
  

 

NIST Technical Note 2180 

 

Structural Performance of Nuclear Power 

Plant Concrete Structures Affected by 

Alkali -Silica Reaction (ASR) 

 
Task 3: Assessing Cyclic Performance 

of ASR-Affected Concrete Shear 

Walls 

 
Jonathan M. Weigand 

Fahim Sadek 

Travis Thonstad 

Sorin Marcu 

Rudy Villegas 

Long T. Phan 
Engineering Laboratory 

National Institute of Standards and Technology 

 

 Adam L. Pintar 
Information Technology Laboratory 

National Institute of Standards and Technology 

 

Travis Thonstad 
Civil and Environmental Engineering 

University of Washington 

 

 

 

 





 

 

NIST Technical Note 2180 

 

Structural Performance of Nuclear Power 

Plant Concrete Structures Affected by 

Alkali -Silica Reaction (ASR) 
 

Task 3: Assessing Cyclic Performance 

of ASR-Affected Concrete Shear 

Walls 
 

Jonathan M. Weigand 

Fahim Sadek 

Sorin Marcu 

Rudy Villegas 

Long T. Phan 
 Engineering Laboratory 

National Institute of Standards and Technology 

 

Adam L. Pintar 
Information Technology Laboratory 

National Institute of Standards and Technology 

 

Travis Thonstad 
Civil and Environmental Engineering 

University of Washington 

 

 

 

 

 

 

https://doi.org/10.6028/NIST.TN.2180 

January 2022 

 

U.S. Department of Commerce  
Gina Raimondo, Secretary  

 

National Institute of Standards and Technology  

James K. Olthoff, Acting Under Secretary of Commerce for Standards and Technology and Director 

  



 

Disclaimer No. 1 
Certain commercial entities, equipment, or materials may be identified in this document in order to describe 
an experimental procedure or concept adequately. Such identification is not intended to imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended 
to imply that the entities, materials, or equipment are necessarily the best available for the purpose. 
 
 
Disclaimer No. 2 
The policy of NIST is to use the International System of Units in all publications. In this document, however, 
units are presented in the system prevalent in the relevant discipline, although in some cases more than 
one system of units may be presented. 
 
 
Copyright 
This NIST publication is a work of the United States Government not subject to copyright protection within 
the United States under Title 17 United States Code § 105. This publication may include copyrighted 
content (such as photographs) used with permission of the credited copyright holder. Reproduction, 
redistribution or reuse of such copyrighted content apart from this publication may require permission, which 
should be sought from the credited copyright holder. Where no copyright holder or source is credited for a 
figure or table in this publication, the source is NIST, which would appreciate attribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

National Institute of Standards and Technology Technical Note 2180  

Natl. Inst. Stand. Technol. Tech. Note 2180, 211 pages (January 2022)  

https://doi.org/10.6028/NIST.TN.2180 
CODEN: NTNOEF 

 

 

 

 

 



 

iii 

!/Ybh²[95D9a9b¢{ 

The authors wish to express gratitude and appreciation to the following current and former NIST 

colleagues who have provided advice and guidance, ideas and expertise, collaborations, technical 

contributions, and assistance throughout the duration of this research effort: 

¶ Mses. LeeAnn Ginsburg, Ami Reisinger, Gwynaeth Broome, and Melissa Logan for budgetary 

advice and administrative and logistical supports, including procurements, acquisitions, 

meetings, and shipping and receiving; 

¶ Messrs. Patrick Murphy, John Murray, John Hagan and Richard Eason for lending equipment and 

providing critical assistance with the preparation, instrumentation, and construction of the test 

specimens; 

¶ Dr. Christopher Segura for offering his expertise and assistance with the design of the test 

specimens;  

¶ Messrs. Brian Story and Anthony R. Chakalis, and Drs. Christopher Segura and Matthew Speicher 

for their efforts in the installation of Concrete Structural Reaction Block; 

¶ Dr. James J. Filliben for lending his insights and expertise on the statistical design of 

experiments; and 

¶ Mr. Louis Potts for his contributions in all the experimental phases of this research, including 

samples preparation and testing, through a related NIST laboratory project. 

Last but not least, the authors would like to sincerely thank United States Nuclear Regulatory 

Commission staff, for their support and technical guidance throughout the duration of this NRC-

sponsored research to study the structural performance of Nuclear Power Plant structures affected by 

Alkali-Silica Reaction. 

  



 

iv 

!.{¢w!/¢ 

This report describes the results of Task 3 of a five-task comprehensive research program conducted at 

the National Institute of Standards and Technology (NIST) under the sponsorship of the U.S. Nuclear 

Regulatory Commission (NRC). The overall study aims to develop a technical basis for evaluating effects 

of Alkali-Silica Reaction (ASR), which occurs when the high pH concrete pore solution reacts with certain 

aggregate mineral phases to form expansive ASR gel and create internal expansive forces that cause 

cracking in concrete, and may result in degradation of engineering properties and structural capacities of 

reinforced concrete structures. The report provides detailed information on experimental planning, 

observations, testing, measurements, and statistical analysis performed to achieve the objective of Task 3, 

Evaluation of seismic response characteristics of ASR-affected concrete shear walls. It presents 

experimental results of three ASR-affected shear walls and one nonreactive shear wall subjected to a 

constant axial compression and reversed cyclic lateral load, along with rigorous statistical analyses that 

quantify the effects of ASR-induced expansion/degradation and confinement provided by transverse 

ǊŜƛƴŦƻǊŎŜƳŜƴǘ ƛƴ ǘƘŜ ǿŀƭƭǎΩ ōƻǳƴŘŀǊȅ ŜƭŜƳŜƴǘǎ on ǿŀƭƭǎΩ όмύ Řeformation capacity including cumulative 

drift capacity, drift at yield moment, drift at peak flexural capacity, drift at 20 % reduction in peak flexural 

capacity, and peak drift capacity (or ductility); (2) flexural capacity including normalized peak flexural 

capacity and normalized yield moment; and (3) energy dissipation capacity including cumulative hysteretic 

energy and hysteretic energy by stage (at a given drift level corresponding to a certain performance 

objective). 

Keywords: 

Alkali-silica Reaction; ASR; Compressive Strength; Concrete; Confinement; Cyclic Loading; Ductility; Energy 

Dissipation; Expansion; Experimental; Flexural Strength; Seismic Testing; Hysteresis; Shear Walls 
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E.1 INTRODUCTION 

This report describes work that is part of a comprehensive research program conducted by the 

Engineering Laboratory (EL) of the National Institute of Standards and Technology (NIST) to study the 

effects of alkali-silica reaction (ASR) on the structural performance of nuclear power plant concrete 

structures. The work is funded by the U.S. Nuclear Regulatory Commission (NRC) under Inter-Agency 

Agreement NRC-HQ-60-14-I-0004. The objective of this research is to develop a technical basis for generic 

regulatory guidance for evaluation of ASR-affected nuclear power plant (NPP) concrete structures through 

its service life. The research program is specifically designed to develop measurements for evaluation of 

(1) the effects of ASR on structural performance and capability to perform intended functions under 

design basis static and dynamic loads, and (2) characteristics of an aging management program to 

adequately monitor and manage aging effects of ASR degradation such that intended functions are 

maintained through the period of extended operation of renewed licenses. The intended outcome is a 

methodology for determining, for an existing ASR-affected structure, its (1) in-situ structural capacity to 

resist design-basis static and dynamic loads and (2) future structural capacity. 

The overall research program is made up of five tasks, each with an associated major objective: 

 Task 1: Assess effects of ASR on in-situ mechanical properties of concrete; 

 Task 2: Assess development and lap-splice lengths of reinforcing bars in ASR-affected concrete; 

 Task 3: Evaluate seismic response characteristics of ASR-affected concrete structural members; 

 Task 4: Estimate the degree of reaction in ASR-affected concrete and the corresponding 

expansion; and 

 Task 5: Predict future and ultimate ASR expansion in ASR-affected concrete. 

This report focuses on Task 3, evaluation of the seismic performance of ASR-affected reinforced concrete 

(RC) shear walls. Specifically, this report describes the experimental planning (material selection to 

achieve target ASR expansion; specimens design, instrumentation, fabrication, curing, and reversed cyclic 

lateral load test protocol); pre-test measurements; data collection and analysis of test results; and findings 

and conclusions that pertain to Task 3 of this NRC-sponsored research program. 

 

E.2 NIST TASK 3 EXPERIMENTAL PROGRAM 

The NIST Task 3 experimental program conducted pseudo-static, reversed cyclic lateral loading under 

constant axial compression test to evaluate the seismic performance of four reinforced concrete shear 

wall specimens, with three having their wall panels made of reactive concrete (using reactive coarse and 
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fine aggregates), and one having its wall panel made of the same reactive concrete, but treated with a 

lithium nitrate solution to mitigate ASR as control specimen. The three reactive specimens were made of 

the same reactive concrete mixture ASR 3 used in the NIST Task 1 and Task 2 experimental programs (with 

ultimate ASR-induced expansion AʁSR-ult = 0.3 %, see Sections 2.2, and Sadek et al. (2021) and Thonstad et 

al. (2021) for ASR 3 mixture proportions and other properties). The three reactive specimens were cured 

in the NIST environmental chamber at high temperature and relative humidity to accelerate ASR 

expansion in the test wall panels to a specified target level prior to structural testing. 

 

The experimental program was designed to facilitate examination of the influence of two primary 

variables: (1) the level of ASR-induced expansion, 0 % Җ ʁASR Җ 0.25 %ȟ measured as averaged maximum 

recorded strains in the reinforcements in the test wall panels; and (2) the level of confinement in the 

boundary elements of the wall panels, 0.5 % Җ ́t Җ 2.0 %, as measured by the volumetric ratio of transverse 

reinforcement in the boundary element, on ǘƘŜ ǿŀƭƭǎΩ ǎǘǊǳŎǘǳǊŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ terms of their flexural 

capacity (yield and peak moment capacities), deformation capacity (drift ratios corresponding to various 

load levels), and energy dissipation capacity (hysteretic energy at a given drift level corresponding to a 

certain performance objective and cumulative hysteretic energy). 

All four NIST shear wall specimens had a rectangular cross section of 8.0 in (203 mm) thick × 60.0 in 

(1520 mm) long (lw); and a height between the footing and the top cap of 80.0 in (2030 mm), resulting in 

an overall height, hw, between the point of lateral load application and the top of the specimen footing of 

120.0 in (3048 mm) and a height-to-length aspect ratio hw/ lw of 2.0. All had a longitudinal reinforcement 

ratio ́ l of 0.61 %Σ ǿƛǘƘ ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ǊŜƛƴŦƻǊŎŜƳŜƴǘ Ǌŀǘƛƻǎ ƛƴ ǘƘŜ ǿŀƭƭǎΩ ōƻǳƴŘŀǊȅ ŜƭŜƳŜƴǘǎ t́ varied from 

0.5 % to 2.0 %. The geometry and the reinforcement ratios of the NIST wall specimens were selected to 

match non-reactive walls previously tested by Oh et al. (2002) to facilitate independent comparisons of 

the test results. Key parameters of the NIST Task 3 shear wall specimens are shown on Table E.1. 

