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ABSTRACT 

Temperature and strain rate are important factors when considering the mechanical 

properties of materials, as they can greatly influence the material behaviour. This thesis 

presents an experimental investigation used to determine the effects of low temperatures 

and high strain rates on the compressive behaviour of concrete. Experimental stress-strain 

curves of concrete exposed to these conditions together and independently were produced 

and predictive mechanical property equations for engineers to use in structural design are 

presented. Concrete specimens were loaded either under typical static conditions or 

dynamic conditions by a drop mass impactor that produced average strain rates of 1 s-1 

while being exposed to various temperature groups from 20 °C to −70 °C. It was found 

that the compressive strength and modulus of elasticity of concrete increased due to the 

combined temperature and dynamic loading conditions, while the peak strain decreased 

due to dynamic loads and was unaffected by temperature changes.  
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1.0. INTRODUCTION 
 

1.1. Overview 

Concrete is one of the most used construction materials in the world (Kogbara et al. 2013), 

yet there is still some uncertainty with how the material responds in certain situations. 

The static compressive behaviour of concrete has been studied extensively in the past, 

however more complicated loading scenarios have not been fully explored.  

Temperature dependent mechanical properties have been studied for concrete over the 

years, primarily focusing on elevated temperatures for fire resistance (Ma et al. 2015). 

However, there has been research conducted on the effects of low temperature on the 

compressive behaviour of concrete, including cryogenic temperatures (Kogbara et al. 

2013, Krstulovic-Opara 2007). It has been found that the compressive strength and 

modulus of elasticity increase as temperatures decrease (Lee et al. 1988). There remain 

inconsistencies with the resulting effects of low temperatures on the peak strain of 

concrete (Krstulovic-Opara 2007). Regardless of the previous research conducted, there 

remains very few detailed experimental stress-strain curves that have been produced for 

the compressive behaviour of concrete exposed to low temperatures.  

In addition to temperature effects, the effects of load rate also greatly influence the 

mechanical properties of concrete in axial compression. Experimental tests have been 

conducted in previous research that show an increase in the modulus of elasticity and the 

compressive strength of concrete as strain rates increase (Bischoff and Perry 1991). Like 

low temperature scenarios, inconsistencies remain with the resulting effects of the 

increased load rates on the peak strain of concrete (Fu et al. 1991).  
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To date, few experimental programs have focused on the combined effects of both low 

temperatures and high strain rates (Filiatrault and Holleran 2001, Qiao et al. 2016). This 

statement is even more applicable for specific temperatures of 20 to −70 °C with strain 

rate magnitudes near 1 s-1. This temperature range and magnitude of strain rate are 

applicable to structures in the cold Canadian climate and liquid gas storage facilities that 

experience low velocity impacts. Due to the lack of research in this specific loading 

scenario for concrete, there remains uncertainty with how the material properties are 

affected by the effects of low temperatures and high strain rates in concert. Determining 

the in-situ properties of structures in low temperature environments that experience 

dynamic loads would produce design factors that incorporate the combined effects of 

temperature and dynamic loads. These factors would help produce more efficient and 

economical designs for structural engineers in the future.  

1.2. Objectives 

The overall objective of the research work conducted is to improve upon the current 

knowledge base and to determine the effects on the mechanical properties of concrete 

caused by low exposure temperatures and high strain rates. A more detailed list of 

objectives is as follows: 

• To determine the influence of low temperatures, dynamic strain rates and the 

combined effects on the compressive strength, modulus of elasticity and peak 

strain of concrete and present the associated experimentally driven predictive 

equations.  

• To develop detailed experimental stress-strain curves for concrete exposed to low 

temperatures, dynamic strain rates and the combined effects. 
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• To compare the experimental findings of this research to past research. 

1.3. Scope of Research 

The scope of this research program contains experimental and analytical work on the 

combined effects of dynamic loads and low temperatures on the compressive behaviour 

of concrete. The research consisted of the following procedures: 

• Conducting an extensive literature review on previous experimental research 

studies that focus on the effects of low temperature, high strain rate and the 

combined effects on the compressive behaviour of concrete. 

• Designing and producing two concrete mixes for concrete cylinder specimens. 

• Conducting static and dynamic tests on concrete specimens to obtain data on the 

effects of low temperature, dynamic loads and the combined effects on the 

compressive behaviour of concrete.  

• Analyzing the data obtained through experimental testing and comparing the 

results to past researchers.  

• Presenting the results found in the experimental study and the predictive equations 

produced. 

• Reporting the work conducted to journals to further the knowledge in the field of 

study. 

The experimental work was limited to conducting uniaxial compression tests on concrete. 

The low temperature work conducted was limited to temperatures from 20 °C to −70 °C. 

The low temperature tests and the associated results reflected a single freezing process; 

thus the effects of freeze-thaw cycles were not considered. The relative changes in 
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material properties at low temperature applied only at the temperature which the 

specimens were exposed to, as the specimens were not returned to ambient temperatures 

to determine the effects after the freezing process occurred. The high strain rate work 

conducted was limited to strain rates around 1 s-1. The study did not focus on the 

composition of the concrete mixes, only the compressive strength and the water content. 

Only concrete with compressive strengths of approximately 30 and 50 MPa were tested 

in this research program. The relationships found may not apply to concrete with a higher 

or lower compressive strength than those conducted.  

1.4. Thesis Structure  

The structure of this thesis focuses on the presentation of two written journal articles, 

along with introductory, literature review and conclusion sections. 

Chapter 1 focuses on introducing the topics of the thesis through a problem statement, an 

initial literature review and the scope of the research project. Additionally, it provides 

information on the thesis structure and the contributions of the candidate to the work in 

the thesis.  

Chapter 2 is an extensive review of the literature on both the effects of low temperature 

and high strain rates to the compressive behaviour of concrete independently. The little 

research to date that contains both elements is included as well. Additionally, the chapter 

highlights the applications, significance and need for the research. 

The journal article presented in Chapter 3, Compressive Stress-Strain Response of 

Concrete Exposed to Low Temperatures, was submitted to the ASCE Journal of Cold 

Region Engineering and is currently under review. The article presents the experimental 
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results of static axial compression tests on concrete specimens exposed to low 

temperatures (20 °C to −70 °C). The article presents rare experimental stress-strain curves 

for statically loaded concrete specimens in axial compression exposed to low 

temperatures. These detailed experimental stress-strain curves provide a basis for 

determining the influence of the combined effects of low temperature and high strain rate 

on the compressive behaviour of concrete.  

The journal article presented in Chapter 4, High Strain Rate and Low Temperature Effects 

on the Compressive Behaviour of Concrete, is to be submitted to the International Journal 

of Impact Engineering. The article presents the experimental results of dynamic axial 

compression test conducted on concrete specimens that were exposed to low temperatures 

(20 °C to −70 °C). The article presents rare experimental stress-strain curves for 

dynamically loaded concrete exposed to low temperatures using an average dynamic 

strain rate of 1.2 s-1. The analysis performed resulted in being able to determine the effects 

of both low temperature and high strain rate on concrete independently, as well as the 

combined effects.  

Chapter 5 is a section that relates the findings from the papers presented in Chapter 3 and 

4. The findings from Chapter 3 and 4 are summarized, conclusions are made, and the 

experimental findings are compared to applicable literature. Additional recommendations 

for future research are presented. 

1.5. Contribution of the Candidate 

The two articles written as parts of this thesis were co-authored by Dr. Alan Lloyd. Dr. 

Alan Lloyd was consulted with regards to the scope of the experimental program, 

reviewed all manuscripts and proposals before submission and provided guidance 



6 
 

throughout the project’s duration. The candidate finalized the scope, developed the data 

acquisition model, constructed all specimens, conducted all experimental testing, 

analyzed the resulting data and prepared the manuscripts.  

1.6. References 

Bischoff, P. H. and Perry, S. H. (1991). “Compressive behavior of concrete at high 

strain rates.” Materials and Structures, 24, 425-450. 

Filiatrault, A. and Holleran, M. (2001). “Stress-strain behaviour of reinforcing steel and 

concrete under seismic strain rates and low temperatures.” Materials and 

Structures, 34(4), 235-239.  

