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ABSTRACT 
 

     One of the challenges in the design of reinforced concrete structures for cold 
regions is to ensure that the balance between strength and stiffness of concrete and 
reinforcing materials allows ductile structural behavior under the full range of 
temperatures that might be experienced. To assist in developing guidelines for 
structures in cold regions, an investigation of the behavior of reinforcing steels at 
temperatures ranging from +20 to -60 °C was performed. Four materials were selected 
for study: a carbon steel, a low alloy carbon steel, a stainless steel, and a low carbon 
chromium steel. Yield strength, ultimate strength, and strain to failure were determined 
from tensile test results. The results extend the available data for the behavior of 
reinforcing materials in terms of both temperature range and materials. Based upon 
these results, and other data available in the literature, recommendations for treating 
properties of reinforcing materials in the design of reinforced concrete structures in cold 
regions are made. 
 
1. INTRODUCTION 
      
     Mechanical properties of concrete and alloys used for reinforcing concrete are 
affected by temperature. These effects can complicate the design of reinforced concrete 
structures in cold regions. The strength and stiffness of both concrete and reinforcing 
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material must be balanced to ensure ductile failure modes, and this balance must be 
maintained for the range of temperatures that the structure might be subjected to. This 
paper describes a research effort to characterize the mechanical behavior of reinforcing 
materials for temperatures down to -60 °C, which is part of a program to evaluate and 
improve the design and construction of reinforced concrete structures in cold regions.   
Typical concerns for alloys exposed to cold temperatures are reduced ductility and 
changes in both ultimate and yield stress. A loss of ductility of reinforcing material might 
lead to brittle fracture of the reinforcing material, whereas changes in the strength of 
reinforcing material combined with changes in strength and stiffness of concrete might 
lead to transitions to brittle failure mechanisms in reinforced concrete structures. 

     The mechanical properties of metallic rebar materials at cold temperatures have 
been investigated by several researchers. Yan and Xie (2017) evaluated two types of 
hot-rolled rebar steels used in China (HRB335, HRB400) at temperatures ranging from 
+20 °C down to -165 °C. They found increasing yield and ultimate strengths with 
decreasing temperatures, and reducing strain at fracture and reduction in cross-sectional 
area at failure with decreasing temperatures. Yan and Xie fitted exponential curves to 
the effect of temperature on these properties for the two types of steels. 

     Elices (1986) evaluated both hot-rolled and cold-rolled reinforcing bars in deformed 
(ribbed), smooth and notched conditions at +20 °C, -80 °C and -165 °C. Both the hot 
rolled and cold rolled steel demonstrated increased yield and ultimate strengths as 
temperatures decreased. The cold-rolled bars also exhibited a decrease in strain at 
failure as temperature decreased, whereas the hot-rolled bars did not. For a given 
material and temperature, differences between the stress-strain curves for ribbed and 
smooth bars were negligible. 

     Filiatrault and Holleran (2001) investigated the effects of temperature down to -
40 °C and strain rate (up to 0.1 s-1) on CSA G30.16 (high strength, low alloy) rebar 
specimens with a nominal yield strength of 400 MPa. The strain rates were chosen to 
reflect conditions ranging from quasi-static to those anticipated during earthquakes. The 
combination of cold temperature and increased strain rates resulted in increased yield 
strength (20%) and ultimate strength (10%) compared to room temperature and low 
strain rates but did not significantly decrease the ductility of the rebar.  

     Sloan (2005) performed tests on turned down A706 rebar at various temperatures 
and loading rates designed to represent earthquake loads in cold regions. Efforts to test 
deformed rebar at cold temperatures were unsuccessful as failures occurred at the grips. 
Dry ice was used to condition specimens to cold temperatures, and then testing of 
specimens occurred in lab air. As a result, the temperature of specimens changed 
throughout each test, and faster loading rates resulted in colder average specimen 
temperatures. Average temperatures for tests ranged from 23°C to -30.3°C. Sloan found 
that low temperature increases yield (15%) and ultimate strengths (11%), decreases 
strain at ultimate stress by 7.9% and decreases strain at fracture by 9.9% compared to 
23°C. Sloan also reported increased strengths with higher (0.1 s-1) strain rates. As the 
conditioning temperature decreased from +20°C to -40°C, yield strength increased by 
5.1% in comparison to its normal strength at room temperatures (~23°C). Note that the 
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decrease in the strain at ultimate stress and failure that was observed by Sloan was 
counter to findings by Filiatrault and Holleran (2001). 