 

Table E.1.  Key parameters of the NIST Task 3 wall specimens 

Specimen 

Wall Aspect 

Ratio(1) 

Transverse 

Reinforcement Ratio 

in Boundary 

Elements 

t́ (%) 

Longitudinal 

Reinforcement Ratio 

ĺ (%) 

Target Expansion 

AʁSR at Test Time(2) 

(% of ʁ ASR-ult) hw/l w lw/h  

Wall 1 2.0 7.5 0.5 0.61 50 

Wall 2 2.0 7.5 2.0 0.61 100 

Wall 3 2.0 7.5 0.5 0.61 100 

Wall 4 2.0 7.5 2.0 0.61 
0 (non-reactive, 

control specimen) 

(1) hw: wall height; lw: wall length; h: wall thickness. hw/lw: wall height-to-length aspect ratio; lw/h: length-to-thickness (shear) 

aspect ratio. 
(2) ¢ƘŜǎŜ ǊŜǇǊŜǎŜƴǘ άŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ǇƭŀƴƴŜŘέ ŜȄǇŀƴǎƛƻƴ ƭŜǾŜƭǎ ŀǘ ǘŜǎǘ ǘƛƳŜΦ See actual measured AʁSR at test time for each wall 

specimen in Section 4.5. 
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During cyclic load testing, all specimens were subjected to a constant 200 kip (890 kN) axial compression, 

which is equivalent to 0.093 Ag ŦΩc (where Ag is the gross sectional area of the wall and ŦΩc is the specified 

compressive strength of concrete) on the test wall panels, while undergoing increasing levels of cyclic 

lateral deformations at drift ratios corresponding to ASCE 41-17 Seismic Evaluation and Retrofit of Existing 

Buildings ό!{/9Σ нлмтύΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ƻōƧŜŎǘƛǾŜǎΣ ƴŀƳŜƭȅ 9ƭŀǎǘƛŎΤ LƳƳŜŘƛŀǘŜ hŎŎǳǇŀƴŎȅ όLhύΤ [ƛŦŜ {ŀŦŜǘȅ 

(LS); Collapse Prevention (CP); and To Failure. The purpose of the selected levels of cyclic loading was to 

cover a range of structural performance from elastic to failure, with measurements regularly interspersed 

throughout the intermediate stages. 

In addition to the four wall specimens, a sufficient number of companion concrete cylinders and prisms 

were also made, cured, and tested at certain time intervals for use in characterizing variations in the 

concrete mechanical properties (compressive strength, modulus of elasticity, and splitting tensile 

strength) and ASR-induced linear expansion as functions of age. 

Finally, statistical analyses of the test results using the least absolute selection and shrinkage operator 

(LASSO) regression models were performed to quantify the effects of the test variables ʁ ASR and ́ t on the 

structural performance of ASR-affected shear walls. 

 

E.3 FINDINGS 

Specific findings of the NIST experimental program are statistically valid over the ranges of experimental 

parameters examined ( AʁSR of about 0.25 %; 0.5 % Җ ́t Җ 2.0 %; and hw/ lw = 2.0), and for the selected 

mixture proportioning, types of aggregate used, and curing regime. The findings are summarized below, 

grouped below in terms of effects of ʁ ASR and ́ t on the following performance characteristics: 

E.3.1  Concrete Expansion and Reinforcing bars Strain Development 

¶ No significant differences were observed between the ASR-induced expansions, ʁASR, of the three 

reactive concrete shear walls, measured as averaged maximum recorded strain on the 

reinforcements. Taken together, strain data from the three reactive walls showed that the largest 

recorded strain measurement was about 0.25 % for Walls 1 and 3 and 0.23 % for Wall 2 at the end of 

the curing period and prior to structural testing. These strain values might have been exceeded in the 

reinforcing bars that experienced yielding since no meaningful data was available after yielding. 

¶ ASR-induced expansion was less for regions with more restraint. In general, for the longitudinal 

reinforcing bars in the boundary elements, strain gages near the footings, which were cast from 

conventional, nonreactive concrete, recorded less strains than those placed at mid-height of the wall 

panel. Similarly, transverse bars at mid-height of the wall also recorded the largest tensile strains, 

ōŜƛƴƎ ŦŀǊǘƘŜǊ ŦǊƻƳ ǘƘŜ ŎƻƴǎǘǊŀƛƴǘ ƻŦ ǘƘŜ ǿŀƭƭΩǎ ŦƻƻǘƛƴƎ ŀƴŘ ǘƻǇ ŎŀǇΦ ¢Ƙƛǎ ǘǊŜƴŘ was expected due to 

the restraint to the wall expansion provided by the non-ŜȄǇŀƴǎƛǾŜ ǿŀƭƭΩǎ ŦƻƻǘƛƴƎ ŀƴŘ ǘƻǇ ŎŀǇΦ 
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¶ Unrestrained ASR-induced concrete linear expansion, measured using unreinforced standard prisms 

made with the same concrete and cured under the same regime as the reactive wall specimens, was 

up to 0.25 %. This level of unrestrained concrete linear expansion was consistent with the averaged 

maximum recorded strain measured by strain gages on the reinforcing bars of the reactive wall 

specimens ( AʁSR = 0.25 % for Walls 1 and 3, and = 0.23 % for Wall 2, see above and Section 4.5). 

However, this is likely just a coincidence as the strain recorded at various discreet locations on the 

ǊŜƛƴŦƻǊŎŜƳŜƴǘǎ ƳƛƎƘǘ ŀŎǘǳŀƭƭȅ ǳƴŘŜǊǊŜǇǊŜǎŜƴǘ ǘƘŜ ƻǾŜǊŀƭƭ ǿŀƭƭǎΩ ŜȄǇŀƴǎƛƻƴ όǎǘǊŀƛƴ ƎŀƎŜǎ ƴƻǘ ƭƻŎŀǘŜŘ 

at places where maximum expansion occurred, and gages malfunctioned shortly after yielding of the 

reinforcements). 

¶ Toward the end of the curing period and prior to structural testing, several reinforcing bars might 

have yielded or were approaching yielding. These included the longitudinal bars in the boundary 

elements at approximately mid-height (between 10.0 in [254 mm] and 40.0 in [1016 mm] above the 

footings) and the transverse reinforcing bars at different heights. 

¶ The average ASR-induced strains in the longitudinal bars in the boundary elements at their interface 

with the footings was found to be 0.113 % ± 0.013 %. This value was taken as the pre-existing, ASR-

induced, pre-strain at the base of the wall where failure is expected to start and propagate during 

cyclic testing. 

 

E.3.2 Concrete Mechanical Properties 

¶ Concrete mechanical properties, measured by standard testing at different ages of 4.0 in (102 mm) ³ 

8.0 in (203 mm) cylinders that were cast at the same time with the wall specimens and cured under 

the same environmental conditions, decreased with increasing ASR-induced expansion. The maximum 

reductions, relative to their measured 28-day values, were about 30 %, 70 %, and 40 % for the 

compressive strength, compressive modulus of elasticity, and splitting tensile strength, respectively. 

These decreases in the mechanical properties are consistent with the findings of the Task 1 report 

(Sadek et al., 2021) and Task 2 report (Thonstad et al., 2021), albeit with different reduction 

magnitudes. For the non-reactive cylinders from Wall 4, no such reduction in compressive strength, 

compressive modulus of elasticity, or tensile strength was observed. On the contrary, strengths of the 

non-reactive concrete were consistently larger than their measured 28-day values. 

¶ The relationship between the concrete modulus of elasticity and the compressive strength for 

normalweight, nonreactive concrete prescribed by ACI 318-19 (Section 19.2.2.1(b)) overpredicted the 

compressive modulus of the reactive concrete by up to 50 %. This was particularly evident at higher 

expansion values and indicates that the modulus of elasticity degraded faster with increased ASR 

expansion than did the compressive strength. This was consistent with the findings of the Task 1 

report (Sadek et al., 2021) and Task 2 report (Thonstad et al., 2021). 

E.3.3 Concrete Cracking 
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¶ Significant ASR-induced surface cracking was observed on all three reactive wall panels prior to 

structural testing, along with exudation of a substance, presumed to be ASR gel, from the cracks onto 

the panel surfaces. The pattern of ASR-induced cracking was randomly oriented and did not appear 

to be preferentially aligned with the embedded reinforcement. No discoloration was observed that 

would suggest corrosion of the reinforcement bars prior to structural testing. No discernable 

differences were found between the cracking pattern on the surfaces of the three reactive wall panels 

despite their differences in age at the time of observation and the amount of transverse confinement 

in the boundary elements. 

E.3.4 Structural Capacity 

Deformation Capacity 

¶ Both the presence of ASR and decreasing the transverse reinforcement ratio in the boundary 

elements, ́ t, ǿŜǊŜ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ŀ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǿŀƭƭǎΩ ŎǳƳǳƭŀǘƛǾŜ ŘǊƛŦǘ ŎŀǇŀŎƛǘȅΣ causing a 

reduction of 10 % and almost 20 %, respectively. Relative to the ASR absent and ́ t = 2.0 % 

combination, these are decreases of 8 % and 16 %, respectively. The regression model (see 

Equation 6.1) showed that from a wall without ASR and high ́t (ASR absent [ AʁSR = 0 %] and ́ t = 2.0 %) 

to a wall with ASR and low ́t (ASR present [ AʁSR = 0.25 %] and t́ = 0.5 %), the estimated mean 

cumulative drift capacity decreases by about 10 % + 20 % = 30 % (or 24 % relative). There is no 

ŜǾƛŘŜƴŎŜ ǘƘŀǘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƻƴŜ ǾŀǊƛŀōƭŜ ƻƴ ǘƘŜ ǿŀƭƭǎΩ ŎǳƳǳƭŀǘƛǾŜ ŘǊƛŦǘ ŎŀǇŀŎƛǘȅ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ƻǘƘŜǊ 

variable (i.e., no evidence of an interaction). 

¶ The presence of ASR negatively affected the drift at yield moment dy (i.e., the presence of ASR 

decreases dy). For the level of ʁASR examined in this study (¢ 0.25 %), the mean dy of reactive Walls 1, 

2, and 3 decreased by 54 % when compared with that of non-reactive Wall 4. This decrease is 

attributed to the ASR-induced pre-strain in the longitudinal reinforcing bars of the three reactive 

specimens prior to structural testing, which led to the onset of inelasticity at lower drift ratios during 

testing. There was no evidence that decreasing transverse reinforcement ratio in the boundary 

element, ́ t, affects drift at yield moment dy. 

¶ The presence of ASR also negatively affected drift at peak flexural capacity d+
Mmax. By direct 

comparison, the average d+
Mmax in negative and positive flexure of reactive Walls 1 through 3 were 

50.7 % and 56.8 %, respectively, relative to those of non-reactive, control Wall 4. The statistical 

analysis estimated that, for the level of ʁASR considered in this study, there was a reduction of 23 % in 

the mean d+
Mmax when ASR is present. There was no evidence that decreasing transverse confinement 

ratio ́ t affects drift at peak flexural capacity d+
Mmax. 

¶ There was no evidence that the presence of ASR affected drift at 20 % reduction in flexural capacity, 

du, while decreasing transverse reinforcement ratio, ́t, was found to negatively affect du (as t́ 

decreases, du decreases). It is estimated that decreasing t́ from 2.0 % to 0.5 % caused a 21 % 

reduction in du. 

¶ The wŀƭƭǎΩ ductility, measured by the peak drift capacity dfail, was not adversely affected by the 

presence of ASR for any of the walls tested; however, ductility was influenced by the transverse 

reinforcement ratio, ́ t, in the boundary elements; i.e., decreasing t́ resulted in decreasing dfail. Both 
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specimens with ́ t = 0.5 % achieved dfail = 3.0 % drift ratio, while both specimens with t́ = 2.0 % 

achieved dfail = 4.0 % drift ratio. These observations were made only from inspection of the test data. 

The statistical methods of Chapter 6 were not applied for the reasons discussed within it. 

¶ Reduction of the initial stiffness of the ASR-ŀŦŦŜŎǘŜŘ ǿŀƭƭǎΩ ŦƻǊŎŜ-drift flexural response, K, (see 

Chapter 5) was not observed despite the observed ASR-induced cracking and reduction of concrete 

mechanical properties. 

Flexural Capacity 

¶ The presence of ASR had a statistically significant negative effect on the yield moment of the walls 

and caused a reduction of about 26 ҈ ƛƴ ǘƘŜ ǿŀƭƭǎΩ mean normalized yield moment capacity, My/M n. 

None of the ASR-affected walls met the ACI 318-19 design criteria, which is based on yielding of the 

longitudinal bars in the boundary elements (My/M n < 1.0), the estimated mean value of My/M n was 

less than 1.0, and approximately 90 % of the bootstrap replicates of the estimated mean of My/M n 

were less than 1.0. 

¶ The presence of ASR also had a statistically significant negative effect on the peak flexural capacity of 

the walls. The measured average peak flexural resistance in negative and positive flexure of reactive 

Walls 1 through 3 were 85.6 % and 88.1 %, respectively, relative to those of the non-reactive control 

wall specimen (Wall 4). Averaging the measured flexural capacities in both negative and positive 

flexure, the presence of ASR was estimated to cause a reduction of about 11 ҈ ƛƴ ǘƘŜ ǿŀƭƭǎΩ ƳŜŀƴ 

normalized peak flexural capacity M+
max/M n. 