Fu, H. C., Erki, M. A., and Seckin, M. (1991). “Review of effects of loading rate on 

concrete in compression.” Journal of Structural Engineering, 117(12), 3645-

3659. 

Kogbara, R. B., Iyengar, S. R., Grasley, Z. C., Masad, E. A., and Zollinger, D. G. 

(2013). "A review of concrete properties at cryogenic temperatures: towards 

direct LNG containment." Construction and Building Materials, 47, 760-770.   

Krstulovic-Opara, N. (2007). "Liquefied natural gas storage: material behavior of 

concrete at cryogenic temperatures." Materials Journal, 104(3), 297-306.   

Lee, G. C., Shih, T. S., and Chang, K. C. (1988). "Mechanical properties of concrete at 

low temperature." Journal of Cold Regions Engineering, 2(1), 13-24.  

Ma, Q., Guo, R., Zhao, Z., Lin, Z., and He, K. (2015). "Mechanical properties of 

concrete at high temperature - a review." Construction and Building 

Materials, 93, 371-383. 
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Qiao, Y., Wang, H., Cai, L., Zhang, W., and Yang, B. (2016). “Influence of low 

temperature on dynamic behaviour of concrete.” Construction 

and Building Materials, 115, 214-220.  
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2.0. LITERATURE REVIEW 

Chapter 2 is an extensive review of the literature on both the effects of low temperature 

and high strain rates to the compressive behaviour of concrete independently. Work by 

past researchers that focuses on both factors in concert are included. The primary focus 

of the review is on experimental research programs. Additionally, this chapter provides 

information on the applications, significance and need for the research. 

2.1. Low Temperatures 

Temperature is an important environmental variable to monitor while examining the 

mechanical properties of concrete. Research has been performed in the past to look at the 

effects of temperature on the material properties of concrete. The primary focus of 

existing research has been on the effects of extremely high temperatures to predict 

material behaviour for fire resistance (Lawson et al. 2000, Ma et al. 2015, Phan et al. 

2001). However, there has been some research conducted for low temperature effects, 

including cryogenic temperatures (Dahmani et al. 2007, Kogbara et al. 2013, Krstulovic-

Opara 2007, Van der Veen 1987, Xie et al. 2014, Yan and Xie 2017). The following 

sections will examine the effects of low temperature on the key material properties of 

concrete of the compressive strength, modulus of elasticity, peak strain and general stress-

strain behaviours.  

2.1.1. Compressive Strength 

The strength of a material is often one of the most studied mechanical properties. The 

compressive strength of a material is the maximum stress resisted due to an axial 

compressive load on a cross-section of the material. Experimental research has found that 

the compressive strength of concrete (𝑓"$) increases as temperatures decrease (Lee et al. 
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1988, Sehnal et al. 1983, Yamane et al. 1978, Xie et al. 2014, Yan and Xie 2017 and 

Shoukry et al. 2009). It is widely accepted that the compressive strength of concrete 

increases due to low temperature effects, however the magnitude of increase varies 

significantly between models and experimental programs (Krstulovic-Opara 2007). 

Evidence of this variance is shown between the experimental results from Lee et al. (1988) 

and Yan and Xie (2017) in Figure 2.1 and Figure 2.2 respectively, where the relative 

increase in compressive strength observed at −80 °C is roughly 3 to 4 times higher for 

Lee et al. (1988). The relative increase in the compressive strength of concrete has been 

termed the temperature increase factor (TIF) herein. The relative increase in the 

compressive strength can surpass 200% of the original room temperature compressive 

strength as temperatures decrease (Lee et al. 1988).  



10 
 

 

Figure 2.1: Compressive Strength vs. Temperature (Lee et al. 1988) 

 

Figure 2.2: Temperature Increase Factor vs. Temperature (Yan and Xie 2017) 



11 
 

Research has found that one of the largest contributing factors to the aforementioned 

increase in the compressive strength at low temperatures is the moisture content of 

specimens and the relative humidity (Rostasy et al 1979, Van der Veen 1987, Dahmani et 

al. 2007 and Kogbara et al. 2013). Moist or saturated concrete specimens tend to have a 

higher relative increase in compressive strength compared to air-dried samples due to the 

freezing of pore water in the hydrated cement paste (Dahmani et al. 2007). The main 

mechanism resulting in the relative increase is due to the ice in the capillary pores bearing 

load (Kogbara et al 2013). This is significant as it reduces the overall load being resisted 

solely by the porous concrete, allowing for higher applied loads to be resisted without 

failure. Various magnitudes of relative increase of the compressive strength due to 

increased moisture contents have been presented in past literature. Berner and Gerwick 

(1985) presented Figure 2.3 and Figure 2.4 that summarize the impact of moisture content 

on the compressive strength of lightweight and normal weight concrete respectively as 

temperatures decrease. Lightweight concrete is advantageous for low temperature 

concrete as it has good insulating properties (Dahmani et al. 2007). Even though it is 

apparent that the increase in moisture content has a significant effect on compressive 

strength for both normal and lightweight concrete, normal weight concrete obtains larger 

relative increases in compressive strength. 
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Figure 2.3: Moisture Content Influence on the Compressive Strength of Lightweight 
Concrete under Low Temperatures (Berner and Gerwick 1985) 

 

Figure 2.4: Moisture Content Influence on the Compressive Strength of Normal Weight 
Concrete under Low Temperatures 2 (Berner and Gerwick 1985) 

As having the water in the capillary pores freeze results in change in the mechanical 

properties of concrete, it is important to determine when the desired ice will form. Van 
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der Veen (1987) summarized that the freezing point of water in capillary pores is 

influenced by the pore size. When a saturated capillary pore radius is decreased, the 

surface forces between the pore wall and the water molecules increase. This results in a 

decrease in the freezing point of water. Figure 2.5 shows this decrease in freezing point 

caused by a reduced pore size. It appears based on Figure 2.5 that water in cylindrical 

pores of 3 nm in diameter freeze at approximately −50 °C (Van der Veen 1987). This 

variation is important to consider when attempting to predict the resulting mechanical 

properties of concrete exposed to low temperatures as ice formations may not begin 

immediately at 0 °C and could be significantly delayed. In addition to the pore radius 

influencing the freezing point of the water in the capillary pores, the relative humidity 

influences the freezing point (Van der Veen 1987). As the relative humidity of concrete 

decreases, the freezing point decreases, as shown in Figure 2.6. 

 

Figure 2.5: Freezing Point vs. Pore Radius (Van der Veen 1987) 
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Figure 2.6: Freezing Point vs. Relative Humidity (Van der Veen 1987) 

It should be noted that the increase in compressive strength due to low temperatures does 

not continue for all temperatures below 0 °C. It has been found that concrete exposed to 

cryogenic temperatures experiences different changes to the mechanical properties due to 

the change in the structure of ice in the concrete pores (Xie et al. 2014). Ice has three 

different structures, hexagonal (temperature range 0 to −115 °C), orthorhombic (−115 °C 

to −155 °C) and tetragonal (below −155 °C) (Xie et al. 2014). The changes in structure 

result in a decrease in compressive strength as temperatures decreased below −115 °C. 

This is shown experimentally by Xie et al. (2014) in Figure 2.7 as the peak stress of 

samples decreased once lowered past the temperature to change the structure of ice.   



15 
 

 

Figure 2.7: Peak Stress vs. Temperature (Xie et al. 2014) 

Van der Veen (1987) presented an equation in Figure 2.8 that predicts the increase in 

compressive strength observed as temperatures decrease as a function of moisture content. 

This equation was applicable to water/cementitious material ratios smaller than 0.6. The 

increases in compressive strength are shown for oven-dry, partially-dry and saturated 

concrete. Browne and Bamforth (1981) stated that a moisture content of 3% was common 

for air exposed concrete. Therefore, based on Figure 2.8, air exposed concrete exposed to 

−70 °C will experience an increase in compressive strength by 24 MPa.  
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Figure 2.8: Moisture Dependent Compressive Strength vs. Temperature (Van der Veen 
1987) 

Through the years, various models have been produced to determine the relative increase 

in compressive strength observed due to the exposure to low temperatures. Montejo et al. 

