
A MUL TISCALE STUDY OF CONCRETE SUBJECTED TO 
ELEVATED TEMPERATURES 

by 

Alok Abhay Deshpande 

May 16, 2019 

A dissertation submitted to the 
Faculty of the Graduate School of 

the University at Buffalo, The State University ofNew York 
in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Department of Civil, Structural and Environmental Engineering 



ACKNOWLEDGMENTS 

I express my deepest gratitude to my advisors, Professors Andrew Whittaker and Ravi 

Ranade, for their patience, guidance and support throughout my graduate studies. I would also 

like to thank my other dissertation committee members, Professors Mettupalayam Sivaselvan 

and Negar Elhami Khorasani for their valuable time and suggestions; their doors were always 

open when I needed direction. 

I thank the staff at the Department of Civil, Structural and Environmental Engineering at 

the University at Buffalo: Kellie McBride, Jackie Baum, Eva McGovern, Donna Banach, Lisa 

Zimmerman and Peter Murphy, for their support. I thank the staff of the Structural Engineering 

and Earthquake Simulation Laboratory (SEESL) for all their assistance and support during the 

experimental studies : Mark Pitman, Scot Weinreber, Robert Staniszewski, Lou Moretta, Jeffrey 

Cizdziel, Christopher Budden and Michael Branch. I thank Professor Amit Varma, Dr. Saahas 

Bhardwaj and the staff of Bowen Laboratory at Purdue University for their help and guidance in 

executing the wall tests reported in the dissertation. 

I am indebted to all my mentors and teachers over the years for instilling and nurturing a 

joy of learning in me, and I express my sincere gratitude to them. I thank my grandparents and 

parents-in-law for their love and support. Lastly, I thank my brother, parents and wife for their 

love, patience and unconditional support, which make it possible for me to pursue my dreams. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS .............................................................................................................. ii 

TABLE OF CONTENTS ............................................................................................................... iii 

LIST OF FIGURES ...................................................................................................................... vii 

LIST OF TABLES ......................................................................................................................... xi 

ABSTRACT.................................................................................................................................. xii 

CHAPTER 1 INTRODUCTION................................................................................................. 1 

1.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

1.2 Range of temperature considered and motivation ............................................................ 2 

1.2.1 Loss of Coolant Accidents (LOCA) in nuclear power plants ................................... 2 

1.2.2 Seismic behavior of RC walls at elevated temperatures ......................................... 13 

1.2.3 Concrete material behavior at high temperatures ................................................... 15 

1.3 Research objectives ........................................................................................................ 17 

1.4 Dissertation organization ................................................................................................ 17 

CHAPTER 2 LITERATURE REVIEW .................................................................................... 19 

2.1 Introduction .................................................................................................................... 19 

2.2 Effects of elevated temperature on concrete .................................................................. 19 

2.2.1 Thermal properties .................................................................................................. 20 

2.2.2 Mechanical properties ............................................................................................. 23 

2.3 Effects of elevated temperature on steel reinforcement.. ............................................... 32 

2.3.1 Modulus of elasticity............................................................................................... 32 

2.3 .2 Strength ................................................................................................................... 33 

2.3.3 Thermal expansion .................................................................................................. 35 

2.4 Effects of elevated temperature on steel reinforcement-concrete bond ......................... 36 

CHAPTER 3 EXPERIMENTAL PROGRAM FOR RC WALL TESTS ................................. 38 

111 



3.1 Introduction .................................................................................................................... 38 

3.2 Specimen details ............................................................................................................. 38 

3.3 Pre-test numerical analysis ............................................................................................. 39 

3.3 .1 Flexural strength ..................................................................................................... 40 

3.3 .2 Shear strength .......................................................................................................... 40 

3.3.3 Nonlinear static analysis ......................................................................................... 45 

3.3.4 Summary ................................................................................................................. 47 

3.4 Construction of walls ..................................................................................................... 47 

3.5 Loading apparatus .......................................................................................................... 57 

3.6 Heating apparatus ........................................................................................................... 58 

3.7 Mechanical properties ofrebar and concrete ................................................................. 62 

3.7.1 Rebar ....................................................................................................................... 62 

3.7.2 Concrete .................................................................................................................. 63 

3.8 Wall test setup ................................................................................................................ 73 

3.9 Instrumentation............................................................................................................... 75 

3 .10 Loading protocols ........................................................................................................... 80 

CHAPTER 4 PROTOCOL AND RESULTS OF RC WALL TESTS ...................................... 82 

4.1 Introduction .................................................................................................................... 82 

4.2 Data processing .............................................................................................................. 82 

4.3 Wall 1 ............................................................................................................................. 84 

4.3.1 Protocol ................................................................................................................... 85 

4.3.2 Results ..................................................................................................................... 87 

4.4 Wall 2 ............................................................................................................................. 93 

4.4.1 Test protocol ........................................................................................................... 93 

4.4.2 Test results .............................................................................................................. 95 

IV 



4.5 Wall 3 ........................................................................................................................... 103 

4.5.1 Testprotocol ......................................................................................................... 103 

4.5.2 Test results ............................................................................................................ 106 

4.6 Wall 4 ........................................................................................................................... 113 

4.6.1 Test protocol ......................................................................................................... 113 

4.6.2 Test results ............................................................................................................ 115 

CHAPTER 5 EFFECTS OF HIGH TEMPERATURE ON DAMAGED CONCRETE ......... 122 

5.1 Introduction .................................................................................................................. 122 

5.2 Experimental program .................................................................................................. 122 

5.3 Materials ....................................................................................................................... 123 

5.4 Testing procedure ......................................................................................................... 125 

5.5 Results and discussion .................................................................................................. 129 

5.5.1 Weight ................................................................................................................... 129 

5.5.2 Dynamic modulus of elasticity ............................................................................. 131 

5.5.3 Uniaxial compressive strength .............................................................................. 134 

CHAPTER 6 EFFECTS OF MOISTURE CONDITIONS ON CONCRETE SUBJECTED 
TO ELEVATED TEMPERATURE ........................................................................................... 137 

6.1 Introduction .................................................................................................................. 137 

6.2 Experimental program .................................................................................................. 137 

6.3 Materials ....................................................................................................................... 139 

6.4 Testing procedure ......................................................................................................... 140 

6.5 Results and discussion .................................................................................................. 144 

6.5.1 Weight ................................................................................................................... 144 

6.5 .2 Dynamic modulus of elasticity ............................................................................. 146 

6.5.3 Uniaxial compressive strength .............................................................................. 149 

CHAPTER 7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ..................... 153 

V 



7.1 Summary ...................................................................................................................... 153 

7.2 Conclusions .................................................................................................................. 154 

7.3 Recommendations for future research .......................................................................... 157 

REFERENCES ........................................................................................................................... 159 

Vl 



LIST OF FIGURES 

Figure 1-1: Schematic diagram of typical NPP reactors (NRC, 2018c) ......................................... 4 

Figure 1-3: Containment temperature-time series after a feedwater line break in ABWR 

Figure 1-5: Containment temperature-time series after a double-ended cold-leg guillotine LOCA 

Figure 1-7: Containment temperature-time series after feedwater line break in ESBWR 

Figure 2-4. Schematics of temperature and loading histories for mechanical testing of concrete 

Figure 1-2: Advanced Boiling Water Reactor (ABWR) nuclear power plant (GENE, 1997) ....... 7 

[reproduced from Figure 6.2-8 of the ABWR DCD] ...................................................................... 8 

Figure 1-4: Advanced Passive 1000 (APl000) nuclear power plant (WEC, 2018) ....................... 9 

in APl000 [reproduced from Figure 6.2.1.1-8 of the APl000 DCD] .......................................... 10 

Figure 1-6: Economic Simplified Boiling-Water Reactor (ESBWR) (GEH, 2018) ..................... 11 

[reproduced from Figure 6.2-9bl ofESBWR DCD] .................................................................... 12 

Figure 1-8: Force - drift ratio relationship for reinforced concrete shear walls (ASCE, 2017) .. 14 

Figure 2-1. Variation in density of concrete with temperature ..................................................... 21 

Figure 2-2. Variation in thermal conductivity of concrete with temperature ............................... 22 

Figure 2-3. Variation in specific heat capacity of concrete with temperature .............................. 23 

subjected to elevated temperatures [adapted from Willam et al. (2009)] .................................... 24 

Figure 2-5. Variation in compressive strength of concrete with temperature ............................... 27 

Figure 2-6. Variation in modulus of elasticity of concrete with temperature ............................... 28 

Figure 2-7. Variation in tensile strength of concrete with temperature ........................................ 29 

Figure 2-8. Variation in fracture energy of concrete with temperature ........................................ 30 

Figure 2-9. Variation in thermal expansion strain of concrete with temperature ......................... 31 

Figure 2-10. Variation in modulus of elasticity of steel reinforcement with temperature ............ 32 

Figure 2-11. Change in strength of steel reinforcement with temperature ................................... 34 

Figure 2-12. Variation in the thermal expansion strain of steel reinforcement with temperature 35 

Figure 2-13. Variation of steel reinforcement-concrete bond strength with temperature ............. 36 

Vll 



Figure 3-1. Wall and foundation assembly (Note: 1 in. = 25.4 mm) .... .. ...... .. ...... .. ...... .. ...... .. ...... 50 

Figure 3-2. Reinforcement details for a wing foundation beam (Note: 1 in. = 2 5. 4 mm) .... .. ...... 51 

Figure 3-4. Rebar layout for specimen with 2% web reinforcement (Walls 2 and 3) (Note: 1 in.= 

Figure 3-21. Side view of the test set-up (Note: 1 in. = 25.4 mm; Thickness of strong wall and 

Figure 3-3 . Rebar layout for specimen with 0.93% web reinforcement (Walls 1 and 4) (Note: 1 
in. = 25 .4 mm) ....... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... 52 

25 .4mm) ....... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... ....... . 53 

Figure 3-5 . Section details for wall and foundation (Walls 1 and 4) .... .. ...... .. ...... .. ...... .. ..... .. ...... . 54 

Figure 3-6. Section details for wall and foundation (Walls 2 and 3) ... .. ...... .. ...... .. ...... .. ...... .. ...... . 54 

Figure 3-7. One set of five thermocouples .... .. ...... .. ...... .. ...... .. ..... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 55 

Figure 3-8. Wall and foundation rebar cage before casting ... ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 55 

Figure 3-9. Finished concrete surface of a wall and its foundation ..... .. ...... .. ...... .. ...... .. ...... .. ...... . 56 

Figure 3-10. Burlap cover .... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 56 

Figure 3-11. Polythene cover placed over specimen for curing period ....... .. ...... .. ...... .. ...... .. ...... . 57 

Figure 3-12. Heater and surface thermocouple layout.. ....... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 59 

Figure 3-13 . Thermocouples for measuring surface temperature .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 60 

Figure 3-14. Heating control system and display .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 60 

Figure 3-15 . One heater assembly ....... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 61 

Figure 3-16. Heaters installed on wall specimen ... ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 62 

Figure 3-17. Variation in concrete weight loss with temperature .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 71 

Figure 3-18. Variation in concrete compressive strength with temperature .. ...... ... ..... .. ...... ... ..... . 71 

Figure 3-19. Variation in concrete split-cylinder tensile strength with temperature ..... ......... ...... 72 

Figure 3-20. Variation in concrete dynamic modulus of elasticity with temperature ... ...... .. ...... . 72 

floor not to scale) ... ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... . 74 

Figure 3-22. Side view of Wall 3 during testing .. .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ...... .. ..... .. ...... .. 74 

Figure 3-23 . String potentiometer layout for all wall specimens ... ...... .. ...... .. ...... .. ..... .. ...... .. ...... .. 78 

vm 



Figure 3-24. Strain gage layout for all walls ................................................................................. 79 

Figure 4-1. Calculations of secant stiffness for LC4 of Wall 2 .................................................... 84 

Figure 4-4. Thermal gradients at the start of all heated cycles for Wall 1 [Note: 1 in. = 25.4 mm] 

Figure 4-10. Thermal gradients at the start of all heated cycles for Wall 2 [Note: 1 in.= 25.4 mm] 

Figure 4-18. Thermal gradients at the start of all heated cycles for Wall 3 [Note: 1 in.= 25.4 mm] 

Figure 4-2. Global force-drift ratio relationship for Wall 1.......................................................... 87 

Figure 4-3. Locations of embedded thermocouples in Wall 1 ...................................................... 90 

....................................................................................................................................................... 91 

Figure 4-5. Crack pattern on East face of Wall 1 after LC2 ......................................................... 92 

Figure 4-6. Crack pattern on East face of Wall 1 after LC15 ....................................................... 92 

Figure 4-7. Damage to Wall 1 at the end of testing ...................................................................... 93 

Figure 4-8. Global force-drift ratio relationship for Wall 2 .......................................................... 96 

Figure 4-9. Locations of embedded thermocouples in Wall 2 [Note: 1 in.= 25.4 mm] ............... 99 

..................................................................................................................................................... 100 

Figure 4-11. Crack pattern on West face ofWall 2 after LC4 .................................................... 101 

Figure 4-12. Crack pattern on West face ofWall 2 after LC8 .................................................... 101 

Figure 4-13. Crack pattern on West face ofWall 2 after LC14 .................................................. 102 

Figure 4-14. Crack pattern on West face ofWall 2 after LC16 .................................................. 102 

Figure 4-15. Damage to Wall 2 at the end of testing .................................................................. 103 

Figure 4-16. Global force-drift ratio relationship for Wall 3 ...................................................... 106 

Figure 4-17. Locations of embedded thermocouples in Wall 3 [Note: 1 in.= 25.4 mm] ........... 109 

..................................................................................................................................................... 110 

Figure 4-19. Crack pattern on West face ofWall 3 after LC2 .................................................... 111 

Figure 4-20. Crack pattern on West face ofWall 3 after LC3 .................................................... 111 

Figure 4-21. Crack pattern on West face ofWall 3 after LC15 .................................................. 112 

Figure 4-22. Damage to Wall 3 at the end of testing .................................................................. 112 

lX 



Figure 4-23. Global force-drift ratio relationship for Wall 4 ...................................................... 115 

Figure 4-24. Locations of embedded thermocouples in Wall 4 [Note: 1 in.= 25.4 mm] ........... 118 

Figure 4-25. Thermal gradients at the start of all heated cycles for Wall 4 [Note: 1 in.= 25.4 mm] 

Figure 6-1. Steel pipe and steel caps used for sealed heating ( concrete cylinder shown for 

..................................................................................................................................................... 119 

Figure 4-26. Crack pattern on west face ofWall 4 after LCl ..................................................... 120 

Figure 4-27. Crack pattern on west face ofWall 4 after LC3 ..................................................... 120 

Figure 4-28. Crack pattern on west face ofWall 4 after LC15 ................................................... 121 

Figure 4-29. Damage to Wall 4 at the end of testing .................................................................. 121 

Figure 5-1. Cylinders cast for Con-8 .......................................................................................... 125 

Figure 5-2. Setup for measuring dynamic modulus of elasticity of concrete cylinders ............. 128 

Figure 5-3. Cylinders in the furnace ........................................................................................... 128 

Figure 5-4. Change in weight of concrete cylinders with temperature ....................................... 130 

Figure 5-5. Variation in dynamic modulus of elasticity of concrete with temperature .............. 133 

Figure 5-6. Variation of uniaxial compressive strength of concrete with temperature .............. 135 

reference) .................................................................................................................................... 141 

Figure 6-2. Thermal test setup and results .................................................................................. 143 

Figure 6-3. Placement of concrete cylinders in the autoclave .................................................... 144 

Figure 6-4. Change in weight of concrete cylinders with temperature ....................................... 145 

Figure 6-5. Change in dynamic modulus of elasticity of concrete with temperature ................. 148 

Figure 6-6. Change in uniaxial compressive strength of concrete with temperature .................. 150 

Figure 7-1: Cyclic backbone curve for reinforced concrete shear walls at 450°F [223 °C] ........ 156 

X 



LIST OF TABLES 

Table 3-1. MAT085 property assignments in LS-DYNA ............................................................ 46 

Table 3-2. MAT003 property assignments in LS-DYNA ............................................................ 46 

Table 3-3. Estimated lateral strengths of walls, in kips [kN], with 0.93% and 2% reinforcement 
in both directions, fc' = 6 ksi [41 MPa] and JY =78 ksi [538 MPa] ............................................ 47 

Table 3-4. Mechanical characteristics ofrebar ............................................................................. 63 

Table 5-1. Mix proportion (by weight) of concretes used in the damaged concrete experimental 

Table 6-1. Mix proportion (by weight) of concretes used in moisture concrete experimental 

Table 3-5. Mix proportion (by weight) of concrete used in all specimens ................................... 64 

Table 3-6. Casting dates and concrete slump ................................................................................ 64 

Table 3-7. Concrete compressive strength results ........................................................................ 65 

Table 3-8. Modulus of elasticity for concrete used in walls ......................................................... 67 

Table 3-9. Modulus of rupture for concrete used in walls ............................................................ 68 

Table 4-1: Loading protocol for Wall 1 ........................................................................................ 86 

Table 4-2: Summary ofresults for Wall 1 .................................................................................... 89 

Table 4-3: Loading protocol for Wall 2 ........................................................................................ 95 

Table 4-4: Summary ofresults for Wall 2 .................................................................................... 98 

Table 4-5: Loading protocol for Wall 3 ...................................................................................... 105 

Table 4-6: Summary ofresults for Wall 3 .................................................................................. 108 

Table 4-7: Loading protocol for Wall 4 ...................................................................................... 114 

Table 4-8: Summary ofresults for Wall 4 .................................................................................. 117 

program ....................................................................................................................................... 124 

Table 5-2. Number of cylinders tested for the damaged concrete experimental program ......... 126 

program ....................................................................................................................................... 139 

Table 6-2. Number of cylinders tested for the moisture concrete experimental program .......... 140 

Xl 



ABSTRACT 

Low aspect ratio, shear-critical, reinforced concrete walls are used in nuclear power 

plants to resist gravity and lateral forces , and some serve a containment function. Beyond design 

basis earthquake shaking has the potential to rupture reactor coolant pipes in containment 

structures in nuclear power plants, resulting in Loss of Coolant Accidents (LOCA). Design 

control documents filed with the United States Nuclear Regulatory Commission (NRC) indicate 

that a LOCA in a containment structure in a new large light water reactor could result in internal 

temperatures of up to 300°F [149°C]. Accordingly, it is important to understand whether the 

lateral stiffness and/or peak shear strength of reinforced concrete walls in reactor buildings are 

meaningfully affected by exposure to LOCA-related temperatures, which will help determine 

fitness for reactor re-start or the need for extensive, expensive repair or replacement. 

The se1sm1c behavior of reinforced concrete walls at elevated temperatures was 

investigated through a first-of-a-kind experimental study. Four low-aspect ratio, reinforced 

concrete planar walls were subjected to reversed cyclic, inelastic loading after exposure to 

elevated temperatures of up to 450°F [223°C] in the heated and residual conditions. Details of 

the experimental program and results are presented. Materials-level tests were performed to a) 

characterize the effects of elevated temperature on the behavior of concrete of the type used to 

cast the walls, b) characterize the effects of elevated temperature on the behavior of 

mechanically damaged, normal strength concrete; and c) investigate the combined effects of 

moisture condition (unsealed, sealed and steamed) and elevated temperature on the behavior of 

normal strength concrete. 
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Six recommendations are made for analysis and design of low aspect ratio, reinforced 

concrete walls, namely, 1) at levels of lateral force smaller than 30% of peak strength, the 

maximum reduction in initial stiffness of a wall due to exposure to temperature of 450°F [223 °C] 

is approximately 30%, 2) at levels of lateral force greater than 30% of peak strength, any 

reduction in lateral stiffness due to exposure to temperature of 450°F [223°C] is masked by 

mechanical damage, 3) peak lateral strength is not affected by exposure to temperature of 450°F 

[223°C] , 4) the cyclic backbone curve for a low aspect ratio wall exposed to temperature of 

450°F [223 °C] can be approximated by the piecewise linear relationship of ASCE 41-17, with 

linear response to peak strength, with co-ordinates given in NIST-GCR-17-917-45 , 5) the effect 

of moisture condition (i.e. , unsealed, sealed, or steamed) on the mechanical properties of 

concrete cylinders exposed to temperature of 450°F [223°C] for 90 minutes is negligible, and 6) 

the ACI 349-13 short-term temperature limit for concrete of 350° [177°C] in Section E.4.2 

should be increased to 450°F [223°C]. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

Concrete structures are subjected to a wide variety of hazards, some of which are natural 

(e.g. , earthquake, tsunami, flood and high winds) and others are human-induced (e.g., fire , blast, 

impact) . Hazards like fires impose thermal loads on structures, involving temperatures as high as 

1300°C (Maraveas and Vrakas, 2014). Concrete, unlike other construction materials such as steel 

and timber, is well suited for high-temperature applications since it is non-combustible, does not 

emit smoke and has a relatively low value of thermal conductivity (CEB, 2008). However, the 

mechanical properties of concrete deteriorate at high temperatures (Khoury, 2000; Schneider, 

1988), similar to other construction materials . Knowledge of the effects of thermal loading is 

needed at the material and component levels to assess the safety of a concrete structure during 

and after exposure to high temperature. 

Design standards and codes, such as ACI 216.1-14 (ACI, 2014b) and Eurocode 2 (CEN, 

2004), respectively, enable evaluation of the effects of high temperature on the mechanical 

properties of concrete and steel reinforcement (also known as rebar): the components of 

reinforced concrete. The provisions in these documents are based on data collected from physical 

tests performed over several decades . However, there are no standard test protocols for 

measuring the effects of high temperature on concrete, which contributes to the large scatter 

observed in reported experimental results (Naus, 2010). Controlled experiments are needed to 

predict the behavior of concrete and reinforced concrete components and structures at high 
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temperatures. This dissertation contributes to the literature by presenting experimental results 

performed on concrete and reinforced concrete structures at elevated temperatures. 