¶ There was no evidence that variation of the transverse reinforcement ratio, t́Σ ƛƴ ǘƘŜ ǿŀƭƭǎΩ ōƻǳƴŘŀǊȅ 

elements (0.5 % Җ t́ Җ 2.0 %) had an effect on either walƭǎΩ ƴƻǊƳŀƭƛȊŜŘ ȅƛŜƭŘ ƳƻƳŜƴǘ όMy/Mn) or 

normalized peak flexural capacity (M+
max/Mn). 

Energy Dissipation Capacity 

¶ The presence of ASR and decreasing t́ negatively affected cumulative hysteretic energy. Relative to 

the ASR absent and ́t = 2.0 % combination, for the level of ʁASR in this study, it is estimated that the 

mean cumulative hysteretic energy decreases by 14 % with the presence of ASR, and changing ́ t from 

2.0 % to 0.5 % is estimated to cause a decrease in mean cumulative hysteretic energy by about 17 %. 

¶ The presence of ASR generally increased the amount of hysteretic energy dissipated in a given cycle, 

because reactive walls yielded at lower drift ratios, due to the ASR-induced pre-strain in the 

longitudinal bars of their boundary elements, leading to increased inelasticity and energy dissipation 

at lower drifts. 

¶ The non-reactive, control Wall 4 specimen dissipated the largest total hysteretic energy, not because 

it dissipated more energy per cycle, but because it achieved the largest cumulative drift capacity 

compared with the three reactive Walls 1 through 3. 

Behavior and Failure Modes 

¶ Non-reactive Wall 4 and reactive Wall 2, both with t́ = 2.0 %, exhibited flexural-shear behavior 

characterized by a combination of horizontal and diagonal cracks. Reactive Wall 1 and 3, both with ́t 
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= 0.5 %, exhibited predominantly flexural behavior that was characterized primarily by horizontal 

cracks. In all reactive walls, cracks already present at the beginning of testing due to ASR-induced 

expansion then grew and propagated with increased drift ratio. 

¶ Under the cyclic load testing of the four walls, the walls failed primarily in a flexural mode, with (1) 

buckling of longitudinal reinforcement in the boundary element resulting in spalling/crushing of 

concrete and exposing of the buckled reinforcement at the compression zone, and (2) excessive 

yielding and in some cases fracture of the longitudinal reinforcing bars of the boundary element on 

the tensile zone. Reactive Walls 1 and 3 with ́ t = 0.5 % lost their axial capacity and collapsed in a 

άǎǉǳŀǎƘ ƳƻŘŜέ ǳƴŘŜǊ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ нлл kip (890 kN) vertical load that was still in effect. 

 

E.4 CONCLUSIONS 

The conclusions presented below, and the specific findings presented above, should be interpreted within 

the scope of the experimental program conducted and the ranges of experimental variables examined: 

¶ Consistent with observations made in the NIST Task 1 report (Sadek et al., 2021) and Task 2 report 

(Thonstad et al., 2021), the presence of ASR caused significant cracking and degradation in concrete 

mechanical properties of the NIST shear wall specimens (30 %, 70 %, and 40 % reduction in 

compressive strength, modulus of elasticity, and splitting tensile strength, respectively). 

 

¶ The presence of ASR and its associated effects on concrete material properties and cracking were 

found to cause statistically significant degradation in the structural capacities of shear walls. 

Specifically, within the bounds of the experimental parameters examined, the presence of ASR caused 

a reduction of 11 % in the mean normalized peak moment capacity (M+
max/M n) and of 26 % in the 

mean normalized yield moment capacity (My/M n) of the shear walls tested in this program.  

 

¶ More importantly, the structural capacity degradation that resulted from the presence of ASR brought 

the normalized yield moment capacity ratios My/M n for all ASR-affected walls in this test program to 

less than 1.0 (0.79, 0.67, and 0.68 for Walls мΣ нΣ ŀƴŘ оΣ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ !ǎ ǘƘŜ ƴƻƳƛƴŀƭ ǿŀƭƭΩǎ ƳƻƳŜƴǘ 

capacity Mn is computed using ACI 318 calculation procedure based on yielding of the longitudinal 

bars in the wall, the measured yield moment capacity My being less than Mn means that ACI 318 

capacity calculation procedure is unconservative and not applicable for walls affected by ASR.  

 

¶ Since the NIST test program effectively examined only two ASR expansion levels (AʁSR = 0 % and 0.23 % 

¢ AʁSR ¢ 0.25 ҈ύΣ ƛǘΩǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ƛƴǘŜǊǇƻƭŀǘŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛƴǘŜǊƳŜŘƛŀǘŜ ŜȄǇŀƴǎƛƻƴ 

ƭŜǾŜƭǎ ǿƛǘƘƛƴ ǘƘƻǎŜ ǘǿƻ ƭƛƳƛǘǎ ƻƴ ǘƘŜ ǿŀƭƭǎΩ ǎǘǊǳŎǘǳǊŀƭ ŎŀǇŀŎƛǘȅ ǿƛǘƘ ǎǘŀǘƛǎǘƛŎŀƭ ŎƻƴŦƛŘŜƴŎŜΦ 

 

¶ !{w ŀƭǎƻ ŎŀǳǎŜŘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜƎǊŀŘŀǘƛƻƴ ƛƴ ǘƘŜ ǿŀƭƭǎΩ ŘŜŦƻǊƳŀǘƛƻƴ ŀƴŘ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǘƛƻƴ 

capacities, including drift at yield moment dy, drift at peak flexural capacity d+
Mmax, and cumulative 

hysteretic energy. 
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¶ While increasing the transverse reinforcement ratio in the boundary element t́ was not found to 

influence the wallΩǎ peak flexural capacity, the reduction in the deformation and energy dissipation 

capacity with the presence of ASR was less severe for shear walls with higher ́ t. 

 

¶ Finally, the completion of this NIST Task 3 test program has provided the second set of known 

experimental data examining the effect of ASR on shear wallΩǎ structural performance beside that of 

Habibi et al. (2018) to date. While important knowledge and understanding have been developed as 

ŀ ǊŜǎǳƭǘΣ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǊŜŎƻƎƴƛȊŜ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǎǘƛƭƭ ƭƛƳƛǘŀǘƛƻƴǎΣ Ƴƻǎǘƭȅ ŘǳŜ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ 

parameters studied, that make comparison and generalization of the findings from both test programs 

beyond the range of experimental parameters not advisable. Additional test data of shear walls with 

different cross-sectional geometry (I-shaped and rectangular cross section); wall height-to-length 

aspect ratios hw/l w (between and beyond 1.1 tested by Habibi et al., 2018 and 2.0 tested by NIST and 

Oh et al., 2002), with and without wall boundary elements; and intermediate and additional levels of 

ASR expansion (0.0 % ¢ AʁSR ¢ 0.3 %) would be needed before interpolation or extrapolation of the 

experimental results for predicting the performance of walls with different design parameters can be 

considered appropriate. 
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1.1 BACKGROUND 

Alkali-silica reaction (ASR) has long been recognized as a major cause of concrete internal cracking and 

deterioration (Stanton, 1940). This concrete deterioration mechanism begins with reaction between the 

alkali hydroxides in the cement paste and certain amorphous or micro-crystalline siliceous phases in the 

aggregates, which produces an alkali-silica gel that forms initially in the partially saturated pore space of 

the hardened cement paste. The alkali-silica gel is hygroscopic, absorbing moisture in the concrete matrix 

and expanding. This expansion will persist if moisture and other necessary conditions are present. 

Expansion of alkali-silica gel creates increasing internal pressure that leads to internal cracking and 

corresponding degradation of the mechanical properties of concrete (Hansen, 1944; Taylor, 1990; Phan 

et al., 2019; Sadek et al., 2021; Thonstad et al., 2021). 

The rate of ASR expansion is relatively slow and is a function of the reactivity of the mineral phases, the 

alkalinity of the pore solution, and the availability of moisture. The onset of ASR-induced cracking can take 

years or decades after construction. However, once initiated, this deterioration at the material level has 

generally been shown to induce (1) expansion in the concrete and tensile stress in the reinforcement, (2) 

possible degradation of bond between the reinforcement and concrete, and (3) possible degradation of 

the overall structural capacity and service life of reinforced concrete members or systems. 

At present, the industry solution is to identify the reactive aggregates and avoid using them through 

sourcing of materials for construction, and/or use fly ash pozzolan to control reactivity. Although this 

approach helps to avoid or mitigate ASR in new construction, it does not address the problem in existing 

structures. Given knowledge gaps on the effects of ASR on structural capacities and lack of consensus 

standards and code provisions to account for these effects, questions remain on how to (1) predict the 

progression of ASR-induced deterioration once initiated, and (2) evaluate the residual material properties 

and in-situ structural capacity of the ASR-affected structures. These considerations are particularly 

ǊŜƭŜǾŀƴǘ ŦƻǊ ǎŀŦŜǘȅ ŎǊƛǘƛŎŀƭ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ƴŀǘƛƻƴΩǎ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ such as dams, bridges, and nuclear 

power plants. Reasonable predictions of the progression of ASR and future, residual structural capacities 

can provide critical support for decisions on whether the ASR-affected structures can continue to perform 

their functions without significantly increased risk to public safety. 

This report describes work that is part of a comprehensive research program conducted by the 

Engineering Laboratory of the National Institute of Standards and Technology (NIST) to study the effects 

of ASR on the structural performance of nuclear power plant concrete structures. The work is funded by 

the U.S. Nuclear Regulatory Commission (NRC) under Inter-Agency Agreement NRC-HQ-60-14-I-0004. The 

objective of this research is to develop a technical basis for generic regulatory guidance for evaluation of 

ASR-affected nuclear power plant (NPP) concrete structures through its service life. The research program 

was specifically designed to develop measurements for evaluation of (1) the effects of ASR on structural 

performance and capability to perform intended functions under design basis static and dynamic loads, 
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and (2) characteristics of an aging management program to adequately monitor and manage aging effects 

of ASR degradation such that intended functions are maintained through the period of extended 

operation of renewed licenses. The intended outcome is a methodology for determining, for an existing 

ASR-affected structure, its (1) in-situ structural capacity to resist design-basis static and dynamic loads and 

(2) future structural capacity. 

The overall research program is made up of five tasks, each with an associated major objective: 

 Task 1: Assess effects of ASR on in-situ mechanical properties of concrete; 

 Task 2: Assess development and lap-splice lengths of reinforcing bars in ASR-affected concrete; 

 Task 3: Evaluate cyclic response characteristics of ASR-affected concrete structural members; 

 Task 4: Estimate the degree of reaction in ASR-affected concrete and the corresponding 

expansion; and 

 Task 5: Predict future and ultimate ASR expansion in ASR-affected concrete. 

The focus of Task 3 is evaluation of the seismic performance of ASR-affected reinforced concrete (RC) 

shear walls. Specifically, this report describes the experimental planning (material selection to achieve 

target ASR expansion; specimens design, instrumentation, fabrication, curing, and reversed cyclic lateral 

load test protocol); pre-test measurements; data collection and analysis of test results; and findings and 

conclusions that pertain to Task 3 of this NRC-sponsored research program described above. 

