforced concrete structural 

elements and some experimental studies thereof. 

Cho et al. (2004) conducted study on the prospective replacement of the boundary

element reinforcement by structural steel members in slender walls. They tested three 

slender walls with aspect ratios of 3. 75 and ALR ranging from 0.1 to 0.15 . One wall had 

hollow steel sections (HSS), the second one had channel sections and the control 

specimen had conventional steel reinforcement in the boundary elements. They were 

tested under monotonic cyclic loading to observe the failure modes and energy

dissipation characteristics. 

It was observed that the hysteretic response of the composite walls was very similar with 

all failing in flexure. The energy-dissipation characteristics and ductility was also 

comparable. The transverse reinforcement that was directly welded to HSS, was found 

to suffice for shear transfer across the wall. The channel section required steel studs along 
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with overlapping headed transverse reinforcement for ensunng composite action 

between the web and boundary elements. The conventional rebar placement in the 

boundary element was observed to be more labor-intensive, and structural steel elements 

as boundary elements could help save time and labor. Finally, the nominal capacity of 

the composite sections could be easily calculated by the simplified plane-sections flexure 

theory. 

Aaleti and Sritharan (2017) conducted a study on the performance of composite 

systems comprising normal-strength concrete (NSC) decks and ultra-high performance 

concrete (UHPC) overlays in bridges, wherein they evaluated the bond between the two. 

They considered the effects of parameters like the roughness and how curing conditions 

affected shear friction and bond behavior between the interface. They conducted slant 

shearing tests on 60 composite specimens, with different compressive strengths for NSC, 

different curing conditions and different texture depths. Five deck specimens with four 

of them being NSC-UHPC composite specimens were subjected to three-point bending. 

The specimens had different interface textures ranging from 1.5 mm to 5 mm. 

It was observed that interface roughness had a major effect on the failure mode. The 

specimens with some surface texturing did not fail at the interface whereas those with no 

surface roughness experienced failure at the interface. Minimum surface roughness for 

developing full composite action was found to be 2 mm. The equation present in 

AASHTO LRFD Bridge Design Specification (2010) (AASHTO (2010)) for predicting 

the interface shear capacity was found to be conservative. No slippage along the interface 

was observed for UHPC-NSC composite deck specimens during flexural tests, with the 

maximum shear stresses being well below the bond strengths obtained from slant shear 

tests. 

Ren et al. (2018) conducted study on a new system of composite slender walls with 

concrete-filled steel tubes (CFST) and carbon fiber-reinforced polymer (CFRP)-confined 

core (CFST-CFRP). They tested an ordinary shear wall, a wall with CFST boundary 

elements, a wall with double-skin CFST boundary elements (DCFST) and finally the 

proposed composite system. The walls had similar aspect ratios of 2 and were tested 
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under cyclic load to observe the load-bearing capacity, failure modes, energy dissipation 

and strength and stiffness degradation. 

It was observed that the proposed CFST-CFRP system performed significantly better 

than the ordinary shear wall, with all the performance parameters mentioned above being 

more than 20% of the latter. The load carrying capacity and deformation capacity were 

particularly enhanced (44.1 % and 62.4% respectively). Compared with the CFST

boundary element wall, the proposed system fared better with all relative performance 

parameters being above 15%, except for cracking load that was enhanced by only 3.6%. 

The proposed CFST-CFRP system also had better ductility and energy dissipation than 

DCFST system, with the increases being 17.4% and 26.6% respectively. The former also 

had well-distributed cracking, although, the load bearing capacity was found to be similar 

for the two cases. 

Lu et al. (2018) conducted an experimental study on the seismic performance of 

composite slender walls with high-strength concrete (HSC) in the upper half and steel 

fiber-reinforced high-strength concrete (SFRHSC) in the lower half. The walls also had 

structural steel section in the boundary elements. Four such walls with varying fiber 

volume fractions (VJ) - 0%, 1.0%, 1.5% and 2.0% - in the lower half were tested under 

cyclic load and an average ALR of 0.3, to study the effects of varying VJ on the global 

force-displacement behavior, energy-dissipation characteristics, damage and failure 

modes. 

It was observed that the steel-fiber incorporation improved the toughness, displacement 

ductility and the flexural deformation capacity of the walls. It also resulted in more 

uniformly distributed cracking. By increasing VJ, strength and stiffness degradation were 

also controlled and brittle failure of the walls was prevented. Moreover, no cracking was 

observed across the joint between the upper and the lower halves of the wall that had 

HSC and SFRHSC respectively. 

2.5 REVIEW OF LITERATURE ON MODELLING OF CONCRETE 

A review of studies involving different material models for concrete and steel, and 

modelling of RC structural elements, particularly RC shear walls, is covered in this 
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section. The review focused on studies that used the finite element modeling software 

selected for this study called LS-DYNA. 

Wu et al. (2012) conducted a numerical study to compare the performance of some 

commonly used concrete material models present in LS-DYNA material model library

MAT 072R3 or the Karagozian & Case (K&C) model, MAT 084 or the Winfrith concrete 

model and MAT 159 or the Continuous Surface Cap (CSC) model. They simulated a host 

of tests like the unconfined uniaxial-compression tests, uniaxial-tension tests, triaxial

compression tests, and high-strain rate tests like application of blast loads on reinforced 

concrete column and projectile impact on reinforced concrete slab. 

They concluded that the K&C model was able to capture post-peak softening, shear 

dilation and strain-rate effects. The Winfrith concrete model was able to capture post

peak softening in tension only but not in compression. It could model strain-rate effects 

and had the unique option of allowing three orthogonal cracks for each plane, with the 

option of visualizing cracks via LS-Prepost output. The CSC model was also found to 

model damage-based softening, shear dilation and compaction, strain rate effects and 

damaged-induced modulus reduction satisfactorily. 

Schwer (2014) conducted a study to verify the efficacy of different rebar embedding 

techniques used in LS-DYNA for modelling concrete-reinforcement interaction. A 

reinforced concrete slab subjected to self-weight and air-blast loading was evaluated and 

its behavior was compared with experimental results. 

It was reported that smeared-reinforcement option, which requires defining the amount 

of reinforcement as volume fraction per layer, was applicable only for cases with small 

deformations with no yielding of reinforcement. It was found to have greater 

displacement and lesser bending resistance for the blast-loading case than the other 

techniques. The other explicit rebar-modeling techniques like shared-node method and 

the constraint methods like CONSTRAINED-LAGRANGE-IN-SOLID or ALE

COUPLING-NODAL-CONSTRAINT were reported to have similarly accurate results 

for the blast-loading case. For the self-weight case, all embedding techniques predicted 

the response accurately. 
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Epackachi et al. (2015) conducted a study on finite-element modeling of steel-plate 

composite (SC) wall piers in LS-DYNA, to simulate their nonlinear cyclic responses. 

The model was validated with data procured from tests on four SC wall piers tested 

earlier. They used the smeared-crack Winfrith concrete model (MAT 084/085) from LS

DYNA library for successfully capturing all the salient features of the tested walls like 

global force-displacement behavior and concrete damage. The steel models, Mat

Plasticity-With-Damage or MAT 081 and Mat-Plastic-Kinematic or Mat 003, were used 

for modeling the steel faceplates . 

The former, chosen as the model of choice, was successfully able to capture out-of-place 

buckling, whereas the latter underestimated the peak shear strength for the faceplates. 

Moreover, Contact-Automatic-Surface-to-Surface option was also used for defining 

contact between the concrete infill and the steel faceplates. All the salient features of the 

cyclic behavior were simulated reasonably by this model. 

Epackachi and Whittaker (2018) developed a numerical model in LS-DYNA to 

simulate the behavior of a group of twenty-two lightly-reinforced squat walls. Smeared

crack Winfrith concrete model (MAT 084/085) was employed for capturing response of 

the walls such as the global force-displacement behavior, damage pattern and cracking. 

The Winfrith concrete model was found to be suitable for modelling elements where peak 

strength and post-peak response were governed by reinforcement behavior and not by 

degradation of concrete strength. The steel material model, MAT 003 or the Plastic

Kinematic model, which allows for incorporating Bauschinger effect in the cyclic 

response of steel, was used for modelling reinforcement (LSTC (2017)). A value of 0.04 

for the maximum principal strain (principal tensile strain) as the erosion parameter was 

also proposed after a series of parametric studies for capturing the post-peak strength 

degradation. 

2.6 SUMMARY 

This chapter presented an overview of literature on shear walls, HSC, composite 

reinforced concrete structural elements and finite-element modeling of reinforced 

concrete elements. All the studies concerning slender walls mentioned in this chapter 
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either dealt with tests on conventional slender walls or with composite slender walls with 

structural steel in the boundary-element concrete (with or without fibers). Other studies 

were concerned with dissimilar concrete types placed along the wall height. One study 

also involved studying the composite action between NSC deck and UHPC overlays in 

bridges. 

The study presented in this thesis explores the possibility of strategically placing HSC in 

the boundary elements of slender walls, which are sites of high demands, and then 

comparing the ensuing performance of such walls with equivalent NSC walls for 

different axial-load ratios. HSC is placed only in the boundary elements owing to its high 

cost and the possibility of reducing boundary-element size and reinforcement is also 

considered. 
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CHAPTER3 

EXPERIMENTAL SETUP AND TEST RESULTS 

3.1 DESCRIPTION OF WALL 

The wall used in this study is wall RWl tested by Thomsen (1995). The wall was tested 

as part of a study on displacement-based design of slender walls. This chapter provides 

details of the wall and test results that are relevant to this thesis. 

The wall RWl was a slender cantilever wall with a height (hw) of 12 feet, length (/w) of 

4 feet and thickness of 4 in. , resulting in an aspect ratio (hwllw) of 3. The wall was four 

story high (3 feet per story). It was constructed on a pedestal 27 in. deep and with plan 

dimension of 76 in. x 16 in. The wall was a quarter scale model of a prototype wall with 

similar reinforcement ratios. Figure 3-1 shows the basic outline of the specimen wall. 

144" 

4" 

Figure 3-1 Wall Specimen RWl (Thomsen (1995)) 

Concrete used for the pedestal had 28-day compressive strength of 5.5 ksi and strength 

of 7.6 ksi on the testing day. The interfaces between different stories were roughened to 
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ensure good bond between the different concrete pours. Concrete used for the four stories 

had different compressive strengths that have been tabulated in Table 3-1. 

Table 3-1. Compressive strength of concrete (Thomsen (1995)) 

Compressive strength, psi Compressive strength, psi
Story Level 

{28 days) (Test Date) 

Pedestal 5,464 7,585 

1st Story 3,723 4,580 

2nd Story 5,334 5,871 

3rd Story 4,838 5,632 

4th Story 7,109 8,462 

The concrete stress strain curves for the first two stories are shown in Figure 3-2 as 

obtained on the day of the wall test. 