     Montejo et al. (2008) compiled ultimate and yield strength results from Filiatrault 
and Holleran (2001), and Sloan (2005), and proposed a tri-linear relationship for the 
effect of temperature on both ultimate and yield strength. In this relationship, strength is 
unchanged at temperatures down to 0 °C. As temperature decreases below 0 °C down 
to -25 °C strengths increase linearly up to 10% to 12%. Between -25 °C and -40 °C, 
strengths remain constant at 10 to 12% greater than the strengths at +20 °C. Montejo 
explicitly noted this relation should be considered valid only in this range, as Elices et al. 
(1986) found increases of 60% and 36% at -180 °C.  

     Levings and Sritharan (2012) investigated the stress-strain behavior of ASTM Gr 
420 (60) mild steel reinforcing at +5, -1, -20, and -40 °C. Second-order polynomials to 
model changes in both yield strength and ultimate strength with temperatures down to -
40 °C were proposed. These equations predict a 6% increase in yield strength and a 7% 
increase in ultimate strength at -40 °C compared to +20 °C 

     Several researchers have either not reported or not found that modulus of elasticity 
of steel was affected by temperature (Montejo et al. 2008, Levings and Sritharan 2012, 
Filiarault and Holleran 2001). Yan and Xie (2017) described their observed changes in 
elastic modulus as “ignorable.” 

     Non-metallic rebars are sometimes used in reinforced concrete structures as well. 
Dutta and Porter (2004) investigated the effects of cold temperatures (-30 °C) of both as-
received and artificially aged composite rebar material from two different manufacturers. 
The cold temperature was found to increase the strength of the bars for both 
manufacturers in either conditions by up to 23.8% compared to nominal room 
temperature (+24 °C). However, the aged condition was found to induce a significant 
reduction in strength at both room temperature (48% and 65%) and cold temperature 
(44% and 63%) compared to the as-received condition for both manufacturers. 

     In addition to studies at low temperatures, there have also been studies on the 
effect of high temperatures on mechanical properties of rebar, motivated by conditions 
potentially caused by fire (Elghazouli et al. 2009), post-earthquake fire (Kumar et al. 
2013), and nuclear plant accident (Toumi Ajimi, et al. 2016). 

     The purpose of this study is to extend the data available for the mechanical 
behavior of steels used for concrete reinforcement, both in terms of temperature range 
and types of alloys considered. The intent is that these results will inform analyses of 
reinforced concrete structures under a range of cold temperatures. This is particularly 
important as construction in arctic regions becomes more prevalent and the use of high 
strength materials increases. 
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2. PROCEDURES 
 
     Materials and procedures for this study are described in the following subsections. 
 
     2.1 Materials 
     Four types of reinforcement materials used in the U.S. were studied, A615 Grade 
60, A706 Grade 60, A955 Grade 75, and A1035 Grade 100. Carbon Steel A615 is the 
most typical reinforcement material used in the U.S. The Low Alloy Steel A706 has 
greater ductility than A615 and is often specified in regions subject to earthquakes. 
Stainless Steel A955 and Low-Carbon Chromium A1035 both have significant chromium 
content, and are often chosen due to corrosion resistance. ASTM specifies the 
mechanical properties of these reinforcing bars, but only for nominal room temperature. 
These values are summarized in Table 1. 

Table 1 ASTM-specified minimum mechanical properties of reinforcing bar materials at 
nominal room temperature 

 

Steel Type 

 Min. Yield 
Strength 

(MPa) 

Min. Ult. 
Strength 

(MPa) 

Minimum 
Elongation 

(%) 

A615 grade 60 Carbon Steel 414 621 9 

A706 grade 60 Low-Alloy 414 552 14 

A955 grade 75 Stainless Steel 517 690 20 

A1035 Type CL 
grade 690 (100) 

Low Carbon 
Chromium 

690 1034 7 

 
Table 2 and Table 3 provide bar properties and chemical composition, respectively, from 
the mill reports. 