 

1.2 RELEVANT LITERATURE ON SEISMIC PERFORMANCE OF RC SHEAR WALLS 

There exists test data on the seismic performance of RC structural walls. Most of these data are compiled 

and stored in the Joint American Concrete Institute (ACI)-American Society of Civil Engineers (ASCE) 

Subcommittee 445-B Structural Wall Performance Database 

(https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83

c2b7afae6aca35/?v=1, ACI 445B, 2017). As of its most recent update in April 2017, the ACI 445B database 

contained 521 wall tests providing information on the effects of (1) concrete strength (normal and high-

strength concrete); (2) welded wire mesh reinforcement; (3) high-strength reinforcement (80 ksi 

[550 MPa]); (4) wall cross-section (rectangular and I-shaped); (5) axial load level; (6) degree of transverse 

reinforcement confinement in the wall boundaries; (7) anchorage detailing; (8) wall web reinforcement 

discontinuity; (9) slenderness; and (10) static vs. dynamic loading on the seismic performance of structural 

walls with aspect ratios ranging from 0.2 (low-ǊƛǎŜ άǎǉǳŀǘέ ǿŀƭƭ ǘƘŀǘ Ŧŀƛƭǎ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŘǳŜ ǘƻ ǎƘŜŀǊύ ǘƻ 

4.2 (tall wall that fails predominantly due to flexure). The aspect ratio of a wall is typically defined as the 

height of the wall, hwΣ ōŜǘǿŜŜƴ ǘƘŜ Ǉƻƛƴǘ ƻŦ ƭŀǘŜǊŀƭ ƭƻŀŘ ŀǇǇƭƛŎŀǘƛƻƴ ŀƴŘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ŦƻƻǘƛƴƎΣ 

divided by the length of the wall, lw. In these tests, the walls were typically subjected to combined reversed 

cyclic lateral displacements simulating earthquake motions and constant axial compressive stress 

simulating the service load supported by the walls. However, none of the tests in this existing database 

have considered the effects of ASR. 

https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83c2b7afae6aca35/?v=1
https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83c2b7afae6aca35/?v=1
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Of relevance to the NIST Task 3 study are two sets of experimental data: one by Oh et al. (2002), which 

studied the influence of transverse reinforcement ratio in the wall boundary elements on the seismic 

performance of normal, non-reactive RC structural walls, and the other by Habibi et al. (2018); the only 

ǎǘǳŘȅ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ !{w ƻƴ ǎƘŜŀǊ ǿŀƭƭΩǎ ǎŜƛǎƳƛŎ ǇŜǊŦƻǊƳŀƴŎŜΦ ¢ƘŜ Řŀǘŀ ōȅ hƘ Ŝǘ ŀƭΦ όнллнύ ƛǎ 

included in the ACI 445-B database but the data by Habibi et al. (2018) is not included in the database. 

 

In the study by Oh et al. (2002), four non-reactive RC wall specimens (three with rectangular plan cross-

section and one with an I-shaped plan cross-section), all with a height-to-length aspect ratio of 2.0 (walls 

with this intermediate height-to-length aspect ratio typically fail under combined flexural and shear 

mode), were tested under combined constant axial compression and reversed cyclic lateral displacements 

to simulate earthquake loading conditions. Figure 1.1 shows the typical geometry and dimensions of the 

wall specimens tested by Oh et al. (2002). The concrete had a design compressive strength of 4,000 psi 

(27.6 MPa). The reinforcement details for confinement of the boundary elements consisted of both open 

hoops and cross ties with spacings varied to produce four levels of volumetric transverse reinforcement 

ratios ́ t in the boundary elements of 0 %, 0.99 %, and 1.97 % for the rectangular walls and 0.94 % for the 

I-shaped wall. Test results indicated that (1) the specimens failed primarily in flexure, with yielding 

followed by buckling of longitudinal reinforcement and crushing failure of concrete in the compression 

zone, and (2) increasing the amount of transverse reinforcement rt in the boundary elements of the wall 

resulted in increased capacity to resist the effects of combined compressive force from gravity loading 

and overturning moment due to reversed cyclic loading. Increased transverse reinforcement in the 

boundary elements ŀƭǎƻ ŜƴƘŀƴŎŜŘ ǘƘŜ ǿŀƭƭǎΩ ǎŜƛǎƳƛŎ ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ ǘŜǊƳǎ ƻŦ ŘŜŦƻǊƳŀǘƛƻƴ ŎŀǇŀŎƛǘƛŜǎ 

(increased drift capacity, ductility, and energy dissipation capacity). 

 

The study by Habibi et al. (2018) was performed at the University of Toronto under the sponsorship of the 

/ŀƴŀŘƛŀƴ bǳŎƭŜŀǊ {ŀŦŜǘȅ /ƻƳƳƛǎǎƛƻƴ ŀƴŘ ƛǎΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊǎΩ ƪƴƻǿƭŜŘƎŜΣ ǘƘŜ ƻƴƭȅ ǘŜǎǘ Řŀǘŀ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ 

literature on seismic performance of structural walls affected by ASR. In their study, five squat shear walls 

with boundary columns (I-shaped plan cross section, two with normal non-reactive concrete and three 

with varying degrees of ASR expansion), all representing low-rise structures with a height-to-length aspect 

ratio of 1.1 (typically referred to as low-ǊƛǎŜ ƻǊ άǎǉǳŀǘέ ŀƴŘ ǇǊŜŘƻƳƛƴŀƴǘƭȅ Ŧŀƛƭ ƛƴ ǘƘŜ ǎƘŜŀǊύ ǿŜǊŜ tested 

under reversed cyclic lateral displacements while simultaneously applying constant axial compression, 

similar to the tests conducted by Oh et al. (2002). All five wall specimens had identical geometry and 

reinforcement details. Each wall had a volumetric transverse reinforcement ratio t́ = 2.1 % in the 

boundary elements provided by stirrups with 45°-degree hooks. Figure 1.2 shows the geometry and 

dimensions of the typical specimens tested by Habibi et al. (2018). The primary test variable was the 

degree of ASR free expansion (linear ASR-induced expansion was measured in companion plain concrete 

prisms in accordance with ASTM C1293 at the time of wall testing), which varied within a narrow range of 

0.19 %, 0.21 %, and 0.22 % for the three reactive specimens. Test results indicated that (1) all specimens 

failed primarily in a shear-dominated failure mode and (2) the presence of ASR, while not affecting the 

maximum peak load capacity of RC walls, did adversely affect their seismic performance in terms of 

deformation and energy dissipation capacities (i.e., a reduction of approximately 30 % in both ductility 

and energy dissipation capacity). 
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Figure 1.1:  Geometry and dimensions of Oh et al (2002) test specimen (all dimensions in mm). Figure copied 

from open literature. 1.00 in = 25.4 mm 
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Figure 1.2:  Geometry and dimensions of Habibi et al. (2018) test specimen (all dimensions in mm). Figure copied 

from open literature. 1.00 in = 25.4 mm. 

 

1.3 SCOPE OF THE NIST TASK 3 STUDY 

Given the need for more comprehensive understanding of how ASR and other factors might affect the 

structural performance of RC systems in general and RC structural walls in particular, the NIST 

experimental plan for Task 3, evaluation of seismic response characteristics of ASR-affected concrete 

structural members, was developed with incorporation of many of the test parameters used in the Oh et 
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al. (2002) study, but with both degree of ASR expansion ( AʁSR) and degree of transverse reinforcement 

confinement of the boundary elements ( t́) considered as test variables. Specifically, the NIST wall 

specimens were designed to have the same geometry and aspect ratios as specimens tested by Oh et al. 

(2002). The aim was to (1) facilitate independent comparisons between the NIST and Oh et al. (2002) test 

results regarding the effect of transverse reinforcement confinement t́ and (2) obtain a larger pool of 

baseline, non-reactive, test data for further statistical quantification of the effect of AʁSR. Additionally, by 

studying the effects of ASR on RC walls with a height-to-length aspect ratio of 2.0, that would tend to fail 

predominantly in a flexural-shear mode, these NIST data will permit investigation of the effects of ASR on 

the seismic performance of RC walls within the intermediate range of aspect ratio (see Section 2.3). When 

combined with results from Habibi et al. (2018) for squat walls with lower aspect ratio of 1.1, with shear 

dominant failure mode, these data from NIST will further elucidate the effects of ASR and allow an 

assessment on the applicability of the findings on a larger range of wall constructions. 

 

Based on the above considerations and experimental design to facilitate rigorous statistical evaluation of 

the effects of the two primary test variables, the target degree of ASR expansion AʁSR and transverse 

reinforcement ratio in the boundary element t́, and their potential interaction on seismic performance 

of RC walls (whether the effect of ́t is further influenced by the presence or absence of AʁSR), see 

Section 2.1, the test plan shown in Table 1.1 was developed. The test plan consists of four wall specimens 

with different levels of ́t and ʁ ASR at test time. 

 

Table 1.1.  Key parameters of the NIST Task 3 wall specimens 

Specimen 

Wall Aspect 

Ratios(1) 

Transverse 

Reinforcement Ratio 

in Boundary 

Elements 

t́ (%) 

Longitudinal 

Reinforcement Ratio 

ĺ (%) 

Target Expansion 

AʁSR at Test Time(2) 

(% of ʁ ASR-ult) hw/l w lw/h  

Wall 1 2.0 7.5 0.5 0.61 50 

Wall 2 2.0 7.5 2.0 0.61 100 

Wall 3 2.0 7.5 0.5 0.61 100 

Wall 4 2.0 7.5 2.0 0.61 
0 (non-reactive, 

control specimen) 

(1) hw: wall height; lw: wall length; h: wall thickness. hw/lw: wall height-to-length aspect ratio; lw/h: length-to-thickness (shear) 

aspect ratio. 
(2) ¢ƘŜǎŜ ǊŜǇǊŜǎŜƴǘ άŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ǇƭŀƴƴŜŘέ ŜȄǇŀƴǎƛƻƴ ƭŜǾŜƭǎ ŀǘ ǘŜǎǘ ǘƛƳŜΦ {ŜŜ ŀŎǘǳŀƭ measured AʁSR at test time for each wall 

specimen in Section 4.5. 
 

In Table 1.1, AʁSR-ult is defined as the design ultimate expansion of the concrete material used. For this 

Task 3 experimental program, reactive concrete mixture ASR 3, with AʁSR-ult = 0.3 % (see Section 2.2, in 

addition to Sadek et al. 2021 and Thonstad et al. 2021 for ASR 3 mixture proportions and other properties), 

is used for all wall panels of the test specimens to induce ASR expansion and degradation in these panels, 
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with Wall 4 wall panel treated with a lithium nitrate solution to mitigate the reaction of the aggregates 

and inhibit ASR expansion to make it the non-reactive, control specimen. 

 

In addition to the four wall specimens, a sufficient number of companion concrete cylinders and prisms 

were also made, cured, and tested at certain time intervals for use in characterizing variations in the 

concrete mechanical properties (compressive strength, modulus of elasticity, and splitting tensile 

strength) and ASR-induced linear expansion as functions of age. 

 

Finally, similar to the loading protocols used by Oh et al. (2002) and Habibi et al. (2018), the four NIST wall 

specimens were also subjected to a constant axial compression equivalent to approximately 10 % of their 

axial load capacity while simultaneously undergoing reversed cyclic lateral displacements corresponding 

to drift ratios prescribed for different performance objectives by ASCE/SEI 41-17 (ASCE, 2017), namely: 

Elastic, Immediate Occupancy, Life Safety, Collapse Prevention, and To Failure. The purpose of the 

selected levels of cyclic loading was to cover a range of structural performance from elastic to failure, with 

measurements regularly interspersed throughout the intermediate stages. 

 

1.4 REPORT OUTLINE 

The focus of this report is to present the results of the experimental program and to describe subsequent 

statistical analysis, which aimed to capture the major features of the observed experimental response. A 

brief description of each chapter is as follows: 

¶ Chapter 2 provides detailed descriptions of the NIST Task 3 experimental program, including the 

factorial experimental design used to select the optimized number of test specimens that are 

sufficient for statistical evaluation of the test results; the concrete mixture used; specimens 

dimensions and reinforcement details; specimen construction and curing; instrumentation; and 

test setup and loading protocol. 

 

¶ Chapter 3 describes cracking that was observed in the three reactive shear walls due to the effects 

of ASR-induced expansion prior to structural loading, and the progression of damage including 

crack development and concrete spalling and crushing failure with different drift levels that was 

observed in all four walls during cyclic testing. 

 

¶ Chapter 4 provides measurements taken of concrete mechanical properties (compressive 

strength, elastic modulus, and splitting tensile strength), concrete linear free expansion (of 

standard prisms), specific curing conditions (temperature and relative humidity), and ASR-induced 

strain developments in the steel reinforcement as function of time during the curing phase of the 

specimens. 

 

¶ Chapter 5 presents (1) structural response data obtained for each specimen, including force-drift 

hysteresis and measured peak moment capacity, ductility, and cumulative hysteretic energy 

capacity, and (2) comparisons between specimens for examination of the effects of test variables 

on their seismic performance. 
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¶ Chapter 6 describes the statistical analysis of the NIST test results, separately and also augmented 

with test results from Oh et al. (2002), for quantification of the effects of test variables, ʁASR and 

t́, on the seismic performance of RC walls, measured in terms of drift capacity and ductility, 

flexural capacity, and hysteretic energy. 