Stress-Strain curve 
7000 

6000 

5000 

Vl 
c.. 4000 
v,' 
Vl 

~ 3000 
V) 

2000 

- - - First story 
1000 

-a- Second story 

0 

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 

Strain 

Figure 3-2 Stress-strain curve for concrete (Thomsen (1995)) 

Longitudinal reinforcement in the boundary elements consisted of 8#3, Grade 60 

deformed bars. The reinforcement was provided continuously along the entire height of 

the wall with sufficient anchorage in the pedestal, provided by means of 90-degree hooks, 

to preclude any rebar slip. 
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Web reinforcement, both vertical and horizontal, each consisted of two layers of #2, 

Grade 60 deformed bars, 7.5 in. on center. Based on maximum compressive strains 

expected in the wall at maximum roof drift of 1.5%, special confinement reinforcement 

was warranted in the boundary elements, which consisted of a single hoop of Grade 60 

smooth wires with diameter of 3/16 in. and two cross ties, 3 in. on center (to preclude 

any buckling of longitudinal reinforcement). This was continued along the entire height 

of the upper-bound estimate of plastic hinge length ( 4 feet). Beyond the first story "U

shaped stirrups" were provided that were spliced with the horizontal web reinforcement. 

The top-story web was provided with double the vertical and horizontal reinforcement of 

the rest of the stories to prevent any local damage during load transfer due to the 

actuators. Figure 3-3 shows the dimensions of the specimen and the reinforcement details 

of the wall along the height and Figure 3-4 shows reinforcement details at salient sections 

along the height of the specimen. 
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Figure 3-3 Reinforcement details (elevation) (Thomsen (1995)) 
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Figure 3-4 Reinforcement details (cross section) (Thomsen (1995)) 

3.2 EXPERIMENTAL SETUP 

The experimental setup included back to back channel sections that were connected to 

the wall by means of six threaded rods embedded in concrete of the fourth floor during 

its casting. The channel sections had small holes to allow for post-tensioning strands that 

were used to apply axial load on the wall. Lateral load was applied to the assembly using 

a 125 kips actuator that had frictionless pins at end to allow for rotation in the plane of 

the wall. The wall assembly was restrained against any twisting and out-of-plane 

movement by two flat-lying channel sections. Wire potentiometer and strain gauges were 

installed at salient points for measuring displacements and strains in the wall and its 

reinforcement. The basic layout of the experimental setup is shown in Figure 3-5. 
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Figure 3-5 Experimental setup (Thomsen (1995)) 

The wall was tested under displacement-controlled reversed cyclic loading. During the 

entire time of cyclic loading, the vertical axial load of 90 kips (10% of axial capacity) 

was maintained on the wall by means of post-tensioned cables. Cyclic lateral load was 

applied to the wall per the loading routine shown in Figure 3-6. 
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Figure 3-6 Lateral drift routine (Thomsen (1995)) 
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3.3 TEST RESULTS 

Thomsen plotted the lateral load versus the relative displacement between the wall top 

and the pedestal top. Yielding of flexural reinforcement was reported at a drift ratio of 

0. 75% and minor spalling of cover concrete was observed at a drift ratio of 1.00%. The 

longitudinal reinforcement buckled at a drift ratio of 2.50% leading to substantial loss of 

capacity. Large spacing of the hoops and cross ties was responsible for this behavior. 

Lateral load versus top displacement curves of the wall for initial cycles and the full 

routine reported by Thomsen (1995) are shown in Figure 3-7 and Figure 3-8 respectively. 
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Figure 3-7 Load displacement curve - Initial cycles (Thomsen (1995)) 

As it is evident from the load-displacement curves, the wall ' s post-yield behavior was 

dominated by flexure. Widening of cracks and yielding of longitudinal reinforcement 

contributed extensively towards energy absorption. Pinching of the load-displacement 

curve was not observed (Thomsen (1995)). 
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Figure 3-8 Load displacement curve - Full routine (Thomsen (1995)) 

Secant stiffness of the wall at all the salient points was calculated for quantifying stiffness 

degradation at the end of each cycle. Figure 3-9 shows the plot for secant stiffness at the 

end of each cycle. 
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Figure 3-9 Secant stiffness values for all the cycles (Thomsen (1995)) 
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CHAPTER4 

NUMERICAL ANALYSIS AND VALIDATION 

4.1 INTRODUCTION 

This chapter expatiates on the nonlinear finite element analysis of the slender wall 

described in Chapter 3. Finite element analyses were carried out using the finite element 

software package LS-DYNA (LSTC (2018)), which is a general-purpose finite element 

program used extensively for static and dynamic analyses of structures. It offers a rich 

database of material models for capturing the behaviors of a variety of materials like 

concrete, foams and metals. 

A numerical model of the wall RWl was prepared in LS-DYNA and was validated using 

test-data obtained from the cyclic test of the wall (Thomsen (1995)). The backbone curve 

from the cyclic test performed was compared against pushover curve obtained from the 

numerical analysis. The effects of introduction of high-strength concrete (HSC) in the 

boundary elements of the wall on the strain profile and load-displacement behavior of 

the wall were also studied. The possibility of reducing longitudinal reinforcement by 

strategic placement of HSC was considered. 

Another study involving a barbell-shaped wall with similar dimensions (except the 

boundary-element size) and reinforcement layout as that of the rectangular wall was 

carried out. The prospective use of high-strength concrete in the rectangular wall to 

match the strength, stiffness and strain distributions of the barbell-shaped normal 

concrete wall was also considered. 

Lastly, the numerical model was also used to simulate cold joints created because of 

dissimilar concrete being placed in the boundary elements and the web of the wall. The 

resulting force-displacement behavior and the strain profiles were used to understand the 

impact of cold-joints. 
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4.2 COMPONENTS OF THE FINITE ELEMENT MODEL 

This section discusses the components and finite element types used in the model. 

Implicit analysis was carried out, which is more appropriate for static problem cases. 

Implicit analysis involves inversion of stiffness matrix for establishing equilibrium at 

every step and is unconditionally stable. 

The wall assembly consisted of a concrete pedestal, the mam wall body (with 

reinforcement) and a loading beam. Post-tensioned cables, used for applying the axial 

load, were not explicitly modelled. Instead an indirect approach for load application was 

employed, which is covered in section 4.4. Figure 4-1 shows the components of the finite 

element model. 

Loading 
beam 

Segment sets 
(for applying axial load) 

Boundary 
elements 

Pedestal 

Figure 4-1 Components of the finite element model 
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4.2.1 Pedestal 

The concrete foundation was made of eight-node solid elements with single point 

integration or element formulation 1 (ELFORM 1) in LS-DYNA, which is a constant

stress solid element. The pedestal was modelled as an elastic material (MAT 001), the 

details of which will follow in the next section. The pedestal is shown in Figure 4-1 . 

4.2.2 Loading Beam 

The loading beam (back to back channels) was also designed as eight-node solid element 

with ELFORM=l . The material model chosen for the beam was also elastic or MAT 001 

as used for the pedestal. The details of material-model parameters will be covered in 

section 4.3. The loading beam also had a node set and two segment sets for applying the 

lateral push and axial load respectively (Figure 4-1 ), which will be discussed in the 

section 4.4. 

4.2.3 Wall 

The three parts along the length of the wall comprised two boundary elements and a web. 

Eight-node solid elements with constant stress (ELFORM=l) were used for modelling 

the wall. There are other element formulations available in the LS-DYNA library but the 

concrete material model (Winfrith Concrete Model or MAT 084) used subsequently 

warrants element formulation 1. 

Another material model, the Karagozian and Case Model or MAT 072R3 is also used 

for one simulation for further validation of the model. Detailed description ofthe material 

models and the parameters used in modelling will follow in the next section. 

4.2.4 Reinforcement 

All the reinforcing bars were modelled as beam elements and material model used for 

steel was the "Plastic kinematic model or MAT 003" from the LS-DYNA material model 

library. The chosen beam elements had the default element formulation 1 (ELFORM=l) 
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or the Hughes-Liu formulation with cross section integration. The cross section type was 

chosen as tubular, which enabled defining solid cylindrical rebars. 

In LS-DYNA, the reinforcement that is embedded in concrete can be modelled in three 

ways. The first way is the smeared reinforcement method in which the volume fraction 

of reinforcement is used to define the average material properties like bulk modulus, 

shear modulus, etc. of the homogenized material. It is an acceptable way of incorporating 

reinforcement only when the deformations are small or the reinforcement is to remain 

elastic during analysis. 

There are two other ways of explicitly defining the reinforcement by either merging 

common nodes or by defining some constraints. The former is known as shared-node 

merger and the latter is known as the constraint method. Node merger technique entails 

a meshing challenge, as meshing is to be done in a way that reinforcement placement 

matches exactly with the element interfaces. This ensures that the nodes of the solid and 

the beam elements lie on top of each other and can be merged. If the two do not overlap, 

the nodes cannot be merged leading to no bond between the reinforcement and the 

surrounding concrete. Merging nodes can be challenging especially when intricate 

layouts of solid elements are involved. This technique is employed in the present study 

as the geometric layout of the wall was relatively simple. 

The constraint method allows the software to generate the meshes of reinforcement and 

concrete separately, and then superimpose and constraint them by requiring the user to 

define the keyword "CONSTRAINED_ LAGRANGE_ IN_ SOLID" or its simplified 

form "ALE_COUPLING_NODAL_CONSTRAINT" (Schwer (2014)). This technique, 

although simpler than node merging, has not been used for this study. 

4.3 MATERIAL MODELS 

4.3.1 Steel reinforcement 

"MAT 003" or "MAT Plastic Kinematic" was used to model the reinforcement. This 

model is appropriate for modelling isotropic materials and includes kinematic hardening 
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plasticity option (LSTC (201 7) ). The parameters used for modelling include the Young's 

Modulus (E), Poisson 's ratio, yield stress of steel (h), the tangent modulus after the yield 

stage (Er, taken as zero here neglecting strain hardening) and BET A parameter ( taken as 

1) that allows one to choose between isotropic (/J=l) and kinematic hardening (/J=0) to 

account for Bauschinger's effect. Bauschinger's effect was not considered in this study, 

since loading was monotonic. Figure 4-2 shows the stress-strain curve for the steel model. 

The values of parameters used in the material model are stated in Table 4-1 . 

E1~ 
Yield 

Stress 

(/) 
(/) 

u5 
~ 

Strain 

.............. .. .. ......... · · l3=0, kinematic hardening 
········ .... 