1.2 Range of temperature considered and motivation 

This section identifies the range of elevated temperature expected in nuclear power plants 

after a thermal accident, and the motivation to study particular topics in concrete and reinforced 

concrete structures at these elevated temperatures. This section introduces two types of large 

light water nuclear reactors and the range of elevated temperatures expected in large light water 

reactor buildings after a Loss of Coolant Accident (LOCA). The motivation to study the seismic 

behavior of reinforced concrete (RC) walls at elevated temperatures is presented. The motivation 

to study effects of elevated temperatures on the behavior of concrete is also presented. 

1.2.1 Loss of Coolant Accidents (LOCA) in nuclear power plants 

The International Atomic Energy Agency reported in May 2019 that there were 451 

operational nuclear reactors worldwide, with another 54 reactors under construction. Of the 

operational reactors, 299 were Pressurized Water Reactors (PWRs), 73 were Boiling Water 

Reactors (BWRs) and 49 were Pressurized Heavy-Water Reactors (PHWR). Of the 451 

operational reactors worldwide, 98 were in the United States (65 PWR and 33 BWR) and another 

2 (PWR) were under construction. The two reactors under construction as of May 2019 are at the 

Vogtle Electric Generating Plant in Waynesboro, Georgia. 

In a BWR, heat is generated in the reactor core, which is the portion of the nuclear 

reactor containing the nuclear fuel and where fission takes place. Water, which is the coolant in 
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this type of reactor, moves upward through the core, absorbing the generated heat. The water in 

the coolant loop is maintained at a pressure of about 7.6 MPa (1100 psi) so that it boils in the 

reactor core at about 285°C (545°F). The heat converts the water into a steam-water mixture, 

which exits the top of the reactor core and is piped to a moisture separation unit, which removes 

the water droplets from the mixture. The steam is then piped to the turbines to generate 

electricity. The used steam is then condensed into water and pumped back to the bottom of the 

core, completing the loop, which is termed the primary coolant loop (NRC, 2018a). Figure 1-1 

(a) is a schematic of a typical BWR, showing its main components and the primary coolant loop. 

In a PWR, similar to a BWR, heat is generated in the reactor core as a result of nuclear 

fission. Water, which is the coolant in this type of reactor, absorbs and transports the generated 

heat to steam generators. The water is maintained at a pressure of about 15 .5 MPa (2250 psi), so 

unlike a BWR, boiling does not occur in the reactor. The hot pressurized water transfers heat to 

water in the steam generators and is then pumped back to the nuclear reactor, completing the 

loop ( called the primary coolant loop). The water that is heated in the steam generators is 

vaporized to steam, which is then piped to the power turbines that generate electricity. The used 

steam is condensed into water and pumped back to the steam generator, completing the loop 

( called the secondary coolant loop). The water in the primary and secondary coolant loops do not 

mix. (NRC, 2018d). There are often 2 to 4 primary coolant loops in a nuclear power plant, one 

per steam generator. Figure 1-1 (b) is a schematic of a typical PWR, showing its main 

components and the primary and secondary coolant loops. 
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Walls made of 
concrele and steel 
3-6 feet tllick 
(H.5 meter.,) 

CGntainment 
Sltucture 

(a) Boiling Water Reactor (BWR) 

Contalninenl 
Structure 

(b) Pressurized Water Reactor (PWR) 

Figure 1-1: Schematic diagram of typical NPP reactors (NRC, 2018c) 

Loss of Coolant Accidents (LOCA) in nuclear power plants are defined as "those 

postulated accidents that result in a loss ofreactor coolant at a rate in excess ofthe capability of 

the reactor makeup system from breaks in the reactor coolant pressure boundary, up to and 
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including a break equivalent in size to the double-ended rupture ofthe largest pipe ofthe reactor 

coolant system" (NRC, 2018e). In a LOCA, high-temperature, high-pressure steam would be 

released into the air-tight containment vessel and would pressurize it. The containment structure 

is designed to withstand the resultant maximum pressure. But as steam and water partially fill the 

containment, heat energy is transferred to the surrounding steel and concrete surfaces through 

convection and conduction, thereby heating the structure (Dai et al. , 2014). 

Two important documents provide guidance in regard to the expected temperature in the 

containment structure from thermal accidents : ACI 349-13, Code for the Design of Safety

Related Nuclear Structures (ACI, 2013); and Design Control Documents, which are a repository 

of information submitted by the Nuclear Steam System Supplier ( or reactor manufacturer) to the 

nuclear regulator for design certification. The range of elevated temperatures identified in these 

documents is discussed below. 

1.2.1.1 Thermal time series provided by Design Control Documents 

The United States Nuclear Regulatory Commission (NRC) approves the design of a 

nuclear power plant by issuing a design certification, which is based on the Design Control 

Documents (DCD) submitted by the applicant. As of April 2018, the NRC had issued design 

certifications for six nuclear power plant designs: (a) Advanced Boiling Water Reactor (ABWR) 

submitted by General Electric Nuclear Energy (GENE), (b) ABWR Design Certification Rule 

(DCR) Amendment submitted by South Texas Project Nuclear Operating Company, (c) System 

80+ submitted by Westinghouse Electric Company (WEC), (d) Advanced Passive 600 (AP600) 

submitted by WEC, (e) Advanced Passive 1000 (APl000) submitted by WEC, and (f) Economic 

Simplified Boiling-Water Reactor (ESBWR) submitted by GE-Hitachi Nuclear Energy (GEH). 
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An additional four designs are under review (NRC, 2018b): (a) US Advanced Pressurized-Water 

Reactor (US-APWR) submitted by Mitsubishi Heavy Industries, (b) ABWR Design Certification 

Renewal submitted by GEH, (c) Advanced Power Reactor 1400 (APR1400) submitted by Korea 

Electric Power Corporation and Korea Hydro and Nuclear Company, and (d) NuScale Small 

Modular Reactor submitted by NuScale Power. The NRC website provides DCDs for three of 

the six NPP certified designs. The LOCA-related temperatures provided in these three DCDs are 

introduced below. 

Advanced Boiling Water Reactor (ABWR) 

The ABWR is a single-cycle, forced-circulation, boiling-water reactor designed by 

General Electric Nuclear Energy (GENE). It has a rated reactor core thermal power output of 

3,926 MWt and a net electrical power output of 1,300 MWe (GENE, 1997). A schematic of the 

ABWR NPP is shown in Figure 1-2. 

The containment for an ABWR consists of three major components : drywell, wetwell, and 

steel liner. The drywell is a volume surrounding the reactor pressure vessel and houses the steam 

and feedwater lines, safety valves, reactor internal pumps and servicing equipment. The wetwell, 

similar to the drywell, is a volume surrounding the reactor pressure vessel and is placed below 

the drywell. It is comprised of an air volume and a water-filled suppression pool. The water is 

placed in the suppression pool to condense steam in case of a LOCA. A steel liner is provided on 

the inside surface of the reinforced concrete containment structure (#11 in Figure 1-2) and acts as 

a vapor barrier to prevent gas from escaping through cracks that may develop in the backing 

reinforced concrete, thereby reducing or eliminating leakage of fission products. 
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ABWR Plant Layout 
1. Reactor Pressure Vessel 
2. Reactor Internal Pumps 
3. Fine Motion Control Rod Drives 
4. Main Steam Isolation Valves 
5. Safety/Relief Valves ISRVI 
6. SRV Quenchers 
7. Lower Drywell Equipment Platform 
8. Horizonta I Vents 
9. Suppression Pool 
10. Lower Drywell Flooder 
11. Reinforced Containment 

Concrete Vessel 
12. Hydraulic Controls Units 
13. Control Rod Drive Hydraulic 

System Pumps 
14. RH R Heat Exchanger 
15. RHR Pump 
16. HPCF Pump 

17. RCICSteamTurbineand Pump 
18. Diesel Generator 
19. Standby Gas Treatment Filter 

and Fans 
20. Spent Fuel Storage Pool 
21. Refueling Platform 
22. Shield Blocks 
23. Steam Dryer and Separator 

Storage Pool 
24. Bridge Crane 
25. Main Steam Lines 
26. Feedwater Lines 

27. Main Control Room 
28. Turbine-Generator 
29. Moisture Separator Reheater 
30. Combustion Turbine Generator 
31. Air Compressor and Dryers 
32. Switchyard 

Figure 1-2: Advanced Boiling Water Reactor (ABWR) nuclear power plant (GENE, 
1997) 

The pipe that transports condensed water to the bottom of the reactor is called the 

feedwater line and the pipe carrying the steam from the moisture separation unit to the turbine is 

called the steamline. The DCD for the ABWR provides temperature-time series that were 

generated by the applicant by performing hygrothermal studies for a postulated pipe-break 

scenario. The temperature-time results in the drywell, wetwell and suppression pool expected 

after a feedwater line break are reproduced in Figure 1-3. The maximum pressure expected to 

occur after a feedwater line break is about 270 kPa (36 psi) in the drywell. The wetwell is 
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expected to attain a maximum temperature of 97°C (207°F) after about 4 hours following a 

feedwater line break. 
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Figure 1-3: Containment temperature-time series after a feedwater line break in ABWR 
[reproduced from Figure 6.2-8 of the ABWR DCD] 

Similar time series are not provided for a steamline break but the maximum expected 

temperature in the drywell is approximately 170°C (338°F). 

Advanced Passive 1000 (APl000) 

The APl000 is a Pressurized Water Reactor (PWR) designed by the Westinghouse 

Electric Company (WEC). It has a rated reactor core thermal power output of 3,400 MWt and an 

electrical power output of 1,100 MWe (WEC, 2011). A schematic of the APl000 NPP is shown 

in Figure 1-4. 
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Figure 1-4: Advanced Passive 1000 (APlO00) nuclear power plant (WEC, 2018) 

The pressure and temperature time series results from WEC hygrothermal calculations for 

a Main Steam Line Break (MSLB) accident are provided in the DCD. The containment 

temperature time series after a double-ended guillotine break in the cold leg of the reactor 

coolant system, which brings the reactor coolant from the condenser back to the reactor vessel, is 

reproduced in Figure 1-5. The calculated peak temperature is 141 °C (285°F), but the sustained 

temperature in the following few days is expected to be approximately 110°C (230°F). Similar 

long-term temperature time series results are not provided for the case of a break in the hot leg 

(pipes that carry heated coolant from the reactor to the steam generator) of the reactor coolant 

system. 
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Figure 1-5: Containment temperature-time series after a double-ended cold-leg guillotine 
LOCA in APlO00 [reproduced from Figure 6.2.1.1-8 of the APlO00 DCD] 

Economic Simplified Boiling-Water Reactor (ESBWR) 

The ESBWR, manufactured by GE-Hitachi Nuclear Energy (GEH), is a single-cycle 

boiling-water reactor. It has a rated reactor core thermal power output of 4,500 MWt and a net 

electrical power output of approximately 1,535 MWe (GEH, 2014). A schematic of the ESBWR 

NPP is presented in Figure 1-6. 

The temperature-time series from the GEH hygrothermal calculations for a feedwater line 

break are reproduced in Figure 1-7. Time series are not provided for a steamline break, but the 

maximum pressures and temperatures expected after such a break are reported. The maximum 

sustained temperatures in the drywell and wetwell are 143°C (289°F) and 130°C (266°F), 

respectively. The drywell is a cylindrical reinforced concrete structure, surrounding the reactor 

vessel. The wetwell is a cylindrical reinforced concrete structure surrounding the reactor vessel 



and is located below the drywell. The wetwell has a water-filled suppression pool and a volume 

of air. The maximum expected pressure in the drywell after a steamline break is 295 kPa (43 

psi) . 

Summary 

Based on the thermal histories provided in the three DCDs, a maximum temperature of 

approximately 300°F [149°C] is expected after a LOCA in the containment structure of a large 

light water nuclear reactor. 

ESBWR 
l. Reactor Pres.sure Vessel 14. RWCUIS DC Heat b!dlangers 24. Fuel Transfer Moch"'1e 32. Turbine Building 

2. Fine MD\ion Control Rod Dl'llA?S 15. Contaiflment Ves:sel 25. Spent Fuel Storage Pool 33. Turbine,-Gerierotor 

J . Main S1.eClm lsolatmn Va l-..es 16. Isolation Condensers 26.. Control Bui lding 34. Moisture Sepciratar Reheoter 

4. Safety/Relief Valves ISRVl 17. fossiw Containment 27. Main Control Room 35. Feedwoter Heotets 

Cooling Syslem 5. SR\' Quenchers 28. Moin Steam Lines 36. Direct Contact Feedwater Heater 

18. Moisture Seporo\ors end Tonk6. ~res:surizotion Valves 29. Feedi,.oter Lines 

7. Lower ~Et Eqlipment ~tfami 19. Suffer Fuel 'Storage Pool 30. Steam Tunnel 

8. BiMAC Core Catcher 20. Refuelmg Machine 3 L Stondb,r liquid Cootrol ~tern 

9. Horizontal Vents 21. React.or Build111g Accumulator 

22. Inclined Fuel Trans.fer Machine10. Suppression Pool 

23. Fuel Building 11. Gra..,ity Dl"M:!n Cooling System 

12. Hydrouhc Control Units 

13. Reactor Woter deanup/ShutdDIM1 

Cooling rRWCU/SDCI Pumps 

Figure 1-6: Economic Simplified Boiling-Water Reactor (ESBWR) (GEH, 2018) 

11 

https://React.or


--------

200~--------------~392 

302 
,-... 
µ.. 

Q) 

-- ------ 212 

0 
'-" 

i 
~ 

' ---- ---- ............... s"
~t..;,•!':•••••••••••.••••••••••••••••••••.••••.••••••••••.•••••.••••••••.••...•••..•••.• Q) 

E--
50 122 

--Drywell 
- - -Wetwell 
.......... Supression pool 

o~--------------~ 32 
0 12 24 36 48 60 72 

Time (hours) 

Figure 1-7: Containment temperature-time series after feedwater line break in ESBWR 
[reproduced from Figure 6.2-9bl of ESBWR DCD] 

1.2.1.2 ACI 349-13 requirements for thermal loading 

Appendix E of ACI 349-13, Code Requirements for Nuclear Safety-Related Concrete 

Structures (ACI, 2013), presents requirements for the design of nuclear safety-related concrete 

structures subjected to thermal loadings. The thermal loadings could result from either normal 

operating and shutdown conditions or accidents generated by postulated pipe breaks, as 

introduced above. The standard notes that structural members near high-energy piping systems 

might be subjected to a steam environment and a water/steam jet, resulting from the release of 

high temperature steam or high pressure, high temperature water in the piping systems. This 

steam environment can be of a long duration, lasting a few days, in the case of containment 

structures, since venting of the steam to atmosphere should not occur. 
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For normal operation, the standard states that the maximum concrete temperature shall 

not exceed 66°C (150°F) or 93°C (200°F) for general surfaces and local areas (such as around 

penetrations), respectively. These temperature limits are increased to 82°C (180°F) and 110°C 

(230°F) for general surfaces and local areas, respectively, if the tested concrete strength is equal 

to or greater than 115 percent of the specified 28-day compressive strength. This increase is 

permitted presumably because the expected loss in concrete compressive strength exposed to 

these temperatures is less than the strength gain beyond 28 days. In case of thermal accidents, the 

temperature limits are increased to 177°C (350°F) and 343°C (650°F) for general concrete 

surfaces and local areas (such as those impinged by steam or water jets). However, after 

exposure to these temperatures, the standard requires that the serviceability of the structure be 

assessed by a licensed professional. The standard states that temperatures higher than the limits 

for thermal accidents (stated above) are allowed if the reduction in concrete strength is applied to 

design allowables. Additional ' evidence ' that verifies that the increased temperature does not 

cause deterioration of concrete must also be provided, but the standard does not provide 

guidance on how this is to be accomplished. 

1.2.2 Seismic behavior of RC walls at elevated temperatures 

Reinforced concrete walls are used in nuclear power plants to resist gravity and lateral 

forces , and to serve a confinement function. For design calculations, such walls are typically 

modeled as linear elements for deformations less than those associated with peak strength. 

Analysis for beyond design basis loadings could utilize the force - drift ratio model of Figure 1-8 

(ASCE, 2017), in which point F is used for shear critical walls only. In Figure 1-8, shear 
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resistance, Q, is normalized by peak shear strength, Qy, and lateral deformation, L1 , is normalized 

by story height, h, to get the drift ratio . Parameters, g, d and e, represent yield drift ratio, drift 

ratio corresponding to the onset of loss of shear strength and ultimate drift ratio respectively. 

Parameters f and c are associated with the onset of cracking in the wall and residual strength of 

the wall, respectively. 

Q 

Qy 

1.0 
C 

D E 
~ 

A C,., 
L1 
h 

Figure 1-8: Force - drift ratio relationship for reinforced concrete shear walls 
(ASCE, 2017) 

Thermal accidents like a LOCA, could result in temperatures substantially higher than 

ambient in the containment structure for a few days, as described in Section 1.2.1. It is therefore 

important to assess the effects of elevated temperature on the stiffness and strength of RC walls, 

to aid either initial design or a post-accident investigation. 

Beyond design basis earthquake shaking has the potential to rupture reactor coolant 

pipes, resulting in LOCA. This poses an additional challenge because a nuclear power plant with 

ruptured coolant lines could experience aftershocks as intense as design basis shaking. If the 

aftershocks occur while temperatures are elevated or before the reinforced concrete structure has 
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cooled, the containment structure and its internal walls will be required to perform a safety

related function at temperatures above ambient. Consequently, it is important to determine the 

effects, if meaningful, of exposure to elevated temperature on the strength and stiffness of 

reinforced concrete shear walls. 

Pipe breaks can also result from causes other than earthquakes, such as fatigue (Simonen 

et al. , 2001) and thermal aging (Lv et al. , 2014). In such cases, questions will be asked by a 

regulator about whether the seismic robustness of the reactor building has been compromised by 

the resulting elevated temperature. Section E.4.2 of ACI 349 requires an assessment of the extent 

of the resulting damage, if any, and its effect on the serviceability of the structure (ACI, 2013). 

This research presents the results obtained from a first-of-a-kind experimental study of 

the seismic behavior of RC walls at elevated temperatures. Experimental results are interpreted 

to provide guidance to engineers tasked with assessing the impact of thermal loadings on the 

stiffness and strength of RC shear walls. 

1.2.3 Concrete material behavior at high temperatures 

Design standards and codes such as the ACI 216.1-14, Code Requirements for 

Determining Fire Resistance of Concrete and Masonry Construction Assemblies (ACI, 2014b), 

and EN 1992-1-2:2004, Eurocode 2: Design of Concrete Structures - General Rules - Structural 

Fire Design (CEN, 2004), respectively, provide guidance on the design of concrete structures to 

resist the effects of fires. However, the effects of elevated temperature on the mechanical 

behavior of concrete are not yet fully understood (CEB, 2008). 
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Materials level testing of concrete is usually performed on virgin concrete specimens that 

have not been stressed previously. However, concrete structures in service are expected to have 

pre-existing cracks due to shrinkage and mechanical loading. There is very limited knowledge of 

the effects of heating on concrete that is cracked prior to heating. Badr (2009) indicates that the 

presence of prior cracks might exacerbate damage caused by heating. Results from an 

experimental study performed to study the effects of prior cracking on the mechanical behavior 

of concrete at high temperatures are presented in this dissertation. 

Tests to characterize mechanical behavior have usually been performed in hot-air 

environments, in which the moisture in the concrete is allowed to escape, commonly referred to 

as unsealed tests. However, concrete deep within a structural element during a fire experiences 

conditions that are closer to sealed heating, wherein moisture is not permitted to escape. Data 

from experiments performed to study the mechanical behavior of concrete heated in a sealed 

condition is scarce (Bertero and Polivka, 1972; Willam et al. , 2009), but results indicate that the 

sealed condition is more severe, in terms of reduced strength and stiffness, than the unsealed 

condition. Results from an experimental study performed on normal strength concrete heated in 

sealed and unsealed conditions are presented in this dissertation. Additionally, tests are 

performed in a high-pressure steam environment, as might be expected following a steam pipe

break accident in a nuclear power plant and results are reported. 
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1.3 Research objectives 

The two mam objectives of this research are to study a) the effects of elevated 

temperatures on the seismic behavior of RC walls, and b) the effects of elevated temperatures on 

the behavior of concrete. Specifically, this research: 

1. Documents the design, construction, instrumentation and testing of four RC walls that 

were subjected to temperatures up to 450°F [232°C] and fully reversed, inelastic cyclic 

loading. 

2. Interprets the results of the materials and component-testing programs to characterize the 

effects of elevated temperatures, up to 450°F [232°C] , on the stiffness, flexural strength 

and shear strength of RC walls. 

3. Characterizes the effects of temperatures up to 752°F [400°C] on the mechanical 

behavior of normal strength concrete that has been damaged prior to heating. 

4. Characterizes the mechanical behavior of conventional, normal strength concrete at 

temperatures ofup to 300°F (149°C) in dry-air, sealed and steam conditions. 

5. Proposes revisions to Section E.4.2 of ACI 349-13 . 

1.4 Dissertation organization 

This dissertation is organized into four parts, composed of a total of seven chapters, a list 

of references and two appendices. Part 1 contains two chapters. Chapter 1 introduces the 

dissertation and presents background, motivation and research objectives. A review of topics 
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related to the effects of high temperatures on the properties of concrete, steel reinforcement ( or 

rebar) and concrete-rebar bond is presented in Chapter 2. 

Part 2 describes the testing program performed to study the seismic behavior of four RC 

walls at elevated temperatures. The experimental program, including the construction of 

specimens, the instrumentation and test fixture are discussed in Chapter 3. Chapter 4 summarizes 

the results obtained from these tests . 