 

¶ Chapter 7 presents a detailed summary, findings, and practical conclusions of the NIST Task 3 

experimental program 
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This chapter describes the experimental program used in assessment of the cyclic performance of ASR-

affected concrete shear walls. The chapter includes the following sections: 

¶ Section 2.1 provides the statistical basis for the design of experiment of the shear walls and 
introduces the input parameters considered in the design; 

¶ Section 2.2 presents the reactive and non-reactive concrete mixtures used in the wall panels of 
the specimens; 

¶ Section 2.3 describes the design, details, and construction of the four reinforced concrete shear 
wall specimens; 

¶ Section 2.4 describes the environmental chamber and controls installed for curing the reactive 
shear wall specimens under controlled temperature and humidity; 

¶ Section 2.5 presents the experimental setup and loading protocol used to subject the shear wall 
specimens to combined vertical and lateral cyclic loading; 

¶ Section 2.6 describes the instrumentation plan, including embedded strain gages and externally-
applied displacement transducers and inclinometers; and 

¶ Section 2.7 provides a timeline of key events for the experimental study including concrete 
placements, operation of environmental chamber, and cyclic testing. 

 

2.1 EXPERIMENTAL DESIGN AND TEST VARIABLES 

The experimental study considered two input parameters: 

¶ the level of confinement in the boundary elements of the shear walls (see Section 2.3), as 
measured by the volumetric ratio of transverse reinforcement in the boundary elements, ́ t, and 

¶ The level of ASR-induced expansion, ʁ ASR, in the wall panels, as measured by the average maximum 
recorded strains in the reinforcing bars in the wall panels prior to cyclic testing. 
 

The sample size for the design of experiments was four shear wall specimens. The canonical design in this 

situation is a two-level factorial design, i.e., the corners of the square ρȟρ ρȟρ. However, there 

were further physical and engineering constraints, namely that the ( AʁSR, ́ t) point (-1, 1) was required to 

be in the study, but no other points of the form (-1, x) with -1 Җ x Җ 1 could be. Note that the factor 

combination (-1, 1) represents AʁSR at its lowest level (non-reactive concrete) and ́t at its highest level. 

This implies that to fit a regression model with both main effects and the one two factor interaction, at 

least three levels of AʁSR would be needed. Symmetrically, we also consider three potential levels of t́. 

Thus, we search for the best four points of the set of seven possible points {-1, 0, 1} × {-1, 0, 1} \  {(-1, 0),(-

1, 1)}. The three levels of AʁSR are 0 %, 50 %, and 100 % of the design ultimate expansion level, AʁSR-ult, of 

0.3 % for the concrete mixture (see Thonstad et al., 2021), which correspond to -1, 0, and 1, respectively 
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in what follows. The three levels of t́ are 0.5 %, 1.25 %, and 2 %, corresponding to -1, 0, and 1, 

respectively, in what follows. 

A common approach for choosing a design with constraints is to search over the set of possible designs 

and select the one that optimizes a scalar numerical summary. A common numerical summary is the 

determinant of the variance-covariance matrix for the parameters of a statistical model. Under Gaussian 

distributional assumptions, the volume of a confidence ellipsoid for the model parameters is proportional 

to the determinant. Since confidence ellipsoids with smaller volume are desirable (less volume 

corresponds to less uncertainty), a reasonable approach is to choose the design that minimizes the 

determinant of the variance-covariance matrix. This is broadly known as D-optimal design. 

With four runs (wall specimens) in two factors ( AʁSR and ́ t), a natural statistical model is a linear model 

with an intercept, both main effects (linear terms in AʁSR and t́), and the two-factor interaction (product 

of ʁ ASR and ́ t). The design matrix for the disallowed two-level factorial design is 

ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ ρ ρ
ρ ρ ρ ρ

 

For design matrix X, the variance-covariance matrix for the model parameters is proportional to (XTX)-1. 

Thus, we choose the design that minimizes |( XTX)-1| , or equivalently, that maximizes | XTX| . For the design 

matrix above 

ὢὢ

τ π π π
π τ π π
π π τ π
π π π τ

 

and | XTX| = 256. Designs for which XTX is a diagonal matrix are called orthogonal designs since the dot 

product between any two columns of the design matrix is zero. 

Figure 2.1 shows the 20 designs over the grid {-1, 0, 1} × {-1, 0, 1} that meet the three design constraints: 

1. Four runs 
2. The point (-1, 1) is in the design 
3. The points (-1, 0) and (-1, 1) are not in the design 

Figure 2.1 also lists the value of the D-criterion of each design. The panels are ordered according to the 

value of the D-criterion, from largest in the top left to smallest in the bottom right. The design depicted 

in the top left panel of Figure 2.1 was the D-optimal design for this study and was selected for the 

experiment. In summary, the selected D-optimal experimental design specified the following four runs: 

Å Wall 1:  ́ t = 0.5 %, tested at 50 % of ʁ ASR-ult 
Å Wall 2:  ́ t = 2.0 %, tested at 100 % of ʁ ASR-ult 
Å Wall 3:  ́ t = 0.5 %, tested at 100 % of ʁ ASR-ult 
Å Wall 4:  ́ t = 2.0 %, tested at 0 % of ʁ ASR-ult (non-reactive) 
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Figure 2.1:  All 20 designs over the grid {-1, 0, 1} × {-1, 0, 1} meeting the experimental constraints. The designs 

are ordered from top left to bottom right according to their value of the ╓-criterion. The design in the top left 

panel is the D-optimal design selected for the experiment. 

 

2.2 CONCRETE MIXTURE FOR WALL PANELS 

Table 2.1 summarizes the mixture design used in the beam specimens. ASR Mix 3 concrete described in 

the Task 1 study (Sadek et al., 2021) was used for all 19 of the beam specimens. The target 28-day strength 

of the mixture was 5000 psi based on the measured strengths in the Task 1 study. The Placitas gravel and 

Jobe sand conformed to ASTM C33 (ASTM C33/C33M, 2018) gradation requirements #6 coarse aggregate 

and fine aggregate, respectively. 

Wall пΩǎ ƴƻƴǊŜŀŎǘƛǾŜ ǇŀƴŜƭ ǿŀǎ Ŏŀǎǘ ǎŜǇŀǊŀǘŜƭȅΦ For Wall 4, no sodium hydroxide was added to the mix 

and a 30 % lithium nitrate solution was added at a dosage of 3.2 gal/yd3 (15.8 L/m3). This corresponds to 

110 % of the recommended dosage by the lithium nitrate manufacturer for the mix design (without the 

addition of sodium hydroxide) presented in Table 2.1. 
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Table 2.1.  ASR Mix 3 Concrete Proportions 

Constituent 
Design proportions by weight  

lb/yd3 (kg/m3) 

Type I/II, high alkali (0.89 % Na2Oe) cement 588 (349) 
Placitas coarse aggregate 1767 (1048) 

Jobe fine aggregate 1185 (703) 
Water 293 (174) 

Sodium Hydroxide (NaOH) 4.0 (2.4) 

 

2.3 DESIGN AND FABRICATION OF RC WALL SPECIMENS 

To achieve the objectives of this task as described in Chapter 1, tests were conducted to investigate the 

cyclic performance of reinforced concrete shear walls that were made with reactive coarse and fine 

aggregates. The geometry and longitudinal reinforcement of the walls were selected to closely match 

walls previously tested by Oh et al. (2002), see Chapter 1. This test series was selected from the 

experimental database developed for ACI 445B (ACI Committee 445B, 2017), which included a large 

database of seismic testing of shear walls. Two criteria were used in selecting the test series for this 

project: (1) an aspect ratio of the wall (defined as the overall height, hw, between the point of lateral load 

application and the top of the specimen footing divided by the length of the wall, lw) in the range of 1.5 to 

2.5 to exhibit a combined shear-flexural response during cyclic testing, see Figure 2.2, and (2) wall 

dimensions and lateral capacity not exceeding the experimental capabilities of the NIST Performance 

Engineering Research for Multi-hazards (PERFORM) Laboratory. The test series by Oh et al. (2002) met 

these two criteria. In addition, aligning the present experimental program to the tests by Oh et al. (2002) 

allowed for (1) comparison of the behavior of the ASR-affected walls to those with non-ASR-affected 

concrete and (2) augmenting the dataset of experimental results with data from walls with conventional 

concrete. 
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Figure 2.2:  Schematic showing the effect of wall aspect ratio on predominant behavior and failure mode under 

lateral loading 

 

The geometry and dimensions of the concrete shear wall specimens are shown in Figure 2.3. Each wall 

had a nominal thickness of 8.0 in (203 mm), a total length of 60.0 in (1520 mm), and a height between the 

footing and the top cap of 80.0 in (2030 mm). The footing had a length, width, and height of 89.0 in 

(2260 mm), 29.5 in (750 mm), and 30.0 in (762 mm), respectively, and was used to anchor the wall 

specimen to the steel reaction frame, which, in turn, was anchored to the strong floor of the laboratory 

(see Section 2.5). The top cap had a length, width, and height of 62.0 in (1570 mm), 29.5 in (749 mm), and 

24.15 in (613 mm), respectively, and was used to anchor the wall to the upper steel loading beam, which 

in turn was connected to the hydraulic actuators applying vertical and lateral loading. The footings and 

top caps of the four shear wall specimens were cast with conventional concrete. The wall panels of wall 

specimens 1, 2, and 3 were cast with the reactive concrete mixture in accordance with Section 2.2, while 

non-reactive Wall 4 without sodium hydroxide per Section 2.2 used the same reactive mixture as the 

other three walls, but dosed with a lithium nitrate solution to mitigate the ASR effects. 

 

hw/lw
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Figure 2.3:  Geometry and overall dimensions of the shear wall specimens 

 

All reinforcement in the shear wall specimens was ASTM A615/A615M Gr 60 (ASTM, 2020). The wall panel 

reinforcement, shown in Figure 2.4, consisted of the following: 
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¶ In each boundary element, four No. 4 (0.5 in [12.7 mm] diameter) longitudinal bars were used. As 
shown in Figure 2.4, the longitudinal bars extended from the bottom of the footing to the top of 
the top cap. Threaded mechanical anchorage devices (terminators) designed according to 
ACI 318-14 (2014) were used at the top of the longitudinal bars to avoid reinforcing bar congestion 
at the ends and to prevent slippage. In addition, transverse reinforcement consisting of closed 
No. 3 (0.375 in [9.5 mm] diameter) stirrups, with 135° hooks, was provided along the height of 
the boundary element. The spacing between the stirrups of Walls 2 and 4 was 4.0 in (102 mm) 
O.C., resulting in a transverse reinforcement ratio in the boundary element, ́t, of 2 % per the 
experimental design in Section 2.2. For Walls 1 and 3, however, the stirrups were used for only 
construction purposes and, as such, were spaced at 16.0 in (406 mm) O.C. resulting in ́ t of 0.5 %. 

¶ For the web between the two boundary elements, six No. 3 (0.375 in [9.5 mm] diameter) 
longitudinal bars, spaced at 8.80 in (224 mm) O.C. were used on each face of the wall. As shown 
in Figure 2.4, the longitudinal bars extended from the bottom of the footing to the top of the top 
cap. Transverse reinforcement consisting of No. 3 (0.375 in [9.5 mm] diameter) bars, spaced at 
10.0 in (254 mm) O.C., was also provided on each side along the height of the wall. 

The longitudinal reinforcement, eight No. 4 ōŀǊǎ ƛƴ ǘƘŜ ǿŀƭƭΩǎ ǘǿƻ ōƻǳƴŘŀǊȅ ŜƭŜƳŜƴǘǎ ŀƴŘ ǘǿŜƭǾŜ No. 3 

bars ƛƴ ǘƘŜ ǿŀƭƭΩǎ ǿŜōΣ ŀƳƻǳƴǘŜŘ ǘƻ ŀ ƭƻƴƎƛǘǳŘƛƴŀƭ ǊŜƛƴŦƻǊŎŜƳŜƴǘ Ǌŀǘƛƻ, ́ l, of 0.61 %. 