13=1 , isotropic hardening 

Figure 4-2 Elastic-Plastic behavior of Steel (LSTC (2017)) 

Table 4-1 Steel material model parameter input 

Young's Modulus, E Poisson's Yield Stress,fy Tangent Modulus, E1 
/J(psi) ratio (psi) (psi) 

2.9e+7 0.3 60,000 0 1 

4.3.2 Winfrith Concrete Model 

Material model used for modeling walls was the Winfrith Concrete Model, developed by 

Broadhouse (Broadhouse (1986)). It is a smeared-crack concrete model that is capable 

of capturing aggregate interlocking that leads to force transfer across cracks, opening and 

closing of cracks and, strength and stiffness loss parallel to the crack direction. This 

model considers cracked solid as an equivalent anisotropic material with material 

properties degraded in the crack-normal direction (Epackachi (2014)). 
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The Winfrith Concrete Model approximates concrete compression behavior as elastic

perfectly plastic and provides information on crack width. It provides orientation of crack 

planes with three orthogonal planes per element which can be visualized in LS-Prepost 

output file. 

This model also allows one to capture strain-rate effects. It requires double-precision 

solver for meaningful results and necessarily requires the eight-node solid element with 

single integration point or element formulation 1, ELFORM=l (LSTC (2017)). The 

model is based on the "four-parameter plastic surface model" by Ottosen (1997). The 

failure surface per this model or the Ottosen failure surface is expressed as: 

where, lJ is the first invariant of the stress tensor; J2 is the second invariant of the 

deviatoric stress tensor and cos30 is a function of the second and the third invariants of 

the deviatoric stress tensor. 

The parameter ' 0' is known as the Lodge angle which represents the yield surface on the 

Jr-plane and lies between 0 and rc/3. The parameter A is a function of cos30. The constants 

a and bare functions of the ratio of the tensile strength to the compressive strength,f'/f'c, 

of concrete (Wu et al. (2012); Epackachi (2014)). 

Input parameters for Winfrith Concrete Model 

Input parameters for Winfrith concrete include the mass density (RO), modulus of 

elasticity of concrete (TM), Poisson 's ratio (PR), unconfined compressive strength 

(UCS), uniaxial tensile strength (UTS), aggregate size (ASIZE) and another parameter 

known as FE. When strain-rate effects are not considered, FE is the crack width at which 

crack-normal tensile stress decreases to zero. 

The modulus of elasticity of concrete was initially calculated per the equation mentioned 

in ACI 318-14. This lead to overestimation of the value thereof and resulted in a stiffer 

wall. Modulus of elasticity was finally taken as the secant modulus corresponding to half 
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of the peak compressive strength (0.5 /'c) from the stress-strain curves shown in Figure 

3-2, per the methodology of ACI 318-14. The uniaxial tensile strength (UTS) was 

calibrated as 2.2% of the unconfined compressive strength per wall test results provided 

by Thomsen (1995). The aggregate size was taken as 0.375 in. as reported by Thomsen 

(1995). 

The parameter FE is a function of the fracture energy. Since there was no experimental 

data that explicitly enabled the direct calculation of the value of parameter FE, it was 

calculated from empirical equations mentioned in FIB Model Code (2010). The requisite 

crack width when crack-normal tensile stresses reduce to zero (we) can be calculated from 

Figure 4-3 , taken from the FIB Model code (2010). 

GF = area under 

/ the stress-crack 
/ opening relation 

0.2 ·fctm 

W1 =GF/fctm wc=5 -GF/fctm 

crack opening w 

Figure 4-3 Stress-crack opening relation foruniaxial tension (FIB Model code (2010)) 

The parameter /c1mis the tensile strength of concrete in MPa. The parameter GJ is the 

fracture energy (energy dissipated per unit area for opening a crack) in N/mm, given in 

FIB Model Code (2010) by the equation: 

Gr= 73 fc~18 

where /cmis the mean compressive strength of concrete in MPa. 

The input values of the parameters for concretes of the four stories calculated from Figure 

4-3 are tabulated in Table 4-2. The input also requires the user to choose the strain-rate 

option by specifying the "RATE" parameter value. Since, the analysis is static pushover 

in nature, strain-rate effects were neglected. Value of 2 for "RATE" parameter turns the 

strain-rate effects off. 
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Table 4-2 Input parameters for Winfrith Concrete Model 

Parameter First Story Second Story Third Story Fourth Story 

Mass Density (RO), 
lbf.sec2/in4 0.084 0.084 0.084 0.084 

Tangent Modulus (TM), 
psi 

3.3e+6 2.8e+6 2.8e+6 2.8e+6 

Poisson's Ratio (PR) 0.2 0.2 0.2 0.2 

Unconfined Compressive 
Strength (UCS), psi 

4,580 5,871 5,632 8,462 

Uniaxial Tensile Strength 
(UTS), psi 

100 100 100 100 

Crack-width Parameter 
(FE), in 

0.038 0.038 0.038 0.038 

Aggregate Size (ASIZE), 
0.375 0.375 0.375 0.375 

m 

RATE 2 2 2 2 

For modelling the material properties ofhigh-strength concrete (HSC) used in HSC walls 

in chapter 5, Winfrith Concrete Model was used again. Material input parameters for 

HSC are shown in Table 4-3 . Equation used for calculating the tangent modulus of 

concrete for HSC was taken from ACI 318-14 (19.2.2.1.b) (ACI (2014)) and the uniaxial 

tensile strength of concrete was chosen as 2.2% of the unconfined compressive strength 

as done earlier. Strain-rate effects were turned off for and the crack-width parameter was 

calculated per the procedure mentioned in FIB Model Code (2010). 

Table 4-3 Input parameters for Winfrith Concrete Model (HSC) 

Mass Density (RO), lbf.sec2/in4 0.084 

Tangent Modulus (TM), psi 8.3e+6 

Poisson's Ratio (PR) 0.2 

Unconfined Compressive Strength (UCS), psi 21 ,540 

Uniaxial Tensile Strength (UTS), psi 470 

Crack-width Parameter (FE), in 0.008 

Aggregate Size (ASIZE), in 0.375 

RATE 2 
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4.3.3 Karagozian and Case (K&C) Concrete Model 

The Winfrith Concrete Model idealizes the compressive stress-strain relationship of 

concrete as elastic-plastic. In order to evaluate the loss of accuracy caused by this 

assumption, the Karagozian & Case (K&C) Concrete Model or MAT 072 was used in 

one model. This model gives an option of exact modelling of concrete by incorporating 

data from tests. 

This model, first introduced in 1997, is a three-invariant model that uses three shear 

failure surfaces. It is particularly suited for modeling concrete when high rates of loading 

like impact or blasts are involved. It is capable of incorporating strain-rate effects and 

damage accumulation (LSTC (201 7). The newer version, the MAT 072R3 (R3: release 

3) has the capability of automatic parameter generation based only on the unconfined 

compressive strength of concrete and a few other parameters that include the mass 

density (RO), the Poisson's ratio, the unconfined compressive strength of concrete (AO) 

and two unit-conversion factors: RSIZE, for setting up the units of length and UCF, for 

setting up the units of stress. RSIZE and UCF equal 1 if the units are in in. and psi 

respectively. When the auto generation feature is used, the parameter AO is taken as the 

negative of the unconfined compressive strength of concrete. K&C Model also gives the 

user the option of incorporating strain-rate effects by directly defining a curve for the 

same. 

Apart from the parameters mentioned earlier, MAT 072R3 needs defining of an equation 

of state (EOS), which describes the hydrostatic behavior of a material by drawing relation 

between the hydrostatic pressure and the volumetric strain. It helps in decoupling the 

volumetric and deviatoric responses for full description of the material. For this purpose, 

the type 8 equation of state (EOS 8) or the EOS _Tabulated_ Compaction is commonly 

used, which uses pressure-volumetric strain data in conjunction with instantaneous bulk 

modulus (Ranade (2014)). For auto-generative mode, LS-DYNA calculates all these 

parameters based on the unconfined compressive strength of concrete and incorporates 

them into the model, which can be procured from the "messag" file from the output 

(Mardalizad et al. (2017)). 
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The input parameters used for the four stories of the wall in question are tabulated in 

Table 4-4. 

Table 4-4 Input parameters for K&C Concrete Model 

Parameter First Story Second Story Third Story Fourth Story 

Mass Density (RO), 
lbf.sec2/in4 0.084 0.084 0.084 0.084 

Poisson's Ratio (PR) 0.2 0.2 0.2 0.2 

Unconfined Compressive 
Strength (AO), psi 

- 4,580 - 5,871 - 5,632 - 8,462 

RSIZE 1 1 1 1 

UCF 1 1 1 1 

(Note: AO is the negative of unconfined compressive strength of concrete) 

4.3.4 Elastic foundation and loading beam 

The loading beam and pedestal were modeled as elastic member using material model 

elastic (MAT 001 ). The modulus of elasticity was same as reported by Thomsen (1995). 

The input parameters for the elastic material models for the pedestal and loading beam 

are shown in Table 4-5. 

Table 4-5 Input parameters for pedestal and loading beam 

Pedestal Loading Beam 

Mass Density (RO), 
0.084 0.283

lbf.sec2/in4 

Elastic Modulus (E), psi 3.6e+6 2.9e+ll 

Poisson 's Ratio (PR) 0.2 

A high value of the modulus of elasticity for the loading beam was taken to make the 

beam very rigid and preclude any local deformations arising due to the application of the 
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axial load and the lateral push. Initial trial runs resulted in negative volume errors due to 

local distortions of elements during loading stage. 

4.4 BOUNDARY CONDITIONS AND LOADING 

The pedestal was fixed at the base as mentioned in the experimental setup. A node set 

was defined on the base of the pedestal and all translational and rotational degrees of 

freedom were constrained to simulate a fixed-end condition. 

For applying the lateral displacement of the actuator, another node set was defined at the 

top of the loading beam as shown in Figure 4-1. "Nodal Rigid Body Single Point 

Constraint (SPC)" option was used to constrain the motion of all nodes according to the 

motion of a master node, which was selected from the same node set. For applying the 

lateral displacement, a curve was defined for controlling the lateral push rate that had the 

displacement value and the corresponding time in which it was to be applied. 

The tested wall had an axial load of 90 kips ( 10% of the axial capacity of the wall) applied 

through post-tensioning strands. The same axial load was maintained in the finite element 

analysis. Initial trials involving equal distribution of the axial force amongst all the nodes 

of the loading beam node set lead to large local deformations of the mesh culminating in 

negative volume errors and subsequent termination of the simulations. To alleviate this 

problem, instead of defining node sets, two segment sets were defined at places were 

post-tensioned cables were present on the loading beam. A segment set is a selected 

group of elements as shown in Figure 4-1 . The axial load was applied as pressure acting 

on these segment sets leading to an equivalent force of 90 kips acting on the wall. This 

precluded any large local deformations and allowed successful termination of the 

simulations. 