Table 2. Material properties from mill reports for each steel 
 

Steel Type Avg Yield 
Strength 

(MPa) 

Avg Ultimate 
Strength 

(MPa) 

Percent 
Elongation 

A615 GR60 496 738 13.25 

A706 GR60 441 600 15.00 

A955 GR75 593 793 25.50 

A1035 GR100 800 1103 - 
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Table 3. Chemical composition (%) from mill reports for each steel 
 

 A615 
GR60 

A706 GR60 A955 GR75 A1035 GR100 

C 0.45 0.28 0.024 0.24 

Mn 0.75 1 1.24 0.98 

P 0.018 0.013 0.028 0.014 

S 0.048 0.022 0.001 0.013 

Si 0.2 0.25 0.6 0.48 

Cu 0.3 0.31 0.38 0.17 

Ni 0.2 0.11 4.51 0.06 

Cr 0.19 0.14 22.92 2.3 

Mo 0.04 0.027 0.32 0.02 

Sn 0.019 0.012 0.008 0.008 

V 0.005 0.031 0.07 0.005 

Nb 0.016 0 0 0 

N 0 0 0.12 0.009 

Ti 0 0 0.01 0 

Co 0 0 0.09 0 

Al 0 0 0.02 0 

B 0 0 0 0 

W 0 0 0.05 0 
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2.2 Test Procedures 
 
     Tensile tests performed according to ASTM E8 (2016) were used to determine yield 
stress, ultimate stress, and strain at fracture for milled down cross sections. The A615, 
A955, A1035 rebars were of 12.7 mm nominal diameter (#4 bar size), the A706 rebars 
were of 15.9 mm (#5 bar size). Tests were performed at -60, -40, -20, 0 and +20 °C. The 
milled down sections of rebar had a reduced section diameter of 8.9 mm over a length of 
50 mm. The reduced area of these bars is slightly smaller than a #3 bar. A photograph 
of turned down specimens is shown in Fig. 1. 
 

 
 

Fig. 1 Tensile test specimen for A706 (top), A1035 (second), A955 (third) and A615 
(bottom) rebar 

 
 
     Tests were performed in a 100 kN capacity servo-hydraulic load frame outfitted with 
hydraulic grips. Prior to testing, 3 mm thick aluminum sheets approximately 25 mm x 75 
mm were inserted between the rebar and the faces of the hydraulic grips to facilitate 
good gripping of the #4 gauge rebar. These sheets were not used for the #5 gauge rebar 
(A706 specimens) because the rebar was too large to fit the aluminum sheets between 
the rebar and the grip faces. 

     An environmental chamber cooled with liquid nitrogen was used to condition the 
bars and develop the appropriate testing temperatures. The available environmental 
chamber was not large enough to contain both of the grips and still provide adequate 
room for the tensile testing. Therefore, the bottom grip remained outside of the 
environmental chamber for all tensile tests. Insulation was placed in the bottom and top 
openings of the environmental chamber. Photographs of the tensile test setup are shown 
in Fig. 2. 
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Fig. 2 Environmental chamber set up for testing 
 
     Before inserting the specimen into the hydraulic grips, the specimens were placed 
within the chamber for conditioning. A 150 mm length of dummy rebar with a hole drilled 
in it and a thermocouple epoxied into the hole was used to ascertain the temperature of 
rebar specimens within the chamber. Once the appropriate testing temperature is 
reached, the chamber was opened and the bar was placed in the grips. The chamber 
was resealed. Once the thermocouple read the target temperature within 1 °C for two 
minutes, loading was begun. Loads from a 100 kN capacity load cell and strains 
measured from an extensometer with a 35 mm gage length mounted in the turned down 
section of the bar were recorded. 

     Yield stress was determined based upon the 0.2% offset method (ASTM E8, 2016). 
Strain at failure is based upon the strain measured just prior to failure. Ultimate stress is 
based upon the maximum load obtained prior to failure. 