Part 3 of this dissertation describes the materials-level experiments performed on 

concrete at elevated temperatures. Chapter 5 presents the effects of high temperatures on the 

mechanical properties of concrete cracked prior to heating. Chapter 6 presents the effects of high 

temperatures in the presence of different moisture conditions on the mechanical properties of 

concrete. 

Chapter 7 is Part 4 of this dissertation. It summarizes the research, provides conclusions 

and offers recommendations for future work. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction 

The effects of high temperatures on the thermal and mechanical properties of concrete, 

steel reinforcement (rebar) and rebar-concrete bond, as reported in the literature, are presented in 

this chapter. The effects of high temperatures on properties of concrete and steel reinforcement 

are presented in Section 2.2 and Section 2.3 , respectively. The effects of elevated temperatures 

on rebar-concrete bond are discussed in Section 2.4. 

2.2 Effects of elevated temperature on concrete 

The behavior of concrete at elevated temperatures has been studied for several decades. 

Important articles and reports include Schneider (1988), Khoury (2000), Willam et al. (2009) and 

Naus (2010). Key points from these articles and reports are reported in this section. 

Aggregates constitute 65 to 70% of the volume of normal strength concrete and hence 

have a significant effect on the thermal and mechanical properties of concrete. The properties of 

concrete at elevated temperatures have therefore been classified on the basis of aggregate type. 

Design codes such as ACI 216.1-14 (ACI, 2014b) and Eurocode 2 (CEN, 2004) provide material 

relationships for concretes made with calcareous and siliceous aggregates. 

The hydration products of cement are responsible for the eventual hardening of concrete. 

The two primary hydration products are calcium silicate hydrate (CSH) and calcium hydroxide. 
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Mature cement paste consists of about 80% layered CSH gel and about 20% calcium hydroxide 

and other compounds (Mindess et al. , 2003). Testing of concrete at elevated temperatures is 

usually conducted for unsealed specimens and the rapid drying of the hydrated cement paste with 

increasing temperature has been recognized as the primary cause for the changes in mechanical 

properties (Schneider, 1988). The loss of water ( chemically and physically adsorbed) from 

products of cement hydration leads to changes in the volume and stiffness of the gel structure 

(Willam et al. , 2009). These changes are accompanied by changes in the pore structure 

distribution, generally increasing the size and number of voids and cracks in the cement paste. 

These changes at the microscopic level manifest as changes in the thermal and mechanical 

properties at the macroscopic level. 

2.2.1 Thermal properties 

The thermal properties of interest in this study are density, thermal conductivity (i.e., the 

rate of heat transfer through a unit thickness of the material per unit area per unit temperature 

difference (Cengel, 1998)) and specific heat capacity (i.e., the energy required to raise the 

temperature of a unit mass of a substance by one degree (Cengel, 1998)), as values for these 

three parameters are needed to calculate heat transfer and thermal gradients in concrete members 

subjected to elevated temperatures. 

2.2.1.1 Density 

The variation of density with temperature is small and is primarily a result of loss of 

moisture (Schneider, 1988). This moisture loss is from evaporable water for temperatures up to 

about 150°C (302°F) and is followed by the loss of chemically bound water at temperatures of 

200°C (392°F) and greater. The variation in density of concrete with temperature, normalized by 
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the density at room temperature, as recommended by Eurocode 2 and for concrete mixes with 

different aggregates reported by Schneider (1988) and Shin et al. (2002) are presented in Figure 

2-1 . Eurocode 2 recommends a reduction of 10% in the density at a temperature of 1000°C 

(1832°F). 
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Figure 2-1. Variation in density of concrete with temperature 

2.2.1.2 Thermal conductivity 

Concrete is a heterogeneous material and its thermal conductivity depends on the 

conductivities of its constituents (Schneider, 1988). The constituents, listed in descending order 

of thermal conductivities are aggregate, cement, water and air (Khoury, 2000). The variation in 

thermal conductivity of concrete with temperature, as recommended by Eurocode 2, and for 

mixes reported by Harada et al. (1972), Schneider (1988), and Shin et al. (2002) are presented in 

Figure 2-2. 
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Figure 2-2. Variation in thermal conductivity of concrete with temperature 

Thermal conductivity reduces with increasing temperature, which has been attributed to 

the loss of moisture with increasing temperature (ElMohandes, 2013). With increasing 

temperature, water evaporates and is replaced by air, which has a significantly lower thermal 

conductivity. The formation and propagation of cracks in the concrete, regardless of source, 

increase air gaps, thereby further lowering conductivity. 

2.2.1.3 Specific heat capacity 

The variation in specific heat capacity with temperature as recommended by Eurocode 2 

and reported by Schneider (1988) and Shin et al. (2002) is presented in Figure 2-3 . 

22 



Temperature, T (°F) 
32 392 752 1112 1472 1832 2192 

2250
Q' 

----- Quartzite agg. (Schneider, 1988) ob 
----e---- Mixed agg. (Shin et al., 2002) ~ 

'--" 2000 ········-- Moisture= 0% (Eurocode 2, 2004) 
u"' - - - Moisture= 1.5% (Eurocode 2, 2004) 

.J!f --Moisture= 3% (Eurocode 2, 2004) 
1750~ = 0 

u 
...... 
0 1500 
.£ 
1;i 
§< 
u 1250 
1i:i 
!U 

..Cl 
u 1000ti::

·c3 

& 
!U 

750 
0 200 400 600 800 1000 1200 

Temperature, T (0 C) 

Figure 2-3. Variation in specific heat capacity of concrete with temperature 

The type of aggregate has little influence on heat capacity for temperatures below 800°C 

(1472°F). The specific heat capacity for dry concrete ranges between 800 and 1000 J/kg.K at 

20°C (68°F) and increases to about 1100 to 1300 J/kg.K at 400°C (752°F) (Schneider, 1988). 

Moisture content plays a very important role at temperatures below 200°C (392°F). At 100°C 

(212°F) (the boiling point of water), Eurocode 2 recommends an increase in the specific heat 

capacity by a factor of 2.2 and 1.6, for concrete with a moisture content of 1.5% and 3%, 

respectively. 

2.2.2 Mechanical properties 

The testing methods commonly used for studying the strength and stiffness of concrete at 

elevated temperatures have been classified with respect to their heating and loading histories as 

(1) stressed test, (2) unstressed test, and (3) unstressed residual test (Willam et al. , 2009). 
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Schematic diagrams of the temperature and stress histories in these three tests are presented in 

Figure 2-4. 

Temperature 

t Time t Time tl t2 Time 

Stress 

t Time t Time tl t2 Time 

Unstressed test Stressed test Residual test 

Figure 2-4. Schematics of temperature and loading histories for mechanical testing of 
concrete subjected to elevated temperatures 

[adapted from Willam et al. (2009)] 

In the unstressed test, the concrete specimen is heated to a particular temperature and 

kept at that temperature for mechanical testing. The stressed test is similar to the unstressed test, 

with the only difference being that a pre-determined stress is maintained during the heating 

phase. In the residual test, the concrete specimen is allowed to cool back to the room temperature 

after heating and before testing. 

Concrete that is exposed to elevated temperatures undergoes physicochemical changes at 

the microscale, leading to deterioration in mechanical properties. The deterioration of the 

mechanical properties of concrete has been attributed primarily to three damage mechanisms 

(Willam et al. , 2009): (1) physicochemical changes in the aggregates, (2) physicochemical 
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changes in the cement paste, and (3) thermal incompatibility between aggregates and cement 

paste. 

Concrete, when subjected to elevated temperatures, may also spall, reducing the section 

size (Khoury, 2000). Spalling is defined as " . . . the violent or non-violent breaking-off of layers 

or pieces of concrete from the surface of a structural element, during or after it is exposed to high 

and rapidly rising temperatures .. . " (Khoury, 2000; Klingsch, 2014). The resulting loss in cross

sectional area reduces the member strength in addition to exposing the reinforcement and further 

accelerating damage. 

The spalling phenomenon has been explained by two different mechanisms (Mindeguia 

et al. , 2010). The first is thermomechanical in nature, and is a result of the high thermal gradients 

near the concrete surface that induce local compressive stresses that can exceed concrete 

strength. The second mechanism is thermohygral, and is a result of the formation of a 'moisture 

clog' , which results from the flow of moisture in the (porous) concrete, particularly in the inner 

zones (away from the surface). The formation of this 'clog' can cause the pore pressure to 

exceed the concrete tensile strength, thereby initiating spalling. This is more of a concern for 

higher strength concretes, which tend to be denser and have limited pore connectivity. 

2.2.2.1 Compressive properties 

2.2.2.1.1 Strength 

Experiments conducted to obtain the compressive strength of concrete at elevated 

temperatures have shown a clear trend of reduction in strength with increasing temperature for 

temperatures higher than about 250°C (482°F) (Naus, 2010). The trend for temperatures less than 

25 



250°C ( 482°F) is not as clear. In many cases, tests have shown that the strength measured at 

elevated temperatures, compared to that measured at room temperature, reduces with increasing 

temperature, then increases and then reduces. Khoury (2000) has suggested that compressive 

strength achieves a minimum at 80°C (176°F) due to the weakening of the Van der Waal ' s forces 

as the expanding water molecules push the CSH layers further apart. Khoury (2000) also 

reported that strength may increase to a maximum between 200°C (392°F) and 300°C (572°F). 

However, there is no widely accepted and experimentally validated theory for this "first down, 

then up and further down trend" in compressive strength at elevated temperatures (Willam et al. , 

2009). Concrete design codes such as ACI 216.1-14 and Eurocode 2 do not consider any strength 

gain and instead recommend a monotonic reduction in strength with increasing temperature. 

Figure 2-5 presents the variation in compressive strength of concrete with temperature, 

normalized by the compressive strength at room temperature, as recommended by ACI 216.1-14 

(ACI, 2014b), Eurocode 2 (CEN, 2004) and CEB Bulletin No. 208 (CEB, 1991). The 

compressive strength of concrete made with siliceous aggregate deteriorates faster at elevated 

temperatures than concrete made with calcareous aggregate (Schneider, 1988). The Eurocode 2 

recommended reduction in concrete strength at 200°C (392°F) is 5% and 2% for concretes made 

with siliceous and calcareous aggregates, respectively. 
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Figure 2-5. Variation in compressive strength of concrete with temperature 

The compressive strength of concrete tested in the residual condition is lower than if 

tested at an elevated temperature (Schneider, 1988). For example, ACI 216.1-14 recommends a 

reduction of about 20% for calcareous concrete subjected to a temperature of 200°C (392°F) and 

tested in the residual condition. The corresponding reduction is about 8% for calcareous concrete 

subjected to the same temperature and tested at elevated temperature. 

Tests have generally been performed on unsealed specimens, where moisture in the 

concrete is allowed to escape. For sealed specimens, where moisture cannot, as may be the case 

for concrete deep within a structural member, a larger reduction in strength may result from the 

generation of high pore water pressures (Willam et al. , 2009). 
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2.2.2.1.2 Initial modulus of elasticity 

Figure 2-6 presents the variation in modulus of elasticity of concrete with temperature, 

normalized by the modulus at room temperature, as recommended by Eurocode 2, CEB Bulletin 

No. 208, and experimental results reported by Harada et al. (1972) and Schneider (1988). The 

variation in modulus recommended by Eurocode 2 is calculated using the parameters provided to 

plot the stress-strain relationship of concrete at high temperatures. 
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Figure 2-6. Variation in modulus of elasticity of concrete with temperature 

The percentage decrease in the modulus of elasticity with increasing temperature exceeds 

that for compressive strength (Schneider, 1988). Data from tests compiled by Naus (2010) shows 

that the modulus of elasticity reduces for temperatures exceeding about 100°C (212°F). CEB 

Bulletin No. 208 (CEB, 1991) recommends a 20% reduction in modulus at 200°C (392°F) with 

respect to the value at 20°C (75°F). This recommendation matches well with the experimental 
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data for concrete tested at elevated temperatures but underestimates the data from residual tests 

(Naus, 2010). 

2.2.2.2 Tensile properties 

2.2.2.2.1 Strength 

There is limited experimental data on the relationship between tensile strength of 

concrete and elevated temperature. Figure 2-7 presents the variation in concrete tensile strength 

with temperature as recommended by Eurocode 2 and CEB and reported from tests performed by 

Harada et al. (1972) and Thelandersson (1972). The available data shows that tensile strength 

reduces with increasing temperature and more rapidly than compressive strength (Naus, 2010). 
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Figure 2-7. Variation in tensile strength of concrete with temperature 
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--- --- ---

2.2.2.2.2 Fracture energy 

The fracture energy of concrete reduces with temperature (Bazant and Prat, 1988). Figure 

2-8 presents the variation in fracture energy that was observed and predicted from experiments, 

normalized by the fracture energy measured in the dry condition at room temperature. The 

normalized fracture energy at room temperature is slightly greater than one, because the fracture 

energy at room temperature (used to normalize the results) and curves presented in Figure 2-8 

are obtained from a linear regression of results obtained from tests performed on different types 

of samples. The percentage loss in fracture energy is higher for concrete tested in a steam 

environment than a dry environment for the same temperature. Although this observation was 

made for temperatures lower than 100°C (212°F), the authors reported that the trend was clear 

and was expected to hold at higher temperatures. 
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Figure 2-8. Variation in fracture energy of concrete with temperature 
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2.2.2.3 Thermal expansion 

The coefficient of thermal expansion of concrete varies with the type of aggregate used. 

Willam et al. (2009) report values of 6.8x10-6/°C and 11.9x10-6/°C at a temperature of 75°F 

(24 °C) for concretes made with limestone (calcareous) and quartz (siliceous) aggregate alone, 

respectively. These values increase with temperature. Figure 2-9 presents the variation of thermal 

expansion strain of concrete with temperature as recommended by Eurocode 2 and from 

experiments reported by Harada et al. (1972) and Schneider (1988). The thermal expansion 

strain, &c ( T) , is calculated by multiplying the coefficient of thermal expansion by temperature. 
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Figure 2-9. Variation in thermal expansion strain of concrete with temperature 
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2.3 Effects of elevated temperature on steel reinforcement 

2.3.1 Modulus of elasticity 

The modulus of elasticity of steel reinforcement (rebar) reduces with increasing 

temperature. Figure 2-10 presents the variation of modulus of elasticity with temperature 

reported by Schneider et al. (1982), and Takeuchi et al. (1993), and as recommended by 

Eurocode 2. Eurocode 2 reports a 13% reduction in modulus at 392°F (200°C) for cold-worked 

reinforcement. Although very limited data are available, exposure to temperatures as high as 

1472°F (800°C) does not lead to a reduction in residual modulus of elasticity. Residual modulus 

of elasticity for steel reinforcement is measured at room temperature after it has been exposed to 

high temperature. 
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Figure 2-10. Variation in modulus of elasticity of steel reinforcement with temperature 
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2.3.2 Strength 

Figure 2-11 (a) presents the change in yield strength or proportional limit with 

temperature, normalized by their respective strengths at room temperature, as recommended by 

Eurocode 2 [proportional limit] , and reported from experiments by Schneider et al. (1982), 

Edwards and Gamble (1986) and Takeuchi et al. (1993) [yield strength]. Figure 2-11 (b) presents 

companion data for ultimate strength. 

There is little variation in the yield and ultimate (tensile) strength of steel reinforcement 

for temperatures of up to about 300°C (572°F). At higher temperatures, the yield and ultimate 

strengths reduce with increasing temperature. Although the data is limited, the residual yield and 

ultimate strengths show a reduction above 500°C (932°F) and 600°C (1112°F), respectively. 
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Figure 2-11. Change in strength of steel reinforcement with temperature 
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2.3.3 Thermal expansion 

The coefficient of thermal expansion of steel reinforcement is 12 x 10-6/°C at 75°F (24°C) 

and the value increases with temperature. At 300°F (149°C) the coefficient is about 10% greater 

than the value at 75°F (24°C) (Willam et al. , 2009). Figure 2-12 presents the variation in the 

thermal expansion strain of steel reinforcement, as recommended by Eurocode 2 and Schneider 

et al. (1982) and reported from experimental tests by Takeuchi et al. (1993). The thermal 

expansion strain, &s (T) , is calculated by multiplying the coefficient of thermal expansion by 

temperature. 
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Figure 2-12. Variation in the thermal expansion strain of steel reinforcement with 
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2.4 Effects of elevated temperature on steel reinforcement-concrete bond 

A compilation of experimental test results for the variation in bond strength of steel 

reinforcement to concrete is presented in Figure 2-13 . Data has been obtained from tests 

performed by Diederichs and Schneider (1981), Hertz (1982), Morley and Royles (1983) and 

Hlavicka (2017). The data are normalized by the bond strength measured at room temperature. 

The data in Figure 2-13 were obtained from samples in the hot condition (i .e., test was performed 

when the specimen was at high temperature) and residual conditions (i.e. , test was performed at 

room temperature after the specimen exposed to high temperature had cooled down). 
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Figure 2-13. Variation of steel reinforcement-concrete bond strength with temperature 

Figure 2-13 shows that the bond strength deteriorates with increasing temperature. The 

primary cause of this deterioration is the difference in the rates of thermal expansion of the 

reinforcement and the surrounding concrete (Willam et al. , 2009). The geometric properties of 

the reinforcement such as diameter and rib height for deformed bars (beyond a minimum) do not 
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significantly affect the bond behavior with temperature (Willam et al. , 2009). The loss in bond 

strength up to 400°C (752°F) does not show a clear trend but is in the range of about 20 to 30%. 

The rate ofloss of bond strength increases at temperatures greater than 400°C (752°F). 
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CHAPTER3 

EXPERIMENTAL PROGRAM FOR RC WALL TESTS 

3.1 Introduction 

This chapter discusses the program for testing of four reinforced concrete structural walls 

subjected to elevated temperature and reversed cyclic mechanical loading. The wall specimens 

are described in Section 3.2. Section 3.3 presents the pre-test numerical analysis performed to 

estimate the peak lateral strength of the four walls . The construction of the specimens is 

discussed in Section 3.4. The loading and heating apparatus are presented in Sections 3.5 and 

3.6, respectively. The mechanical properties of steel rebar and concrete used in the construction 

of the specimens, including the effects of elevated temperature on the mechanical properties of 

concrete, are presented in Section 3.7. The test setup, instrumentation and loading protocols are 

discussed in Sections 3.8, 3.9 and 3.10, respectively. 

3.2 Specimen details 

Four low-aspect ratio, rectangular, reinforced concrete (RC) structural wall specimens 

were built and tested in the Robert L. and Terry L. Bowen Laboratory for Large-Scale Civil 

Engineering Research at Purdue University. The walls are denoted Wall 1 to Wall 4. The aspect 

ratio, hw lw , for the walls was 0.62, where hw is the distance from the top of the foundation to 

the centerline of lo~ding and lw is the length of the wall. The thickness and the length of the four 

walls was 10 in. [254 mm] and 60 in. [1524 mm] , respectively. 

38 



Conventional normal weight concrete was used for all foundations and wall specimens. 

The same concrete mix design was specified for all specimens, but since they were cast and 

tested at different times, differences in the compressive strength and related properties were 

observed (and expected). The reinforcement was spaced at approximately 4 inches [102 mm] in 

both directions on both faces (i.e. , two curtains) in all specimens. The reinforcement in Wall 1 

and Wall 4 was #4 bars (0.5 in. [12.7 mm] nominal diameter), each way each face, for a rebar 

ratio of 0.93% in both directions. The reinforcement provided in Wall 2 and Wall 3 was #6 bars 

(0.75 in. [19 mm] nominal diameter) each way each face, for a rebar ratio of 2% in both 

directions. The rebar was specified to be ASTM A706 Grade 60 (ASTM, 2016b). The rebar in 

Wall 1 and Wall 4 were from one heat and the re bar in Wall 2 and Wall 3 were from a different 

heat. 

Axial loads were not applied to the specimens. In-plane forces and displacements were 

applied using a pair of hydraulic cylinder units. Out-of-plane movement of the wall specimen 

was not restrained but was measured at the top of the wall. 

3.3 Pre-test numerical analysis 

The peak lateral strengths of the specimens were estimated to aid the design of the 

foundation and the loading apparatus. Calculations were performed using conservative estimates 

of material strengths and the assumed wall geometry introduced previously. Codified expressions 

for nominal strength, equations for peak shear strength in the published literature, and numerical 

analysis using finite element tools were used for calculations. A concrete uniaxial compressive 

strength of 6 ksi [41 MPa] , 50% greater than the proposed specified value of 4 ksi [28 MPa] , and 
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a rebar yield strength of 78 ksi [538 MPa] , 30% greater than the minimum specified value of 60 

ksi [ 414 MPa] , was used in all these calculations. The different methods are described in this 

section. 

3.3.1 Flexural strength 

The nominal flexural strengths of the walls were estimated based on the assumptions 

provided in Chapter 22 of ACI 318-14 (ACI, 2014a), namely, plane sections remain plane, a 

maximum compression strain of 0.0030, a rectangular stress block for concrete in compression, 

and elastic perfectly plastic behavior for the reinforcement. 

The lateral load associated with the flexural strength was calculated by dividing the 

moment by the height of the wall, measured from the top of the foundation to the centerline of 

loading. This calculation assumed that the wall could be treated as a cantilever with a fixed base. 

The peak lateral loads associated with flexural strengths for Wall 1 (0.93% web reinforcement 

ratio) and Wall 2 (2.0% web reinforcement ratio) were 307 kips [1366 kN] and 589 kips [2620 

kN] , respectively. 