4.5 MESH CONVERGENCE STUDY 

The initial mesh size of 1.75 in. x 1.50 in. x 1.25 in. of the wall elements (except for 

cover concrete) was arrived at because of constraints provided by reinforcement 

modelling by node-merging technique described in section 4.2.4. This mesh size gave 
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10,752 solid elements in the wall. A retrogressive mesh convergence study was carried 

out with coarser mesh size of 3.45 in. x 1.50 in. x 1.25 in. (6,912 element) and a finer 

mesh size, 0.875 in. x 0.750 in. x 0.625 in. (86,016 elements) or half the size of the 

original mesh. The walls were subjected to a lateral force of 25 kips and the resulting top 

displacements were obtained. The plot of the number of elements versus the top 

displacement is shown in Figure 4-4. 
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Figure 4-4 Mesh-sensitivity test results 

Final pushover curves for the three mesh sizes were also plotted and are shown in 

Figure 4-5. The original mesh size of 1.75 in. x 1.50 in. x 1.25 in. gave results very 

similar to the wall with the finest mesh. The latter was computationally very expensive, 

running more than 4 times longer than the analyses with the former. Thus, the original 

mesh size of 1.75 in. x 1.50 in. x 1.25 in. was selected for all ensuing simulations. The 

same mesh size was also used for modeling the loading beam as well as the pedestal, 

since the reinforcement from the wall continued into it. 

Mesh sizes between the finest and the final selected sizes were not considered because 

they would invariably give similar results as the finest one. 
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Figure 4-5 Pushover curves for different mesh sizes 

4.6 VALIDATION OF FINITE ELEMENT MODELS 

This section describes the results of the pushover analysis of the numerical model of the 

wall RWl. The pushover curve from the finite element analysis is compared against the 

backbone curve from the cyclic-test results for validation of the model, so that the model 

can be used for further parametric studies. 

A displacement-controlled monotonic push of 3.2 in. was applied to the top of the wall 

that corresponds to a drift ratio of 2.2%. The backbone curve of the cyclic-test data 

reported by Thomsen (1995) was digitized and used for comparison with the force

displacement curve obtained from the numerical model for its validation. 

Points corresponding to the peak values of each cycle were taken as the salient points for 

digitizing the data, as shown in Figure 4-6. 
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Figure 4-6 Backbone curve of the cyclic-test by Thomsen (1995) 

Static pushover analysis was run using two different concrete models - the Winfrith 

Concrete Model and the K&C Model (MAT 072 R3). The result of the finite element 

(FE) analysis and the backbone curve are shown in Figure 4-7. 
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Figure 4-7 Pushover curve and backbone curve from test data. 

It can be seen from Figure 4-7 that the Winfrith Concrete model and the K&C Concrete 

model both capture both the strength of the wall well. The former gives a better fit for 
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the initial stiffness as compared to the latter, which overestimates it. The former was thus 

selected as the model of choice for all subsequent discussions and simulations. 

Figure 4-7 shows that the Winfrith Concrete model captured the global force

displacement characteristics of the wall well. The peak strength was predicted with 

reasonable accuracy, with the test results showing a peak force of 31. 7 kips and the FE 

model giving a value of 33.9 kips The initial stiffness from the model had a reasonable 

match to the actual value. In general, matching the initial stiffness can be challenging, 

given that concrete may crack before testing due to shrinkage, changing the stiffness of 

the specimen. Moreover, the modulus of elasticity is also very sensitive to the curing 

conditions (Myers and Carrasquillo (1998)). Improper curing might also have led to a 

lower modulus of elasticity in the prototype wall than was reported. 

The initial stiffness obtained from the finite-element model was 94 kips/inch, which is 

higher than what one gets from a cursory look at the experimental plots. Any metadata 

for the test results was not available nor was there a fully legible load-displacement curve 

at low displacement cycles. Given the fact that when some inelastic action was observed 

in the wall at the end of the first cycle, the secant stiffness was a little less than 60 

kips/inch, one can reasonably expect the initial stiffness of the specimen to be higher than 

60 kips/in and closer to the finite-element model prediction. This cannot be quantified 

for the paucity of clear data. 

To verify the stiffness, hand calculations were carried out to arrive at a value of the initial 

stiffness, neglecting deformation due to slip. It was calculated as 127 kip/in. , reinforcing 

the idea that some cracking might have been present in the tested wall specimen that had 

gone unreported. The expression given below by Moehle (2015) was used for calculating 

the pre-cracking stiffness (k): 

1 

k = ( H 2 1 )H -- + --,---=--
3Ecl AvGeff 

were H is the height of the wall, Ee is the modulus of elasticity of concrete, I is the 

moment of inertial of the wall about its centroid, Av is the effective shear area (taken as 

5/6 of the gross area) and Geff iS the effective shear modulus (taken as 0.4 times Ee). The 
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contribution of shear displacements to the total displacement is usually very small for 

pre-yield cases (Massone and Wallace (2004)). Shear deformations in general comprise 

only a small fraction of the total lateral displacement in slender walls, with values as low 

as 5% having been reported (Massone et al. (2017)). 

Since peak strength from the numerical model matched the experimental data with 

reasonable accuracy - with a decent match for the initial stiffness as well - it was 

concluded that the finite-element model stood validated and could be used for further 

predictive studies. 

4.7 SUMMARY 

The FE model was validated against test results reported by Thomsen (1995) with 6.9% 

error in peak strength and 59% error in stiffness, although this is the upper-bound value 

and is most certainly less than this due to reasons discussed earlier. The pedestal and 

loading beam were modeled using elastic material model. Winfrith concrete model was 

chosen as the model of choice because it gave a better match with test results as compared 

to K&C model. For Winfrith concrete model, the tensile strength of concrete, and 

consequentially the crack-width parameter (FE), which is a function of the former, 

required calibration for matching the initial stiffness of the test specimen. 
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CHAPTERS 

HIGH-STRENGTH CONCRETE WALL 

5.1 INTRODUCTION 

This chapter discusses the use of high-strength concrete (HSC) in the wall specimen at 

strategic locations for efficiency and improved performance. Finite element model of the 

validated wall was used for this study. HSC of strength 21.5 ksi was used in the boundary 

elements of the wall. Examples of HSC with compressive strengths in excess of 20 ksi 

without the use of fibers can be found in literature (Richard and Cheyrezy (1995); Yazici 

(2006); Graybeal and Davis (2008); Williams et al. (2009); Ragalwar et al. (2016)). 

From here on, wall with HSC boundary elements will be referred to as HSC wall. The 

properties of HSC were defined in Chapter 4. The resulting global force-displacement 

behavior and strains contours were obtained and compared with the wall modelled earlier 

in chapter 4, henceforth called the normal-strength concrete (NSC) wall. All simulations 

were run for three sets of axial-load ratios (ALRs). ALR is the ratio of axial load applied 

to the axial capacity of the wall, which is the product of the gross area of cross section 

(Ag) ofthe wall and the compressive strength of concrete (f'c). The three ALRs considered 

were - 10% (90 kips), 20% (180 kips) and 25% (225 kips), where the values in 

parenthesis correspond to the axial load for each ALR. Throughout this thesis, in 

reporting the axial loads, the axial load capacity of an NSC wall was used. 

Two parameters were studied: 1) Longitudinal reinforcement amount in the boundary 

elements. Reinforcement amount was investigated to check if the introduction of HSC 

would enable reduction of the longitudinal-reinforcement requirements in the boundary 

elements. Reducing reinforcement amount can prevent reinforcement congestion in walls 

and accelerate construction. 2) Size of boundary elements. Simulations was carried out 

to study the prospective use of rectangular HSC walls as replacements ofbarbell-shaped 

NSC walls. This can find application in cases where architectural constraints limit the 

flexibility of designers to choose wall dimensions. 
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HSC walls were evaluated by comparing their peak-strength values to NSC walls for the 

three axial-load ratios. Their load-displacement curves and strain contours were also 

compared. 

Finally, cold-joints that would result from the separate casting of two dissimilar types of 

concrete in the web and boundary elements were studied to observe strain distributions 

and ensuing change in the global force-displacement characteristics. 

5.2 EFFECT OF AXIAL LOAD 

5.2.5 Effect of Axial Load on Load-Displacement Behavior 

The original NSC wall had an ALR of 10% (90 kips). HSC may be particularly useful 

for walls that carry high axial loads. To study the change in the flexural behavior of the 

walls under higher axial loads, analyses were also run for ALRs of 20% and 25%. 

The pushover curves for the three axial load cases are shown in Figure 5-1. Increasing 

the ALR for NSC wall from 10% to 20% and 25% increased the peak strength by 29% 

and 41 % respectively, although the pre-cracking stiffness did not change. ALR of 25% 

corresponds to load that is below the balanced-failure point on P-M interaction diagram 

of the wall, and hence any increase in the load till that point enhances the moment 

capacity, and hence the peak-strength of the wall. 
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Figure 5-1 Pushover curve for NSC wall for varying ALRs 
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Similarly, simulations with HSC in the boundary elements were run and the resulting 

pushover curves are shown in Figure 5-2 through Figure 5-4. Introduction of HSC in the 

boundary walls increased the initial stiffness and the peak strengths of the walls as 

expected. HSC has modulus of elasticity greater than NSC and as such, the stiffness is 

greater. The initial stiffness did not change with the change in the axial load on the wall. 

Pre-cracking stiffness value of 149 kip/inch was observed consistently for all the three 

load cases. Greater moment capacity of HSC wall, as compared to NSC wall, is achieved 

because of decrease in the neutral-axis depth and increase in the moment arm when HSC 

is placed in the boundary elements. 
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The increase in the initial stiffness and peak strength for all the cases of HSC wall over 

NSC wall is tabulated in Table 5-1 . From Table 5-1 it can be observed that the 

introduction of HSC in the boundary elements increases the peak strength of the wall by 

around 11 %, 13% and 14% for ALRs of 10%, 20% and 25%, respectively. The increase 

in initial stiffness is 56% on account of higher modulus of elasticity of HSC than NSC. 

Table 5-1 Peak strength and initial-stiffness values for different load cases 

Ratio of results of
NSC wall HSC wall 

ALR HSC to NSC wall 
(Axial Load) Peak Initial Peak Initial Peak Initial 

strength Stiffness strength Stiffness strength Stiffness 

10% (90 kips) 
33.9 
kips 

94.0 
kip/in 

37.8 
kips 

148.4 
kip/in 

1.11 1.57 

20% (180 kips) 
43.7 
kips 

95.5 
kip/in 

49.6 
kips 

149.4 
kip/in 

1.13 1.56 

25% (225 kips) 
47.8 
kips 

95.7 
kip/in 

54.7 
kips 

149.7 
kip/in 

1.14 1.56 

The drift ratios at which the cover concrete reached spalling strain and the boundary

element reinforcement yielded were also obtained for all the three axial-load cases. Strain 

value of 0.0035, reported as the spalling strain of cover concrete by Thomsen (1995), 

was considered here as the threshold strain value for NSC walls. For HSC, the ultimate 

strain was calculated as 0.0025 from the model originally proposed by Kent and Park 

(1971) and later mentioned by Park and Pauley (1975). Since, this value is lower than 
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the spalling strain value of NSC, ultra-high-performance concrete (UHPC) can be used 

in place of HSC as the former has much higher strain capacity, if need arises. Drift ratios 

at which the cover concrete reached these limiting strain value and the boundary-element 

reinforcement yielded, for the three axial-load ratios, are tabulated in Table 5-2. 