The reinforcement cages for both the footing and top cap are shown in Figure 2.5. As shown in the figure, 

they were designed with a dense arrangement of reinforcing bars to avoid any possibility of their failure 

during testing. Their reinforcement cages consisted of two No. 4 (0.5 in [12.7 mm] diameter) stirrups, 

spaced at 10.0 in (254 mm) O.C., six (for the footing) and four (for the top cap), No. 8 (1.0 in [25.4 mm] 

diameter) U-shaped top and bottom longitudinal bars, four (for the footing) and three (for the top cap), 

and No. 6 (0.75 in [19.1 mm] diameter) U-shaped longitudinal bars distributed along the height. 

Figure 2.6 shows the tie-downs for anchoring the footing and the top cap to the lower and upper steel 

beams of the steel reaction frame, respectively. This was achieved using twenty (for the footing) and ten 

(for the top cap) 1.0 in (25.4 mm) high-strength threaded rods, post-tensioned to 60.0 kip (267 kN) each. 

For this purpose, 2.5 in (63.5 mm) holes were created in the footing and top cap using PVC pipes inserted 

inside the formwork prior to concrete placement. 
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Figure 2.4:  Typical reinforcement of wall panels. 1.00 in = 25.4 mm. 
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Figure 2.5:  Reinforcement cage for footing and top cap. 1.00 in = 25.4 mm. 
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Figure 2.6:  Tie-downs for footing and top cap. 1.00 in = 25.4 mm. 
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Figure 2.7 shows the reinforcement and formwork prior to casting of the (a) footings, (b) walls, and (3) 

top caps. The reinforcement cages were fabricated using jigs and placed into the formwork. To ensure 

consistent spacing between the bottom bars and formwork bottom in the footing and top cap, plastic-

tipped slab bolsters were used to support the reinforcement cage. Prior to assembly of the reinforcing 

bars for the wall, strain gages were attached to the individual reinforcing bars which were then assembled 

to form the reinforcing bar cage based on the instrumentation plan in Section 2.6. 

  

(a) 
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(b) 
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(c) 

Figure 2.7:  Formwork and reinforcement of (a) footing, (b) wall, and (c) top cap of the shear wall specimens. 

The shear wall specimens were cast at different stages as follows: 

¶ The footings of all four specimens were cast on November 14, 2018 using conventional, self-
consolidating, concrete procured from a concrete mixing plant which batched the concrete in 
accordance with the NIST specifications (Figure 2.8). 
 

 

Figure 2.8:  Concrete placement into the footings formwork and consolidation using vibrators 
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¶ Wall panels 1 and 2 were cast on April 30, 2019 using the reactive concrete mix as specified in 
Section 2.2. Batching and mixing of concrete were carried out at NIST campus in Gaithersburg, 
MD. The coarse and fine aggregates, along with the cement and water, were loaded into a 
concrete volumetric truck mixer that was used as a batching plant (Figure 2.9). The volumetric 
truck contents were then loaded via a conveyer belt (telebelt) into a concrete mixer truck 
(Figure 2.10), where the sodium hydroxide was added. After mixing, the concrete was discharged 
from the concrete mixer onto a hopper, which was carried by an overhead crane. Concrete was 
then placed into the wall panel formwork using an elephant trunk. The concrete was consolidated 
using vibrators (Figure 2.11). 

 

 

Figure 2.9:  Loading of aggregates into volumetric truck mixer 

 

 

Figure 2.10:  Loading the volumetric truck contents to a concrete mixer truck via a conveyer belt (telebelt) 
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Figure 2.11:  /ƻƴŎǊŜǘŜ ǇƭŀŎŜƳŜƴǘ ƛƴǘƻ ǿŀƭƭΩǎ ŦƻǊƳǿƻǊƪ ŀƴŘ ŎƻƴǎƻƭƛŘŀǘƛƻƴ ǳǎƛƴƎ ǾƛōǊŀǘƻǊǎ 

¶ Wall panel 3 was cast on May 09, 2019 using the reactive concrete mix as specified in Section 2.2. 
Batching, mixing, and placement of concrete were carried out at NIST campus in Gaithersburg, 
MD using a similar procedure to that used for Walls 1 and 2 except that the coarse and fine 
aggregates, along with the cement, water, and the sodium hydroxide solution were loaded 
directly into a concrete mixer truck using a telescoping forklift (Figure 2.12). 
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Figure 2.12:  Loading of aggregates into concrete mixer truck 

 

¶ The top caps for reactive Walls 1, 2, and 3 were cast on July 02, 2019 using conventional concrete 
procured from a concrete mixing plant which batched the concrete in accordance with NIST 
specifications. The concrete was discharged from the concrete mixer onto a concrete bucket, 
which was carried by an overhead crane. Concrete was then placed into the top cap formwork 
and consolidated using vibrators (Figure 2.13). 
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Figure 2.13:  Concrete placement into the top cap formwork and consolidation using vibrators. 

 

¶ Wall panel 4 was cast on August 23, 2019 using the reactive concrete mixture as specified in 
Section 2.2 (without the addition of sodium hydroxide) after adding lithium nitrate to render the 
concrete non-reactive. Batching, mixing, and placement of concrete were carried out at NIST 
campus in Gaithersburg, MD using a similar procedure to that used for Wall panel 3. As indicated 
earlier, Wall 4 was intended to serve as a control specimen and to be tested at 0 % of ʁ ASR-ult. As a 
result, a 30 % lithium nitrate solution was added to the mixture at a dosage of 3.2 gal/yd3 
(15.8 L/m3). After additional mixing, the concrete was discharged from the mixer into a hopper, 
which was used to place concrete into the wall formwork. The concrete was consolidated using 
vibrators. 

¶ The top cap for the control Wall 4 was cast on September 23, 2019 using conventional concrete 
procured from a concrete mixing plant and the same procedure for the top caps for the three 
reactive walls. 

 

2.4 CURING OF RC WALL SPECIMENS 

The reactive wall specimens were too large to be transported into a separate environmental chamber, so 

they were instead cured in-place on the strong floor to maintain overhead crane access. For that purpose, 



Experimental Program 

 26 

a custom wood frame environmental chaƳōŜǊ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǿƛǘƘ ƛƴǘŜǊƛƻǊ ŘƛƳŜƴǎƛƻƴǎΥ муΩ-пέ length × 

10Ω-фέ width × мнΩ-лέ height (5.59 m length × 3.28 m width × 3.66 m height), see Figure 2.14. 

 

 

(a) 
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(b) 

Figure 2.14.  Custom wood frame environmental chamber (a) top view, (b) sectional elevation. 1.00 in = 

25.4 mm. 

 

The construction of the environmental chamber was done in parallel with construction of the wall 

specimens. The elevated floor of the chamber was constructed first, which was lined with a self-adhesive, 

rubberized asphalt/polyethylene waterproofing membrane. After completion of the floor of the chamber, 

the footings of the reactive wall specimens were moved into the position shown in Figure 2.15, where 

they remained until the wall specimens were removed for testing. 
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Figure 2.15.  Bottom of the wood environmental chamber and the footings of wall specimens set in the final 

position 

 

Wall panels of the chamber were installed around the perimeter as soon as the construction of the 

reactive specimens (including the top caps) was completed (Figure 2.16aύΦ ¢ƘŜ ŎƘŀƳōŜǊΩǎ ǿŀƭƭ ǇŀƴŜƭǎ ǿŜǊŜ 

lined with the same asphalt/polyethylene membrane as was used for the floor of the chamber. Strain 

gages, used to monitor the ASR-induced expansion of specimen, were connected to the data acquisition 

system located outside of the chamber through PVC conduits that penetrated the exterior wall of the 

environmental chamber (see Figure 2.16a). The final construction step was the installation of the roof of 

the chamber using wood framing. 

The temperature and relative humidity (RH) in the chamber were controlled by a commercially available 

wall-mounted Moisture Room Control Panel (MRCP), which automatically blended hot and cold water 

supplied in a closed-loop spraying system, based on the desired target temperature. The closed-loop 

ǎǇǊŀȅƛƴƎ ǎȅǎǘŜƳΣ ǿŀǎ ŀǘǘŀŎƘŜŘ ōȅ ƘŀƴƎŜǊǎ ǘƻ ǘƘŜ ŎƘŀƳōŜǊΩǎ ǊƻƻŦ όǎŜŜ Figure 2.14a, Figure 2.16b), and 

consisted of 12 spray heads, each with a flow rate of 1.5 gal/h (5.7 L/h). The spray heads were installed in 

ǘƘŜ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǊŜŎƻƳƳŜƴŘŜŘ ōȅ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎΣ ǘƻ Ƴŀƛƴǘŀƛƴ ŀ Ŏƻƴǎǘŀƴǘ wI ƛƴ ǘƘŜ 

chamber. Figure 2.16c shows the assembled environmental chamber. The MRCP temperature/RH control 

probe was installed on the west wall chamber of the chamber (Figure 2.16d). Additionally, nine 

thermocouples were installed inside the chamber and within the wall specimens, for monitoring the 

chamber and specimen temperature during curing. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.16.  Construction of the environmental chamber: (a) exterior wall panels installed immediately after 

ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ǿŀƭƭ ǎǇŜŎƛƳŜƴǎΤ όōύ /ƭƻǎŜŘ ƭƻƻǇ ǎǇǊŀȅƛƴƎ ǎȅǎǘŜƳ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ŎƘŀƳōŜǊΩǎ ǊƻƻŦΤ όŎύ !ǎǎŜƳōƭȅ ƻŦ 

the custom environmental chamber completed; and (d) Moisture Room Control Panel (MRCP) + chamber access 

door (SW corner) 

 

Two utility pumps were placed inside the chamber to pump the water that accumulated on the floor 

during curing (Figure 2.14a). The pumps were programmed to operate for a 5 min ς 10 min duration at 

intervals of 30 min ς 45 min, which was effective in removing any accumulated water from the floor of 

the chamber. 
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2.5 TEST SETUP AND LOADING PROTOCOL 

This section describes the experimental setup for testing of ASR-affected concrete shear walls. The setup 

was designed to allow for application of 200 kip (890 kN) of constant vertical loading and lateral reversed 

cyclic loading based on a prescribed protocol to the shear wall specimens up to failure, while preventing 

out-of-plane displacements and maintaining safe operation throughout testing. The experimental setup 

ƛƴŎƭǳŘŜŘ ǘƘŜ bL{¢ t9wChwa [ŀōƻǊŀǘƻǊȅΩǎ ǎǘǊǳŎǘǳǊŀƭ ǊŜŀŎǘƛƻƴ όǎǘǊƻƴƎύ ŦƭƻƻǊΣ ƘȅŘǊŀǳƭƛŎ ŀŎǘǳŀǘƻǊǎΣ ŀ ǇǊƛƳŀǊȅ 

reaction frame made up of a foundation frame and loading beam, a lateral bracing frame (LBF), and a 

Concrete Structural Reaction Block (CSRB) Wall (Figure 2.17). The strong floor consists of a 6.0 ft (1.83 m) 

thick heavily reinforced concrete slab. Both the foundation frame and the CSRB block wall were anchored 

to the strong floor using 1-1/2 in (38.1 mm) diameter UNF high-strength threaded rods connected into 

the sockets embedded in the strong floor. Each high-strength threaded rod was post-tensioned to its 

working capacity, or a load of approximately 100 kip (445 kN). 