3.3.2 Shear strength 

Different empirical and mechanics-based expressions are available in the literature to 

predict the nominal shear strength of RC walls. This section presents five of these expressions, 

two of which are adopted in ACI 318-14. 
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3.3.2.1 ACI 318-14 Chapter 11 

Section 11.5 of ACI 318-14 (ACI, 2014a) provides the expression to calculate nominal 

shear strength, V,,, for resistance to non-seismic loadings as: 

V,, =~ +V, s lOJl;hd ... in U.S. customaryunits (3.1) 

lV,, = ~ +V, s 0. 83.[f)d ... in SI units j 

where Ve is the nominal shear strength provided by concrete, V, is the nominal shear 

strength provided by the horizontal shear reinforcement, J; is the concrete compressive 

strength, h is the thickness of the wall, and d is the distance from the extreme compression 

fiber to the centroid of longitudinal tension reinforcement, specified to be taken equal to 0.8/w, 

where lw is the length of the wall. The nominal shear strength provided by the concrete, Ve , is 

given as: 

3.3AJl;hd + Nll d 
4! w 

V,, ~ min1 I , I. ( L25A,[t'.' + ~ ... in U.S. customary units (3.2) 
0/Z:•] I 

0.6Ajl+ M l w hd 
ll W 

V,, 2 
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0.27 ).,.jl:hd + N ll d 
4! w 

0 2
JI.-~ min1 I '" (0 u.JI+ ; : " ) I ~ .. . in SI units 

0.05).,.jl: + M l w hd 
11 W 

v;, 2 

where )., =1 for normal-weight concrete, N u is the factored axial compressive force, M 
11 

is the factored moment, and V,, is the factored shear force . The nominal shear strength provided 

by reinforcement, V, , is calculated as: 

V = Avf y1 d 
s 

(3.3) 
s 

where Av is the area of horizontal reinforcement within distance s , JY1 is the specified 

yield strength of the horizontal reinforcement, and s is the center-to-center spacing of the 

horizontal reinforcement. The upper limit of lOJl:hd [0.83Jl:hd in SI units] is intended to 

prevent diagonal compression failure . 

3.3.2.2 ACI 318-14 Chapter 18 

The nominal shear strength to resist seismic loadings, V,, , is calculated per Section 

18.10.4 of ACI 318-14 (ACI, 2014a), as: 

V,, = Acv (a cA.[i+ pJY)::::; 8Acv .[i .. . in U.S. customary units (3.4) 

lV,, = Acv (ac/4.[l + pJY)::::; 0.66Acv .[l .. . in SI units j 
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where Acv is the gross area of the concrete wall bounded by web thickness and length of 

section. Coefficient ac is 3.0 for hwf lw :s; 1.5 , is 2.0 for hwf lw ~ 2.0 , and varies linearly between 

3.0 and 2.0 for hwf lw between 1.5 and 2.0; A= 1.0 for normal weight concrete; J; is the 

compressive strength of concrete; p1 is the horizontal reinforcement ratio ; and JY is the 

reinforcement yield strength. The upper limit of 8Acv Jl [0.66Acv Jl in SI units] is intended 

to prevent diagonal compression failure, and is functionally identical to the Chapter 11 limit if 

h = 0.8/w. 

3.3.2.3 Wood (1990) 

Wood's (1990) equation for peak average shear stress is: 

6.[l::,; ;:yv ::,;10.[l ... in U.S. customary units (3.5) 
CV 

r7f· Avfyv r7f· . S . jl0.50'\/lc ::,; Acv :s; 0.83'\/lc ... m I units 
4 

where J; is the compressive strength of concrete, Acvis the effective wall area equal to 

the product of the wall length and web thickness, Av is the total area of vertical reinforcement in 

the wall, and f yv is the yield stress of the vertical reinforcement. 

3.3.2.4 Gulec and Whittaker (2011) 

The Gulec and Whittaker (2011) empirical expression for peak shear strength of a 

rectangular wall, V", is : 
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1.sJlAw+0.25Fvw +0.20Fvbe +0.40P::::; 10JlAw .. . in U.S. customary units (3.6) 
~ = ✓hw /lw 

l 0.12JlAw+ 0.25Fvw +0.201\,be +0.40P ~ 0.83JlAw ... in SI unitsj
~ = ✓hw //w 

where J; is the compressive strength of concrete, Aw is the area of the wall, Fvw is the 

force attributed to the vertical web reinforcement, Fvbe is the force attributed to the boundary 

reinforcement, P is the axial compressive force, hw is the height of the wall, and f.v is the length 

of the wall. 

3.3.2.5 Luna (2016) 

Luna performed reversed cyclic tests on 12 low aspect ratio walls and proposed a 

mechanics-based expression (Luna, 2016; Luna et al. , 2018) for peak shear strength based on the 

flow of forces of through the wall. The nominal shear strength of a rectangular, low-aspect ratio 

RC wall without boundary elements is calculated as: 

Vn =1.2(p1Acv f J + plw{ 1-0.7 ~: - ,: )+ 0.25p1 ~: Acv f y +0.5pc 
(3.7) 

::::; 10JlAcv ... in U.S. customary units 

IV,, ~ , + plwl(l-0 7 ~ - : AJ12(p,AJ : ,: )+025p, ~ , +05pc I 

l ::::; 0.83.JlAcv ... m SI umts J 
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where is the vertical reinforcement ratio, Acv is the effective wall area equal to thep1 

product of the wall length and thickness, f- is set equal to 1.25 r , r is the reinforcement yield y l y l y 

strength, p is the axial load per unit length at the centerline of loading, lw is the length of the 

wall, hw is the height of the wall, p
1 

is the transverse reinforcement ratio, and c is the distance 

from the toe of the wall in compression to the bottom of the nearest diagonal crack. The variable 

c 1s given as : 

(Pi!wf J + P )lt~eJ 
c =-------- (3 .8) 

f J w+P 

where tw is the thickness of the wall, 0 is the crack angle with respect to the horizontal, 

taken to be equal to 40°, and fc is the axial stress in the diagonal compression strut, taken equal 

to 80% of the compressive strength. 

3.3.3 Nonlinear static analysis 

3.3.3.1 VecTor2 

VecTor2 (Wong et al. , 2013) is a nonlinear finite element program for the analysis of 

two-dimensional RC membrane structures subjected to quasi-static load conditions and utilizes 

the Modified Compression Field Theory and the Disturbed Stress Field Model. Four-node 

quadrilateral elements with smeared reinforcement in both directions and a mesh size of 1 x 1 inch 

[25.4x25.4 mm] were used for all models. The uniaxial compressive strength of concrete was 

assumed to be 6,000 psi [41 MPa] and yield strength of steel was assumed to be 78,000 psi [54 

MPa]. All other material parameters were set to the default values. 
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3.3.3.2 LS-DYNA 

LS-DYNA is a general-purpose finite element program (LSTC, 2016). The wall was 

modeled using 8-noded solid elements with a mesh size of 1 x 1 x 1 in. [25 _4x25 _4x25 .4 mm]. 

Reinforcement was modeled using 1 in. [25.4 mm] frame elements to match the mesh adopted 

for the concrete. Perfect bond between the concrete and the reinforcement was assumed. The 

smeared crack Winfrith material model (MAT085) was used to model the concrete. The values 

of the parameters assigned to this material model are summarized in Table 3-1 . The Plastic 

Kinematic model (MAT003) was used to model the reinforcement; the values assigned to the 

parameters for this material model are summarized in Table 3-2. 

Table 3-1. MAT085 property assignments in LS-DYNA 

Parameter 

Density 

Tangent modulus 

Poisson's ratio 

Uniaxial compressive strength 

Uniaxial tensile strength 

Fracture energy 

Aggregate size 

Strain rate effects 

Value 

0.09 [2,500] 

4,410 [30,406] 

0.18 

6 [41.4] 

0.6 [4.1] 

0.0014 

0.1875 [4.76] 

OFF 

Units 

lb/in3 [kg/m3
] 

ksi [MPa] 

-

ksi [MPa] 

ksi [MPa] 

-

in. [mm] 

-

Table 3-2. MAT003 property assignments in LS-DYNA 

Parameter 

Density 

Young 's modulus 

Poisson's ratio 

Yield Stress 

Tangent modulus 

Value 

0.28 [7,800] 

29,000 [200,000] 

0.3 

78 [538] 

580 [4,000] 

Unit 

lb/in3 [kg/m3
] 

ksi [MPa] 

-

ksi [MPa] 

ksi [MPa] 
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3.3.4 Summary 

Table 3-3 summarizes the lateral strengths calculated using the predictive equations and 

analysis of the finite element models for web reinforcement ratios of 0.93% and 2% in both 

directions. Flexure was expected to control the lateral strength of Walls 1 and 4. Shear was 

expected to control the lateral strength of Walls 2 and 3. The maximum expected lateral strength 

of Walls 1 and 4 was 307 kips [1366 kN]; and the maximum expected lateral strength of Walls 2 

and 3 was 505 kips [2246 kN]. The maximum lateral forces were increased by 20%, a significant 

margin, for design of the foundation assembly and test fixture. 

Table 3-3. Estimated lateral strengths of walls, in kips [kN], with 0.93% and 2% 
reinforcement in both directions, J; = 6 ksi [41 MPa] and JY =78 ksi [538 MPa] 

Web rebar ratio 
Type Method kips [kN] 

0.93% 2% 

Flexure ACI 318-14 Chapter 22 307 [1 ,366] 589 [2,621] 

ACI 318-14 Chapter 11 372 [1 ,655] 372 [1 ,655] 

ACI 318-14 Chapter 18 372 [1 ,655] 372 [1 ,655] 

Shear Wood (1990) 279 [1 ,242] 279 [1 ,242] 

Gulec and Whittaker (2011) 241 [1 ,072] 400 [1 ,780] 

Luna (2016) 376 [1 ,673] 465 [2,069] 

Nonlinear static VecTor2 292 [1 ,299] 456 [2,029] 

analysis LS-DYNA 300 [1 ,335] 505 [2,247] 

3.4 Construction of walls 

The foundation assembly for each wall specimen was assembled from three pieces, two 

of which were reused for all four specimens. The third piece was cast integrally with the wall. 
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The two reusable pieces, hereafter referred to as wing foundation beams, were designed to 

provide additional sliding and overturning resistance to the wall and its foundation. Details of the 

wall and foundation assemblies are presented in Figure 3-1. The wing foundations were clamped 

to the sides of the wall foundation using 1.75-inch diameter Dywidag bars that were each 

stressed to a load of 240 kips. A bed of 0.5-inch thick grout was provided below the foundation 

to provide uniform bearing on the strong floor. The eighteen vertical 1.75-inch Dywidag bars 

identified in Figure 3-1 , each stressed to a load of 240 kips, provided resistance to sliding and 

overturning. The coefficient of sliding friction between the wall foundation and the wing beams, 

and the foundation and the strong floor, was assumed to be 0.2, based on past experience in the 

Bowen Laboratory. 

The foundation assembly was designed to resist a maximum lateral force of 450 and 600 

kips applied at the centerline of loading, for the walls with 0.93% and 2% wall reinforcement in 

both directions, respectively. The foundation below the wall was designed using strut-and-tie 

procedures to resist the total overturning moment and a fraction of the lateral force. The wing 

foundation beams were used to resist the remainder of the lateral force via sliding friction on the 

strong floor. The reinforcement in these beams met the minimum requirements of ACI 318-14 

for flexure and shear reinforcement. Additional bursting reinforcement was provided around the 

holes provided for the post-tensioning bars in the wall foundation and the wing foundation 

beams. The reinforcement in the wing foundation beams is described in Figure 3-2. The 

reinforcement in the walls and their integral foundations are presented in Figure 3-6. 

The formwork for casting the wing foundation beams and the wall specimens was built 

using phenolic film coated plywood that was supported by two-by-four inch timber studs. All 

four walls were cast using the same formwork. 
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Each wall and its foundation were cast horizontally. The concrete was supplied by a local 

batching plant and placed in the form using a concrete bucket and an overhead gantry crane. The 

foundation and the wall part of the specimen were cast at the same time with no cold or 

construction joint at the interface of the wall and its foundation. The thickness of the wall and its 

foundation were 10 and 18 inches, respectively. The lower 4-inch offset between the faces of the 

wall and the foundation was achieved by raising the formwork. The upper 4-inch offset was 

achieved through formwork and by leveling the wet concrete with an aluminum flat plane and 

trowels, using the sides of the forms for reference. The slump of the concrete was small enough 

so as not to generate significant bulging in the wall thickness at the wall-foundation junction. 

Needle vibrators were used to compact the concrete. Cylinders for material testing were 

cast at the same time as the wall. The casting operation for a given wall took about 60 minutes. 

The top surface was finished using trowels 60 minutes after completion of casting to achieve a 

smooth surface finish. Burlap was laid on the specimen, which was then covered with a 

polythene sheet. The burlap was sprayed with water, twice a day, for seven days. The formwork 

was removed after seven days. Cylinders were tested before the formwork was removed to 

ensure that concrete had reached a compressive strength of 4 ksi. 

The horizontal and vertical reinforcement was strain gaged before the rebar cages were 

tied. Additional information about the strain gages and the procedure for attaching them to the 

rebar is presented in Section 3.9. 

Twenty thermocouples, in four sets of five, were installed in each wall specimen. These 

thermocouples measured temperature through the wall thickness at four locations in the wall. 

Additional information on the thermocouples is provided in Section 3.9. The thermocouples were 
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attached to a 10-inch long, sacrificial steel rod using electrical tape. Figure 3-7 shows one set of 

five thermocouples prior to placement in a wall. This assembly was placed in the rebar cage 

before pouring concrete and held in place using rebar tie wires. The lead wires for all strain 

gages and thermocouples were brought through the top of the wall. Figure 3-8 to Figure 3-11 

present photographs of a rebar cage, a finished concrete surface, and the burlap and polythene 

covers. 
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Wall foundation 
0 0 
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0 0 0 0 0 0 0 
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(a) Plan view 

I Wall specimen 
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Wall foundation 
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>-----------n--------< wing beam 
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(b) Section view 

Figure 3-1. Wall and foundation assembly (Note: 1 in.= 25.4 mm) 
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Figure 3-2. Reinforcement details for a wing foundation beam (Note: 1 in. = 25.4 mm) 
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Figure 3-3. Rebar layout for specimen with 0.93% web reinforcement (Walls 1 and 4) 
(Note: 1 in. = 25.4 mm) 
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Figure 3-4. Rebar layout for specimen with 2% web reinforcement (Walls 2 and 3) 
(Note: 1 in. = 25.4 mm) 
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Figure 3-5. Section details for wall and foundation (Walls 1 and 4) 
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Figure 3-6. Section details for wall and foundation (Walls 2 and 3) 
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Figure 3-7. One set of five thermocouples 

Figure 3-8. Wall and foundation rebar cage before casting 
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Figure 3-9. Finished concrete surface of a wall and its foundation 

Figure 3-10. Burlap cover 
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Figure 3-11. Polythene cover placed over specimen for curing period 

3.5 Loading apparatus 

The loading apparatus consisted of two I-shaped structural steel sections. Two rows of 9 

holes each were drilled in the I-sections, through which 1.75-inch [ 44.5 mm] diameter bolts were 

passed. The I-sections were held in place using temporary cribbing such that there was a gap of 

about 0.5 inch [12.7 mm] between the wall and the flange of the steel section. A spirit level was 

used to ensure that the I-section flanges were vertical. A strip of window-sealant foam was 

attached to the bottom and vertical edges of the flanges adjacent to the wall. A strip of silicone 

was then applied to the foam to make the gap between the I-section and wall watertight. 

Hydrostone was then placed in the gap between the steel section and concrete wall surface. Hot 

glue was used to attach foam cutouts to the concrete wall, prior to pouring hydrostone, at the 
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location of each hole to prevent the hydrostone from flowing into the hole. The hydrostone was 

allowed to set for 24 hours after which the nuts on the bolts were tightened using an impact 

wrench until the nuts would not tum further. The temporary cribbing below the I-sections was 

then removed. 

3.6 Heating apparatus 

The walls were heated with radiant heating panels, manufactured by Watlow 

(http ://www.watlow.com). Two pairs of four heaters were used for heating the wall from both 

sides. Sixteen thermocouples were installed on the wall surface, eight each on the East and West 

faces. Two thermocouples were used for every heater, one provided feedback for controlling the 

heater and the other for data acquisition. The layout of the heaters and surface thermocouples is 

presented in Figure 3-12. One pair of surface-mounted thermocouples is shown in Figure 3-13. 

Figure 3-14 is a photograph of the heater controller and its display. Figure 3-15 shows the front 

side and back side of one heater assembly. The middle two panels (H2, H3 , HS and H6) each 

required a 480V supply but the side panels (Hl and H4) operated at 240V and were connected in 

series. Each panel was rated at 6 kW. The heaters were controlled using a manufacturer-supplied 

control system. The target temperatures were manually input to the heater controls and 

monitored for the duration of the test. Figure 3-16 is a photograph of an installed heater 

assembly. Fiberglass insulation, as seen below the heaters in Figure 3-16, was placed to protect 

the lead wires for the sensors and surface thermocouples from excessive heat. 
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Figure 3-12. Heater and surface thermocouple layout 
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Figure 3-13. Thermocouples for measuring surface temperature 

Figure 3-14. Heating control system and display 
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(a) Front side 

(b) Back side 

Figure 3-15. One heater assembly 
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Figure 3-16. Heaters installed on wall specimen 

3.7 Mechanical properties of re bar and concrete 

This section presents material properties for the concrete and rebar used in the 

experimental program. Coupons were taken at random from the rebar provided for the walls . 

Cylinders were cast at the same time as the corresponding wall and foundation and then cured 

under the same conditions. 

3.7.1 Rebar 

The rebar used in the walls was specified to conform to ASTM A706 Grade 60 (ASTM, 

2016b). The rebar for the two 0.93% and two 2% reinforced walls was each specified to be from 

the same heat. Uniaxial tension tests were performed on rebar coupons in the laboratory at the 

62 



University at Buffalo. Stress-strain data were collected from tests of rebar coupons. Five #4 and 

five #6 bars were tested. Yield and ultimate strengths are reported in Table 3-4. Average yield 

strengths, standard deviations (SD) and coefficients of variations (Co V) are also reported 

although the number of data points used for the calculations of standard deviation are small. 

Table 3-4. Mechanical characteristics of rebar 

Bar 
dia. 

Sample 
f y 

(ksi)8 

I,, 
(ksi)8 

f,,/ f y 

Avg. fy 

(ksi)8 

[MPa] 

Std. dev. 
f (ksi)8 

y 

[MPa] 
CoV 

1 68.1 92.3 1.36 

2 64.9 87.9 1.35 

#4 3 62.6 89.4 1.43 
63.8 
[440] 

2.6 
[18] 

4% 

4 62.8 89.5 1.43 

5 60.4 83.3 1.38 

1 67.5 92.2 1.37 

2 69.5 94.3 1.36 

#6 3 64.9 89.7 1.38 
66.5 
[459] 

2.2 
[15] 

3% 

4 63.2 88.2 1.40 

5 67.3 92.5 1.37 

a 1 ksi = 6.89 MPa 

3. 7 .2 Concrete 

The concrete used in all the specimens and the foundation wing beams was sourced from 

a batching plant near Purdue University. The minimum specified compressive strength for all 

placed concrete was 4 ksi. The mix proportions, which were the same for all specimens, are 

listed in Table 3-5. Limestone sourced from a quarry near West Lafayette, Indiana, was used as 

the coarse aggregate and river sand sourced from a river near West Lafayette, Indiana, was used 

as fine aggregate. The cement used was Type I (ASTM, 2017a) . The casting dates and concrete 

slump for the 4 walls are provided in Table 3-6. 
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Table 3-5. Mix proportion (by weight) of concrete used in all specimens 

Weight
Constituent 

proportion 

Cement 1 

Water 0.45 

Coarse aggregate 3.28 

Fine aggregate 2.62 

Table 3-6. Casting dates and concrete slump 

Specimen Casting date Slump (in.) [mm] 

Wall 1 April 5, 2017 Not available 

Wall 2 June 5, 2017 3.5 [89] 

Wall 3 June 22, 2017 6.5 [165] 

Wall 4 July 6, 2017 6.5 [165] 

3.7.2.1 Uniaxial compressive strength 

Cylinders, 4 in. [101.6 mm] in diameter and 8 in. [203.2 mm] in height, were used for 

testing for uniaxial compressive strength. Tests were performed in accordance with ASTM C39 

(ASTM, 2017c) . Results are presented in Table 3-7. Strength is presented in terms of average 

stress. The calculated standard deviation and coefficient of variation (CoV) are based on the tests 

performed on that particular day and are based on a very limited number of data points. A small 

standard deviation, or CoV, provides additional confidence in the calculated means. 
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Table 3-7. Concrete compressive strength results 

Strength Average Std. dev 
Specimen Age (days) Sample CoV(psi)8 (psi) [MPa] (psi) [MPa] 

1 4,080 
4,109 33

5 2 4,155 1%
[28] [0.2] 

3 4,092 

1 6,344 
6,418 52

28 2 6,450 1%
[44] [0.4] 

3 6,460 

1 6,456 
6,469 70

Wall 1 85 2 6,561 1%
[45] [0.5] 

3 6,390 

1 6,348 
6,231 84

97 2 6,188 1%
[43] [0.6] 

3 6,157 

1 5,984 
6,192 172

100 2 6,186 3%
[43] [1.2] 

3 6,406 

1 5,865 
5,680 418

16 2 5,102 7%
[39] [2 .9] 

3 6,074 

1 5,719 
5,801 61

30 2 5,822 1%
[40] [0.4] 

3 5,863 
Wall 2 

1 5,961 
5,955 71

56 2 5,865 1%
[ 41] [0.5] 

3 6,039 

1 6,007 
6,099 77

143 2 6,094 1%
[42] [0.5] 

3 6,195 

a 1 psi= 0.00689 MPa 
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Table 3-7 ( continued): Concrete compressive strength results 

Specimen Age (days) 

5 

13 

Wall 3 

19 

126 

5 

36 

Wall 4 

112 

a 1 psi= 0.00689 MPa 

Sample 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

4 

5 

6 

7 

8 

Strength 
(psi)8 

4,150 

4,056 

4,408 

5,026 

5,132 

4,989 

5,434 

5,197 

5,456 

5,557 

5,800 

5,499 

4,314 

4,153 

4,441 

5,932 

5,864 

5,792 

6,447 

6,688 

6,486 

6,566 

6,851 

6,524 

6,402 

6,248 

Average 
(psi) [MPa] 

4,205 
[29] 

5,049 
[35] 

5,362 
[37] 

5,619 
[39] 

4,303 
[30] 

5,863 
[40] 

6,527 
[45] 

Std. dev 
CoV(psi) [MPa] 

149 
4%

[1.0] 

61 
1%

[0.4] 

117 
2%

[0.8] 

130 
2%

[0.9] 

118 
3%

[0.8] 

57 
1%

[0.4] 

171 
3%

[1.2] 
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3.7.2.2 Modulus of elasticity 

The modulus of elasticity of concrete in compression was measured using cylinders, 6 

inches in diameter and 12 inches in height, and tested in accordance with ASTM C469 (ASTM, 

2014b) . The secant stiffness, calculated at 40% of the concrete strength, is reported in Table 3-8. 