(2008) summarized models by Okada and Iguro (1979), Goto and Miura (1978) and 

Browne and Bamforth (1981) and compared them to experimental results. The models are 

presented in Equation 2.1, Equation 2.2 and Equation 2.3 respectively. 

 Fc’(T) = fc’(20 °C) + 5.3 − 0.84T − 0.0027T2         −10 °C > T > −100 °C (2.1) 

 fc’(T) = fc’(20 °C) − (2/15 + T/2700)wT           0 °C > T > −120 °C (2.2) 

 fc’(T) = fc’(20 °C) + Tw/12                            0 °C > T > −100 °C (2.3) 

 where: w = moisture content (%) 

            T = temperature (°C) 
 

It should be noted that the equations produced by Goto and Miura (1978) and Browne and 

Bamforth (1981) incorporated moisture content as a variable in determining the relative 
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increase in compressive strength due to low temperatures. The resulting curve from the 

model produced by Okada and Iguro (1979) is shown in Figure 2.4 presented by Berner 

and Gerwick (1985). The model by Okada and Iguro (1979) was only intended to be 

applicable to water saturated concrete. This is echoed by the experimental tests conducted 

by Montejo et al. (2008) as the equation by Okada and Iguro (1979) greatly overestimated 

the relative increase in compressive strength as temperatures decrease. Figure 2.9 shows 

a comparison of the relative increase in compressive strength as temperatures decrease 

using models produced by Montejo et al. (2008). The experimental data in Figure 2.9 was 

compared against the models using a moisture content of 3%, as Browne and Bamforth 

(1981) stated that a moisture content of 3% was common for air exposed concrete. The 

models from Equation 2.2 and 2.3 are found to produce realistic approximations for air-

dry concrete. 

 

Figure 2.9: TIF vs. Temperature Model Comparison (Montejo et al. 2008) 
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2.1.2. Modulus of Elasticity 

Similar to the compressive strength of concrete, the modulus of elasticity (𝐸") of concrete 

is affected by changes in temperature. Research has found that the modulus of elasticity 

of concrete increases as temperatures decrease, however significant variance has been 

found between the magnitude of the relative increase observed (Krstulovic-Opara 2007, 

Lee et al. 1988, Xie et al. 2014, Yan and Xie 2017). Even within the same experiment, 

significant variance in the relative increase in the modulus of elasticity is found, as shown 

by the scatter in data produced by Xie et al. (2014) in Figure 2.10. Dahmani et al. (2007) 

presented that the relative increase in the modulus of elasticity is not significantly different 

between saturated and air-dry concrete at cryogenic temperatures, as at −190 °C the 

relative increase observed was 1.75 and 1.65 respectively. This relative difference 

observed between the saturated and air-dry concrete is far less than that for the 

compressive strength.  

 

Figure 2.10: Modulus of Elasticity vs. Temperature (Xie et al. 2014) 
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Lee et al. (1988) performed experimental work that found that the modulus of elasticity 

increased linearly as temperatures decreased, resulting in an increase of 56% when 

concrete was exposed to −70 °C, as shown in Figure 2.11. This result reflected some of 

the work previously performed by Yamane et al. (1978). Xie et al. (2014) and Yan et Xie 

(2017) found that the modulus of elasticity of their concrete specimens increased as 

temperatures decreased, resulting in an increase of 46% and 15% respectively at −80 °C. 

Figure 2.12 shows the modulus of elasticity increase factors produced and the associated 

design equation produced by Yan and Xie (2017). Regardless of the magnitude of the 

relative increase in the modulus of elasticity as temperatures decrease, it was found to be 

less significant of an increase than the compressive strength under similar conditions 

(Montejo et al. 2008, Xie et al. 2014, Yan and Xie 2017 and Lee et al. 1988). Even though 

this relative increase is much less than the compressive strength, it remains very 

significant when considering the mechanical properties of concrete exposed to low 

temperatures.  



20 
 

 

Figure 2.11: Modulus of Elasticity vs. Temperature (Lee et al. 1988) 

 

Figure 2.12: Modulus of Elasticity Increase Factor vs. Temperature (Yan and Xie 2017) 
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2.1.3. Peak Strain 

The peak strain of concrete (e0) is a very important mechanical property of concrete as it 

is the strain that corresponds with the maximum stress on the concrete stress-strain curve. 

Out of the three key mechanical properties on concrete discussed, compressive strength, 

modulus of elasticity and peak strain, the peak strain has the most uncertainty in literature 

regarding the influence of low temperatures. Krstulovic-Opara (2007) summarized that 

the peak strain of plain concrete increases with decreasing temperatures until −70 °C, 

where the peak strain began to decrease, but never becoming less than the original peak 

strain observed at room temperature. On the contrary, Xie et al. (2014) and Yan and Xie 

(2017) found that all their specimen groups had lower average peak strain values 

compared to room temperature when temperatures were lowered. Figure 2.13 produced 

by Xie et al. (2014) shows the peak strain measured as temperatures decrease and the 

resulting linear relationship. The relative change in the peak strain as temperatures change 

is known as the temperature peak strain ratio (TPSR).  Figure 2.14 produced by Yan and 

Xie (2017) shows the relative decrease in peak strain as temperatures decrease and their 

associated design equation. Based on the design equation, it approximates that the relative 

decrease in peak strain of concrete at −70 °C is 0.80. The conflicting research by 

Krstulovic-Opara (2007) and the experimental work produced by Xie et al. (2014) and 

Yan and Xie (2017) results in uncertainty with how the peak strain of concrete is affected 

by low temperatures. 
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Figure 2.13: Peak Strain vs. Temperature (Xie et al. 2014) 

 
Figure 2.14: TPSR vs. Temperature (Yan and Xie 2017) 
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2.1.4. Stress-Strain Behaviour 

The individual response of the key mechanical properties of concrete (compressive 

strength, modulus of elasticity and the peak strain) to low temperatures greatly influences 

the stress-strain behaviour of concrete. Yan and Xie (2017) produced temperature 

dependent experimental stress-strain curves for temperatures from 20 °C to −160 °C in 

Figure 2.15. It can be observed that generally the low temperature specimen failures are 

more brittle and more linear than the room temperature specimens. In summary of the 

previous sections, the stress-strain curves in Figure 2.15 show an increase in compressive 

strength and modulus of elasticity. Controversially, an overall decrease in the peak strain 

as temperatures decreased is also apparent in Figure 2.15. 

 

Figure 2.15: Temperature Dependent Stress-Strain Curves (Yan and Xie 2017) 
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However, Van der Veen (1987) presented Figure 2.16 that disputes the experimental peak 

strain values by Yan and Xie (2017). Figure 2.16 shows stress-strain curves of concrete 

exposed to various temperature ranges from 20 °C to −170 °C. The compressive strength 

and modulus of elasticity are shown to increase as temperatures decrease. However, the 

peak strain is shown to mirror the details summarized by Krstulovic-Opara (2007), where 

the peak strain increases as temperatures decrease until −70 °C, then decreases but never 

becomes less than the original room temperature peak strain. The conflicting results of 

the stress-strain behaviour due to the uncertainty of the influence of low temperatures on 

the peak strain leaves room for additional research to be conducted to provide a deeper 

understanding on the topic going forward.  

 

Figure 2.16: Saturated Low Temperature Stress-Strain Curves (Van der Veen 1987) 
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In addition to the stress-strain curves presented by Yan and Xie (2017) and Van der Veen 

(1987), Dahmani et al. (2007) presented Figure 2.17, which shows the influence of 

moisture content on the stress-strain response of concrete exposed to cryogenic 

temperatures. It can be noted that the saturated concrete had a lower peak strain and 

ultimate strain relative to the 20 °C with 65% relative humidity for both the room 

temperature tests (20 °C) and the cryogenic tests (−170 °C). In addition to the changes in 

strain, the modulus of elasticity and compressive strength are larger in the saturated 

concrete at both temperature levels. Lastly, it can be noted in Figure 2.17 that the saturated 

concrete experiences more elastic behaviour than the 65% relative humidity specimens. 