 

 

Figure 2.17.  Experimental setup for testing ASR-affected concrete shear wall specimens (1.000 kip = 4.448 kN) 

 

The foundation frame (see Figure 2.17) was erected as an assembly of structural steel reaction frame 

components. Two parallel W27×235 foundation beams, which were anchored to the strong floor near 

their ends where vertically-spanning actuators framed into them, provided a platform to mount the 

footing of the shear wall specimen. Six outriggers extended perpendicularly as cantilevers from the 

foundation beams to provide both stability to the overall foundation frame and additional tie-down 
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locations to post-tension the foundation frame to the strong floor. Similar to the foundation beams, the 

outriggers were W27×235 cross-sections. All connections between the outriggers and foundation beams 

were designed to be moment-resisting with each bolt tensioned to approximately 113 % of its minimum 

bolt pretension (i.e., a slip-critical condition, as specified in the AISC Steel Construction Manual 

[AISC, 2011]). In total, eight pairs of tie-down locations anchored the foundation frame to the structural 

reaction floor, ensuring that the foundation frame would remain stationary under the anticipated levels 

of lateral loading to be applied to the shear wall specimens. The load in the horizontally-spanning 

220.0 kip (979 kN) capacity actuator (see Figure 2.17) that would be required to decompress the 

foundation frame from the strong floor was calculated as 293 kip (1300 kN), based on assuming a nominal 

post-tensioned load of 100 kip (445 kN) per anchor rod. This 293 kip (1300 kN) lateral load is substantially 

larger than the load required to fail the concrete shear wall specimen, so decompression of the foundation 

ŦǊŀƳŜ ŘƛŘ ƴƻǘ ƻŎŎǳǊΦ !ǎǎǳƳƛƴƎ ŀ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŦǊƛŎǘƛƻƴ ƻŦ лΦол ōŜǘǿŜŜƴ ǘƘŜ ŦƻǳƴŘŀǘƛƻƴ ŦǊŀƳŜΩǎ ǎǘŜŜƭ 

surfaces and the concrete strong floor, the load that would be required to induce slip of the foundation 

frame was 480 kip (2135 kN), which was also substantially larger than the load required to fail the shear 

wall specimen. 

In addition to the primary reaction frame, Fig. 2.17 shows a lateral bracing frame which was used to 

prevent out-of-plane displacements and rotations of the wall specimens. The lateral bracing frame was 

designed to remain elastic, and to deflect less than 1.00 in (25.4 mm) under the lateral loads that would 

be induced by wall specimen were it to fail in out-of-plane flexure or in torsion. Contact between the 

loading beam and lateral bracing frame was made by four 14.0 in (356 mm) long lengths W14×90 beam 

with 12.0 in × 12.0 in (305 mm × 305 mm) polytetrafluoroethylene (PTFE) sheets adhered to their exterior 

faces where they bore against the lateral bracing frame. The W14×90 sections were bolted through the 

ƭƻŀŘƛƴƎ ōŜŀƳΩǎ ǿŜō such that one end (the end without the attached PTFE sheet) was flush against its 

faces. Large 48 in × 12 in (1220 mm × 305 mm) stainless steel sheets were mechanically bolted onto the 

opposite lateral bracing frame surfaces so that all contact areas between the loading beam and lateral 

bracing frame was by near-frictionless PTFE-polished stainless steel interface. A silicone-based lubricant 

was applied to the PTFE-stainless-steel interfaces just before beginning each test, to further reduce 

friction. 

As shown in Figure 2.17, and further highlighted in Figure 2.18, three actuators applied structural loads to 

the shear wall specimen, which was mounted at its footing to the foundation steel frame by twenty 1.0 in 

(25.4 mm) diameter high-strength threaded rods. Two vertically-spanning 110 kip (489 kN) capacity 

hydraulic actuators pulled downward in force control to apply axial compression (100 kip [449 kN] each) 

to the wall panel of the concrete shear wall specimen, simulating the in-situ gravity loading condition of 

the wall. The axial load was equivalent to 0.093 Ag fΩc where Ag is the gross area of the wall panel cross 

section and fΩc is the 28-day compressive strength of concrete (4500 psi [31 MPa]). At the same time, one 

horizontally-spanning 220 kip (979 kN) capacity actuator applied reversed cyclic deformations in 

displacement control simulating the demands placed on the wall panel during an earthquake. As shown 

in Figure 2.17, the height of the horizontally-spanning 220 kip (979 kN) capacity actuator was 120.0 in 

(3048 mm) above the top of the footing. 

The vertically-spanning actuators were aligned directly over pairs of embedded socket anchors in the 

strong floor, and were tied down by two 1-1/2 in (38.1 mm) diameter UNF high-strength threaded rods, 

so that they had a direct tension load path to the strong floor. The horizontally-spanning actuator was 

reacted at its base swivel by the Concrete Structural Reaction (CSRB) Block Wall, which was post-tensioned 



Experimental Program 

 32 

down to the strong floor with twelve post-tensioned 1-3/8 in (34.9 mm) diameter DWIDAG Threadbars. 

The lateral load was transmitted to the concrete shear wall specimen via the loading beam, which was 

ƳƻǳƴǘŜŘ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ǘƻǇ ŎŀǇ ŀƴŘ ŎƻƴƴŜŎǘŜŘ ōȅ ǘŜƴ Ǉƻǎǘ-tensioned 1.00 in (25.4 mm) 

diameter high-strength threaded rods. All components of the primary reaction frame, including the steel 

loading beam, were designed to remain elastic under the maximum forces that the three actuators were 

capable of producing. 

 

Figure 2.18.  Partially transparent view of test setup for testing concrete shear walls, with applied actuator 

forces shown as arrows. The vertically spanning actuators apply tension in force control and the horizontally 

spanning actuator applies tension and compression in displacement control. 

 

Five phases of reversed cyclic loading (Figure 2.19) represented the seismic loading protocol (Figure 2.20) 

to which each wall was subjected: an initial elastic phase, three phases corresponding to Immediate 

Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP) performance objectives, and finally loading 

to failure. The purpose of the selected levels of cyclic loading was to cover a range of structural 

performance from elastic to failure, with measurements regularly interspersed throughout the 

intermediate stages. The drift ratios associated with each performance objective in Figure 2-19 were 

based on ASCE 41-17 (ASCE, 2017). For added clarity, each phase of the seismic loading protocol in 

Figure 2.19 is differentiated by color, and that same color scheme has also been mapped onto the plot of 

the loading protocol in Figure 2.20. Each phase was apportioned into cycles having multiple peak drift 

levels, that increased in magnitude within the phase. One cycle each at four levels of elastic drift (specified 

in Figure 2.19 and Figure 2.20 in percent drift) were followed by three cycles each at three drift ratios 

(peak displacement divided by a height of 120 in [3.05 m]) within the IO phase, three cycles each at two 

drift ratios within the LS phase, and three cycles each at two drift ratios within the CP phase. Following 

the CP phase, the shear wall specimen was loaded to failure by two cycles each at drift ratios increasing 

by 1 % increments from 2.0 % to 5.0 %. The loading rates were specified such that they were sufficiently 

slow to prevent dynamic effects, but loosely scaled along with the peak drift ratio of the wall for each 

phase so that cycle times (i.e., the time required to complete a full cycle) remained tractable to complete 
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testing of a wall specimen within a single working day. The gain factors for the vertically-spanning 110 kip 

(489 kN) actuators, which controlled the rate at which their Proportional, Integral, Derivative (PID) 

controls respond, were deliberately reduced as a safety precaution to prevent overly large squash 

deformations upon loss of axial load carrying capacity. 

 

 

Figure 2.19.  Five phases of loading for ASR-affected concrete shear wall specimens: elastic loading, three phases 

corresponding to Immediate Occupancy, Life Safety, and Collapse Prevention performance objectives, and 

loading to failure. 1.0 in = 25.4 mm. 

1 01a 0.5 0.06 0.050 0.008

2 01b 1.0 0.12 0.100

3 01c 1.5 0.18 0.150

4 01d 2.0 0.24 0.200

5 02a-1 2.0 0.30 0.250 0.010

6 02a-2 2.0 0.30 0.250

7 02a-3 2.0 0.30 0.250

8 02b-1 3.0 0.45 0.375

9 02b-2 3.0 0.45 0.375

10 02b-3 3.0 0.45 0.375

11 02c-1 4.0 0.60 0.500

12 02c-2 4.0 0.60 0.500

13 02c-3 4.0 0.60 0.500

14 03a-1 4.0 0.90 0.750 0.015

15 03a-2 4.0 0.90 0.750

16 03a-3 4.0 0.90 0.750

17 03b-1 5.3 1.20 1.000

18 03b-2 5.3 1.20 1.000

19 03b-3 5.3 1.20 1.000

20 04a-1 6.7 1.50 1.250 0.015

21 04a-2 6.7 1.50 1.250

22 04a-3 6.7 1.50 1.250

23 04b-1 8.0 1.80 1.500

24 04b-2 8.0 1.80 1.500

25 04b-3 8.0 1.80 1.500

26 05a-1 8.0 2.40 2.000 0.020

27 05a-2 8.0 2.40 2.000

28 05b-1 12.0 3.60 3.000

29 05b-2 12.0 3.60 3.000

30 05c-1 16.0 4.80 4.000

31 05c-2 16.0 4.80 4.000

32 05d-1 20.0 6.00 5.000

33 05d-2 20.0 6.00 5.000
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Figure 2.20.  Loading protocol for testing ASR-affected concrete shear wall specimens. Colors denote the five 

phases of loading for ASR-affected concrete shear wall specimens: elastic loading, three phases corresponding to 

Immediate Occupancy, Life Safety, and Collapse Prevention performance objectives, and loading to failure 

At the peaks and valleys of each loading cycles, the displacement of the horizontal actuator was paused 

(i.e., the actuators has stopped displacing), to allow making observations (e.g., of concrete spalling, rebar 

buckling), taking photographs, and tracing the initiation and propagation of wall cracking occurring within 

each cycle (see Chapter 3). 

 

2.6 INSTRUMENTATION 

The applied loads, lateral deflections, and wall deformations were monitored during testing. In addition, 

strain gages applied to the longitudinal and transverse reinforcement prior to placing the concrete 

monitored the development of strains in the reinforcement in the walls during both curing and testing. 

Figure 2.21 shows the nominal location of displacement transducers that were used to measure the lateral 

wall displacements during testing. Wall displacements were measured at several heights along the wall 

relative to a fixed frame. Lateral displacements were measured on both sides of the wall specimen at each 

measurement location. The transducers spanned between an instrumentation column, fixed to the south 

wall of the laboratory, and threaded rods that were embedded in the wall specimen prior to casting. 
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Figure 2.21.  Wall displacement transducer locations (elevation view - West side). 1.0 in = 25.4 mm. 

 

Figure 2.22 shows the nominal location of wall deformation measurements during the cyclic tests. Prior 

to casting the walls, threaded rods were passed, horizontally, through the formwork walls and the 

reinforcement cage. Displacement transducers, shown in Figure 2.22, were affixed to the rods and used 

to measure the relative deformation between successive rod locations during loading. Also shown in 

Figure 2.22 are the locations of transducers that were used to measure the relative displacements 

between the wall panel and the footing (shear sliding) and the footing and the reaction frame (footing 

sliding and rocking). 
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Figure 2.22.  Wall deformation measurement locations (elevation view - East side). 1.00 in = 25.4 mm. 

 

Figure 2.23 shows the nominal location of inclinometers that were used to measure the wall rotations 

during testing. Inclinometers were directly affixed to the wall surface using a hot melt adhesive. 
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Figure 2.23.  Nominal location of inclinometers used to measure wall rotations during testing (elevation view ς 

East side). 1.00 in = 25.4 mm. 

 

Figure 2.24 shows the nominal location and nomenclature for the strain gages on the west and east 

curtains for the walls with t́ = 0.5 % (Walls 1 and 3). Similarly, Figure 2.25 presents the strain gages that 

were attached on the stirrups and crossties for Walls 1 and 3. In addition, Figure 2.26 shows the strain 

gages on the west and east curtains, while Figure 2.27 presents the strain gages on the stirrups and 

crossties for Walls 2 and 4 with t́  = 2 %. Strain gages were affixed to bars in the west reinforcement 

curtain; while gages were applied on the east reinforcement curtain only at the footing interface. Two 

gages per location were applied (on both sides of the bar) on the longitudinal and transverse 

reinforcement and crossties. Gages were also applied on all four legs of certain stirrups in the boundary 

elements. 
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Figure 2.24.  Location and nomenclature of strain gages (west and east curtains) for Walls 1 and 3. 1.00 in = 

25.4 mm. 
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Figure 2.25.  Location and nomenclature of strain gages (stirrups and ties) for Walls 1 and 3. 1.00 in = 25.4 mm. 

 



Experimental Program 

 40 

 

Figure 2.26.  Location and nomenclature of strain gages (west and east curtains) for Walls 2 and 4. 1.00 in = 

25.4 mm. 
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Figure 2.27.  Location and nomenclature of strain gages (stirrups and ties) for Walls 2 and 4. 1.00 in = 25.4 mm. 

 

Strains were monitored in the three reactive wall specimens during ASR-induced expansion. Figure 2.28 

shows the nominal location of strain gages that were monitored during ASR-induced expansion for the 

three specimens. 