The tests were performed at the University at Buffalo no more than 14 days after completing the 

tests of their respective walls. 

Table 3-8. Modulus of elasticity for concrete used in walls 

Specimen Sample 
Modulus 

(ksi)8 

Average 
(ksi) [MPa] 

Std. dev. 
(ksi) [MPa] CoV 

1 3,971 

Wall 2 2 3,810 
3,863 

[26,634] 
76 

[524] 
2% 

3 3,808 

1 3,360 

Wall 3 2 3,733 
3,500 

[24,132] 
166 

[1 ,145] 
5% 

3 3,405 

1 3,379 

Wall 4 2 3,918 
3,645 

[25 ,131] 
220 

[1 ,517] 
6% 

3 3,639 

a 1 ksi = 6.89 MPa 

3.7.2.3 Modulus of rupture 

The modulus of rupture of concrete was measured using 3x3x12 in. [76x76x305 mm] 

beams. The beams were tested using third-point loading in accordance with ASTM C78 (ASTM, 

2016a). The moduli of rupture of the beams is reported in Table 3-9. The tests were performed at 
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the University at Buffalo no more than 14 days after completing the tests of their respective 

walls . Only two beams were tested for each wall. 

Table 3-9. Modulus of rupture for concrete used in walls 

Specimen Sample 
Modulus 

(ksi) [MPa] 

Wall 2 
1 2.11 [14.5] 

2 1.99 [13 .7] 

Wall 3 
1 1.87 [12 .9] 

2 1.71 [11.8] 

Wall 4 
1 1.64 [11.3] 

2 1.83 [12 .6] 

3.7.2.4 Effects of temperature on concrete properties 

As discussed in Chapter 2, there is large scatter in the data for variation of concrete 

properties as a function of temperature. The large scatter has been attributed (Schneider, 1988) to 

incomplete descriptions of tests, different types of concretes, sizes of test articles, and differences 

in test equipment and procedures. Hence, a series of materials tests were performed on the 

concrete used to construct the walls tested at Purdue University to help interpret the results of 

those experiments. 

The materials studies were executed after the component tests at Purdue had been 

completed, using coarse and fine aggregates obtained from the source that supplied materials for 

casting the walls. Type-I cement conforming to ASTM C150 (ASTM, 2017a) was used in the 

mix, as was the case for the wall specimens. The mixture proportions for the materials tests are 

listed in Table 3-5 . Twenty-four 3-in. [76-mm] diameter, 6-in. [152-mm] long cylinders were 
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cast for uniaxial compression tests, and twenty-four 4-in. [102-mm] diameter, 8-in. [203 mm] 

long cylinders were cast for split-cylinder tension tests. The specimens were covered with wet 

hessian and polythene sheets for 5 days after casting and then demolded and stored at 70°F 

[21 °C] for 30 days, on average, before testing. 

Control specimens were maintained and tested at room temperature. The remammg 

cylinders were tested at room temperature after being heated either to 212°F [100°C] , 250°F 

[121 °C] , 300°F [149°C] , 450°F [232°C] or 600°F [316°C]. These cylinders were heated in a box 

furnace at a rate of 7°F /min [ 4 °C/min] till they reached the target temperature, were kept at that 

temperature for 90 minutes, allowed to cool naturally to room temperature in the furnace, and 

tested approximately 24 hours later. Cylinders were tested in the residual condition because the 

residual strength is expected to be lower than the equivalent high temperature strength 

(Schneider, 1988): enabling a lower bound to be established for the strength of the concrete in 

the tested walls. The compression tests and split-cylinder tension tests were performed m 

accordance with ASTM C39 (ASTM, 2017c) and ASTM C496 (ASTM, 2017d), respectively. 

The dynamic modulus of elasticity was measured before and after heating for all of the 

cylinders: the ambient and residual conditions, respectively. This modulus was calculated in 

accordance with ASTM C215 (ASTM, 2014a). The specimen was struck with a small impactor 

(hammer) and its response was measured by an accelerometer. The fundamental frequency of the 

specimen was calculated from the acceleration response, and equations in ASTM C215 were 

used to calculate the corresponding dynamic modulus. The dynamic modulus was measured 

instead of the static modulus because the test is nondestructive and could measure the effect of 

elevated temperature alone on concrete stiffness. The data of Phan and Carino (2002) make clear 

that the percentage reduction in dynamic modulus with increasing temperature in the residual 
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condition is similar to the reduction in static modulus of elasticity in both heated and residual 

conditions. Accordingly, the reductions observed in dynamic modulus with increasing 

temperature are deemed to apply to the static modulus used to assess the lateral stiffness of the 

walls. 

The average uniaxial compressive strength and split-cylinder tensile strength at ambient 

temperature were 5.3 ksi [37 MPa] and 0.7 ksi [5 MPa] , respectively. This split-cylinder tension 

strength corresponds to approximately 9.6.JI [0.8.JI ], where fc is the uniaxial compressive 

strength in psi [MP a] units. The average dynamic modulus of elasticity at ambient temperature 

was 5,300 ksi [36,500 MPa] , which corresponds to approximately 72, OOOJl [6, 000.J'l ], and 

is approximately 25% greater than the ACI 318-14 value of 57,oooJJ: [4, 700.JI] for the 

static modulus of elasticity, which is in the range of 20% to 30% identified by Mindess et al. 

(2003). (The dynamic modulus is greater than the static modulus because the stress-strain 

relationship for concrete is nonlinear, the static modulus is traditionally measured at a stress level 

of approximately 40% of ultimate compressive stress, and the dynamic modulus, which is the 

initial tangent modulus, is measured at an infinitesimally small stress (Mindess et al. , 2003).) 

The variation in weight loss, compression strength, split-cylinder tension strength, and 

dynamic modulus of elasticity with temperature are presented in Figure 3-17, Figure 3-18, Figure 

3-19 and Figure 3-20, respectively. For the concrete used in this study, at 300°F [149°C] , there is 

reduction of approximately 10%, 10% and 20% in the residual (measured at room temperature 

after cooling) compressive strength, split-cylinder tensile strength and the dynamic modulus of 

elasticity, respectively. These percentage reductions are greater than those expected in the heated 

condition because cooling after heating generates additional damage due to rehydration of the 
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cement paste (Willam et al. , 2009). The corresponding percentage reductions at 450°F [232°C] 

are 10%, 10%, and 30%. 

Temperature, T (°F) 
32 122 212 302 392 482 572 662 
6---------------------~ 

0'-----=-------------------__J 
0 50 100 150 200 250 300 350 

Temperature, T (°C) 

Figure 3-17. Variation in concrete weight loss with temperature 

Temperature, T (°F) 
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Figure 3-18. Variation in concrete compressive strength with temperature 
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Figure 3-19. Variation in concrete split-cylinder tensile strength with temperature 
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Figure 3-20. Variation in concrete dynamic modulus of elasticity with temperature 
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3.8 Wall test setup 

The steps involved in each wall test at Purdue University involved the following 

activities: 1) wall surface preparation, 2) positioning the wing foundation beams and the wall 

specimen, 3) horizontal post-tensioning of the three foundations, 4) vertical post-tensioning of 

the foundation assembly to the strong floor, 5) attachment of the loading assembly, and 6) 

installation of the instrumentation. The heater assembly and surface thermocouples were 

installed only for the heated cycles and were removed after the heated cycles had been 

completed. Details and a photograph of the test set-up are shown in Figure 3-21 and Figure 3-22, 

respectively. 

The wall specimens were cast with PVC pipes at locations where Dywidag bars or bolts 

were designated to pass. The PVC pipes were coated with grease before casting and were 

extracted after removing the formwork. Surface irregularities near the hole locations and edges 

were eliminated with the use of a concrete grinder to provide a relatively flat surface. 
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Figure 3-22. Side view of Wall 3 during testing 
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Hydrostone was placed around the holes in the strong floor that were to be used to engage 

the foundation assembly. The two wing foundation beams and wall specimen (with its own 

foundation) were then placed together and aligned with the holes in the strong floor. Hydrostone 

paste was placed along the edge of the vertical gap between the wall foundation and the wing 

foundation beams and allowed to set for about 30 minutes. Thinner hydrostone was then poured 

into the two horizontal gaps between the three foundation parts from the top of the foundation 

and allowed to set for approximately 24 hours. 

The loading beams were then attached to the wall specimen as discussed in Section 3.5. 

Hydraulic cylinder units were then attached to the loading beam and the strong wall. Each unit 

had a clevis attached at both ends through which it was connected to the loading beam and to the 

strong wall using pins. 

The formwork for the wall foundations was built 0.5 inch [12.7 mm] higher than 

specified. The PVC pipes used for the thru-holes for later installation of the loading apparatus 

were placed 1 in. [25 .4 mm] higher in the form work than specified. These errors resulted in the 

loading centerline being 1.5 in. [38 mm] higher than designed and the hydraulic cylinders were 

therefore angled at approximately 1.5° to the horizontal. 

3.9 Instrumentation 

The instrumentation for measuring deformations and displacements of the wall consisted 

of strain gages (attached to wall rebar), string potentiometers, linear potentiometers, and 
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inclinometers. Temperatures on the wall surface and insides were measured using Type-K 

thermocouples. The instrumentation was the same for all wall specimens. 

Type ZFLA strain gages, manufactured by Tokyo Sokki Kenkyujo Co. Ltd. 

(http ://www.tml.jp/e) were used to measure the axial strain m the rebar. These gages are 

designed for use at temperatures up to 572°F [300°C] and can record strains of up to 15%. The 

manufacturer' s recommendations were followed for attaching the gages. The rebar surface was 

prepared by grinding using a #36 grit disc, mechanical sanding using a #120 sandpaper and 

finished using a #220 sandpaper. The surface was then cleaned using denatured alcohol followed 

by M-Prep Conditioner A and M-Prep Neutralizer 5A. The strain gages were glued to the 

prepared rebar surface using NP-SOB, supplied by Texas Measurements : a two-part adhesive 

designed for use in high-temperature applications. The gages were then covered with a silicone 

compound designed for high-temperature use, for waterproofing. The lead wires were taped to 

the rebar. 

String potentiometers and linear potentiometers were used to measure the in-plane and 

out-of-plane displacements of the wall. The layout of the string potentiometers is shown in 

Figure 3-23 . Two pairs of inclinometers were used to measure in-plane wall rotations at two 

locations, 2 and 15 inches from the top of the foundation, with one pair each on the west and east 

faces. The inclinometers measured the rotation of the wall with respect to the vertical. The two 

inclinometers attached to the base of the wall recorded data for the duration of the test, but the 

pair attached 15 in. [3 81 mm] above the base had to be removed for the heated cycles to 

accommodate the heaters . String potentiometers were also used to measure the in-plane slip of 

the foundation assembly with respect to the strong floor. Two sets of three linear potentiometers, 

one for each foundation block, were used to measure the uplift of the foundation assembly, 2 in. 
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[50.8 mm] from the toe of the wall, with respect to the strong floor. Strain gages were attached to 

the wall rebar prior to assembling the rebar cages, as described previously. Thirty-eight strain 

gages were attached to rebar in each wall. The locations and numbering of the gages are 

identified in Figure 3-24. 

Each thermocouple was a Type-K, conforming to ASTM E230 (ASTM, 2017b), and was 

prepared by twisting together a strand of nickel-chromium alloy (chromel) with a strand of 

nickel-aluminum alloy (alumel). The alloy strands were manufactured by Omega Engineering 

(https://www.omega.com/). The thermocouples were capable of measuring temperatures up to 

2462°F [1350°C]. 
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In-plane lateral loads were applied to the wall specimen by two Enerpac hydraulic 

cylinder units. Each unit had a capacity of 1,148 kips [5 ,109 kN] in compression and 638 kips 

[2,839 kN] in tension and a stroke of 12 in. [304.8 mm]. One oil pump pressurized both units. 

The oil hose from the pump was split using a valve into hoses that were attached to individual 

units. Transducers were installed downstream of the valve to measure the pressure in each of the 

four hoses. The force in each hydraulic unit was calculated by multiplying the measured pressure 

by the piston area. Transducers measuring the in-plane displacement of the wall were used to 

control the stroke of the hydraulic unit. 

A National Instruments data acquisition system ( or DAQ) was used to collect and process 

the collected data. A Lab VIEW (NI, 2017) script was used to control the imposed forces and 

displacements. The same script also collected data from the sensors during a test. Raw data was 

collected from all the sensors at a frequency of 10 Hz. This raw data was then averaged over 10 

consecutive measurements and recorded in the data files. The effective frequency of data 

collection was, therefore, 1 Hz. 

3.10 Loading protocols 

The walls were subjected to unique mechanical and thermal loading protocols, designed 

to maximize the output from the tests of a limited number of specimens. Two peak temperatures 

were used for the thermal loadings: 300°F [149°C] and 450°F [223°C]. Displacements or forces 

were applied in directions denoted push and pull. The push direction was south to north per 

Figure 3-22. The pull direction was north to south. 
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Lateral stiffness was calculated at forces of approximately 25% of the estimated peak 

lateral strength, at ambient temperature, for each wall. This calculation was repeated in the 

heated condition to characterize the effect of elevated temperature. 

The peak lateral strength of each wall was recorded in a heated condition. The strength 

was assumed to have been captured when substantially increasing the wall drift did not result in 

an increase in the resisting force. The specimen was then allowed to cool to ambient temperature 

and strength was then measured again. Subsequent cycles were performed till the wall resistance 

dropped to less than 75% of the peak lateral strength. The test was then terminated. 

The loading protocols for each wall are discussed in detail in the Chapter 4. 
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CHAPTER4 

PROTOCOL AND RESULTS OF RC WALL TESTS 

4.1 Introduction 

This chapter presents the loading protocols for and results of analysis of data from the 

reversed cyclic testing of the four structural walls introduced in Chapter 3. The specimens were 

tested between June and October 2017. Procedures used to process the raw data are described in 

Section 4.2 . The test protocol, results and observations for Wall 1, Wall 2, Wall 3 and Wall 4 are 

presented in Sections 4.3, 4.4, 4.5 and 4.6, respectively. 

4.2 Data processing 

The displacement reported in the global force-displacement relations in this chapter was 

measured at the centerline of loading, which was 940 mm [3 7 in.] above the top of the 

foundation. Minor in-plane sliding movement of the foundation assembly was observed in some 

of the load cycles. This movement was less than 5% of the displacement recorded at the loading 

centerline for that load cycle. The displacements reported in this chapter were corrected by 

subtracting this foundation movement. 

The reported lateral force was calculated as the sum of the axial forces applied by the 

Enerpac (https://www.enerpac.com/en-us/) hydraulic units, without correction for the angle of 

inclination of the units to the horizontal. Out-of-plane (OOP) displacements were measured at 
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the top of the wall using two string potentiometers. These displacements were small and so are 

not discussed further in this chapter. 

Heating expanded the walls and so it was expected that prior to mechanical loadings the 

sensors at the north and south ends would record equal but opposite displacements. However, 

this was not observed in any of heating phases. The sensors at the north and south ends indicated 

that the walls displaced in their plane, in one direction, due to heating. This was confirmed by the 

rotation sensors attached to the base of the walls, which indicated that there were small rotations 

at the base of the walls associated with heating, producing a crack at the base of each wall. The 

rotations were measured at a point that was located at mid-length of the wall and about 51 mm [2 

in.] above the foundation. The corresponding displacement, of the order of 0.25 mm [0.01 in.], at 

the centerline of loading was used to correct the lateral force-displacement relationships 

associated with the mechanical loading. 

The secant stiffness for all load cycles and all walls was estimated using two methods. In 

the first method, designated as I quad hereafter, a point on the force-displacement relationship 

near the maximum push force was chosen and the stiffness calculated using the origin as a 

reference. In the second method, designated as I-III quads hereafter, two points on the force

displacement relationship were chosen, and the slope of the line joining these two points was 

used to calculate the secant stiffness. Two methods were employed to estimate secant stiffness 

because of spurious displacement readings in some of the load cycles and apparent drifting of 

some sensors under sustained loadings. An example calculation is illustrated in Figure 4-1. 
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Figure 4-1. Calculations of secant stiffness for LC4 of Wall 2 

4.3 Wall 1 

Wall 1 was tested between June 30, 2017 and July 12, 2017. The average uniaxial 

compressive strength of the concrete was 43 MPa [6.3 ksi] , based on tests performed during the 

testing phase. The age of the wall at the start of testing was 86 days . Wall 1 was reinforced with 

two curtains of #4 bars spaced vertically and horizontally at 102 mm [ 4 in.] for a reinforcement 

ratio of 0.93% in each direction. The lateral strength of Wall 1 was expected to be limited by 

moment capacity to approximately 1224 kN [275 kips] , based on the provided reinforcement and 

day-of-test concrete strength. 
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4.3.1 Protocol 

Two loading cycles (LC 1 and LC2) were performed at ambient temperature, at lateral 

forces corresponding to approximately 25% and 40% of the estimated peak lateral strength. The 

wall was heated to a target surface temperature of 300°F [149°C] after LC2, and the two load 

cycles of LCl and LC2 were repeated, designated as LC3 and LC4. The displacement at the 

centerline of loading at peak lateral resistance in LC4 was designated as the reference 

displacement, d* , and further cycles were applied in increments of d*. Two cycles were 

performed at each target displacement until the strength of the wall in the heated condition had 

been reached, which occurred in LC 15. 

The heaters were switched off after LC15 and removed, and the wall cooled to room 

temperature, after which additional cycles of loading were applied. Most of the subsequent 

cycles were imposed in increments of d* , starting at the displacement at which testing was 

stopped in the heated condition. One cycle was performed at each level and loading was 

continued till the wall/ailed. The loading protocol for Wall 1 is summarized in Table 4-1. 
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Table 4-1: Loading protocol for Wall 1 

Load 
cycle 

Time after 
test start 

(days) 

Surface 
temperature (°F3 

) 

Heating 
duration at start 

of cycle (min) 
Load target Amplitude 

LCl 0 Ambient - Force 75 kipsa 

LC2 6 Ambient - Force 120 kips 

LC3 10 300 15 Force 75 kips 

LC4 10 300 27 Force 120 kipsb 

LC5 10 300 45 Displacement 1.5d* 

LC6 10 300 69 Displacement 1.5d* 

LC7 10 300 106 Displacement 2d* 

LC8 10 300 130 Displacement 2d* 

LC9 10 300 153 Displacement 3d* 

LCl0 10 300 181 Displacement 3d* 

LCll 10 300 209 Displacement 4d* 

LC12 10 300 236 Displacement 4d* 

LC13 10 300 257 Displacement 5d* 

LC14 10 300 283 Displacement 6d* 

LC15 10 300 308 Displacement 7d* 

LC16 12 Ambient - Force 75 kips 

LC17 12 Ambient - Force 120 kips 

LC18 12 Ambient - Force 240 kips 

LC19 12 Ambient - Disp. 8.3d* 

LC20 12 Ambient - Disp. l0d* 

LC21 12 Ambient - Disp. 12d* 

LC22 12 Ambient - Disp. 14d* 

LC23 12 Ambient - Disp. 16.7d* 

LC24 12 Ambient - Disp. 18.3d* 

LC25 12 Ambient - Disp. 21.7d* 

a °F = °Cxl .8 + 32; 1 kip= 4.45 kN 

b Displacement measured in this cycle designated as the reference displacement, d* 
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4.3.2 Results 

The global force-drift ratio relationship for all cycles of loading performed on Wall 1 is 

presented in Figure 4-2. The maximum forces, displacements (measured at loading centerline) 

and secant stiffness recorded in each cycle are summarized in Table 4-2. The values of secant 

stiffness reported in Table 4-2 are calculated using the methods described in Section 4.2, and 

have been normalized by the theoretical value of secant stiffness, k calculated using strength of
1 

, 

mechanics formulation and day-of-test uniaxial compressive strength of concrete. 
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Figure 4-2. Global force-drift ratio relationship for Wall 1 

The locations of the thermocouples (identified by CT) embedded in the wall and the 

temperatures at the start of each heated load cycle are shown in Figure 4-3 and Figure 4-4, 

respectively. Figure 4-4 (e) provides a legend for Figure 4-4 (a) through (d) . The surfaces of the 

wall were maintained at the target temperature of 300°F [149°C] for all heated cycles; the 
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surface temperatures are not plotted in Figure 4-4. The temperature in the center of the wall was 

about 100°F [38°C] at the start of the first heated cycle (LC3) and reached about 230°F [110°C] 

at the start of the last heated cycle (LC15), about 5 hours later, as shown in Figure 4-4. 