 

Figure 2.17: Cryogenic Stress-Strain Curves (Dahmani et al. 2007) 

------ Saturated concrete 

- - - - 20 °C 65% relative 
          humidity 
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2.2. High Strain Rate 

The rate in which an engineering material is loaded results in changes in mechanical 

properties. Strain rates are described as the relative deformation of a material over a 

period. Strain rates near 10-5 s-1 are known as static strain rates and the results are often 

taken as the baseline mechanical properties for a material. Dynamic strain rates can be 

considered as those that are higher (faster) than static strain rates, with such loads 

produced by earthquakes, impacts and blast loadings. The magnitude of strain rates 

corresponding to the previously described loads are presented in Figure 2.18 with a 

logarithmic axis for strain rate.  

 

Figure 2.18: Magnitude of Strain Rates (Bischoff and Perry 1991) 

 

2.2.1. Compressive Strength 

Like the effects of low temperature on the compressive strength of concrete, the effects 

of dynamic loads also result in an increased compressive response in concrete (Malvar 

and Crawford 1998, Hughes and Watson 1978, Bischoff and Perry 1991, Bischoff and 

Perry 1995, Fu et al. 1991). The magnitude of increase in the compressive strength caused 

by the application of dynamic loads has been linked to moisture content and strain rate 

(Ross et al. 1996, Fu et al. 1991). Fu et al. (1991) summarized that moisture content 

influences the high strain effects on the compressive strength of concrete more than 

concrete age and curing conditions. It has been found that concrete specimens loaded 
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dynamically that are wet experience more significant increases in compressive strength 

than dry specimens (Fu et al. 1991).  

The increase in the compressive strength found for the dynamically loaded specimens 

relative to the statically loaded specimens is known as the Dynamic Increase Factor (DIF). 

The experimental testing produced by Guo et al. (2017) found that the static compressive 

strength of specimens influenced the DIF. It was shown that as the static compressive 

strength increased, the strain rate sensitivity decreased, resulting in smaller magnitudes of 

DIF. Bischoff and Perry (1991) summarized that the results of the studies they reviewed 

produced inconclusive evidence on strain rate sensitivity depending on concrete quality. 

Regardless, it has been concluded that the static compressive strength of concrete 

influences strain rate sensitivity and the Comité Euro-International du Béton (CEB) 

produced appropriate recommendations (CEB 1993). The CEB-FIP Model Code 1990 

presented equations for the relative increase in compressive and tensile strength due to 

dynamic loads (CEB 1993). Equation 2.4 shows the CEB-FIP Model Code 1990 equation 

for the DIF of the compressive strength of concrete. 
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The CEB-FIP model produces a bilinear relationship when both DIF and strain rate (𝜀)̇ 

are plotted logarithmically (Malvar and Crawford 1998, CEB 1993). The change in slope 

in the bilinear equation occurs around 30 s-1, known as the transition region. The CEB-

FIP Model is shown to fit the experimental data summarized by Bischoff and Perry (1991) 

in Figure 2.19. The International Federation for Structural Concrete (FIB) produced the 

FIB Model Code 2010, which simplified the DIF for the compressive strength of concrete 

from Equation 2.4., shown in Equation 2.5 (FIB 2012). It should be noted that the 

formation of the Equation 2.4 and 2.5 are largely similar. The strain that dictates the 

transition region (𝜀		̇ = 30 s-1) for the bilinear response remains the same.  
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where:         𝑓",HIJ,K  = dynamic compressive strength at 𝜀̇ 

                𝑓"I  = static compressive strength at 𝜀'̇ 
𝑓",HIJ,K / 𝑓"I  = Dynamic Increase Factor 

𝜀"̇) = strain rate in the range of 30 x 10-6 to 300 s-1 

𝜀"̇ = 30 x 10-6 s-1 (Static strain rate) 
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Figure 2.19: DIF vs. Strain Rate (Bischoff and Perry 1991) 

As shown in Figure 2.19, the magnitude of relative increase in the compressive strength 

varies greatly and is dictated by the static compressive strength and strain rate. It has been 

found that the DIF of concrete in compression can exceed 2, which is much less than the 

DIF of concrete in tension, which has been found to exceed 6 (Malvar and Crawford 

1998). 

2.2.2. Modulus of Elasticity 

It has been found that the modulus of elasticity of concrete increases due to the application 

of dynamic strain rates (Bischoff and Perry 1991, Bischoff and Perry 1995, Fu et al. 1991). 

There remain inconsistencies with the relative increase observed for the initial tangent 

modulus, however the secant modulus nearly always increases with the application of 
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dynamic strain rates (Bischoff and Perry 1991, Bischoff and Perry 1995). It has been 

found that relative increase in the modulus of elasticity of concrete due to dynamic strain 

rates is less significant than the corresponding increase in the compressive strength 

(Bischoff and Perry 1991, Fu et al. 1991). Research is inconsistent with the influence of 

the static compressive strength of concrete on the relative increase observed in the 

modulus of elasticity. Fu et al. (1991) summarized that past research programs have 

shown varying results, where larger relative increases are present for the modulus of 

elasticity due to dynamic strain rates for lower quality concrete or that no definite 

relationship was observed for different static compressive strengths. Bischoff and Perry 

(1991) presented Figure 2.20, where the relative increase in the modulus of elasticity as 

the applied strain rates are increased is evident. 

 

Figure 2.20: Dynamic Stress-Strain Curves (Bischoff and Perry 1991) 
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2.2.3. Peak Strain 

The last key mechanical property observed in stress-strain curves is the peak strain. It has 

been found that the effects of dynamic strain rates on the peak strain of concrete are 

inconclusive due to numerous studies (Fu et al. 1991, Bischoff and Perry 1991). Fu et al 

(1991) and Bischoff and Perry (1991) summarized that studies have found that dynamic 

strain rates increase, decrease or do not significantly affect the peak strain of concrete. 

Bischoff and Perry (1995) conducted their own experimental tests, which found increases 

in the axial strain of concrete exposed to dynamic strains by 14% to 36%. Bischoff and 

Perry (1991) summarized the work from 14 experimental programs and 1 empirical 

formula in Figure 2.21, which demonstrates the variability of results in previous 

experimental programs.  

 

Figure 2.21: Peak Strain vs. Strain Rate (Bischoff and Perry 1991) 
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2.2.4. Stress-Strain Behaviour 

The individual response of the key mechanical properties of concrete (compressive 

strength, modulus of elasticity and the peak strain) to dynamic strain rates greatly 

influences the stress-strain behaviour of concrete. Bischoff and Perry (1995) and Guo et 

al. (2017) show the comparison of dynamic and static stress-strain curves of concrete in 

Figure 2.22 and Figure 2.23. The experimental stress-strain curves show an increase in 

the modulus of elasticity, compressive strength and peak strain for the dynamic tests 

relative to the static tests.  

 

Figure 2.22: Dynamic Stress vs. Strain Curves (Bischoff and Perry 1995) 
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Figure 2.23: Dynamic Stress-Strain Curves (Guo et al. 2017) 

 

2.3. Combined Effects 

Even though rather extensive research has been conducted for both concrete exposed to 

low temperatures and concrete loaded with high strain rates, there remains little research 

conducted that combines both factors. Filiatrault and Holleran (2001) and Qiao et al. 

(2016) found that the compressive strength increases with the combined effects of 

decreasing temperature and increasing strain rate. Filiatrault and Holleran (2001) 

produced a best-fit linear regression in the semi-logarithmic plane to model the combined 

effects of low temperature and high strain rate on the compressive strength, shown in 

Figure 2.24. Meanwhile, Qiao et al. (2016) produced linear regression curves in Figure 

2.25 that show the linear increase in the compressive strength of concrete exposed to 

dynamic strain rates at various temperatures. 
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Figure 2.24: Stress vs. Strain with Low Temperatures (Filiatrault and Holleran 2001) 

 

Figure 2.25: Dynamic Strength vs. Strain with Low Temperatures (Qiao et al. 2016) 
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Additionally, Qiao et al. (2016) found that the combined effects resulted in increases of 

the compressive strength in three distinct phases with respect to temperature: mild 

regression, linear growth and strength recovery, shown in Figure 2.26.  