 

The installation of foil resistance strain gages on the reinforcement bars followed the same procedure 

described in Sadek et al. (2020) and Thonstad et al. (2020). The bars were prepared using a belt sander to 

remove their mill scale and achieve the required flatness in the gage area. Bars were further prepared 

using a fine grit sandpaper and cleaned using a chemical degreaser, prior to gage installation. Gages were 

adhered to the bar using a two-component epoxy system and the gage installation was protected from 

the highly alkaline concrete environment using a two-part polysulfide liquid polymer compound. 
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Figure 2.28.  Location of strain gages on west reinforcement curtain of the three reactive walls that were 

monitored during curing. 1.00 in = 25.4 mm. 

 

2.7 PROJECT TIMELINE 

Table 2.2 presents a summary of the sequence and dates of key events for this experimental study 

including concrete placements, operations of environmental controls, and cyclic testing of wall specimens. 
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Table 2.2.  Project timeline 

Date Event 

November 14, 2018 Concrete placement for footings of all specimens 

April 30, 2019 Concrete placement for reactive wall panels (Walls 1 and 2) 

May 9, 2019 Concrete placement for reactive wall panel (Wall 3) 

July 2, 2019 Concrete placement for top caps for Walls 1, 2, and 3 

August 23, 2019 Concrete placement for non-reactive wall panel (Wall 4) 

September 23, 2019 Concrete placement for top cap of Wall 4 

August 30, 2019 Start of environmental controls in environmental chamber 

March 16, 2020 Laboratory closure and environmental controls shut-down 

July 16, 2020 Laboratory reopening and environmental controls restart 

September 2, 2020 Cyclic testing of Wall 4 (376 d after wall panel placement) 

September 16, 2020 Removal of Wall 1 from environmental chamber 

October 28, 2020 Cyclic testing of Wall 1 (547 d after wall panel placement) 

November 3, 2020 Removal of Wall 2 from environmental chamber 

November 30, 2020 Cyclic testing of Wall 2 (580 d after wall panel placement) 

December 7, 2020 Removal of Wall 3 from environmental chamber 

December 18, 2020 Cyclic testing of Wall 3 (589 d after wall panel placement) 
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h.{9w±95 w9{thb{9 

This chapter describes the cracking that was observed in the three reactive shear walls due to the effects 

of ASR-induced expansion prior to structural loading and the progression of cracking and damage that was 

observed in all four walls during cyclic testing. For the rest of this chapter, the sides or faces of the wall 

specimens are identified in terms of cardinal directions (north, east, south, west), which corresponded to 

the directions in the tested orientation as shown in Chapter 2. 

 

3.1 ASR-INDUCED EXPANSION 

Prior to testing, the three reactive walls (Walls 1, 2, and 3) remained in the environmental chamber, which 

was kept at a high relative humidity and temperature. Walls were removed from the chamber between 

3 weeks and 6 weeks prior to performing the cyclic testing to allow for ASR-induced crack mapping, 

placement into the testing frame, and installation of instrumentation. Visual observations of the condition 

of the concrete were documented prior to testing. 

No visible cracks were observed on the surfaces of the non-reactive wall panel (Wall 4). On the reactive 

walls panels (of Walls 1, 2, and 3), ASR-induced cracks were observed on all exterior faces. No cracks were 

found on the exterior faces of the footings or the top caps which were cast with conventional concrete. 

Outward evidence of widespread ASR-induced cracking in the wall panels consisted of randomly oriented 

surface cracks. The observed cracks did not appear to be preferentially aligned with the embedded 

reinforcement, and no discoloration was observed that would suggest corrosion of the embedded 

reinforcement cages. Furthermore, no discernable differences were found between the cracking patterns 

on the three reactive wall panels despite their differences in age (at the time of observation) and the 

amount of transverse reinforcement in the boundary elements. 

ASR-induced cracks were mapped/traced using green permanent marker on the west face and north and 

south ends of each wall panel. Since large numbers of displacement transducers and inclinometers were 

placed on the east face of the walls, it was not practical to perform crack mapping on that face. Figure 3.1 

presents an example of the cracks observed on Wall 2. Further, exudation of a white substance, from the 

cracks, was also observed as shown in Figure 3.2. It was presumed that this substance was ASR gel, 

however chemical analyses were not performed to confirm this assumption. 
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(a)      (b) 
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(c) 

Figure 3.1.  Wall 2 ASR-induced cracking: (a) north end, (b) south end, and (c) west face. Shown also in (c) is the 

20.0 in × 20.0 in (508 mm × 508 mm) square drawn on the west face for cracking index calculation. Cracks 

highlighted using permanent marker. 
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Figure 3.2.  Exudation of a white substance on the face of reactive walls. Cracks highlighted using permanent 

marker. 

 

In addition, a visual crack mapping procedure was performed to quantify the degree of surface cracking 

present on the reactive walls prior to testing. This approach was based on the cracking index (CI) method 

that was developed, and is used extensively, by the Federal High Administration (Fournier et al., 2010). 

This method was also used to measure surface expansion on the reactive block specimens in the Task 1 

study (Sadek et al., 2021) and the reactive beam specimens in the Task 2 study (Thonstad et al., 2021). 

The CI has been used to judge the extent of surface damage to the concrete due to ASR, based on the 

implicit assumption that external damage is proportional to internal damage; thus, the higher the CI, the 

higher the assessed level of damage of the concrete element under investigation. 

The crack mapping procedure employed in the present study included measurement and summation of 

crack widths along the perimeter of a 20.0 in × 20.0 in (508 mm × 508 mm) square drawn on the west face 

of the reactive wall specimens. The process can be outlined as follows: 

¶ Identify the location of the square as the area with the most intense cracking on the west face of 

the wall, see Figure 3.1. 

¶ Each line on the square was scanned using a handheld optical microscope with 20× optical 

magnification and a measuring reticle graduated in 0.004 in (0.1 mm) increments. However, there 

ǿŜǊŜ Ƴŀƴȅ ƛƴǎǘŀƴŎŜǎ ǿƘŜǊŜ ǎƳŀƭƭŜǊ ŎǊŀŎƪ ǿƛŘǘƘ ǿŀǎ ŘŜǘŜŎǘŜŘΦ Lƴ ǘƘŜǎŜ ƛƴǎǘŀƴŎŜǎΣ άŜȅŜōŀƭƭƛƴƎέ 

was used to approximate the crack width (e.g., 0.003 in [0.07 mm]). 

¶ The CI was calculated for each line as the summation of all crack widths along a given line and 

then dividing by the original length of the line. Cracks smaller than 0.002 in (0.05 mm) were 

observed and recorded but were not used in calculation of the CI. 

Table 3.1 presents the average CI over the horizontal and vertical lines of the square on the west face of 

each wall. In general, the cracking indices for Walls 1 and 2 (cast together) were similar and higher than 

those for Wall 3 (cast at a later date). 
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Table 3.1.  Average cracking index for the reactive wall specimens prior to testing 

Wall 
Average Cracking Index (in/in [mm/mm]) 

Horizontal Lines Vertical Lines 

Wall 1 0.0018 0.0021 

Wall 2 0.0018 0.0017 

Wall 3 0.0014 0.0014 

 

3.2 WALL CYCLIC TESTING 

This section describes the visible cracking and damage to the wall specimens that were observed during 

the cyclic load testing of the shear walls. Throughout the testing to failure, no cracks or damage was 

observed for the footing and top cap of all walls. The section, thus, focuses on the observed damage to 

the wall panels. 

 

3.2.1 Non-reactive Wall 4 

Non-reactive Wall 4 served as a control specimen for the testing program with a stirrup spacing of 4.00 in 

(102 mm) in the boundary elements resulting in a transverse reinforcement ratio, t́, of 2.0 %. As indicated 

in Section 3.1, this wall did not have pre-existing cracking prior to testing on September 2, 2020. As 

expected, no cracks were developed during the elastic cycles (Cycles 1 through 4). Also, no cracks were 

observed for the first three cycles in the immediate occupancy range at a drift ratio of 0.250 % (Cycles 5 

to 7). Cracks started to develop at a drift ratio of 0.375 % (Cycles 8 to 10) and kept getting wider and longer 

with increased drift ratios. Initially, flexural cracks developed in the lower part of the tensile zone of the 

wall, characterized by horizontal cracks in the boundary elements. These cracks progressed into flexural-

shear cracks characterized by horizontal-diagonal cracks, see Figure 3.3, at a drift ratio of 0.500 %. As the 

drift ratio increased, new cracks with the same pattern were developed in the upper portion of the wall 

as shown in Figure 3.4 at a drift ratio of 1.000 % in the life safety performance objective range. Figure 3.5 

shows the maximum crack width observed and measured on the west face of the four walls, typically at 

the lower portion of the walls. For a given drift ratio, the crack with the largest width was visually identified 

and measured using a concrete crack ruler card. The uncertainty associated with the maximum crack 

width measurement is shown in Table 3.2. Figure 3.5 shows increased crack width with increased drift 

ratio for the four walls. For Wall 4, a steep rise in the maximum crack width could be observed between 

drift ratios of 1.000 % and 2.000 %. 
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Figure 3.3.  Cracks on the west face of Wall 4 at a drift ratio of 0.500 % (Cycle 11). Cracks highlighted using 

permanent marker. 
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Figure 3.4.  Cracks on the west face of Wall 4 at a drift ratio of 1.000 % (Cycle 17). Cracks highlighted using 

permanent marker. 
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Figure 3.5.  Maximum crack width versus drift ratio for the four walls during cyclic testing (1.00 in = 25.4 mm) 

 

 

Table 3.2.  Maximum crack width measurement uncertainty 

Maximum Crack Width 
in (mm) 

Measurement Uncertainty 
in (mm) 

< 0.004 (< 0.1) 0.0008 (0.02) 

0.004 to 0.025 (0.1 to 0.6) 0.002 (0.05) 

0.025 to 0.040 (0.6 to 1.0) 0.008 (0.20) 

0.040 to 0.060 (1.0 to 1.5) 0.010 (0.25) 

> 0.060 (> 1.5) 0.020 (0.50) 

 

Prior to failure (in the collapse prevention performance objective range and beyond), the wall primarily 

behaved in a flexural manner by means of yielding of the longitudinal reinforcement and suppressing of a 

premature shear failure. Ultimately, the wall failed by buckling of longitudinal reinforcement in the 

boundary element that resulted in spalling/crushing of concrete at the compression zone. The first sign of 

concrete spalling in the compression zone was observed at a drift ratio of 2.000 % (Cycle 27) as shown in 

Figure 3.6. At a drift ratio of 3.000 % (Cycle 29), extensive spalling occurred on the compression zone, 

exposing the buckled longitudinal reinforcement in the boundary element, see Figure 3.7. Increasing the 

drift ratio to 4.000 %, the wall could not sustain any further loading with longitudinal reinforcing bars 

0

0.05

0.1

0.15

0.2

0.25

0 0.5 1 1.5 2 2.5 3 3.5 4

M
a

x
im

u
m

 C
ra

ck
 W

id
th

  
(i

n
)

Drift Ratio  (%)

Wall 4 Wall 1

Wall 2 Wall 3



Observed Response 

 52 

excessively yielding on the tensile zone and buckling on the compression zone. As shown in Figure 3.8(b), 

one longitudinal reinforcing bar at the boundary element fractured in the tensile zone. 

The behavior, cracking pattern, and primary failure modes of non-reactive Wall 4 were consistent with 

those observed in specimen WR-20 in Oh et al. (2002) which had similar reinforcement and transverse 

steel ratio in the boundary element to those in Wall 4. 
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(a) 

 

(b) 

Figure 3.6.  Damage to Wall 4 at a drift ratio of 2.000 % (Cycle 27): (a) spalling of concrete on compression zone 

and (b) cracks on the west face. Cracks highlighted using permanent marker. 
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Figure 3.7.  Spalling of concrete in compression zone of Wall 4 at a drift ratio of 3.000 % (Cycle 29) exposing 

buckled reinforcement in the boundary element 
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(a) 

 

 
(b) 

Figure 3.8.  Wall 4 at failure at a drift ratio of 4.000 % (Cycle 31): (a) west face and (b) rupture of longitudinal 

reinforcing bar in the boundary element 


















































































































































































































