The secant stiffness in the load cycle performed to a force level of about 40% of the peak 

strength, at elevated temperature (LC4) was about 20% less than in the corresponding cycle at 

room temperature (LC2). No significant reduction in lateral stiffness was observed in the load 

cycles performed to the same displacement in subsequent cycles. Accordingly, the loss of 

stiffness from LC2 to LC4 is attributed to cracking due to thermal effects and not due to 

mechanical damage resulting from cyclic loading. The pattern of cracking on a surface of the 

wall after LC2 is presented in Figure 4-5. Only a few flexure and flexure-shear cracks are 

evident. (A corresponding photograph after LC4 is not available because the heaters prevented a 

photograph being taken of the surfaces of the wall.) 

The peak lateral strength at 300°F [149°C] was approximately 1179 kN [265 kips]. The 

pattern of cracks on the East face of Wall 1 after cycling at elevated temperature is presented in 

Figure 4-6. The peak lateral strength in the residual condition (i.e. , at room temperature after the 

wall was allowed to cool naturally) was approximately 1201 kN [270 kips]. (Both values are 

within 5% of the estimated lateral strength at room temperature per Table 2.) The secant stiffness 

and strength of the wall deteriorated in subsequent cycles (LC22 to LC25) to greater 

displacements. The wall failed in LC25 at a drift ratio of approximately 1.8%. The damage 

sustained by the wall is shown in Figure 4-7. 
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Table 4-2: Summary of results for Wall 1 

Load 
cycle 

Surface 
temperature 

(oFa) 

IP displacement 
(in3 

) 

max min 

IP force (kips3 
) 

max min 

Secant stiffnessh, 

I quad 1-111 quad 

k, k, k, k, 

(kips/in3 
) k t (kips/in3 

) k t 

LCl Ambient NAC NAC 79 -79 NAC NAC NAC NAC 

LC2 Ambient 0.020 -0.033 122 -123 6,300 0.33 4,100 0.22 

LC3 300 0.012 -0.023 79 -75 6,300 0.33 4,300 0.23 

LC4 300 0.028 -0.044 122 -120 4,200 0.22 3,300 0.17 

LC5 300 0.050 -0.055 150 -141 3,300 0.17 2,500 0.13 

LC6 300 0.036 -0.061 121 -148 3,300 0.17 2,600 0.14 

LC7 300 0.063 -0.059 180 -144 3,000 0.16 2,500 0.13 

LC8 300 0.061 -0.060 169 -145 2,700 0.14 2,600 0.14 

LC9 300 0.088 -0.089 210 -191 2,600 0.14 2,100 0.11 

LCl0 300 0.088 -0.092 207 -184 2,400 0.13 2,000 0.11 

LCll 300 0.116 -0.121 237 -217 2,200 0.12 1,800 0.10 

LC12 300 0.114 -0.124 228 -208 2,000 0.11 1,800 0.10 

LC13 300 0.142 -0.155 254 -230 2,000 0.11 1,500 0.08 

LC14 300 0.183 -0.186 266 -229 1,600 0.08 1,300 0.07 

LC15 300 0.225 -0.056 261 - 1,400 0.07 NAd NAd 

LC16 Ambient 0.124 -0.051 77 -78 600 0.03 900 0.05 

LC17 Ambient 0.233 -0.091 122 -119 1,000 0.05 1,100 0.06 

LC18 Ambient 0.106 -0.174 - -223 NAd NAd NAd NAd 

LC19 Ambient 0.279 -0.221 265 -235 1,000 0.05 1,000 0.05 

LC20 Ambient 0.331 -0.270 274 -234 900 0.05 800 0.04 

LC21 Ambient 0.380 -0.340 269 -237 800 0.04 700 0.04 

LC22 Ambient 0.426 -0.413 263 -236 700 0.04 600 0.03 

LC23 Ambient 0.487 -0.503 256 -233 600 0.03 500 0.03 

LC24 Ambient 0.572 -0.570 238 -219 500 0.03 400 0.02 

LC25 Ambient 0.638 -0.321 216 - 300 0.02 NAd NAd 

a °F = °C*l.8+32; 1 kip= 4.45 kN; 1 in. = 25.4 mm 

b Calculated value and normalized by k (= 18,900 kips/in) 1 

c Unequal positive and negative displacements recorded 

d Fully reversed cyclic loading not applied 
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Figure 4-5. Crack pattern on East face of Wall 1 after LC2 

Figure 4-6. Crack pattern on East face of Wall 1 after LC15 
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Figure 4-7. Damage to Wall 1 at the end of testing 

4.4 Wall 2 

Wall 2 was tested between July 27, 2017 and August 9, 2017. The average uniaxial 

compressive strength of the concrete was 41 MPa [6 ksi] , based on tests performed during the 

testing phase. The age of the wall at the start of testing was 52 days. Wall 2 was reinforced with 

two curtains of #6 bars spaced vertically and horizontally at 102 mm [ 4 inches] for a 

reinforcement ratio of 2% in each direction. The lateral strength of Wall 2 was expected to be 

limited by shear capacity to approximately 2047 kN [ 460 kips] , based on the provided 

reinforcement and day-of-test concrete strength. 

4.4.1 Test protocol 

Four loading cycles (LCl to LC4) were performed at room temperature, at lateral forces 

corresponding to approximately 15%, 25%, 25% and 40% of the estimated peak lateral strength. 
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The wall was heated to a target surface temperature of 450°F [223°C] after LC4. Cycles were 

performed at same force level as that applied for LC4 after two periods of heating: 15 minutes 

for LC5 and 120 minutes for LC6. The surfaces of the wall were maintained at 450°F [223°C] 

between cycles LC5 and LC6. The displacement at the centerline of loading at the peak lateral 

resistance in LC6 was 0.065 inch [1.65 mm] and this was designated as the reference 

displacement, d* , for this test. The heaters were removed after LC6 and wall cooled naturally to 

room temperature. This procedure was repeated for displacements of 1.5d* (LC7 and LC8), 2d* 

(LC9 and LCl0), 3d* (LCl 1 and LC12), 4d* (LC13 and LC14), and 5d* (LC15 and LC16). The 

odd-numbered and even-numbered cycles were performed after 15 minutes and 120 minutes of 

heating, respectively. The strength of the wall at a surface temperature of 450°F [223°C] was 

reached in LC16. One subsequent cycle of loading was applied at a displacement of 5d* in the 

residual condition (i.e. , after wall had cooled to ambient), during which the wall failed. 
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Table 4-3: Loading protocol for Wall 2 

Time after Heating
Load Surface

test start duration at start Load target Amplitude
cycle temperature (°F8

)
(days) of cycle (min) 

LCl 0 Ambient - Force 75 kipsa 

LC2 0 Ambient - Force 120 kips 

LC3 1 Ambient - Force 120 kips 

LC4 1 Ambient - Force 200 kips 

LC5 4 450 15 Force 200 kips 

LC6 4 450 120 Force 200 kipsb 

LC7 6 450 15 Displacement 1.5d* 

LC8 6 450 120 Displacement 1.5d* 

LC9 8 450 15 Displacement 2d* 

LCl0 8 450 120 Displacement 2d* 

LCll 9 450 15 Displacement 3d* 

LC12 9 450 120 Displacement 3d* 

LC13 11 450 15 Displacement 4d* 

LC14 11 450 120 Displacement 4d* 

LC15 12 450 15 Displacement 5d* 

LC16 12 450 120 Displacement 5d* 

LC17 13 Ambient - Displacement 5d* 

a °F = °Cx l .8 + 32; 1 kip= 4.45 kN 

b Displacement measured in this cycle designated as the reference displacement, d* 

4.4.2 Test results 

The global force-drift ratio relationship for all cycles of loading performed on Wall 2 is 

presented in Figure 4-8 . The maximum forces, displacements (measured at loading centerline) 

and secant stiffness recorded in each cycle are summarized in Table 4-4. The values of secant 

stiffness reported in Table 4-4 are calculated using the methods described in Section 4.2, and 
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have been normalized by the theoretical value of secant stiffness, k calculated using strength of1 , 

mechanics equations and day-of-test uniaxial compressive strength of concrete. 
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Figure 4-8. Global force-drift ratio relationship for Wall 2 

The locations of the thermocouples (CT) embedded in the wall and the temperatures at 

the start of each heated load cycle are shown in Figure 4-9 and Figure 4-10, respectively. Figure 

4-10 (e) provides a legend for Figure 4-10 (a) through (d). The surfaces of the wall were 

maintained at the target temperature of 450°F [223°C] for all heated cycles; the surface 

temperatures are not plotted in Figure 4-10. The temperature in the center of the wall was 

approximately 100°F [38°C] and 230°F [110°C] for all cycles performed after 15 minutes (LC5 , 

LC7, LC9, LCl 1, LC13 and LC15) and 120 minutes (LC6, LC8, LCl0, LC12, LC14 and LC16) 

of heating, respectively, as shown in Figure 4-10. The thermocouples embedded near the 

centerline of loading (CTl 1 to CTI 5) did not record temperatures higher than about 95°F [35°C] 
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because the surfaces of the wall at this height were covered by the loading beams and not heated 

directly. 

No significant differences in stiffness are observed in the loading cycles performed at a 

displacement of d*. At greater displacements, loading cycles performed at 120 minutes show a 

reduction in stiffness, but no greater than 10%, with respect to the cycles performed after 15 

minutes of heating. This reduction of stiffness was likely due to mechanical damage resulting 

from cyclic loading and not from cracking due to thermal loadings. 

The pattern of cracks on the West face of the wall after LC4, and prior to heating, is 

shown in Figure 4-11. Flexure and flexure-shear cracks are visible across the surface of the wall. 

The patterns of cracks at the end of LC8 (performed at 1.5d*), LC14 (performed at 4d*), and 

LC16 (performed at 5d*) are presented in Figure 4-12, Figure 4-13 and Figure 4-14, 

respectively. The number and length of the cracks increase with increasing displacements, which 

is consistent with fully reversed inelastic cyclic loading. 

The peak lateral strength at ambient temperature (LC 17) was 2046 kN [ 460 kips] and 

within 5% of the peak strength of 2003 kN [ 450 kips] measured in an earlier heated cycle 

(LC15). The wall/ailed in shear at a drift ratio of approximately 1.4%. The damage to the wall 

after all cycles ofloading is shown in Figure 4-15 . 
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Table 4-4: Summary of results for Wall 2 

IP displacement Secant stiffnessh, 
IP force (kips8 

)Surface (in8 
)Load I quad 1-111 quad 

temperature
cycle (oFa) k, ~ k, ~ max min max min 

(kips/in) kt (kips/in) kt 

LCl Ambient 0.015 -0.011 80 -78 5,300 0.29 5,400 0.29 

LC2 Ambient 0.030 -0.023 124 -122 4,900 0.27 4,700 0.25 

LC3 Ambient 0.029 -0.028 125 -121 4,400 0.24 4,200 0.23 

LC4 Ambient 0.065 -0.062 202 -203 4,300 0.23 3,400 0.18 

LC5 450 0.070 -0.060 205 -204 2,900 0.16 3,100 0.17 

LC6 450 0.069 -0.063 203 -205 2,900 0.16 3,000 0.16 

LC7 450 0.097 -0.101 260 -272 2,600 0.14 2,700 0.15 

LC8 450 0.095 -0.105 230 -274 2,400 0.13 2,500 0.14 

LC9 450 0.134 -0.124 303 -320 2,300 0.12 2,400 0.13 

LCl0 450 0.132 -0.134 265 -323 2,000 0.11 2,200 0.12 

LCll 450 0.189 -0.205 390 -417 2,100 0.11 2,100 0.11 

LC12 450 0.190 -0.209 347 -404 1,800 0.10 1,900 0.10 

LC13 450 0.248 -0.266 432 -442 1,900 0.10 1,700 0.09 

LC14 450 0.249 -0.267 392 -416 1,600 0.09 1,600 0.09 

LC15 450 0.277 -0.376 437 -450 1,700 0.09 1,400 0.08 

LC16 450 0.279 -0.380 386 -421 1,400 0.08 1,200 0.07 

LC17 Ambient 0.298 -0.487 426 -458 1,400 0.08 NAC NAC 

a °F = °C*l.8+32; 1 kip= 4.45 kN; 1 in. = 25.4 mm 

b Calculated value and normalized by k1 (= 18,450 kips/in) 

c Fully reversed cyclic loading not applied 
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Figure 4-11. Crack pattern on West face of Wall 2 after LC4 

Figure 4-12. Crack pattern on West face of Wall 2 after LC8 
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Figure 4-13. Crack pattern on West face of Wall 2 after LC14 

Figure 4-14. Crack pattern on West face of Wall 2 after LC16 
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Figure 4-15. Damage to Wall 2 at the end of testing 

4.5 Wall 3 

Wall 3 was tested between October 8, 2017 and October 14, 2017. The average uniaxial 

compressive strength of the concrete was 39 MPa [5.6 ksi] , based on tests performed during the 

testing phase. The age of the wall at the start of testing was 108 days. Wall 3 was reinforced with 

two curtains of #6 bars spaced vertically and horizontally at 102 mm [ 4 inches] for a 

reinforcement ratio of 2% in each direction. The lateral strength of Wall 3 was expected to be 

limited by shear capacity to approximately 1958 kN [ 440 kips] , based on the provided 

reinforcement and day-of-test concrete strength. 

4.5.1 Test protocol 

Two cycles (LC 1 and LC2) were performed at ambient temperature, at forces 

corresponding to approximately 15% and 25% of the estimated lateral strength. After LC2, the 

wall was heated to a target surface temperature of 300°F [149°C] and one load cycle (LC3) was 
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performed to the same maximum force of LC2, 15 minutes after the surface of the wall had 

reached the target temperature. The heaters were then removed and the wall cooled naturally to 

room temperature. One load cycle (LC4) was then performed to a force corresponding to 

approximately 40% of the estimated peak lateral strength. Load cycles LC5 and LC6 were 

performed to the same force level as LC4 but with surface temperatures of 300°F [149°C] and 

450°F [223°C] , respectively. Load cycles 5 and 6 were performed 15 minutes after the surface 

temperature reached the target value. The heaters were removed after LC5 and heating for LC6 

began after wall had cooled naturally to room temperature. The displacement in LC6 was 

designated as d* and subsequent cycles were performed in increasing increments of d*. Two 

cycles were performed at each level till strength of the wall was reached in the heated condition. 

One cycle was performed at this level. The heaters were then switched off and the wall cooled 

naturally to room temperature. Additional cycles were performed in increasing increments of d* 

until the wall/ailed. 
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Table 4-5: Loading protocol for Wall 3 

Time after Heating
Load Surface 

test start duration at start Load target Amplitude
cycle temperature (°F8

)
(days) of cycle (min) 

LCl 0 Ambient - Force 75 kipsa 

LC2 0 Ambient - Force 120 kips 

LC3 2 300 15 Force 120 kips 

LC4 3 Ambient - Force 200 kips 

LC5 3 300 15 Force 200 kips 

LC6 4 450 15 Force 200 kipsb 

LC7 4 450 50 Displacement 1.6d* 

LC8 4 450 89 Displacement 1.6d* 

LC9 4 450 116 Displacement 2d* 

LCl0 4 450 148 Displacement 2d* 

LCll 4 450 175 Displacement 3d* 

LC12 4 450 215 Displacement 3d* 

LC13 4 450 254 Displacement 4d* 

LC14 4 450 307 Displacement 4d* 

LC15 4 450 342 Displacement 5d* 

LC16 5 Ambient - Displacement 5d* 

LC17 5 Ambient - Displacement 6d* 

LC18 5 Ambient - Displacement 7d* 

LC19 6 Ambient - Force 120 kips 

LC20 6 Ambient - Displacement 8d* 

LC21 6 Ambient - Displacement 9d* 

a °F = °Cx l .8 + 32; 1 kip= 4.45 kN 

b Displacement measured in this cycle designated as the reference displacement, d* 
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4.5.2 Test results 

The global force-drift ratio relationship for all cycles of loading performed on Wall 3 is 

presented in Figure 4-16. The maximum forces , displacements (measured at loading centerline) 

and secant stiffness recorded in each cycle are summarized in Table 4-6. The values of secant 

stiffness reported in Table 4-6 are calculated using the methods described in Section 4.2, and 

have been normalized by the theoretical value of secant stiffness, k calculated using strength of
1 

, 

mechanics equations and day-of-test uniaxial compressive strength of concrete. 

500 ~-----------------~ 2225 

250 1113 

,,__ ,,__
<I} 

~~ "-' "-' 0 0 (I)(I) 

~ ~ 0 
~ ~ 

-250 -1113 

-Ambient 
- Heated 

X Test terminated 
-500 -2225 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

Drift ratio (%) 

Figure 4-16. Global force-drift ratio relationship for Wall 3 

The locations of the thermocouples (CT) embedded in the wall and the temperatures 

recorded at the start of each heated load cycle are shown in Figure 4-17 and Figure 4-18, 

respectively. The surfaces of the wall were maintained at the target temperature of 450°F 
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[223 °C] for all heated cycles except for LC3 and LC5 for which the target temperature was 

300°F [149°C]; the surface temperatures are not plotted in Figure 4-18. 

The lateral stiffness of the wall in first heated load cycle (LC3), performed 15 minutes 

after the surfaces of the wall had reached 300°F [149°C] , was approximately 20% less than that 

in LC2, conducted at room temperature to the same amplitude of force, namely, 25% of the 

estimated lateral strength per Chapter 3. No significant reduction in lateral stiffness was observed 

in the load cycles performed to the same displacement in subsequent cycles. Accordingly, the 

loss in stiffness from LC2 to LC3 is attributed to cracking due to thermal effects and not due to 

mechanical damage resulting from cyclic loading. The patterns of cracks on one surface of the 

wall after LC2 and LC3 are shown in Figure 4-19 and Figure 4-20, respectively. 

The peak lateral strength at room temperature (in LC18) was 2025 kN [455 kips] and 

within 5% of the peak value of 1980 kN [445 kips] measured in an earlier heated cycle (LC15). 

The patterns of cracks on one surface of the wall after LC 15 is shown in Figure 4-21. The secant 

stiffness and strength of the wall deteriorated in subsequent cycles (LC 19 to LC21) to greater 

displacements. The wall failed in shear at a drift ratio of approximately 1.5%. The wall failed in 

shear. Figure 4-22 shows cracking and other damage to the wall at the conclusion of testing. 
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Table 4-6: Summary of results for Wall 3 

IP 
displacement IP force (kips3 

)Surface
Load (in3 

)temperature
cycle (oFa) 

max min max min 

LCl Ambient 0.010 -0.011 83 -77 

LC2 Ambient 0.020 -0.023 125 -123 

LC3 300 0.023 -0.027 126 -122 

LC4 Ambient 0.055 -0.065 207 -205 

LC5 300 0.055 -0.062 205 -202 

LC6 450 0.055 -0.067 205 -204 

LC7 450 0.094 -0.103 288 -277 

LC8 450 0.092 -0.107 278 -275 

LC9 450 0.116 -0.131 322 -313 

LCl0 450 0.111 -0.130 304 -298 

LCll 450 0.171 -0.196 393 -394 

LC12 450 0.176 -0.192 369 -362 

LC13 450 0.232 -0.265 432 -427 

LC14 450 0.238 -0.271 395 -384 

LC15 450 0.303 -0.359 445 -426 

LC16 Ambient 0.259 -0.362 411 -368 

LC17 Ambient 0.310 -0.424 449 -417 

LC18 Ambient 0.353 -0.489 457 -417 

LC19 Ambient - -0.313 - -214 

LC20 Ambient 0.360 -0.599 423 -376 

LC21 Ambient 0.316 - 282 -

a °F = °C*l.8+32; 1 kip= 4.45 kN; 1 in.= 25.4 mm 

b Calculated value and normalized by k1 (= 17,820 kips/in) 

c Consistent displacements not recorded 

d Fully reversed cyclic loading not applied 

Secant stiffnessh, 

I quad 

k, 
(kips/in) 

8,400 

7,700 

5,900 

4,000 

3,600 

3,700 

3,000 

3,000 

2,800 

2,700 

2,300 

2,100 

1,800 

1,600 

1,600 

1,600 

1,600 

1,400 

NAC 

1,300 

NAd 

k, 

kt 

0.47 

0.43 

0.33 

0.22 

0.20 

0.21 

0.17 

0.17 

0.16 

0.15 

0.13 

0.12 

0.10 

0.09 

0.09 

0.09 

0.09 

0.08 

NAC 

0.07 

NAd 

1-111 quad 

k, 
(kips/in) 

7,100 

5,600 

4,800 

3,400 

3,400 

3,400 

2,800 

2,800 

2,600 

2,500 

2,100 

2,000 

1,700 

1,500 

1,300 

1,200 

1,100 

1,000 

NAC 

800 

-

k, 

kt 

0.40 

0.31 

0.27 

0.19 

0.19 

0.19 

0.16 

0.16 

0.15 

0.14 

0.12 

0.11 

0.10 

0.08 

0.07 

0.07 

0.06 

0.06 

NAC 

0.04 

-
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Figure 4-17. Locations of embedded thermocouples in Wall 3 
[Note: 1 in.= 25.4 mm] 
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Figure 4-18. Thermal gradients at the start of all heated cycles for Wall 3 
[Note: 1 in.= 25.4 mm] 
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Figure 4-19. Crack pattern on West face of Wall 3 after LC2 

Figure 4-20. Crack pattern on West face of Wall 3 after LC3 
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Figure 4-21. Crack pattern on West face of Wall 3 after LC15 

Figure 4-22. Damage to Wall 3 at the end of testing 
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4.6 Wall 4 

Wall 4 was tested between October 23 , 2017 and October 26, 2017. The average uniaxial 

compressive strength of concrete was 45 MPa [6.5 ksi] , based on tests performed during the 

testing phase. The age of the wall at the start of testing was 109 days. Wall 4 was reinforced with 

two curtains of #4 bars spaced vertically and horizontally at 102 mm [ 4 inches] for a 

reinforcement ratio of O. 93% in each direction. The lateral strength of Wall 4 was expected to be 

limited by moment capacity to approximately 1224 kN [275 kips] , based on the provided 

reinforcement and day-of-test concrete strength. 