3. RESULTS AND DISCUSSION 
 
Fig. 5 through Fig. 8 present the stress-strain results at various temperatures for the 
A615, A706, A1035, and A955 alloys, respectively. Data shown in these plots were used 
to determine mechanical properties.  
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Fig. 5 Stress plotted against strain for A615 rebar at test temperatures 
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Fig. 6 Stress plotted against strain for A706 rebar at test temperatures 

 

Fig. 7 Stress plotted against strain for A1035 rebar at test temperatures 
 
 

 

Fig. 8 Stress plotted against strain for A955 rebar at test temperatures 
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     Mechanical properties for all four alloys are plotted against temperature for 0.2% 
offset yield strength, ultimate strength, and failure strain in Fig. 9 through Fig. 11, 
respectively. To facilitate discussion, these results are further reduced. Yield strength, 
ultimate strength and strain to failure for each material were scaled by the average value 
of the appropriate property at 20 °C. From these scaled values, the average ratio of 
property at temperature to property at 20 °C, along with 95% confidence intervals were 
calculated. Data for carbon steels, i.e., A 615 and A706 are plotted in Fig. 12 through Fig. 
14 for yield strength, ultimate strength and strain at failure, respectively. Data for 
corrosion resistant steels, i.e., A955 and A1035, are plotted in Fig. 15 though Fig. 17 for 
yield strength, ultimate strength and strain at failure, respectively. In addition to data from 
this study, relations presented by Yan and Xie (2017), and Montejo et al. (2008) are 
plotted on the figures corresponding to yield strength and ultimate strength. The 
relationship presented by Levings and Sritharan (2012) was nearly identical to that 
presented by Yan and Xie for HRB 400 (yield strength) and HRB 335 (ultimate strength), 
except these were only stated to be valid down to -40 °C. Therefore, these relationships 
were omitted from the plots for the purposes of clarity. Note that the scales of Fig. 12 
through Fig. 17 exaggerate differences in properties compared to the scales used in Fig. 
9 through Fig. 11. 

 

Fig. 9. 0.2% Yield strength of steel alloys vs. temperature 
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Fig. 10 Ultimate strength of steel alloys vs. temperature 
 

 

 

Fig. 11. Failure strain of steel alloys vs. temperature 
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Fig. 12. Yield strength ratio to +20 °C 
 

 

Fig. 13. Ultimate strength ratio to +20 °C 
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Fig. 14. Strain at failure ratio to +20 °C 
 

     The average values of the yield strength ratios make it clear that the yield strength 
of A615 increases as temperature decreases from +20 down to -60 °C, culminating in a 
12.8% increase at -60 °C. No such trend is apparent for A706, as the average values are 
less than the 20 °C values for some temperatures, and greater for others. The average 
of the yield strength ratios for A615 are either within or very close to the range of ratios 
of the published relationships. Only the -60 °C is outside these bounds, and this is very 
close. It is difficult to see a trend in the A706 data. The average ratio for -40 °C is near 
the upper boundary of the region defined by the published ratios, whereas -20 and -60 °C 
are noticeably below. Except for the -60 °C data, the 95% confidence range falls within 
the region defined by the published ratios. 

     The overall trends for the ultimate strength of A615 and A706 are the same as 
those for yield strength. The ultimate strength for A615 is 10.8% greater at -60 °C than 
at +20 °C. The average of the ultimate strength ratios for A615 falls within the region 
defined by the published values except for -60 °C. However, if the flat line between -25 
and -40 °C defined by Montejo et al were extended to -60 °C, the region defined by the 
published values would contain the A615 data for -60 °C. As with the yield strength ratios, 
the average ratios for A706 at -20 and -60 °C fall below the region defined by the 
published values. The 95% confidence range for -20 °C data falls within the published 
range, whereas the 95% confidence range for -60 °C does not. 

     The strain at fracture remains fairly constant with changing temperatures between 
+20 and -60 °C. While explicit equations for the strain at failure have not been published 
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by other researchers, the effect of temperature on ductility for carbon steels at quasi-
static is typically either a slight decrease with temperature or no effect. 

     The A955 and A1035 alloys display increasing ultimate strain at failure as 
temperature decreases from 20 °C to -60 °C. The other two alloys did not exhibit a 
discernable change in strain to failure. Previous research suggested either a slight 
decrease or no change in ductility as temperatures decrease. However, these studies 
were focused on carbon or low alloy steels that are more similar to A615 or A706 than 
A955 and A1035 alloys. 