Table 5-2 Drift ratios at which cover-concrete spalled and boundary-element 
reinforcement yielded for NSC and HSC walls 

Boundary-element
Cover-concrete spalling 

reinforcement yielding 
ALR Ratio Ratio 

(Axial load) NSC wall HSC wall of drift NSC HSC of drift 
Ecu = 0.0035 Ecu = 0.0025 ofHSC wall wall ofHSC 

toNSC toNSC 

10% (90 kips) 0.82% 1.17% 1.44 0.55% 0.51% 0.93 

20% (180 kips) 0.73% 0.94% 1.28 0.63% 0.57% 0.90 

25% (225 kips) 0.69% 0.87% 1.26 0.66% 0.61% 0.92 

As expected, HSC wall experienced spalling of cover concrete at higher drift ratios as 

compared to NSC wall for each axial-load case despite lower ultimate compressive strain. 

Yielding of the boundary-element reinforcement was, however, attained at nearly the 

same drift ratios for both walls. 

It can also be observed that as the axial load increases, the threshold cover-concrete 

strains of 0.0035 for NSC wall and 0.0025 for HSC wall are attained at lower drift ratios, 

but the yielding of the boundary-element reinforcement is attained at slightly higher 

drifts, which is expected. To sum up, the HSC wall in general experiences compressive 

strains equivalent to NSC walls at much higher drift ratios, but the yielding ofboundary

element reinforcement occurs at nearly the same drifts. 

5.2.6 Effect of Axial Load on Principal Strains 

The principal compressive and tensile strain contours were also obtained from finite 

element analyses to observe the general strain distribution for the NSC and HSC walls at 

drift levels of0.5%, 1.0% and 2.0%. The principal compressive strain for these drift ratios 

are shown in Figure 5-5 through Figure 5-7. 
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Figure 5-5 Principal compressive strains for NSC and HSC wall for ALR = 10% (90 kips) 

(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-6 Principal compressive strains for NSC and HSC wall for ALR=20% (180 kips) 
(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-7 Principal compressive strains for NSC and HSC wall for ALR = 25% (225 kips): 
(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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The contour plots for principal compressive strains show that HSC walls have lower 

strains on the compression side than NSC walls (wall is pushed to the right of the figure) . 

For higher drift level (2.0%), some high principal compressive strains are observed in 

the web for both NSC as well as HSC walls, that begin near the boundary element-web 

interface. These strains had an inclined orientation and are likely due to more prominent 

role of shear at higher drift ratios. Increasing the axial load on the wall leads to lowering 

of these strains because higher axial load helps improve shear performance. Axial 

(vertical direction) compressive strain contours do not have these highly strained 

elements. This can be observed from Figure 5-8 that shows principal compressive (PC) 

and axial compressive (gravity direction) strains for axial-load ratio of 10% at 2.0% drift. 

The results were similar for higher axial-load ratios of 20% and 25%, although with 

substantially lower principal compressive strains in the web. 
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Figure 5-8 Principal compressive (PC) and axial (vertical) strains (ALR = 10%) 

Contour plots for principal tensile strain are shown in Figure 5-9 through Figure 5-11. It 

can be observed from the plots that the principal tensile strains are more severe for HSC 

wall than NSC wall. This is because the use of HSC in the boundary elements causes a 

decrease in the depth of the neutral axis on the compression side, thus leading to larger 

tensile strains on the tension side. 
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Figure 5-9 Principal tensile strains for NSC and HSC wall for ALR = 10% (90 kips): 

(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-10 Principal tensile strains for NSC and HSC wall for ALR = 20% (180 kips) : 
(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-11 Principal tensile strains for NSC and HSC wall for ALR = 25% (225 kips): 
(a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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The change in principal tensile strains on the tension side, marked by a slight streak 

running from top to bottom of the wall, coincides with the border between the web and 

the boundary elements, which have dissimilar types of concrete. It can be observed from 

the figures that increasing the axial load on the walls leads to more localization of high

strained regions in the wall, although the change is subtler when one compares contours 

at ALRs of 20% and 25% This is because the increase in the magnitude of axial load 

between ALRs of 20% and 10% - 90 kips - is more than the increase in axial load 

between ALRs of 25% and 20% - 45 kips. 

Some elements on the compression side of the NSC wall can also be seen to have 

substantial principal tensile strains at high drift ratios. This is because at such high drift 

ratios these elements carry high compression strains leading to large principal tensile 

strains. Increasing the axial load causes these regions to experience further straining. 

5.3 EFFECT OF REINFORCEMENT RATIO 

The original rectangular NSC wall had 4 pairs of #3 longitudinal rebars in the boundary 

elements apart from the four pairs of #2 rebars in the web. A study was carried out to 

study the prospects of lowering longitudinal reinforcement in the boundary elements of 

the HSC wall. It was proposed that since the introduction of HSC in the boundary 

element decreases the depth of neutral axis, thereby increasing the level arm and the 

moment capacity of the wall, this increase in the moment capacity could be used to offset 

any loss of capacity occurring due to reduction of longitudinal reinforcement. 

A set of simulations was run involving HSC walls with lower reinforcement in the 

boundary elements. The size of the boundary element rebars, which is #3 in the original 

model, is reduced in stages to #2, with one pair of bars being replaced at a time. The 

reduced reinforcement layout is shown in Figure 5-12. 
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Figure 5-12 Wall details for lower reinforcement cases (cross section) 
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5.3.1 Effect of Reinforcement Ratio on Load-Displacement Behavior 

Strengths of the resulting HSC walls with lower reinforcement in the boundary elements 

were obtained from the finite-element models and were compared with those of the 

original NSC walls. Pushover curves for the different reinforcement and axial-load ratios 

are shown in Figure 5-13 through Figure 5-15. 
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Figure 5-13 Pushover curves for NSC wall and HSC wall with lower area ofreinforcement 
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(ALR = 20%) 
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Figure 5-15 Pushover curves for NSC wall and HSC wall with lower area of reinforcement 
(ALR=25%) 

For ALR of 10%, the HSC wall had the same peak strength as the NSC wall with the 

replacement of two pair of #3 by #2 rebars. Any further decrease in the reinforcement 

lead to peak strength lesser than the one of the NSC wall. Replacement of one pair of #3 

by #2 rebars is equal to a change of 14% of the steel area in the boundary elements. 

For higher axial loads, the provision for reducing the boundary-element reinforcement 

increased. The higher axial-load ratios of 20% and 25% allowed for greater reduction of 

reinforcement - 3 re bar pair replacement for both ( 41 % reduction in bar area in boundary 

elements). It should be noted that these values are not percentages of total longitudinal 

reinforcement of the wall but only of the boundary elements. 

In order to further verify the effect of reinforcement reduction on the peak strength of 

the wall, instead of changing #3 bars to #2, one pair of #3 rebars was removed and the 

simulations were run again. This removal of one pair of #3 rebars resulted in the 

reduction of the boundary-element reinforcement area by 25%, which is equivalent to 

replacing 2 pairs of #3 rebars by #2 rebars (28%), seen earlier. The results for the three 

axial-load ratios are also shown in Figure 5-13 through Figure 5-15. The percentage 

reduction of steel area in the boundary elements are tabulated in Table 5-3 . 
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Table 5-3 Reduction ofreinforcement in the boundary elements of HSC walls 

Boundary 
Initial area of Reduced area of Percentage

ALR element 
reinforcement reinforcement of area

(Axial Load) reinforcement (in2) (in2) reduced
layout 

2#3 and 2#2 
10% (90 kips) 0.88 0.64 28% 

rebar pairs 
1#3 and 3#2 

20% (180 kips) 0.88 0.52 41%
rebar pairs 

1#3 and 3#2 
25% (225 kips) 0.88 0.52 41 %

rebar pairs 

The drift ratios at which cover concrete spalling and boundary element reinforcement 

yielding took place were also obtained. Only those reduced-reinforcement cases for HSC 

walls were considered that gave the same peak strength as the respective NSC walls. For 

ALR of 10%, HSC wall with boundary-element reinforcement layout of 2#3 and 2#2 

rebar pairs was considered. For ALR of 20%, the reinforcement layout case of 1#3 and 

3#2 rebar pairs was chosen for comparing strains. Similarly, for ALR of 25%, boundary

element reinforcement layout of 1 #3 and 3#2 rebar pairs was considered for comparison. 

The results are tabulated in Table 5-4. 

Table 5-4 Drift ratios at which cover-concrete spalled and boundary-element 
reinforcement yielded for NSC and reduced-reinforcement HSC walls 

Boundary-element
Cover-concrete spalling 

reinforcement yielding 
ALR Ratio Ratio 

(Axial load) NSC wall HSC wall of drift NSC HSC of drift 
Ecu = 0.0035 Ecu = 0.0025 ofHSC wall wall ofHSC 

toNSC toNSC 

10% (90 kips) 0.82 1.26% 1.53 0.55% 0.47% 0.85 

20% (180 kips) 0.73% 0.95% 1.30 0.63% 0.43% 0.68 

25% (225 kips) 0.69% 0.78% 1.13 0.66% 0.46% 0.70 

5.3.2 Effect of Reinforcement Ratio on Principal Strains 

The principal strain contours for the HSC walls with lower boundary element 

reinforcement were obtained and were compared with those of NSC walls. The 

comparison is shown in Figure 5-16 through Figure 5-18. 
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Figure 5-16 Principal compressive strains for NSC and HSC wall (2#3 and 2#2 rebar pairs) 
for ALR = 10% (90 kips): (a) 0.5 % drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-17 Principal compressive strains for NSC and HSC wall (1#3 and 3#2 rebar pairs) 
for ALR=20% (180 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-18 Principal compressive strains for NSC and HSC wall (1#3 and 3#2rebar pairs) 
for ALR = 25% (225 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift 
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The general principal compressive strain behavior was similar to the cases seen earlier. 

The HSC walls with lower reinforcement had lower principal compressive strains than 

NSC walls for different axial load-ratios. High-strained regions in the web resulting due 

to greater contribution of shear at higher drift ratios were observed for all the axial-load 

cases. Increase in the axial load leads to the lowering of these strains in the web as 

discussed in section 5.2.6. This is because of improved performance of members in shear 

with an increase in axial load. 