4.6.1 Test protocol 

One load cycle (LC 1) was performed at room temperature at a lateral force corresponding 

to approximately 25% of estimated peak lateral strength. After LCl , the wall was heated to a 

target surface temperature of 450°F [223°C]. Cycles were performed to a force corresponding 

LCl , 15 minutes (LC2) and 120 minutes (LC3) after the surfaces of the wall had reached 223°C. 

The temperature of the surfaces of the wall was maintained at 223 °C between LC2 and LC3. The 

heaters were removed after LC3 and the wall cooled naturally to room temperature. Load cycles 

4 to 6 repeated the thermal loadings of load cycles 1 to 3, at a force level corresponding to 40% 

of estimated peak lateral strength. The displacement at the centerline of loading at peak 

resistance in LC6 was designated as d* and subsequent cycles were applied in increments of d* 

until strength of wall had been reached in heated conditions. The heaters were not removed after 

LC6 and testing was continued. The heaters were removed after the strength had been reached in 

LC 15 and the wall was then allowed to cool naturally to room temperature. Additional cycles 

were performed in increasing increments of d* until the wall failed. 
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Table 4-7: Loading protocol for Wall 4 

Load 
cycle 

LCl 

LC2 

LC3 

LC4 

LC5 

LC6 

LC7 

LC8 

LC9 

LCl0 

LCll 

LC12 

LC13 

LC14 

LC15 

LC16 

LC17 

LC18 

LC19 

LC20 

LC21 

LC22 

LC23 

LC24 

LC25 

LC26 

LC27 

Time after 
test start 

(days) 

0 

0 

0 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

Surface 
temperature (°F3

) 

Ambient 

450 

450 

Ambient 

450 

450 

450 

450 

450 

450 

450 

450 

450 

450 

450 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Heating 
duration at start 

of cycle (min) 

-

15 

120 

-

15 

120 

157 

178 

196 

220 

239 

260 

282 

327 

349 

-

-

-

-

-

-

-

-

-

-

-

-

Load target 

Force 

Force 

Force 

Force 

Force 

Force 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Amplitude 

75 kipsa 

75 kips 

75 kips 

120 kips 

120 kips 

120 kipsb 

1.5d* 

1.5d* 

2d* 

2d* 

3d* 

3d* 

4d* 

4d* 

5d* 

5d* 

6d* 

7d* 

8d* 

9d* 

l0d* 

lld* 

12d* 

13d* 

14d* 

15d* 

17d* 

a °F = °Cx l .8 + 32; 1 kip= 4.45 kN 

b Displacement measured in this cycle designated as the reference displacement, d* 
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4.6.2 Test results 

The global force-drift ratio relationship for all cycles of loading performed on Wall 4 is 

presented in Figure 4-23. The maximum forces , displacements (measured at loading centerline) 

and secant stiffness recorded in each cycle are presented in Table 4-8. The values of secant 

stiffness reported in Table 4-8 are based on the two methods described in Section 4.2, and have 

been normalized by the theoretical value of secant stiffness, k
1 

, calculated using strength of 

mechanics equations and day-of-test uniaxial compressive strength of concrete. 

300 1335 

200 890 

100 445 
,,__ ,,__

<I} 

~~ "-' "-' 
(I) 0 0 (I) 

~ ~ 0 
~ ~ 

-100 -445 

-200 -Ambient -890 
- Heated 

X Test terminated 
-300 -1335 

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 

Drift ratio (%) 

Figure 4-23. Global force-drift ratio relationship for Wall 4 

The location of the thermocouples (CT) embedded in the wall and the temperatures 

recorded at the start of each heated load cycle are shown in Figure 4-24 and Figure 4-25 , 

respectively. The temperature of the surfaces of the wall was maintained at the target value of 

450°F [223°C] for all heated cycles; the surface temperatures are not plotted in Figure 4-25. 
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The lateral stiffness of the wall at elevated temperature in LC2, performed to a force level 

of approximately 25% of the peak strength, was approximately 30% less than that in LC 1, 

conducted at room temperature to the same amplitude of force . No significant reduction in lateral 

stiffness was observed in the load cycles performed to the same displacement in subsequent 

cycles. Accordingly, the loss of stiffness from LC 1 to LC2 is attributed to cracking due to 

thermal effects and not due to mechanical damage resulting from cyclic loading. The patterns of 

cracking on the West face of the wall surface after LCl and LC3 are presented in Figure 4-26 

and Figure 4-27, respectively. The effect of elevated temperature on cracking is made clear by 

Figure 4-27 because there are many more and longer cracks evident in this photograph than are 

seen on walls tested to a similar lateral force at ambient temperature (e.g. , see Figure 4-5). 

The peak lateral strength at room temperature (LC18) was 1157 kN [260 kips] and within 

5% of the peak strength of 1090 kN [245 kips] measured in an earlier heated cycle (LC13). The 

pattern of cracking on the West face of the wall after the last heated cycle (LC 15) is presented in 

Figure 4-28. The secant stiffness and strength of the wall deteriorated in subsequent cycles 

(LC19 to LC27) to greater displacements. The wall failed at a drift ratio of approximately 2%. 

The damage sustained by the wall is shown in Figure 4-29. 
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Table 4-8: Summary of results for Wall 4 

IP 
displacement IP force (kips) Surface

Load (in8 

temperature ) 

cycle (oFa) 
max min max min 

LCl Ambient 0.011 -0.012 78 -78 

LC2 450 0.016 -0.018 79 -77 

LC3 450 0.014 -0.023 77 -79 

LC4 Ambient 0.040 -0.053 126 -125 

LC5 450 0.041 -0.049 125 -124 

LC6 450 0.040 -0.047 124 -123 

LC7 450 0.061 -0.071 163 -161 

LC8 450 0.060 -0.071 155 -159 

LC9 450 0.081 -0.094 189 -191 

LCl0 450 0.080 -0.094 186 -183 

LCll 450 0.124 -0.145 231 -225 

LC12 450 0.123 -0.142 217 -204 

LC13 450 0.166 -0.179 245 -231 

LC14 450 0.161 -0.187 223 -213 

LC15 450 0.205 -0.237 242 -232 

LC16 Ambient 0.210 -0.243 234 -192 

LC17 Ambient 0.245 -0.284 256 -222 

LC18 Ambient 0.287 -0.325 260 -229 

LC19 Ambient 0.328 -0.375 257 -226 

LC20 Ambient 0.360 -0.423 246 -223 

LC21 Ambient 0.390 -0.485 239 -219 

a °F = °C*l.8+32; 1 kip= 4.45 kN; 1 in.= 25.4 mm 

b Calculated value and normalized by k1 (= 19,200 kips/in) 

c Fully reversed cyclic loading not applied 

Secant stiffnessh, 

I quad 

k, 
(kips/in) 

6,800 

5,400 

5,300 

3,200 

3,100 

3,100 

2,600 

2,600 

2,400 

2,300 

1,800 

1,700 

1,500 

1,400 

1,400 

1,100 

1,100 

1,000 

800 

700 

600 

k, 
k, 

0.35 

0.28 

0.28 

0.17 

0.16 

0.16 

0.14 

0.14 

0.13 

0.12 

0.09 

0.09 

0.08 

0.07 

0.07 

0.06 

0.06 

0.05 

0.04 

0.04 

0.03 

1-111 quad 

k, 
(kips/in) 

6,400 

4,700 

4,200 

2,700 

2,700 

2,700 

2,500 

2,400 

2,100 

2,100 

1,700 

1,600 

1,300 

1,200 

1,000 

900 

900 

800 

700 

600 

500 

k, 
k, 

0.33 

0.24 

0.22 

0.14 

0.14 

0.14 

0.13 

0.13 

0.11 

0.11 

0.09 

0.08 

0.07 

0.06 

0.05 

0.05 

0.05 

0.04 

0.04 

0.03 

0.03 

117 



Table 4-8 (cont.): Summary of results for Wall 4 

IP Secant stiffnessh, 
displacement IP force (kips) Surface

Load (in8 I quad 1-111 quad 
temperature ) 

cycle (oFa) k, k , k, k , 
max min max min 

(kips/in) k, (kips/in) k, 

LC22 Ambient 0.427 -0.540 228 -216 600 0.03 400 0.02 

LC23 Ambient 0.473 -0.587 220 -208 500 0.03 400 0.02 

LC24 Ambient 0.484 -0.642 195 -198 400 0.02 300 0.02 

LC25 Ambient 0.520 -0.696 183 -184 300 0.02 300 0.02 

LC26 Ambient 0.556 -0.744 158 -158 300 0.02 200 0.01 

LC27 Ambient 0.613 - 146 - 200 0.01 NAC NAC 

a °F = °C*l.8+32; 1 kip= 4.45 kN; 1 in.= 25.4 mm 

b Calculated value and normalized by k
1 
(= 19,200 kips/in) 

c Fully reversed cyclic loading not applied 

0 0 0 0 0 0 0 0 0 

South orth 
0 0 0 0 0 0 0 0 0 

CT6-10 
•CTl -5 • - r16in.--1r CTI 1-1 5

19 in. 22in. .CT16-20 • 1T 12 in.lOin 

12 in. L~I~
25 in. 

Figure 4-24. Locations of embedded thermocouples in Wall 4 
[Note: 1 in. = 25.4 mm] 
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Figure 4-25. Thermal gradients at the start of all heated cycles for Wall 4 
[Note: 1 in.= 25.4 mm] 
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Figure 4-26. Crack pattern on west face of Wall 4 after LCl 

Figure 4-27. Crack pattern on west face of Wall 4 after LC3 
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Figure 4-28. Crack pattern on west face of Wall 4 after LC15 

Figure 4-29. Damage to Wall 4 at the end of testing 
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CHAPTERS 

EFFECTS OF HIGH TEMPERATURE ON DAMAGED CONCRETE 

5.1 Introduction 

This chapter characterizes the behavior of mechanically damaged concrete subjected to 

high temperatures. Details of the experimental program are presented in Section 5.2. The 

concrete materials used in this program are described in Section 5.3. Details of the testing 

program are provided in Section 5.4. Results obtained from the experimental program are 

presented and discussed in Section 5.5. 

5.2 Experimental program 

The reinforced concrete walls ( details and results presented in Chapters 3 and 4, 

respectively) were simultaneously subjected to elevated temperatures and mechanical loading. 

As noted in Chapter 4, shrinkage-induced cracks existed in the walls at the start of testing and 

additional cracks formed during testing due to mechanical loading and thermal exposure. The 

materials-level tests reported for the concrete used in the walls, which characterized the effects 

of elevated temperature on mechanical properties, were performed on virgin ( or undamaged) 

cylinders. Because the effects of elevated temperature on damaged concrete are not known, 

experiments were conducted on mechanically damaged concrete cylinders, and results are 

described below. 
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Three conventional concretes of different compressive strengths were studied in this 

experimental program. The materials, designated as Con-4, Con-8 and Con-9, had uniaxial 

compressive strengths at the time of testing of 4.1 ksi [28.3 MPa] , 8.1 ksi [55.8 MPa] and 8.5 ksi 

[58.6 MPa] , respectively. Concrete cylinders, 3 inches [76 mm] in diameter and 6 inches [152 

mm] in length were tested. 

Defects in the form of microcracks and air voids exist in hardened concrete (Li, 1992). 

Loading of concrete cylinders in axial compression results in stress concentrations at the 

locations of voids, which leads to the growth of microcracks in the direction of loading: the 

strategy used here to induce damage albeit by the growth of microcracks and not macro-cracks 

as observed in the tests of the walls. The damage in the concrete cylinders due to microcracking 

was not visible but was inferred by comparing the dynamic moduli measured before and after 

testing. The damaged cylinders were heated, cooled and tested in the residual condition (i.e. , at 

room temperature) to measure the effects of temperature on mechanical properties m 

compression. The properties studied in the experimental program are weight, modulus of 

elasticity in compression and uniaxial compressive strength. 

5.3 Materials 

All cylinders of a given concrete (i.e. , Con-4, Con-8 and Con-9) were cast at the same 

time from concrete mixed in one batch. Type-I cement conforming to ASTM C150 (ASTM, 

2017a) was used in all three concretes. Con-4 was supplied by a local batching plant and used 

coarse and fine limestone aggregate. Con-8 and Con-9 were prepared using a concrete gravity 

mixer at the University at Buffalo. The coarse and fine aggregate used in Con-8 and Con-9 were 
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sourced from a limestone quarry near Buffalo. The coarse aggregate had a nominal maximum 

aggregate size of 0.7 5 inch [ 19 mm]. The fine aggregate had a fineness modulus of three. Con-4 

had small quantities of an air-entraining admixture and mid-range water-reducing admixture. The 

mix proportions of the concretes are listed in Table 5-1. 

Table 5-1. Mix proportion (by weight) of concretes used in the damaged concrete 
experimental program 

Constituent Con-4 Con-8 Con-9 

Cement 1 1 1 

Water 0.28 0.39 0.43 

Fine aggregate 5.03 1.36 1.74 

Coarse aggregate 2.76 1.93 1.83 

Air-entraining admixture 0.0007 - -

Mid-range water-reducing admixture 0.0037 - -

All concretes had a slump of 4 inches at the time of casting. Concrete placed in the 

cylinders was compacted by placing the molds on a vibrating table for approximately one 

minute. The cylinders for Con-8 and Con-9 were demolded 24 hours after casting, cured under 

water for 21 days and then stored at room temperature (20°C) until testing. Cylinders for Con-4 

were demolded five days after casting and stored at room temperature (20°C) until testing. 

Figure 5-1 shows the cylinders cast for Con-8 . 
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Figure 5-1. Cylinders cast for Con-8 

5.4 Testing procedure 

Cylinders for Con-4, Con-8 and Con-9 were tested at ages of approximately 95 , 140 and 

170 days, respectively. The long time between casting and testing ensured that concrete was dry 

at the time of heating and the effects of moisture ( during heating) would be minimal. The weight 

and dimensions of each cylinder were measured at the start of testing. 

To benchmark results of tests of damaged cylinders, the uniaxial compressive strength, 

fc , of Con-4, Con-8 and Con-9 was measured first by testing cylinders in accordance with 

ASTM C39 (ASTM, 2017c) : three for Con-4, eight for Con-8, and five for Con-9, as shown in 
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Table 5-2 by the combination of 20°C and Virgin. For a given concrete, the average value of 

uniaxial compressive strength was adopted as the benchmark. 

Three protocols were used to induce damage in the concrete cylinders. The number of 

cylinders tested in the experimental program (using different damage protocols and at different 

temperatures) are presented in Table 5-2. For Con-8, the concrete cylinders were grouped into 

four batches, denoted as Virgin, Ll-70, L3-70 and Ll-85 . Cylinders in the batch denoted as Ll-

70 were loaded to 70% of the benchmark compressive strength and then unloaded. Cylinders in 

the batch denoted as L3-70 were loaded and unloaded thrice to 70% of the benchmark 

compressive strength. Cylinders in the batch denoted as Ll-85 were loaded to 85% of the 

benchmark compressive strength and then unloaded. Based on results obtained for Con-8, 

cylinders for Con-9 were not subjected to the Ll-70 loading protocol and cylinders for Con-4 

were subjected to L3-85 only. All batches for a particular temperature were heated at the same 

time. Cylinders in batches denoted by Virgin and a temperature of 100°C, 200°C, or 400°C were 

heated to the target value, allowed to cool to room temperature, and then tested monotonically to 

failure per ASTM C39. 

Table 5-2. Number of cylinders tested for the damaged concrete experimental program 

Con-4 Con-8 Con-9 
Temp. 

Virgin Ll-70 L3-70 Ll-85 Virgin Ll-70 L3-70 Ll-85 Virgin Ll-70 L3-70 Ll-85 

20°c 3 - - 3 8 5 5 3 5 - 3 3 

100°c 3 - - 3 5 5 5 3 3 - 3 3 

200°c 3 - - 3 5 5 5 3 3 - 3 3 

400°c 3 - - 2 3 3 3 3 3 - 3 3 
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All cylinders were capped at both ends before testing using a sulfur mortar in accordance 

with ASTM C617 (ASTM, 2015). Capping was performed to provide plane bearing surfaces, 

perpendicular to the longitudinal axis. For cylinders in which damage was induced, the caps at 

both ends were removed using a chisel and a hammer after completing the damage loading 

protocol and before measuring the dynamic modulus. 

The dynamic modulus of each concrete cylinder was measured in accordance with ASTM 

C215 (ASTM, 2014a). The procedure for measuring dynamic modulus is described in Section 

3.7.4.2 and not repeated here. Figure 5-2 is a photograph of the setup used to measure dynamic 

modulus. The weight and dynamic modulus of each cylinder were measured before inducing 

damage, after inducing damage and after heating. Additionally, the static modulus of elasticity 

was measured for cylinders of Con-4 per ASTM C469 (ASTM, 2014b) to determine the ratio of 

dynamic modulus to static modulus. 

The cylinders were heated in an air-furnace with a capacity of 42 liters and capable of 

heating up to 2010°F [1100°C]. Figure 5-3 is a photograph of cylinders in the furnace. Cylinders 

were heated to a temperature of 212°F [100°C] , 392°F [200°C] and 752°F [ 400°C]. The 

cylinders were heated to the target temperature at a ramp rate of 9°F/min [5°C/min]. The target 

temperature was maintained for 2 hours, after which the furnace was switched off The hot air in 

the furnace escaped through a vent at the top of the furnace, and the cylinders cooled to room 

temperature inside the furnace . The doors to the furnace were kept shut during cooling. 

The weight and dynamic modulus of each cylinder were measured within 24 hours of 

cooling to room temperature. The cylinders were then capped using a sulfur mortar, and their 
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uniaxial compressive strength was measured in accordance with ASTM C39 (ASTM, 2017c) 

within 3 hours of measuring the dynamic modulus. 

Figure 5-2. Setup for measuring dynamic modulus of elasticity of concrete cylinders 

Figure 5-3. Cylinders in the furnace 
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5.5 Results and discussion 

5.5.1 Weight 

The average weights of Con-4, Con-8 and Con-9 after being subjected to elevated 

temperature, normalized by the corresponding value at room temperature (20°C), are plotted in 

Figure 5-4. The data used to calculate the average values are also plotted in Figure 5-4. The 

virgin Con-8 cylinders subjected to 212°F [100°C] showed a weight gain of about 4%, and the 

likely reason for this increase is the reabsorption of moisture from air. Weight gain was not 

observed for any other batch of cylinders exposed to high temperature. 

The loading protocol had no effect on the change in weight with temperature. The 

proportion of water in the concrete materials at the time of casting was approximately 8% of the 

total weight, as noted in Table 5-1. The loss of weight in all three concretes at temperatures as 

high as 752°F [ 400°C] does not exceed 5%, as seen in Figure 5-4. These results are consistent 

with those obtained by other researchers (e.g. , Naus (2010), Schneider (1988)), who noted that 

the reduction in weight at temperatures of 400°C and lower was due primarily to the loss of 

water. 
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Figure 5-4 (cont.). Change in weight of concrete cylinders with temperature 

5.5.2 Dynamic modulus of elasticity 

The dynamic modulus of elasticity, Ede, of virgin concrete cylinders for Con-4, Con-8 

and Con-9, measured at room temperature was 3,500 ksi [24.1 GPa] , 5,600 ksi [38 .6 GPa] and 

5,700 ksi [39.3 GPa] , respectively, corresponding to approximately 54, 700Jl l 4,500JlJ, 

62,200Jl ls,200JIj and 61,800Jl ls,100JIj , respectively, where fc is the uniaxial 

compressive strength of concrete measured at the time of testing in psi [MP a] . The values for the 

dynamic modulus are within 10% of the ACI 318-14 (ACI, 2014a) value of 57,000JI 

l 4, 700Jlj for the static modulus of elasticity. 
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The static modulus for Con-4, measured for cylinders tested at room temperature, was 

3,100 ksi [21.4 GPa] , which is approximately 15% less than the ACI 318-14 value calculated 

using the day-of-test uniaxial compressive strength. The dynamic modulus for Con-4 is 

approximately 15% greater than the static modulus. As noted in Chapter 3, the dynamic modulus 

is greater than the static modulus because the stress-strain relationship for concrete is nonlinear 

and the static modulus is traditionally measured at a stress level of approximately 40% of the 

ultimate compressive stress. The dynamic modulus (i.e., initial tangent modulus) is measured at 

an infinitesimally small stress (Mindess et al. , 2003). 

The average change in the dynamic modulus of Con-4, Con-8 and Con-9 with increasing 

temperature is presented in Figure 5-5. Results are normalized by the dynamic modulus of the 

corresponding cylinders in the virgin (i.e. , undamaged) condition at room temperature, 

Ede (20°C). The data used to calculate the average change is also plotted in Figure 5-5 . The 

dynamic modulus of the damaged cylinders at room temperature is between 5% and 15% less 

than the value measured before damage. The percentage reduction at room temperature is 

independent of the damage protocol (i.e., Ll-70, L3-70 or Ll-85). 