 

Figure 2.26: DIF vs. Temperature with High Strain Rates (Qiao et al. 2016) 

The magnitude of influence of the combined effects varied significantly between 

Filiatrault and Holleran (2001) and Qiao et al. (2016). The most extreme test condition 

(highest strain rate and lowest temperature) of Filiatrault and Holleran (2001) was 0.1 s-1 

at -40 °C. This resulted in increases of roughly 90% for the compressive strength and 

modulus of elasticity relative to the room temperature specimens loaded statically. 

Meanwhile, the most extreme test condition of Qiao et al. (2016) was 63.2 s-1 at −75 °C 

resulted in an increase of compressive strength of 65% relative to dynamically loaded 

specimens at room temperature. Surprisingly, the relative increase from Qiao et al. (2016) 

was less significant even though the strain rate and temperature were more extreme. 

However, it is difficult to quantifiably compare the results between the two experimental 
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programs as the strains used by Qiao et al. (2016) were above the transition region (CEB 

1993, Malvar and Crawford 1998). Additionally, the static compressive strength of the 

specimens of Qiao et al. (2016) was not provided. Regardless, it is apparent that the 

compressive strength of concrete increases due to the combined effects.  

In addition to the compressive strength, Filiatrault and Holleran (2001) observed the 

combined effects on the modulus of elasticity and peak strain. Filiatrault and Holleran 

(2001) found that the modulus of elasticity increases linearly in a semi-logarithmic plot 

as strain rates increase while exposed to low temperatures. It should be noted that the 

difference between the magnitude of increase of the modulus of elasticity and the 

compressive strength was much more similar than the previously presented scenario of 

only temperature effects. The results for the modulus of elasticity of Filiatrault and 

Holleran (2001) are presented in Figure 2.27. Filiatrault and Holleran (2001) observed 

that the combined effects did not significantly affect the peak strain of concrete. 
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Figure 2.27: MOE vs. Strain with Temperature (Filiatrault and Holleran 2001) 

2.4. Need for Research 

Upon reviewing the pertinent literature for the compressive behaviour of concrete exposed 

to low temperatures and to high strain rates, it is evident that there is a void in the current 

literature. There is not much research that presents the combined effects of low 

temperatures from 20 to −70 °C on concrete that is loaded dynamically with strain rates 

around 1 s-1. This loading scenario is important as it relates to low velocity impacts or 

similar magnitude strain rates on concrete structures exposed to low temperatures, such 

as industrial storage facilities and cold climates, where temperatures can reach −50 °C 

(Dahmani et al. 2008, Kogbara et al. 2013, National Research Council of Canada 2015). 

The generation of detailed experimental stress-strain curves and design equations for the 

relative changes in the mechanical properties of concrete due to the combined effects 

would be an asset for future research work and engineering practice.  
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3.0. COMPRESSIVE STRESS-STRAIN RESPONSE OF CONCRETE 

EXPOSED TO LOW TEMPERATURES 

 

3.1. Abstract 

Temperature is an important factor when considering the mechanical properties of 

engineering materials, as they can change drastically as temperatures change. The 

research presented here is an experimental investigation to determine the changes of the 

compressive behaviour of concrete that occur due to low exposure temperatures. The 

primary purpose of the research is the development of detailed experimental stress-strain 

relationships exposed to low temperatures, which remains a largely unexplored topic. A 

total of twenty-seven 101.6 mm x 203.2 mm concrete cylinders were tested in uniaxial 

compression at the University of New Brunswick. The specimens were exposed to 

temperature ranges from 20 to −70 °C to simulate extreme climatic temperatures and those 

obtainable in industrial storage facilities. The compression strain of specimens was 

obtained by using 3D digital image correlation. The mechanical properties studied were 

the relative changes in compressive strength, modulus of elasticity and peak strain due to 

temperature variations. Predictive equations and relationships for these properties with 

respect to temperature are presented and compared to existing literature.  
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3.2. Introduction 

Concrete is one of the most used construction materials in the world (Kogbara et al. 2013), 

yet there is still some uncertainty with how the material responds in certain situations. 

Temperature is an environmental factor that greatly influences the mechanical properties 

of concrete as it changes. Concrete has been studied by past researchers to determine the 

effects that temperature has on concrete as an engineering material. The primary focus of 

past temperature related research has been for extremely high temperatures to predict 

material behaviour for fire resistance (Lawson et al. 2000, Ma et al. 2015, Phan et al. 

2001). However, there has been some research conducted for low temperature effects, 

including cryogenic temperatures (Kogbara et al. 2013, Krstulovic-Opara 2007). The 

motivation behind conducting the following experimental research program on concrete 

exposed to low temperatures is that the research area still has gaps and should be further 

investigated to be able to properly predict in-situ material properties. This research area 

is relevant as concrete is exposed to low temperatures in many situations such as concrete 

industrial storage facilities (Dahmani et al. 2007, Kogbara et al. 2013) and structures 

exposed to cold climate, where temperatures can be found to be less than −50 °C (National 

Research Council of Canada 2015). The significance of knowing how concrete performs 

within a low temperature range will allow for more economical designs that include site 

conditions, as opposed to referencing theoretical room temperature values that are 

unobtainable during a structure’s life cycle.  

This paper describes an experimental research program designed to investigate concrete 

exposed to low temperatures. A summary of the results from two concrete mixes tested 

under uniaxial compression while exposed to low temperatures is presented. Detailed 
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experimental stress-strain curves of concrete exposed to low temperatures produced by a 

new innovative method are presented, which are largely missing from past literature and 

are an invaluable tool to develop a better understand of the change in material properties 

that occur due to low temperatures. Predictive equations and relationships between the 

relative changes in the compressive strength, modulus of elasticity and peak strain are 

presented.  

3.3. Literature Review 

The mechanical properties of concrete have been tested for years. Concrete exposed to 

low temperatures has been studied largely for cryogenic purposes. Even still, there remain 

areas that still need to be explored to develop a complete understanding of the material 

under these conditions. A review of past literature is presented to show the effects of 

temperature on the compressive strength, modulus of elasticity and peak strain that have 

been found and the need for additional research is summarized. 

3.3.1. Compressive Strength 

Research has found that the compressive strength of plain concrete increases as exposure 

temperatures are decreased, however there has been large variations in the relative 

strength increase found through experimental programs (Krstulovic-Opara 2007, Lee et 

al. 1988, Xie et al. 2014, Yan and Xie 2017).  It has been found that the effects of low 

temperatures on the compressive strength of concrete is independent of mixture 

proportions, curing methods or age (Krstulovic-Opara 2007). 

Lee et al. (1988) tested concrete cylinders that had a water/cementitious material ratio 

(w/c) of 0.48 that were exposed to temperatures from 20 to −70 °C and found that the 

compressive strength increased linearly as temperatures decreased, resulting in a 101% 
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increase at −70 °C. Yamane et al. (1978) and Sehnal et al. (1983) performed tests that 

yielded similar results to Lee et al. (1988). Xie et al. (2014) conducted axial compression 

testing on plain prisms that were exposed to temperatures from 20 to −160 °C and found 

that strength increased linearly as temperatures decreased, resulting in a 26% increase at 

−80 °C. Yan and Xie (2017) added that their concrete prisms experienced a 26% increase 

in the compressive strength at −80 °C. 

Past researchers have developed design equations to predict some of the key material 

properties of concrete when exposed to low temperatures. Montejo et al. (2008) 

summarized the experimental design equations developed by Browne and Bamforth 

(1981), Goto and Miura (1979), and Okada and Iguro (1978) for the influence of 

temperature on the compressive strength of concrete. The predictive equations followed 

the aforementioned notion of a relative increase in compressive strength as temperatures 

decrease below freezing temperatures. However, once again there is large variance 

between the magnitudes of increase.  