     The ratios of yield strength for both A955 and A1035 tend to be outside the range 
of the published relationships. Average values for temperatures from 0 to -60 °C are 
above the range of published relationships for A955, with the yield strength being 15.4% 
greater at 60 °C compared to +20 °C. The 95% confidence for A955 at -40 °C is entirely 
outside the range of published relations, and the 95% confidence for -60 °C would just 
barely be in the range if the Montejo, et al. relation were extended to -60 °C. Average 
values for A1035 are below the range of published relations for -20, -40 and -60 °C. The 
95% confidence range for -40 °C is completely out of the published range. These data 
suggest there is effectively no change in yield strength for temperatures ranging from 
+20 to -60 °C for A1035. 

 

 

Fig. 15. Yield strength ratio to +20 °C 
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Fig. 16. Ultimate strength ratio to +20 °C 
 

 
 

 

Fig. 17. Strain at failure ratio to +20 °C 
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      Similar trends are exhibited by A955 and A1035 for ultimate strength ratios as 
yield strength ratios. The A955 average ultimate strength ratios are greater than the 
published relationships for -40 and -60 °C. The ultimate strength of A955 is 14% greater 
at -60 °C than at +20 °C. The 95% confidence intervals at both -40 and -60 °C are slightly 
outside the range of published relations. As with the yield strength, there is effectively no 
change in the ultimate strength of A1035 for temperatures ranging from +20 to -60 °C. 

     Both A955 and A1035 exhibited an increase in strain at failure as temperatures 
decreased from +20 to -60. Strain at failure for A955 was relatively constant from +20 to 
-20 °C, and then increased steadily as temperature decreased to -60 °C. The strain at 
failure for A955 was 16.5% greater at -60 °C compared to strain at failure for +20 °C. The 
strain at failure for A1035 exhibited a steady increase as temperature decreased from 
+20 to -60 °C. The strain at failure for A1035 was 13.2% greater at -60 °C compared to 
strain at failure for +20 °C. Previous research on reinforcement steels suggested either 
a slight decrease or no change in ductility as temperatures decrease. However, these 
studies were focused on carbon or low alloy steels that did not have the chromium 
content that A955 and A1035 alloys have. 

3. CONCLUSIONS 
 
     The effects of temperatures ranging from +20 to -60 °C on the yield strength, 
ultimate strength and strain at fracture of four types of steels used as concrete 
reinforcement were evaluated. Two of the steels considered, carbon steel A615 and low 
alloy steel A706, are commonly used in the U.S. Two of the materials, stainless steel 
A955 and low alloy chromium steel A1035 have a significant chromium content. While 
less commonly used than A615 and A706, their corrosion resistance can be useful under 
certain design conditions. 
     Previous research on the effect of cold temperatures on the mechanical properties 
of rebar have focused on A615 and A706, or similar carbon-based steels. Relationships 
for the effect of temperature on yield strength proposed increases in both yield strength 
and ultimate strength ranging between 5 to 11% greater at -40 or -60 °C compared to 
those values at 20 °C, with either no change or a decrease in ductility as temperature 
decreases from +20 to -60°C. The trends observed in this study for A615 and A706 
verified these previously published relationships for these steels. 
     However, results for the two corrosion resistant steels, A955 and A1035 were 
slightly outside the ranges of the previously published relationships. Cold temperatures 
have a slightly greater effect on both yield and ultimate strengths for A955 than the 
previously published relationships, with increases at -60 °C of 15.4% and 14.0% for yield 
and ultimate strength, respectively, compared to those values at +20 °C. Temperatures 
ranging from +20 to -60°C° had effectively no effect on yield and ultimate strengths of 
A1035. The strain to failure for both of these materials increased as temperatures 
decreased from +20 to -60 °C. 
     The implications of temperature effects on reinforcement steel behavior for the 
design of reinforced concrete structures in cold regions are complex, and will require 
additional study. Both the strength and stiffness of concrete will be affected by 
temperature as well. These changes can interact to affect the failure mechanism for a 
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structural component, cause additional loads to be transferred through stiffer 
components, and change the load capacity of connections in the structure. In light of 
these potential effects, it is not clear that it is possible to make a conservative assumption 
regarding material properties. Instead, a bounding approach should be considered. The 
results presented in this paper will assist in these analyses. 
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