The principal tensile strain contours are shown in Figure 5-19 through Figure 5-21. The 

HSC walls in general have more severe principal tensile strains than NSC walls This is 

because incorporation of HSC in the boundary elements leads to the lowering of neutral

axis depth that results in greater tensile strains on the tension side for HSC walls. As the 

axial-load ratio increases, the principal tensile strains tend to become more localized for 

HSC walls with reduced boundary-element reinforcement. The general trends observed 

here are consistent with results obtained earlier for other cases ofNSC and regular HSC 

walls. 

It is to be noted here that for different axial-load cases, walls have different boundary 

element reinforcement layouts and any direct comparison between them should be done 

discreetly. 
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Figure 5-19 Principal tensile strains for NSC wall and HSC wall (2#3 and 2#2 rebar pairs) for 
ALR = 10% (90 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-20 Principal tensile strains for NSC wall and HSC wall (1#3 and 3#2 rebar pairs) for 
ALR = 20% (180 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-21 Principal tensile strains for NSC wall and HSC wall (1 #3 and 3#2 re bar pairs) for 
ALR = 25% (225 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Based on the comparison force-displacement behavior and principal strain contours, it 

can be concluded that substantial percentage of boundary-element reinforcement can be 

removed in walls with HSC depending on the amount of axial load applied onto the wall. 

For this wall, HSC boundary elements allowed the removal of between 28% and 41 % of 

boundary element reinforcement without compromising strength. 

5.4 EFFECT OF BOUNDARY ELEMENT SIZE 

As discussed earlier, high-strength concrete in the boundary elements enhances the peak 

strength of the walls. A study was carried out on equivalent barbell-shaped NSC walls at 

different axial-load cases to check whether they could have the same strength and 

stiffness behavior as rectangular HSC walls considered earlier. This can find application 

in cases where barbell-shaped walls cannot be provided due to architectural constraints 

and HSC walls can be used in their place without compromising strength and stiffness. 

A barbell-shaped wall, similar in dimensions to the original wall except for the size of 

the boundary element was considered. The thickness of the boundary element was 

initially changed to 8 in. and then to 7.2 in. as opposed to 4 in. for the original wall. The 

layout and amount of reinforcement, and the material properties for the wall were the 

same as the original rectangular NSC wall. The cross section of the barbell-shaped wall 

is shown in Figure 5-22. HSC walls considered were 4 in. thick rectangular walls studied 

in previous sections. The ratio of the boundary-element areas of the barbell-shaped NSC 

wall to rectangular HSC walls was 2.25. 

i--------------- 48 in.----------------1 

1.725 i . 

0.75 in. 

8 #3 bars 3/16 in. hoops & cross ties 
@3 in. 

Figure 5-22 Barbell-shaped Wall (cross section) 
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5.4.1 Effect of Boundary Element Size on Load-Displacement Behavior 

Pushover analysis was carried out for three axial-load cases as done earlier and the global 

force-displacement behavior was obtained, which is shown in Figure 5-23 through 

Figure 5-25. The corresponding pushover curves for rectangular HSC walls for different 

axial loads are also shown for comparison. 
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Figure 5-23 Pushover curves for barbell-shaped NSC wall and rectangular HSC walls 
(ALR= 10%) 

The barbell-shaped NSC wall exhibited stiffness and strength characteristics similar to 

rectangular HSC wall for axial load ratio of 10%. The peak strength for the former was 

36.5 kips with a little softening at higher drift ratios, while for the latter it was 37.8 kips. 

The initial stiffness for the barbell-shaped wall was 134 kip/inch, which was comparable 

to rectangular HSC wall stiffness of 149 kip/inch. 
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Figure 5-24 Pushover curves for barbell-shaped NSC wall and rectangular NSC walls 
(ALR=20%) 
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Similar results were obtained for axial load of 180 kips (ALR = 20%). The peak strength 

was 48.4 kips with initial stiffness of 134 kip/inch. The peak strength and initial stiffness 

for HSC rectangular wall were 49.6 kips and 149 kip/in. respectively. 
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Figure 5-25 Pushover curves for barbell-shaped NSC wall and rectangular HSC walls 
(ALR=25%) 

For higher axial load of 225 kips (ALR = 25%), similar behavior was observed for 

barbell-shaped NSC wall, with the peak strength being 53.7 kips as compared to 54.7 

kips for rectangular HSC wall. The initial stiffness for this load case was also 134 kip/in. 

Just as in the case of rectangular HSC walls, increase in thickness of the boundary 

elements in the barbell-shaped wall caused the neutral-axis depth to decrease, thereby 

increasing the moment arm and, consequentially the moment capacity and peak strength 

of the wall system. 

Overall, the global force-displacement behavior of the barbell-shaped NSC wall for 

different axial loads was very similar to that of rectangular HSC wall, with reasonable 

matches for both the peak strength and the initial stiffness. A summary of the peak 

strengths and the initial stiffness for barbell-shaped NSC wall and rectangular HSC wall 

for the three axial-load ratios is given in Table 5-5. 
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Table 5-5 Strength and stiffness of barbell-shaped NSC wall and rectangular HSC wall 

Ratio of results for 
Barbell-shaped Rectangular HSC 

Barbell-shaped NSC to 
ALR NSC wall wall 

rectangular HSC wall 
(Axial Load) 

Peak Initial Peak Initial Peak Initial 
strength Stiffness strength Stiffness strength Stiffness 

10% (90 kips) 
36.5 
kips 

133.5 
kip/in 

37.8 
kips 

148.4 
kip/in 

0.97 0.90 

20% (180 
kips) 

48.4 
kips 

134.5 
kip/in 

49.6 
kips 

149.4 
kip/in 

0.98 0.90 

25 % (225 
kips) 

53.7 
kips 

134.7 
kip/in 

54.7 
kips 

149.7 
kip/in 

0.98 0.90 

As done earlier for rectangular NSC walls, drift ratios at which cover-concrete spalled 

and the boundary-element reinforcement yielded were also obtained for all the three 

axial-load ratios. For the barbell-shaped NSC wall, the spalling strain was taken as 

0.0035, consistent with the value taken for NSC earlier. For the HSC walls, spalling strain 

was taken as 0.0025, which was calculated earlier in section 5.2.5. The values of these 

drift ratios are tabulated in Table 5-6. 

Table 5-6 Drift ratios at which cover-concrete spalled and boundary-element 
reinforcement yielded (Barbell-shaped NSC wall and HSC wall) 

Boundary-element
Cover-concrete spalling 

reinforcement yielding 

ALR Barbell- Ratio of Ratio
Barbell-(Axial load) shapedNSC HSC wall drift of HSC of drift
shapedwall HSCto wall ofHSC

NSC wall 
Ecu = 0.0035 Ecu = 0.0025 NSC toNSC 

10% 
1.08% 1.17% 1.08 0.53% 0.51 % 0.96 

(90 kips) 

20% 
0.86% 0.94% 1.09 0.62% 0.57% 0.92 

(180 kips) 

25% 
0.82% 0.87% 1.06 0.64% 0.61 % 0.95 

(225 kips) 
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With the increase in axial load, the threshold cover-concrete strains were attained at 

lower drift ratios whereas yielding of the boundary-element reinforcement was attained 

at slightly higher drifts. The rectangular HSC wall experienced compressive strains much 

lower than the barbell-shaped NSC wall for the same drift ratios, with spalling occurring 

later despite lower ultimate strain capacity. Yielding of boundary-element reinforcement 

was observed at nearly the same drift levels. 

5.4.2 Effect of Boundary Element Size on Strain Contours 

The principal compressive and tensile strain contours were also obtained from finite

element analyses to observe the strain distribution for the barbell-shaped NSC walls and 

compare with that of rectangular HSC walls. Principal strain contours at drift levels of 

0.5%, 1.0% and 2.0% were obtained. Principal compressive strain for different drift 

values are shown in Figure 5-26 through Figure 5-28 for different axial-load ratios. 

The contour plots for principal compressive strains at ALR of 10% show the same trend 

that was observed while comparing rectangular NSC and HSC walls. Here too, the 

rectangular HSC wall performed better than the barbell-shaped wall. The average strains 

at all drift levels were visibly higher for barbell-shaped NSC walls as compared to 

rectangular HSC walls. On a global level, flexure dominated the behavior as expected. 

For higher drift level (2.0%), high principal compressive strains were observed in the 

web for both walls. Discussion on the reasons of this behavior has already been covered 

in Section 5.2.6. In brief, shear tends to play a more prominent role at higher drift ratio 

of 2.0% causing some elements in the web to be highly strained. 

Similar results are seen for higher axial-load ratios of20% and 25%, although with higher 

principal compressive strains on the compression side and lower ones in the web due to 

improved performance in shear under higher axial loads. This is consistent with what 

was observed in cases comparing rectangular walls with varying axial-load ratios. 
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Figure 5-26 Principal compressive strains for barbell-shaped NSC and HSC walls for 
ALR=l0% (90 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-27 Principal compressive strains for barbell-shaped NSC and HSC walls for 
ALR=20% (180 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-28 Principal compressive strains for barbell-shaped NSC and HSC walls for 
ALR=25% (225kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Contour plots for principal tensile strain for three axial-load ratios are shown in Figure 

5-29 through Figure 5-31. It can be observed from the plots that the principal tensile 

strains for barbell-shaped NSC wall are comparable to rectangular HSC wall at low drift 

ratio of 0.5%, beyond which the former has higher strains. 

In section 5.2.6, where both HCS and NSC walls were rectangular, it was observed that 

HSC walls had more severe principal tensile strains owing to decrease in the neutral-axis 

depth resulting in greater cracking in the tension region. In this case, the larger size of 

the boundary elements also results in decrease in the neutral-axis depth making cracking 

on the tension side more prominent than the rectangular NSC wall. On the other hand, 

when compared with the rectangular HSC wall, which has comparatively more localized 

principal tensile strains, the barbell-shaped NSC wall appears to have more dispersed 

cracking along the wall height for all the axial-load ratios. 

Some elements on the compression side of the NSC walls have substantial principal 

tensile strains at 2.0% drift. This is again because, at such high drift ratios, these elements 

get highly deformed in compression leading to large principal tensile strains, which gets 

further aggravated by increasing the axial load applied on the wall. 