It has been found that the largest contributing factors to the relative strength gain that 

occurs when concrete is exposed to low temperatures are the moisture content of 

specimens and the relative humidity (Rostasy et al. 1979, Van der Veen 1987). Van der 

Veen (1987) summarized various experimental programs that showed that as moisture 

content is increased, the larger strength increase that occurred as samples were exposed 

to low temperatures. Due to this apparent influence of moisture content, it was included 

in the predictive equations of the relative increase in compressive strength as temperatures 

decrease of Browne and Bamforth (1981) and Goto and Miura (1979). 
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3.3.2. Modulus of Elasticity 

Similar to the compressive strength of concrete exposed to low temperatures, the modulus 

of elasticity has also been found to increase linearly as temperatures decrease with large 

variance between the magnitudes of relative increase found through experimental research 

(Krstulovic-Opara 2007, Lee et al. 1988, Xie et al. 2014, Yan and Xie 2017). Lee et al. 

(1988) found that the modulus of elasticity increased linearly as temperatures decreased, 

resulting in an increase of 56% when concrete cylinders were exposed to −70 °C. This 

increase reflected what was found by Yamane et al. (1978) for tests with w/c of 0.7, 

however it was not the case when w/c was 0.5, as there was a decrease compared to room 

temperature. Xie et al. (2014) and Yan and Xie (2017) also found that the modulus of 

elasticity of their concrete prisms increased as temperatures decreased, resulting in an 

increase of 46% and 15% respectively when exposed to −80 °C. All Lee et al. (1988), 

Montejo et al. (2008), Xie et al. (2014), and Yan and Xie (2017) found that the relative 

increase in the modulus of elasticity while exposed to low temperatures was less 

significant of a relative increase than the compressive strength. Even though this relative 

increase is much less than the compressive strength, it remains very significant when 

considering the mechanical properties of concrete exposed to low temperatures.  

3.3.3. Peak Strain 

The peak strain of concrete (e0) is very important as it is the strain that corresponds with 

the maximum stress on the concrete stress-strain curve. Krstulovic-Opara (2007) 

summarized that the peak strain of plain concrete increases with decreasing temperatures 

until −70 °C, where the peak strain began to decrease, but never becoming less than the 

original peak strain at room temperature. However, Xie et al. (2014) and Yan and Xie 
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(2017) found that all their specimen groups had lower peak strain values as temperatures 

decreased. This uncertainty and inconsistency of results leaves room for more research to 

be conducted to provide more understanding on the topic going forward. 

3.3.4. Need for Research 

The experimental research program that was completed was necessary as there is a void 

in the current literature. At this time, there have been some experiments conducted to 

examine the effects of low temperature on the compressive strength, modulus of elasticity 

and peak strain of concrete. The void is apparent when looking for detailed stress-strain 

curves that show these properties at once. Most of the experiments conducted to date only 

show peak values and do not show the entire experimental stress-strain relationship. Xie 

et al. (2014) were one of the only experimental programs that produced stress-strain 

curves for plain concrete exposed to low temperatures. However, they were fitted curves 

based on existing models, not purely experimental data. Yan and Xie (2017) produced 

later research that showed a few typical experimental compressive stress-strain curves for 

normal weight concrete exposed to different low temperatures. The work of Yan and Xie 

began to fill the void of detailed stress strain curves of concrete exposed to low 

temperatures, however more research should be conducted to validate the results as some 

of their experimental findings conflict with work of other researchers. In addition, other 

relationships of the mechanical properties and low temperatures should be investigated in 

greater detail. 

3.4. Experimental Program 

The experimental program consisted of testing two different concrete mixes in uniaxial 

compression while exposed to varying low temperatures. Twenty-seven 101.6 mm x 203 
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mm (4” x 8”) concrete cylinders were tested under static conditions at the University of 

New Brunswick using a 1 million lbf capacity compression machine in Figure 3.1. Twelve 

of the specimens were from Group A, while the other fifteen were from Group B. Group 

A and Group B represent the two different mixes that had design target compressive 

strengths of 30 and 50 MPa respectively. All specimens were loaded axially with a 

continuous stress rate of 0.25 MPa/s in an environment with room temperature and low 

relative humidity. Three compression tests were performed at each temperature interval 

for both Group A and Group B samples to obtain an average material response. The testing 

temperatures that were used varied from 20 to −70 °C. The tests performed at 20 °C for 

Group A and B were considered as the control samples for the experimental program. 3D 

Digital Image Correlation (DIC) was used to measure strain of the compressive response 

of concrete. 

 

Figure 3.1: Axial Compression Machine 
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3.4.1. Specimen Preparation 

Two test mix designs were tailored for this experimental program. Group A and Group B 

were designed to have approximate compressive strengths of 30 and 50 MPa respectively. 

Both mix designs had water/cementitious materials ratios of 0.45. The large difference 

that caused the strength difference between the mixes was the increase in concentration 

of cementitious material used from 360 to 425 kg/m3. The maximum aggregate size for 

both mixes was 19 mm. The ratio of fine to total aggregate was 43% and 39% for Group 

A and Group B respectively. Table 3.1 and Table 3.2 show the mix proportions for Group 

A and B respectively.  

Table 3.1: Mix Design Proportions – Group A 

Material Mix Density (kg/m3) 
Portland cement 180 

Fly ash 180 
Water 162 

Coarse aggregate 1035 
Fine aggregate 781 

 

Table 3.2: Mix Design Proportions – Group B 

Material Mix Density (kg/m3) 
Portland cement 425 

Water 191 
Coarse aggregate 1045 
Fine aggregate 673 

 

Standard 101.6 mm x 203.2 mm concrete cylinder sleeves were used for both mixes. 

However, an alteration was implemented to facilitate monitoring the internal temperature 

of the specimens. Thermocouples were cast inside the cylinders to allow for accurate 

temperature monitoring. The thermocouples used were T-type, which accurately monitors 

temperature from −200 to 350 °C. The thermocouples had 0.81 mm gauge and were 
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insulated with high performance Neoflon PFA. The thermocouples had a high specified 

wire accuracy, resulting in a deviation of −0.33 °C at 100 °C.  

Two thermocouples were used for each specimen at mid height, one located at the centre 

of the specimen, while the other was located at half of the radius. This offset allowed for 

temperature gradients to be determined across the specimens. This was implemented 

primarily for the lower temperature tests that took a few minutes to complete, as the outer 

temperature of a specimen would increase much more rapidly due to room temperature 

exposure to the testing environment than the core temperature. To overcome this 

temperature difference across the cross-section of the specimen, the average of both 

thermocouples before and after the test were taken and used for analysis. The 

thermocouples were held in place during the casting of the mixes by being attached to a 

3.4 mm steel wire that was cut into 127 mm rods. This rod slid through two holes placed 

180 degrees apart located at mid height. One end of the rod was bent so the thermocouples 

would not move during the cast and remain in the desired locations. Due to the streel rod 

and thermocouples being so small relative to the size of the concrete specimen, it is 

anticipated they did not significantly affect the compressive behaviour of the concrete. 

Figure 3.2 shows the layout of the thermocouples in a typical cylinder sleeve.  
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Figure 3.2: Plan View of Thermocouple Layout 

After the casting of specimens with the embedded thermocouples, the concrete cylinders 

cured for one week in moist conditions created by saturated burlap and plastic tarps. Once 

the specimens were removed from their respective cylinder sleeves and air-cured for the 

rest of the first 28 days, both ends of each sample were ground by a concrete cylinder 

grinder so they would be flat and uniform. The specimens then remained exposed to room 

temperature for several months, resulting in air-dried concrete. Lastly, the static 

compressive tests were conducted in an environment at room temperature with low 

relative humidity.  