The two key observations from the results presented in Figure 5-5 are: (1) the percentage 

reduction in the dynamic modulus due to exposure to temperature greater than 212°F [100°C] 

masks any reduction in the modulus due to damage; and (2) the percentage reduction in the 

normalized dynamic modulus due to exposure to temperature greater than 212°F [100°C] is 

independent of the compressive strength of the concrete at room temperature. The single 

exception to the first observation is the approximately 15% difference between the modulus of 
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virgin and damaged concrete for Con-4 exposed to 212°F [100°C] , which is not observed either 

for Con-4 exposed to higher temperatures, or for Con-8 or Con-9 at any temperature. 
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Figure 5-5. Variation in dynamic modulus of elasticity of concrete with temperature 
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Figure 5-5 (cont.). Variation in dynamic modulus of elasticity of concrete with temperature 

5.5.3 Uniaxial compressive strength 

The average uniaxial compressive strength, fc , of the virgin cylinders of Con-4, Con-8 

and Con-9, measured at room temperature, at the time of testing, was 4.1 ksi [28.3 MPa] , 8.1 ksi 

[55 .8 MPa] and 8.5 ksi [58 .6 MPa] , respectively: benchmark values used to normalize results in 

this section. The average change in the uniaxial compressive strength of Con-4, Con-8 and Con-9 

with increasing temperature is presented in Figure 5-6. Results are normalized by the benchmark 

compressive strength. The data used to calculate the average change is also plotted in Figure 5-6. 
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Figure 5-6. Variation of uniaxial compressive strength of concrete with temperature 
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Figure 5-6 (cont.). Variation of uniaxial compressive strength of concrete with temperature 

The two key observations from the data presented in Figure 5-6 are: (1) damage, as 

imposed in the experimental program, does not significantly reduce the uniaxial compressive 

strength of concrete after exposure to temperatures up to 752°F [ 400°C] ; and (2) exposure to 

temperature greater than 2 l 2°F [ 100°C] reduces the uniaxial compressive strength of concrete. 
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CHAPTER6 

EFFECTS OF MOISTURE CONDITIONS ON CONCRETE SUBJECTED TO 

ELEVATED TEMPERATURE 

6.1 Introduction 

This chapter characterizes the behavior of concrete subjected to elevated temperature in 

the presence of different moisture conditions. Details of the experimental program are presented 

in Section 6.2 . The concrete materials used in this program are described in Section 6.3 . Details 

of the testing program are provided in Section 6.4. Results obtained from the experimental 

program are presented and discussed in Section 6.5. 

6.2 Experimental program 

The reinforced concrete walls ( details and results presented in Chapters 3 and 4, 

respectively) were heated using radiant heater panels. The materials tests to characterize the 

effects of temperature on the mechanical behavior of the concrete used in the construction of the 

walls (reported in Chapter 3) were performed by heating concrete cylinders in an air furnace . In 

both cases, the generated steam, which resulted from water in the concrete undergoing a phase 

change, escaped the concrete during heating, as evidenced by the reduction in weight reported in 

Section 3.7.4.2. Researchers (e.g., Willam et al. (2009) and Naus (2010)) have described the 

condition in which the moisture generated by heating concrete is permitted to escape as unsealed 

heating. In sealed heating, the moisture ( or steam) generated by heating concrete is prevented 
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from escaping. Exposure of a concrete slab to fires is an example of unsealed heating. Exposure 

of a reinforced concrete wall with airtight steel liners on both surfaces (similar to a steel-plate 

concrete composite wall) to elevated temperatures is an example of sealed heating. 

Bertero and Polivka (1972) tested a total of sixteen concrete cylinders at either elevated 

temperature or in the residual condition (i.e. , tested at room temperature, after exposure to 

elevated temperature). The cylinders were either sealed and unsealed during heating, and 

subjected to differing numbers of heating cycles and durations. The static modulus of elasticity 

and uniaxial compressive strength of a cylinder heated in the sealed condition to 300°F [149°C] 

were approximately 15% and 30% less, respectively, than the values measured for a cylinder 

heated to the same temperature in the unsealed condition: the reported reductions were based on 

the results of tests of just two cylinders, one unsealed and one sealed. Kottas et al. (1979) tested 

two concretes cast using different types of aggregate to temperatures ofup to 356°F [180°C] and 

reported reductions in uniaxial compressive strength of up to 60% for concrete heated in the 

sealed condition with respect to an identical test in the unsealed condition. Kottas et al. did not 

report the number of cylinders tested. 

In the case of a steam pipe break in a nuclear power plant containment structure, the 

concrete elements (without a steel liner plate) will be heated by the high-pressure, high

temperature steam. This type of heating is called steamed heating, and its effects on the 

mechanical behavior of concrete are not yet known. The effects on the mechanical behavior of 

concrete exposed to temperatures of up to 300°F [149°C] in unsealed, sealed and steamed 

conditions are studied in the experimental program described in this chapter. 

138 



Three conventional concretes of different uniaxial compressive strengths were studied. 

The materials, designated as Con-5 , Con-8 and Con-9, had uniaxial compressive strengths at the 

time of testing of 5.3 ksi [36.5 MPa] , 8.1 ksi [55.8 MPa] and 8.5 ksi [58 .6 MPa] , respectively. 

Concrete cylinders, 3 inches [76 mm] in diameter and 6 inches [152 mm] in length, were tested. 

Cylinders were heated in unsealed, sealed and steamed conditions, and then cooled and tested in 

the residual condition (i.e., at room temperature). The properties studied in the experimental 

program were weight, dynamic modulus of elasticity and uniaxial compressive strength. 

6.3 Materials 

All cylinders for a given concrete (i.e., Con-5 , Con-8 and Con-9) were cast at the same 

time from concrete mixed in one batch. Concrete Con-5 was used for the materials-level study 

reported in Chapter 3 that supported the tests reported in Chapter 4 on reinforced concrete walls . 

Concretes Con-8 and Con-9 were used in the damaged concrete study reported in Chapter 5. The 

mix proportions for these materials are summarized in Table 6-1 , and the details of the 

constituents, casting and curing are provided in Chapters 3 and 5. 

Table 6-1. Mix proportion (by weight) of concretes used in moisture concrete experimental 
program 

Constituent Con-5 Con-8 Con-9 

Cement 1 1 1 

Water 0.45 0.39 0.43 

Fine aggregate 2.62 1.36 1.74 

Coarse aggregate 3.28 1.93 1.83 
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6.4 Testing procedure 

Cylinders for Con-5 , Con-8 and Con-9 were tested at ages of approximately 30 days, 140 

days and 170 days, respectively. The weight, dimensions and dynamic modulus of each cylinder 

was measured at the start of testing. The dynamic modulus was measured in accordance with 

ASTM C617 (ASTM, 2015). The number of cylinders tested in the experimental program (for 

each material in different heating conditions) is presented in Table 6-2. 

Table 6-2. Number of cylinders tested for the moisture concrete experimental program 

Con-5 Con-8 Con-9 
Temp. 

Unsealed Sealed Steamed Unsealed Sealed Steamed Unsealed Sealed Steamed 

20°c 4 - - 5 - - 3 - -

100°c 4 4 - 5 5 - 3 4 -

121 °c 4 4 - 5 5 5 3 3 4 

149°c 4 4 - 3 3 - 3 3 -

The changes in weight, dynamic modulus and uniaxial compressive strength of concrete 

cylinders heated in the different moisture conditions were measured after exposure to 

temperatures of up to 300°F [149°C] in the three moisture conditions: unsealed, sealed and 

steamed. Cylinders were heated in the unsealed and steamed conditions by placing them in a 

furnace and an autoclave, respectively. Cylinders heated in the sealed condition were placed in 

Schedule 40 steel pipes that were sealed at both ends and placed in a furnace. The pipes had an 

outside diameter of 3.5 inches [89 mm] , an inside diameter of 3.07 inches [78 mm] and a length 

of approximately 6 inches [152 mm]. Each pipe was threaded on the outside at both ends, and 

steel caps were screwed on after the cylinder had been inserted. Teflon tape was attached to the 
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threads on the pipe to ensure a tight seal. The weight of the entire assembly (i.e. , pipe, concrete 

cylinder and caps) was measured before and after heating. No significant difference was 

measured before and after heating, which indicates adequate sealing. Figure 6-1 is a photograph 

of a cylinder, steel pipe and two steel caps, used for heating concrete in the sealed condition. 

Figure 6-1. Steel pipe and steel caps used for sealed heating 
(concrete cylinder shown for reference) 

The cylinders subjected to sealed and unsealed conditions were heated in an air furnace 

with a capacity of 42 liters and capable of heating up to 2100°F [1100°C]. The cylinders were 

heated to a temperature of212°F [100°C] , 250°F [121 °C] or 300°F [149°C]. The cylinders were 

heated to the target temperature at a ramp rate of approximately 9°F/min [5°C/min]. The target 

temperature was maintained for 2 hours, after which the furnace was switched off The hot air in 

the furnace escaped through a vent in the top of the furnace, and the cylinders cooled to room 

temperature inside the furnace. The doors to the furnace were kept shut during cooling. 
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A test was performed to ensure that a concrete cylinder placed in the steel pipe (for sealed 

heating) would be heated to approximately the same temperature as a cylinder placed directly in 

the furnace (unsealed heating). Temperature on the surface of the steel pipe (T2) and on the 

surfaces of the two concrete cylinders (Tl and T3), and air temperature inside the furnace (T4) 

were measured using Type-K thermocouples. Figure 6-2(a) illustrates the test setup. To 

accommodate the wiring for the thermocouples, the top cap was placed on top of , but not 

screwed to, the cylinder. Results are presented in Figure 6-2(b ). The temperature histories for Tl 

and T3 are virtually identical. The surfaces of both concrete cylinders and the steel pipe reached 

approximately 212°F [100°C] , which was 36°F [20°C] less than the target temperature of 250°F 

[121 °C]. 

Cylinders subjected to the steamed condition were heated in an autoclave with a chamber 

volume of 85 liters. Figure 6-3 is a photograph of the cylinders placed in the autoclave. (In the 

autoclave, water is fed in to a compartment that supplies it to the autoclave chamber, and heating 

elements in the autoclave chamber convert the water to steam. As the autoclave chamber is 

sealed shut, the steam pressure increases with increasing temperature. Valves on the autoclave 

chamber maintain uniform pressure and temperature for the duration of a test.) The specimens 

were heated at a ramp rate of approximately 5°F /min [3 °C/min] to a target temperature of 250°F 

[121 °C] and steam pressure of 14 psi [97 kPa]. The target temperature and pressure were 

maintained for 1.5 hours, and the concrete cylinders then cooled to room temperature in the 

autoclave. (Heating for 2 hours per the unsealed and sealed tests introduced previously was not 

possible because of time settings on the autoclave.) 
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Figure 6-3. Placement of concrete cylinders in the autoclave 

6.5 Results and discussion 

6.5.1 Weight 

The average weights of Con-5 , Con-8 and Con-9 after being subjected to elevated 

temperature, normalized by the corresponding value at room temperature (20°C), are plotted in 

Figure 6-4. The data used to calculate the average values are also plotted in Figure 6-4. 

Moisture conditions had no significant effect on the change in weight of concrete with 

temperature. The average loss in weight in all three concretes, subjected to temperatures of up to 

300°F [149°C] , in the unsealed, sealed or steamed conditions does not exceed 4%. The two 

outliers are the Con-8 cylinders subjected to 2 l 2°F [100°C] in the unsealed condition (weight 

gain of 4%) and the Con-9 cylinders subjected to 250°F [121 °C] in the sealed condition (weight 
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gain of 1 %). The likely reason for the increase in weight in both outliers is the absorption of 

moisture from air (during heating or cooling). 
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Figure 6-4. Change in weight of concrete cylinders with temperature 
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Figure 6-4 (cont.). Change in weight of concrete cylinders with temperature 

6.5.2 Dynamic modulus of elasticity 

The dynamic modulus of elasticity, Ede, of virgin concrete cylinders for Con-5 , Con-8 

and Con-9, measured at room temperature (20°C) was 5,300 ksi [36.5 GPa] , 5,600 ksi [38.6 

GPa] and 5,700 ksi [39.3 GPa] , respectively, corresponding to approximately 

72,ooo.JI l6, ooo.JJ:J, 62, 200.JI ls, 200.JJ:J and 61,soap; ls, 1oo.JlJ, respectively, 

where fc is the uniaxial compressive strength of concrete measured at the time of testing in psi 

[MPa]. The values for the dynamic modulus are within 25% of the ACI 318-14 (ACI, 2014a) 

value of 57,ooo.JI l4, 700.Jlj for the static modulus of elasticity. 

The average change in the dynamic modulus of Con-5 , Con-8 and Con-9 with increasing 

temperature is presented in Figure 6-5. Results are normalized by the dynamic modulus of the 
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corresponding cylinders at room temperature, Ede (20°C). The data used to calculate the average 

change is also plotted in Figure 6-5. The two key observation from the results presented in 

Figure 6-5 are: (1) the percentage reduction in the dynamic modulus of concrete cylinders heated 

under different moisture conditions (unsealed, sealed or steamed) to the same temperature is 

within 10%; and (2) the percentage reduction in the normalized dynamic modulus due to 

exposure to temperature of up to 300°F [149°C] is essentially independent of the compressive 

strength of the concrete at room temperature (i.e. , same percentage reductions for the three 

concretes at a given temperature). 
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Figure 6-5. Change in dynamic modulus of elasticity of concrete with temperature 
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Figure 6-5 (cont.). Change in dynamic modulus of elasticity of concrete with temperature 

6.5.3 Uniaxial compressive strength 

The average uniaxial compressive strength, fc , of cylinders of Con-5 , Con-8 and Con-9, 

measured at room temperature, at the time of testing was 5.3 ksi [36.5 MPa] , 8.1 ksi [55 .8 MPa] 

and 8.5 ksi [58.6 MPa] , respectively. The average change in the uniaxial compressive strength of 

Con-5 , Con-8 and Con-9 with increasing temperature is presented in Figure 6-6. Results are 

normalized by the uniaxial compressive strength at room temperature, fc (20°c) . The data used 

to calculate the average change is also plotted in Figure 6-6. 
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Figure 6-6. Change in uniaxial compressive strength of concrete with temperature 
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Figure 6-6 (cont.). Change in uniaxial compressive strength of concrete with temperature 

The two key observations from the data presented in Figure 6-6 are: (1) exposure to 

temperature higher than 2 l 2°F [ 100°C] reduces the uniaxial compressive strength of concrete ( an 

observation made in Chapters 3 and 5 for the unsealed condition); and (2) changing the moisture 

condition (unsealed or sealed) during exposure to elevated temperature of up to 300°F [149°C] 

for 2 hours, does not affect the percentage reduction in uniaxial compressive strength. The 

percentage reduction in uniaxial compressive strength for temperatures up to 300°F [149°C] in 

the steamed condition for 1.5 hours and in the sealed and unsealed conditions for 2 hours were 

similar. An exception to the second observation is the percentage reduction in compressive 

strength for cylinders of Con-9 heated in steamed condition at 250°F [121 °C]. In this test, the 

autoclave lost steam pressure due to a malfunctioning seal after about 60 minutes of the 

scheduled 90 minutes of dwell time at the target temperature. 
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For concrete cylinders heated in sealed condition to 300°F [149°C] , Bertero and Polivka 

(1972) and Kottas et al. (1979) reported reductions in uniaxial compressive strengths of 

approximately 30% and 60%, respectively, compared to the values measured for cylinders heated 

in unsealed condition to the same temperature. Two likely reasons for the differences in the 

observed reductions of strength in this experimental program compared to the results available in 

literature are: (1) smaller duration of heating used in this experimental program of 2 hours 

compared to approximately 4 hours and 42 days used by Bertero and Polivka (1972) and Kottas 

et al. (1979), respectively; and (2) small number of concrete cylinders tested by Bertero and 

Polivka (1972) and Kottas et al. (1979). Additional tests, perhaps repeating those by Bertero and 

Polivka (1972) and Kottas et al. (1979), would help reconcile the observed differences in 

behavior. 
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

Reinforced concrete walls are used in nuclear power plants to resist gravity and lateral 

forces , and some serve a containment function. Design control documents with the United States 

Nuclear Regulatory Commission (NRC) indicate that loss of coolant accidents in containment 

structures in large light water reactor can result in internal temperatures ofup to 300°F [149°C]. 

The effects of elevated temperatures of up to 450°F [223°C] on the seismic behavior of 

reinforced concrete walls were investigated through an integrated series of materials tests and 

large-scale component experiments that were funded by the United States Department of Energy 

(DOE). Four rectangular, low-aspect ratio, planar walls were tested after exposure to elevated 

temperatures of up to 450°F [223°C] in heated and residual conditions (i.e. , tested at room 

temperature after exposure to elevated temperature). Details of the design, construction, and 

instrumentation are described in this dissertation. Materials-level tests were performed to 

characterize the effects of elevated temperatures on the behavior of the concrete used to cast the 

walls. 

Materials tests were also performed on conventional, normal strength concretes to 

characterize the effects of elevated temperatures on the behavior of mechanically damaged 

concrete. Results are compared with those from tests of virgin concrete specimens heated in the 

same conditions. Materials tests were also performed on conventional, normal strength concretes 
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to investigate the effects of moisture conditions during heating to temperatures of up to 300°F 

[149°C]. Tests were performed in the unsealed, sealed and steamed conditions, and results are 

reported. 

7.2 Conclusions 

The key conclusions from the results of materials and component tests performed in the 

research presented in this dissertation are: 

Concrete materials : 

1. In the unsealed condition, the uniaxial compressive strength and modulus of elasticity of 

conventional normal strength concrete may be reduced by 10% and 30%, respectively, 

due to exposure to temperature of 450°F [223°C] , with respect to values at room 

temperature (20°C). 

2. The effects of exposure to elevated temperatures of up to 752°F [ 400°C] on dynamic 

modulus and uniaxial strength of mechanically damaged concrete are similar to those 

measured for undamaged (virgin) concrete heated to the same temperature. (Mechanical 

damage, as defined in this dissertation, reduced the dynamic modulus of the concrete by 

approximately 10% compared to the values measured in the undamaged condition.) 

3. Exposure to elevated temperature of up to 450°F [223°C] in the sealed or steamed 

condition for up to 1.5 hours resulted in similar reductions in weight, dynamic modulus 
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and uniaxial compressive strength of concrete to concrete heated in unsealed condition to 

the same temperature and duration. 

Component (wall) tests: 

4. The initial in-plane stiffness of reinforced concrete walls, measured at forces 

corresponding to shear stress of less than 2..JJ: , is as low as 30% of the theoretical 

uncracked value calculated using strength of mechanics equations; a conclusion similar to 

that reached by Luna (2016). 

5. The maximum reduction in in-plane lateral stiffness of walls, measured at low levels of 

force (smaller than 30% of peak strength), and in the absence of axial loads, due to 

exposure to temperature of up to 450°F [223°C] , is approximately 30%. At levels of force 

greater than 30% of peak strength, the reduction in stiffness due to exposure to 

temperature of 450°F [223 °C] is masked by mechanical damage, and thermal effects can 

be ignored. This conclusion is based on tests of walls heated in the unsealed condition. 

6. For lightly reinforced concrete walls, exposure to temperature of up to 450°F [223°C] 

will not affect peak strength. For heavily reinforced walls, where strength is governed by 

crushing of diagonal struts, exposure to temperature of 450°F [223°C] can reduce in

plane lateral strength by up to 10%, based on materials tests performed in the unsealed 

condition. However, given the significant variability in the peak shear strength of low 

aspect ratio walls, no reduction due to exposure to temperature of up to 450°F [223 °C] is 

recommended. 

155 



7. Figure 1-8 presents the force - drift ratio cyclic backbone curve recommended by 

ASCE 41-17 (ASCE, 2017) for the analysis of reinforced concrete shear walls. The co

ordinates that define the piecewise linear backbone curve should be the updated values 

provided in Epackachi et al. (2019) and Chapter 8 of NIST GCR-17-917-45 (NIST, 

2017). The recommended cyclic backbone curve for reinforced concrete shear walls 

exposed to 450°F [223°C] is presented in Figure 7-1. 
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Figure 7-1: Cyclic backbone curve for reinforced concrete shear walls at 450°F [223°C] 

If the goal of analysis is to predict response in the range AF at a temperature of 450°F 

[223°C] , the lateral stiffness should be reduced by 30% from the updated value given in 

the NIST report. If the goal of analysis is to predict response in the range AB at a 

temperature of 450°F [223°C] , a linear model AB, shown as a dashed red line in Figure 

7-1 , is recommended, using the updated coordinates for point B per the NIST report, with 

no additional reduction in stiffness due to thermal effects. If the goal of analysis is to 

predict the inelastic cyclic response, a bilinear model to point C (i.e. , no point F) is 

recommended, using the updated coordinates per the NIST report, with no changes in 

stiffness or strength due to thermal effects. 
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8. The ACI 349-13 short-term temperature limit for concrete of 350°F [177°C] in Section 

E.4.2 should be increased to 450°F [223°C]. 

7.3 Recommendations for future research 

The following recommendations are made for future research: 

1. Data on effects of elevated temperature on concrete heated in sealed and steamed 

conditions are scarce. A comprehensive experimental program, which subjects different 

concretes to elevated temperatures in unsealed, sealed and steamed conditions, tested in 

heated and residual conditions, should be performed. By testing in well-documented, 

controlled conditions, the effects of each parameter ( concrete mix proportions, aggregate 

type, maximum temperature, moisture conditions during heating) on the behavior of 

concrete can be better understood. The combined effects of elevated temperature and 

different moisture conditions on mechanical properties of concrete ( e.g. , tensile strength, 

static modulus of elasticity, and fracture energy) should be investigated further. 

2. The effects of elevated temperatures on concrete should be incorporated into material 

models to enable analysis of the mechanical-thermal behavior of structural components. 

3. The effects of elevated temperature on the seismic behavior of RC walls were measured 

in the unsealed condition. In a nuclear power plant containment structures, steam pipe 

break accidents would likely result in sealed or steamed conditions. The behavior of RC 

walls should be investigated numerically and experimentally in the sealed and steamed 
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conditions to further improve the understanding of the effects of thermal accidents on the 

seismic performance of safety-related structural components in nuclear power plants. 
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