Given the comparison based on strength and stiffness characteristics as well as the strain 

profiles, it can be reasonably concluded that HSC rectangular walls perform better than 

barbell-shaped NSC walls. The former can thus be used to replace the latter when special 

architectural requirements prevent providing large-sized boundary elements, without 

compromising on the performance - strength and stiffness - of the structural element. 
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Figure 5-29 Principal tensile strains for barbell-shaped NSC and HSC wall for 

ALR = 10% (90 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift. 
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Figure 5-30 Principal tensile strains for barbell-shaped NSC and HSC wall for 
ALR = 20% (180 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift.. 
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Figure 5-31 Principal tensile strains for barbell-shaped NSC and HSC wall for 
ALR = 25% (225 kips) : (a) 0 .5% drift (b) 1.0% drift (c) 2.0% drift. 
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5.5 MODELLING COLD JOINTS IN HSC WALLS 

For HSC walls considered in the study so far, high-strength concrete was only placed in 

the boundary elements, with normal-strength concrete present in the web. Given the fact 

that the two dissimilar concrete types may not form a perfect bond, resulting in a cold 

joint, a study was carried out using finite-element analysis to understand the interaction 

between the web and the boundary elements along their interface. Contact was defined 

for the two surfaces, and upper-bound and lower-bound values of the coefficient of 

friction were taken from ACI 318-14 (ACI (2014)). Details of modelling contact are 

presented in the following section. 

5.5.1 Modelling contact 

The Contact-Automatic-Surface-to-Surface option present in LS-DYNA was used to 

simulate contact between the two layers at the web-boundary element interface. This 

approach uses a penalty based approach to prevent any slave-node penetration through 

the master surface (LSTC (2017)). For upper-bound analysis, the coefficient of friction 

for the contact definition was taken as 1.0 from Table 22.9.4.2 of ACI 318-14. This is 

the value of the coefficient of friction between two concrete members when the surfaces 

are roughened and prepared for better bond. For lower-bound analysis, coefficient of 

friction value of 0.6 was taken, which corresponds to the case when surfaces are not 

prepared prior to casting the second concrete section. 

Slave and master surfaces were designated for simulating contact for which "part sets" 

had to be defined. The boundary-element concrete was chosen as the master part and the 

web was taken as the slave part. Horizontal reinforcement was made continuous across 

the interface and allowed for transfer of shear. It is to be noted here that one pair of 

longitudinal reinforcement in the boundary elements of the original wall ran along the 

interface of the web and boundary elements and this lead to some numerical 

complications for the finite-element program. In order to alleviate this problem, the 

element adjacent to the interface was split and the boundary elements were extended by 

one element size to separate the planes of interface and the innermost boundary-element 
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rebar pair. This modification is trivial and is not expected to cause any change in the 

global force-displacement behavior or the stress and strain contours. 

5.5.2 Effect of Modeling Contact on Load-Displacement Behavior 

Analysis was carried out for three axial loads of 90 kips, 180 kips and 225 kips 

corresponding to ALRs of 10%, 20% and 25% and the results are shown in Figure 5-32 

through Figure 5-34. 
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Figure 5-32 Pushover curves for HSC wall with varying web-boundary element interface 
properties (ALR: 10%) 

It can be seen from Figure 5-32 that there is a substantial change in the initial stiffness 

and the global force-displacement behavior of the wall once contact is defined between 

the web and the boundary elements. The initial stiffness for the upper-bound and lower

bound contact cases are 101 kip/inch and 100 kip/inch respectively, which are 

substantially lower than the monolithic (no fiction between web and boundary elements) 

HSC wall stiffness of 149 kip/inch. The buildup of strength is also slower for the former 

two cases with the peak strengths not reaching the original HSC peak strength values. 

This is because pure composite action was not observed in the wall and there was some 

sliding along the interfaces so defined. The general behavior of the HSC wall was very 

similar for the upper-bound and the lower-bound values of the coefficient of friction. 
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The force-displacement behavior for the other ratios of axial load followed similar trends 

for initial stiffness and peak strength. The pushover curve for the two cases are shown in 

Figure 5-33 through Figure 5-34. 
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Figure 5-33 Pushover curves for HSC wall with varying web-boundary element interface 
properties (ALR: 20%) 
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Figure 5-34 Pushover curves for HSC wall with varying web-boundary element interface 
properties (ALR: 25%) 
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The values of the initial stiffness and the peak strengths for NSC and HSC rectangular 

wall with and without contact definition are tabulated in Table 5-7. 

Table 5-7 Peak strength and initial stiffness for NSC wall and HSC wall with varying 
web-boundary element interface properties 

HSC wall 
NSC wall 

Monolithic µ = 1.0 µ =0.6 
ALR 

Peak Initial Peak Initial Peak Initial Peak Initial 
strength Stiffness strength Stiffness strength Stiffness strength Stiffness 

33 .9 94 .0 37.8 148.4 34.6 100.3 34.4 99.5 
10% 

kips kip/in kips kip/in kips kip/in kips kip/in 

43 .7 95 .5 49.6 149.4 45 .0 102.3 44.3 101.1
20% 

kips kip/in kips kip/in kips kip/in kips kip/in 

47.8 95 .7 54.7 149.7 49.9 103.4 48 .7 102.0 
25 % 

kips kip/in kips kip/in kips kip/in kips kip/in 

It can be seen from Table 5-7 that there is decrease in strength and stiffness because of 

loss of composite action between the boundary elements and web. The reduction in 

stiffness was 33% as compared to the monolithic wall system. Reduction in peak strength 

was between 9% and 11 %. There was sliding observed along the interface and the 

horizontal reinforcement was the only means of transferring shear. 

Drift ratios at which the cover concrete spalled and the boundary-element reinforcement 

yielded were also obtained for all three axial-load ratios. For the HSC wall with imperfect 

bond and subjected to axial load of 90 kips (ALR= 10%), spalling strain of 0.0025 for 

HSC in cover concrete of the boundary elements was reached at drift ratio of 1.46%. But 

because of loss of composite action between the web and the boundary elements, the web 

comer, having NSC, reached spalling strain of 0.0035 earlier at a drift ratio of 1.20%. 

Similarly, when imperfect bond between web and boundary elements was considered, 

for axial load of 180 kips (ALR=20%), HSC cover concrete spalled at a drift ratio of 

1.30%, with the web comer concrete spalling at a drift ratio of 0.90%. 

For the third axial-load case of 225 kips (ALR=25%), when friction was introduced at 

the web-boundary element interface, the boundary-element cover concrete was strained 
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to 0.0025 at drift ratio of 1.20% and the web-comer concrete spalled at a drift ratio of 

0.80% for reasons discussed earlier. These results are tabulated in Table 5-8. 

Table 5-8 Drift ratios at which cover-concrete spalled and boundary-element 
reinforcement yielded for HSC wall - with and without contact 

Boundary-element reinforcement 
Cover-concrete spalling 

yielding
ALR 

HSC wall HSC wall Ratio HSC wall HSC wall Ratio
(Axial load) 

Monolithic with contact of Monolithic with contact of 
(A) (B) B:A (C) (D) D:C 

10% 
1.17% 1.46% 1.25 0.51% 0.66% 1.29(90 kips) 

20% 
0.94% 1.30% 1.38 0.57% 0.76% 1.33

(180 kips) 
25% 

0.87% 1.20% 1.38 0.61% 0.82% 1.34
(225 kips) 

The trend seen earlier with other types of wall was observed here as well. With the 

increase in axial load, the threshold cover-concrete strain of 0.0025 was again attained at 

lower drift ratios, whereas yielding of the boundary-element reinforcement was observed 

at slightly higher drifts. 

5.5.3 Effect of Modeling Contact on Principal Strains 

The principal compressive and tensile strain contours were also obtained from finite

element analyses to observe the general strain distribution for HSC wall - monolithic and 

with contact definition for simulating cold joints between web and boundary elements. 

Principal strain contours at drifts of 0.5%, 1.0% and 2.0% are shown in Figure 5-35 

through Figure 5-40. 

It should be noted though that the strain contours shown here are only for the upper

bound value of the coefficient of friction (µ=l). This is because the upper bound and the 

lower bound values of coefficient of friction when used for contact modelling gave 

results that were very similar and for the sake of brevity, the latter is omitted. 

The principal compressive strain for the salient drift ratios are shown in Figure 5-35 

through Figure 5-37. 
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Figure 5-35 Principal compressive strains for HSC wall (monolithic and with cold joint) for 

ALR = 10% (90 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift 
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Figure 5-36 Principal compressive strains for HSC wall (monolithic and with cold joint) for 
ALR = 20% (180 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift 
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Figure 5-37 Principal compressive strains for HSC wall (monolithic and with cold joint) for 
ALR = 25% (225 kips) : (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift 
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It can be observed from the contours for principal compressive strains that there is 

pronounced change in the way strains are dispersed across the wall. Wall with the cold 

joint experiences high principal compressive strains not only at the outer edges of the 

boundary elements but also inner edge of the web near the web-boundary element 

interface and its diagonally opposite comer. This behavior is very similar to that of infill 

walls. Here the boundary elements, the loading beam and the pedestal act as the frame 

elements and the web acts as the concrete infill wall. There are visible struts being formed 

in the web, which explains high principal compressive strains along the diagonal, 

particularly concentrated in the comers of the web. 

Here again, some elements are seen to experience high principal compressive strains in 

the web in the regions between two horizontal rebars, which becomes less intense as the 

axial load is increased on the wall. This behavior is because of greater shear being 

observed at higher drift values. 

The principal tensile strains are shown in Figure 5-38 through Figure 5-40. The region in 

the web experiences greater principal tensile strains because of independent bending of 

the web. For lower axial load ratio of 10%, the web has substantial principal tensile 

strains on a pair of diagonally opposite comers which become less intense with the 

increasing axial load. These principal tensile strains are particularly localized near 

horizontal reinforcement, seen as conspicuous streaks of high-strain lines at nearly 

regular intervals in the web along the wall height. 

This behavior observed for cold-joint simulations points to the importance of ensuring 

monolithic action between the web and the boundary elements. The possible strength and 

stiffness enhancement because of inclusion of HSC in the boundary elements can only 

be availed if sufficient means of ensuring shear transfer between the different parts are 

provided. This can be done by lateral post-tensioning or by incorporating shear keys, 

shear studs or other similar entities along the interface to ensure better monolithic action. 
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Figure 5-38 Principal tensile strains for HSC wall (monolithic and with cold joint) for 
ALR = 10% (90 kips): (a) 0.5% drift (b) 1.0% drift (c) 2.0% drift 
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Figure 5-39 Principal tensile strains for HSC wall (monolithic and with cold joint) for 
ALR = 20% (180 kips): (a) 0.5% drift (b) 1.0% drift (c) 2 .0% drift 
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Figure 5-40 Principal tensile strains for HSC wall (monolithic and with cold joint) for 

ALR = 25% (225 kips) : (a) 0 .5% drift (b) 1.0% drift (c) 2.0% drift 
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5.6 SUMMARY 

A brief summary of the conclusion of this chapter are enumerated below: 

• The initial stiffness for HSC walls was 56% more than that ofNSC walls and the 

increase in peak strength was between 11 % and 14% for different ALRs. The 

spalling strains for NSC and HSC were 0.0035 and 0.0025 (calculated per the 

concrete model of Kent and Park (1971) respectively. The ratio of drift values 

when spalling was observed in the boundary elements for HSC to NSC walls was 

between 1.26 and 1.44. Reinforcement yielding occurred for the former slightly 

earlier than latter for all ALRs. 