3.4.2. Exposure Temperatures 

The desired temperature groups were set at intervals between 20 and −70 °C to produce 

similar conditions to low climatic temperatures and temperatures within some industrial 

storage facilities. Group A specimens were exposed to the temperature groups of 20, −10, 

−40 and −70 °C, while Group B specimens were exposed to smaller individual variations 

at 20, 0, −15, −45, −70 °C. All specimens tested from 0 to −15 °C were placed in a 

temperature regulated freezer to cool until they reach the desired test temperature. The 
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specimens tested from −40 to −70 °C were outside the working range of the freezer, 

therefore a solid CO2 (dry ice) environmental chamber was created. The well-insulated 

chamber held the concrete specimens and submerged them in dry ice. Dry ice sublimes at 

−78.5 °C at 1 atmospheric pressure, which made it an ideal cooling material for the 

experiment. The exposed ends of the embedded thermocouples were oriented so they 

would protrude through a designated hole in the cover of the chamber. These exposed 

ends allowed for the internal temperature of the specimens to be monitored over time with 

a multimeter and allowed for the specimens to be removed when the desired test 

temperatures were attained. The cooling process for the specimens either submerged in 

dry ice or placed in a freezer took several hours to complete. The multimeter remained 

connected to the specimens throughout the test, which allowed for temperatures to be 

determined before and after each test. The −70 °C specimens experienced average 

increases in temperature due to room temperature of 3.5 and 6 °C throughout the tests for 

Group A and B respectively.  

3.4.3. Digital Image Correlation 

The vertical strain of the axial compression tests was obtained by a 3D DIC system. DIC 

is a non-contact optical technique that can be used to monitor strain or displacement that 

is more accurate than typical manual measurement methods (McCormick and Lord 2010, 

Chen et al. 2013). DIC works by using software to compare various digital photographs 

taken of a specimen over the duration of a test by tracking the movement of specific blocks 

of pixels over time (McCormick and Lord 2010). The DIC system that was used for this 

experimental program was a two camera system that allowed for 3D imaging. The two 

cameras work in unison to provide full-field 3D deformation and strain data (Chen et al. 
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2013). The cameras shown in Figure 3.3 recorded data at 5 frames/second and 2.5 

frames/second for Group A and B respectively. A higher sample rate was required for the 

group with the weaker compressive strength to allow for a similar number of data points 

to be gathered for both groups as these specimens broke more rapidly due to both mixes 

utilizing the same loading rate.  

 

Figure 3.3: 3D DIC System 

DIC systems work optimally when each of the individual pixel blocks being monitored 

are random and have a large range of contrast and intensity levels, which allows for easy 

point recognition (McCormick and Lord 2010). The randomness of patterns and extreme 

contrast levels required for optimal results were obtained by painting the surface of the 

test specimens with a matte white and then speckling the same surface with flat black 

spray paint. Matte colours are used to reduce the reflections seen in the photographs. An 

example of a speckled sample is shown in Figure 3.4. 
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Figure 3.4: Speckled Cylinder 

3.5. Experimental Results 

The experimental results focus on the change in material properties of concrete that occur 

due to static uniaxial compression loading and low exposure temperatures. The primary 

objective is to demonstrate the effects of temperature on the stress-strain response of two 

concrete mixes with differing compressive strengths. The physical material properties that 

were investigated were the compressive strength (𝑓"$), peak strain (e0), modulus of 

elasticity (𝐸") and the associated relationships involving changes of exposure 

temperature.  

3.5.1. Results – Group A 

Twelve concrete cylinders were loaded in uniaxial compression while exposed to four 

different temperature ranges. Stress-strain curves were developed for each specimen. 

Figure 3.5 shows a typical stress-strain curve of a Group A sample. The specific labels on 
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the plot correspond to the applied strain captured by the DIC system at each point shown 

in the adjacent images. Virtual extensometers were generated and placed vertically along 

the length of the speckled concrete surface in the software, which were used to extract the 

axial strain of the specimen. A minimum of three virtual extensometers were averaged to 

determine the average longitudinal strain for each photograph. Figure 3.6 shows the 

longitudinal strain at stress A and B of Figure 3.5 along the length of the specimen. The 

local strain concentrations shown in Figure 3.6 are due to the inhomogeneity of the 

concrete. The figure demonstrates that the boundary conditions do not have a significant 

influence on the longitudinal strain along the member, proving that the long extensometers 

are valid. The average longitudinal strain obtained at each time step was paired with the 

analog stress data that was obtained from the compression machine. This pairing allowed 

for the generation of full stress-strain curves for each test specimen. 

 

Figure 3.5: Group A – Sample Strain Images & Stress-Strain Plot (20 °C – S3A) 
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Figure 3.6: Vertical Strain along the Member Length 

The stress-strain curves for each specimen of Group A were placed in Figure 3.7. Each of 

the plots represent one of the temperature groups tested. The three specimens of each 

temperature group are included as a different dashed line. In addition to the experimental 

data, the average maximum compressive stress and peak strain of each temperature group 

was determined and used to produce theoretical stress-strain curves for concrete at each 

temperature group. Equation 3.1 was used to produce the model of Hognestad’s curve and 

is represented in Figure 3.7 as a solid line (Hognestad 1951).  
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Figure 3.7: Group A – Experimental Stress-Strain Curves 

 
The values of interest in each of the plots in Figure 3.7 are the maximum compressive 

strength, peak strain and the modulus of elasticity. All the plots in Figure 3.7 are shown 

with the same horizontal and vertical scale. This graphically demonstrates the increase in 

compressive stress observed as the exposure temperature decreased. Additionally, the 
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peak strain increased in comparison to the room temperature test group when temperatures 

decreased.  

The relative increases in material properties shown are expressed in terms of increase 

factors that can be expected due to varying temperature. Equation 3.2 shows the 

temperature increase factor (TIF), which represents the relative compressive strength 

increase that occurs due to varying temperatures. Equation 3.3 shows the calculation of 

the modulus of elasticity increase factor (MOE IF), which is the relative increase in the 

modulus of elasticity as temperature decreases relative to room temperature. Equation 3.4 

shows the calculation of the temperature peak strain ratio (TPSR), which is the change in 

peak strain that occurs as temperatures decreases relative to room temperature.  

 TIF = \D]
^

\D_`^
 (3.2) 

 MOE IF = a]
a_`

 (3.3) 

 TPSR = b`,]
b`,_`

 (3.4) 

In Equation 3.2, 𝑓"%$  is the average compressive strength of the desired temperature group 

and 𝑓"()$  is the average compressive strength of the 20 °C group. In Equation 3.3, ET is the 

average modulus of elasticity of the desired temperature group and E20 is the average 

modulus of elasticity of the 20 °C group. The modulus of elasticity was determined in 

each test by determining the linear slope on the stress-strain curves between the origin 

and the stress and strain associated with 0.4𝑓"$. In Equation 3.4, ε0,T is the average peak 

strain of the desired temperature group and ε0,20 is the average peak strain of the 20 °C 

group. The results from Equation 3.2, 3.3 and 3.4, as well as the peak values for stress, 
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strain and the average temperature from each test is shown in Table 3.3 and the average 

for each temperature group for all Group A tests are shown in Table 3.4.             

Table 3.3: Group A – Test Results 

Specimen f’c εo T E TIF MOE IF TPSR (MPa) (µε) (°C) (GPa) 
A: 20C – 1 28.2 2749 22.7 19.7 0.94 0.97 1.03 
A: 20C – 2 31.7 2763 22.5 18.3 1.06 0.90 1.04 
A: 20C – 3 30.0 2460 22.6 23.0 1.00 1.13 0.93 
A: -10C – 1 35.0 2847 −11.2 18.7 1.17 0.92 1.07 
A: -10C – 2 34.0 3090 −10.6 17.4 1.13 0.86 1.16 
A: -10C – 3 32.6 3130 −8.6 23.9 1.09 1.18 1.18 
A: -40C – 1 36.4 2870 −43.7 22.6 1.22 1.11 1.08 
A: -40C – 2 35.7 2909 −40.4 19.5 1.19 0.96 1.10 
A: -40C – 3 35.3 2900 −39.6 18.3 1.18 0.90 1.09 
A: -70C – 1 39.6 3400 −68.5 22.6 1.32 1.11 1.28 
A: -70C – 2 45.5 2607 −67.3 28.4 1.52 1.40 0.98 
A: -70C – 3 41.6 3001 −68.5 24.3 1.39 1.20 1.13 

 

Table 3.4: Group A – Average Compression Test Results Summary 

Average Group Property 20 °C −10 °C −40 °C −70 °C 
f’c (MPa) 30.0 33.8 35.8 42.2 

εo (µε) 2657 3022 2872 3002 
T (°C) 22.6 −10.1 −41.2 −68.1 

E (GPa) 20.3 20.0 20.2 25.1 
MOE IF 1 0.98 0.99 1.23 

TIF 1 1.13 1.20 1.41 
TPSR 1 1.14 1.03 1.13 

 

Table 3.4 shows that significant changes in material properties occurred as exposure 

temperatures decreased for Group A. The largest change in compressive strength and 

modulus of elasticity of Group A due to varying temperatures was an increase of 41% and 

23% respectively when exposure temperatures were lowered to −70 °C. The relative 

increase of the modulus of elasticity was not as drastic of an increase as the compressive 

strength; however, it is still quite significant in terms of material properties. It can be noted 
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that the modulus of elasticity values were lower than expected for 30 MPa concrete. Using 

Equation 3.5 to calculate the modulus of elasticity, it is expected that the value would be 

roughly 24 GPa, however the test results show roughly 20 GPa at room temperature, 

which is 83% of the expected result. 