• HSC walls were found to have lower principal compressive strains than NSC 

walls for all ALRs. Some compressive strains were observed in the web at higher 

drift ratios due to greater contribution of shear at such high drifts. This was 

consistently seen through all the different cases at high drifts. Principal tensile 

strains on the other had were found to be more severe for HSC walls as compared 

to NSC walls because of lower neutral-axis depths for the former. 

• Incorporation of HSC in the boundary elements allowed for the lowering of 

boundary-element reinforcement for same peak strengths as NSC walls. The 

attainable reduction was between 28% and 41 % for different axial-load ratios 

(ALRs). Greater axial load allowed for greater reduction ofreinforcement. 

• Rectangular HSC walls had similar strengths as that of barbell-shaped NSC walls 

with area of boundary elements 2.25 times the farmer's . The ratio of peak 

strengths for barbell-shaped NSC walls to rectangular HSC walls was 0.98 and 

the ratio for initial stiffness was 0.9. The principal compressive strains were less 

severe for the rectangular HSC wall as compared to barbell-shaped NSC wall, 

whereas the principal tensile strains were more localized for the former. Cover

concrete spalling for HSC walls was reported between 0. 87% and 1.1 7%, whereas 

for the bell-shaped NSC walls it was reported between 0.82% and 1.08%. 

Yielding for boundary-element reinforcement was observed at ratios between 
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0.51 % and 0.61 % for the former and for the latter, it was observed at drifts 

between 0.55% and 0.66%. The rectangular HSC walls were found to be good 

replacements of barbell-shaped NSC walls, without compromising strength and 

stiffness. 

• Modeling cold joint between the boundary elements and the web of HSC walls 

lead to substantial changes in force-displacement behavior and strain profiles 

because of the loss in composite action between them. The loss of strength, 

resulting from contact definition in HSC walls, when compared with monolithic 

HSC walls was between 9% to 11 %. The corresponding loss in stiffness was 33%. 

The strain profiles for the cold-joint case were very similar to infill walls, with 

the pedestal, loading beam and the boundary-elements acting as the frame 

members and the web acting as the infill. The upper-bound and lower-bound 

values for the coefficient of friction, taken from ACI 318-14, gave similar results 

for force-displacement behavior and strain profiles. 

• It was concluded that to avail full benefits ofusing HSC in the boundary elements, 

it was important to ensure that proper means of shear transfer between the web 

and the boundary elements are provided. This can be achieved by providing shear 

keys or shear studs along web-boundary element interface or by using lateral 

post-tensioning for better contact between web and boundary elements. 
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CHAPTER6 

SUMMARY AND CONCLUSIONS 

6.1 SUMMARY 

Structural walls are very commonly used as the principal lateral-force resisting elements 

in structures, particularly medium and high-rise buildings. They provide large in-plane 

stiffness and lateral-load resistance, and with proper detailing, they have been reported 

to perform very well in seismic events, exhibiting substantial ductility. Advancements in 

the field of concrete materials has allowed engineers to produce concrete with very high 

compressive strengths, which are broadly classified under the category of high-strength 

concrete (HSC). This has enabled construction of more compact structural members 

without compromising their requisite performance. All major high-rise buildings, 

particularly those constructed in the past two decades have used HSC as the material of 

choice for ensuring robust structural performance. 

In the study presented in this thesis, a normal-strength concrete (NSC) slender 

rectangular wall, RWl , tested by Thomsen (1995), was modelled in finite-element 

software package LS-DYNA considering different material models for concrete. The 

model was validated against test data. Once validated, the model was extended to 

studying HSC walls for further predictive studies. 

Firstly, HSC of compressive strength 21.5 ksi was placed in the boundary elements - the 

site of maximum compressive stresses - to compare its flexural behavior with the NSC 

wall. HSC was used selectively in high demand regions of the wall (boundary elements) 

due to its higher cost compared to NSC. In this thesis, walls with NSC in their webs and 

HSC in their boundary elements are called HSC walls. Walls with NSC in their web and 

boundary elements are called NSC walls. All analyses were run for a set of three axial 

load cases - 90 kips, 180 kips and 225 kips that corresponded to axial-load ratios (ALRs) 

of 10%, 20% and 25% of the NSC wall tested originally by Thomsen (1995). ALR is the 

ratio of the axial load applied to the axial capacity of the section. The global force-
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displacement behavior of all the cases was obtained by running pushover analyses on the 

walls and the resulting strength and stiffness characteristics were compared. Principal 

strain contours for both NSC wall as well as HSC wall were obtained and compared at 

drift ratios of 0.5%, 1.0% and 2.0%. 

A study involving the use of HSC for the reduction of boundary-element reinforcement 

area was carried out. Reinforcement in the boundary elements was gradually reduced and 

the performance was compared with the target value of the strength and stiffness of an 

equivalent NSC wall for a particular axial-load case. 

With the aim of assessing the suitability of using rectangular HSC slender walls as the 

prospective replacements of barbell-shaped NSC walls, another study was carried out to 

compare the strength and stiffness of HSC walls against those of equivalent barbell

shaped NSC walls. Principal strain contours were obtained for the barbell-shaped NSC 

walls and compared with those ofrectangular HSC walls to see if the latter could be used 

to replace the former when architectural constraints limit the dimensions of structural 

walls. 

Finally, the special condition of "cold joint" arising due to dissimilar concrete mixes 

being placed in the web and boundary elements for HSC walls was evaluated. Instead of 

modelling the whole HSC wall as a monolithic structural system, the web and boundary 

elements were designed as separate entities with contact defined between them. 

Appropriate coefficients of friction values were taken for simulating the interface 

behavior. The resulting global force-displacement characteristics and strain distribution 

were obtained and compared with the case of the monolithic web-boundary element 

interface wall. 

6.2 RESULTS AND CONCLUSIONS 

A brief description of the results that can be drawn from the study are enumerated below: 

• Winfrith concrete model available in LS-DYNA material model library was able to 

accurately capture the global force-displacement behavior of the wall RWl , as 
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reported by Thomsen (1995), with only a minor mismatch with the initial stiffness. 

This was most probably due to fine cracking prior to testing that might have gone 

unreported by the researchers, variability in concrete modulus of elasticity 

predictions due to inherent material uncertainties, and the ambiguity of the digitized 

data at small displacements in the absence of metadata. Calculating the initial 

stiffness from the plots provided by the researchers was difficult, although the plots 

gave a clear picture of the peak strength. Peak strength obtained from the models and 

testing matched reasonably well. The material properties that required calibration 

were the concrete tensile strength and the crack-width parameter (FE), which is a 

function of the former. Variations in concrete tensile strength are common and 

predictions of tensile strength have low precision. 

• HSC wall performed much better than the NSC wall vis-a-vis the peak strength, and 

the principal compressive-strain distribution and its severity. The peak strength was 

enhanced for HSC-wall case due to the decrease in the neutral-axis depth and increase 

in the moment arm. This in tum lead to higher cracking on the tension side of the 

wall. Increase in the peak strength for HSC wall over NSC wall was between 11 % 

and 14% for different ALRs. The increase in stiffness for the three axial-load cases 

was 56%. The drift values when spalling was observed in the boundary elements for 

NSC wall was between 0.69% and 0.82%, and for HSC wall they were between 

0.87% and 1.17%. The spalling strain for NSC was taken as 0.0035 as reported by 

Thomsen (1995). For HSC, the spalling strain was calculated as 0.0025 per the 

concrete model proposed by Kent and Park (1971). Reinforcement yielding for 

former occurred at drifts ratios between 0.51 % and 0.61 %. For the latter, it was 

observed earlier at drifts between 0.55% and 0.66% for different ALRs. 

• Incorporation of HSC in the boundary elements allowed for the lowering of 

boundary-element reinforcement for same peak strengths as NSC walls. The 

attainable reduction was between 28% and 41 % for different axial-load ratios 

(ALRs). Increasing the axial load allowed for greater reduction of the boundary

element reinforcement. 
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• Rectangular HSC walls were found to have similar strengths as that ofbarbell-shaped 

NSC walls with boundary elements twice the size of its boundary elements. The ratio 

of peak strengths for barbell-shaped NSC walls to rectangular HSC walls was 0.98 

and the ratio for initial stiffness was 0.90. The principal compressive strains were less 

severe for the rectangular HSC wall as compared to barbell-shaped NSC wall, 

whereas the principal tensile strains were more localized for the former. Cover

concrete spalling for HSC walls was reported at drift ratios between 0.87% and 

1.17%, whereas for the bell-shaped NSC walls it was reported between drifts of 

0.82% and 1.08%. Yielding for boundary-element reinforcement was observed at 

ratios between 0.51 % and 0.61 % for the former and for the latter, it was observed at 

drifts between 0.55% and 0.66%. The rectangular HSC walls were found to be good 

replacements of barbell-shaped NSC walls, without compromising strength and 

stiffness 

• Lastly, definition of contact in the finite-element model for simulating cold joints 

between the web and boundary elements for the HSC wall led to some loss of strength 

and considerable loss of stiffness when compared with similar HSC wall modelled 

as a monolithic unit. Analyses were carried out for both the upper bound and lower 

bound values of the coefficient of friction between web and boundary elements (µ=l 

and µ=0 .6 respectively) provided by ACI 318-14 (ACI (2014)). The loss of strength 

was between 9% and 11 % respectively. The loss of stiffness for both upper bound 

and lower bound case was around 33%. There were also major changes in the 

principal strain distribution in the wall system. Composite action between the web 

and boundary elements was eliminated leading to independent flexural behavior of 

the web and the boundary elements. The strain pattern also pointed towards a 

behavior characteristic of infill walls, with the boundary elements, the loading beam 

and the pedestal acting as the frame members and the web acting as the infill concrete 

wall. Moreover, the upper bound and lower bound values of the coefficient offriction 

between web and boundary elements (µ= 1 and µ=0 . 6 respectively) yielded nearly the 

same results for force-displacement behavior as well as strain profiles. 
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• It is thus suggested that in order to make full use of the possible enhanced strength 

and stiffness of wall due to the use of HSC in the boundary elements, it is essential 

to ensure that the entire wall system acts as a monolithic unit. This can be achieved 

by providing shear keys or shear studs along web-boundary element interface or by 

using lateral post-tensioning for better contact between web and boundary elements. 
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