𝐸" = 4500d𝑓"$ 
(3.5) 

It was expected that the low temperatures were to start to impact the concrete properties 

once freezing occurs. It should be noted that the experimental values, such as peak strain 

at −10 °C for Group A, experience unexpected variations between temperature groups. 

This greatly impacts the potential correlation between samples and is believed to be 

caused by the inhomogeneity of concrete.  

The important relationships found are that the TIF and MOE IF increase as temperatures 

decrease. It should be noted that the relative increase in the modulus of elasticity 

experienced much greater variations than the temperature increase factor, resulting in a 

lower R2 value. A t-test analysis was performed on Group A to determine the statistical 

significance of the change in TPSR at lower temperatures compared to the 20 °C scenario 

and it was found that with p < 0.05, the results were deemed significantly different with t 

= 2.230, which is larger than the critical value of 2.228. It should be noted that these t-test 

results are extremely close to being deemed statistically insignificant.  

3.5.2. Results – Group B 

Fifteen concrete cylinders from Group B were loaded in uniaxial compression while 

exposed to five different temperature groups. Stress-strain curves were developed for each 
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specimen. Figure 3.8 shows a typical stress-strain curve of a Group B sample. The figure 

has specific labels on the plot which correlate with the adjacent applied strain contours 

that were captured by the DIC system at each point. Similar to the Group A specimens, a 

minimum of three virtual extensometers were placed vertically along the specimen to 

determine the average applied longitudinal strain for each photograph during the test. The 

average longitudinal strain obtained at each time step was paired with the stress recorded 

by the compression machine and stress-strain curves were produced for each specimen. 

 

 

                 

 

 

 

Figure 3.8: Group B - Sample Strain Images & Stress-Strain Plot (20 °C – S3B) 

The stress-strain curves for each specimen of Group B were compiled in Figure 3.9. Each 

of the plots represent one of the temperature groups tested. The three specimens of each 

temperature group are included as a different dashed line. Similar to Group A, 

Hognestad’s curve was used to model the theoretical stress-strain curve (Hognestad 

1951). However, the parabolic section of the piecewise equation in Equation 3.1 was 

utilized for the entire strain distribution as not all specimens reached the 85% strength 

level post-peak before failure to properly determine post-peak properties.  
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Figure 3.9: Group B – Experimental Stress-Strain Curves 

The values of interest in each of the plots in Figure 3.9 are the maximum compressive 

strength, peak strain and the modulus of elasticity. Both the horizontal and vertical scales 
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are the same throughout the plots, which graphically demonstrates the increase in 

compressive strength observed as the exposure temperature decreased. The plots also 

demonstrate that there was not an apparent decrease in the peak strain as temperatures 

decreased. Equation 3.2, 3.3 and 3.4 were used to determine the relative changes in 

material properties due to the change in temperature. These results, as well as the peak 

values for stress, strain and the average temperature from for each Group B test is shown 

in Table 3.5 with the average values of each temperature group shown in Table 3.6.        

Table 3.5: Group B – Test Results 

Specimen f’c εo T E TIF MOE IF TPSR (MPa) (µε) (°C) (GPa) 
B: 20C – 1 54.7 3025 21.3 25.2 1.05 0.904 1.113 
B: 20C – 2 50.2 2625 21.3 26.3 0.96 0.945 0.966 
B: 20C – 3 52.0 2502 21.4 32.0 0.99 1.151 0.921 
B: 0C – 1 50.0 2236 −1.0 30.5 0.96 1.096 0.823 
B: 0C – 2 51.6 2207 −0.4 25.9 0.99 0.932 0.812 
B: 0C – 3 49.2 2574 −0.2 31.1 0.94 1.118 0.947 

B: -15C – 1 52.4 2752 −13.6 29.2 1.00 1.048 1.013 
B: -15C – 2 54.6 2443 −13.8 33.4 1.04 1.201 0.899 
B: -15C – 3 53.7 2684 −13.2 30.0 1.03 1.079 0.988 
B: -45C – 1 67.7 2624 −42.0 43.3 1.29 1.556 0.966 
B: -45C – 2 68.8 2769 −44.3 35.8 1.32 1.285 1.019 
B: -45C – 3 67.1 2858 −45.2 36.2 1.28 1.301 1.052 
B: -70C – 1 68.3 3211 −65.3 31.0 1.31 1.113 1.182 
B: -70C – 2 76.8 2630 −65.8 63.5 1.47 2.282 0.968 
B: -70C – 3 73.0 2822 −66.0 38.4 1.40 1.381 1.038 

 

Table 3.6: Group B – Axial Compression Test Results Summary 

Average Group Property 20 °C 0 °C −15 °C −45 °C −70 °C 
f’c (MPa) 52.3 50.2 53.6 67.9 72.7 

εo (µε) 2717 2339 2626 2751 2888 
T (°C) 21.3 -0.5 −13.5 −43.8 −65.7 

E (GPa) 27.8 29.2 30.9 38.4 44.3 
MOE IF 1 1.05 1.11 1.38 1.59 

TIF 1 0.96 1.02 1.30 1.39 
TPSR 1 0.83 0.93 0.97 1.02 
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Table 3.6 shows that significant changes in material properties occurred as exposure 

temperatures decreased for Group B. There was a linear increase in the modulus of 

elasticity and compressive strength as exposure temperatures decreased. The largest 

increases of the modulus of elasticity and the compressive strength of Group B were 59% 

and 39% respectively when specimens were exposed to −70 °C. It should be noted that 

there was a larger relative increase in the modulus of elasticity than the compressive 

strength, which is opposite from the Group A results. Regardless, there was still an 

increase in both the modulus of elasticity and compressive strength when exposure 

temperatures decreased. It was expected that the low temperatures were to start to 

influence the concrete properties once freezing occurs, which reflects how the concrete 

properties of the Group B specimens of 20 °C and 0 °C are quite similar. It was unexpected 

that the −15 °C group had average concrete properties so similar to the 20 °C and 0 °C. 

The important relationships found, which are similar to Group A results, are that the TIF 

and MOE IF increase linearly as temperature decreases. A t-test analysis was performed 

on Group B specimens to determine the statistical significance of the change in TPSR 

between the 20 °C and the low temperature tests and it was found that with p < 0.05, the 

results were deemed to be not statistically different with t = 0.37, which is much smaller 

than the critical value of 2.16. This states that the TPSR was not statistically affected by 

temperature for the Group B specimens.  

3.6. Analysis 

Analysis was performed by comparing the experimental performance factors obtained to 

determine relationships of the material properties. The test results correlated to produce 

predictive equations that can be used determine potential changes in material properties 
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due to low exposure temperatures. Test results were also compared to past experimental 

results from literature. 

3.6.1. Relationships 

Interesting relationships with the material properties of concrete exposed to low 

temperatures are apparent when comparing between Group A and B results. Figure 3.10 

shows the change in TIF due to temperature changes for both groups. It is apparent that 

there is not a significant difference in the temperature increase factor when the 

compressive strength of the specimen is increased, as the linear trend lines in Figure 3.10 

are relatively similar. The average relative increase in compressive strength at −70 °C for 

Group A and B are 41% and 39% respectively, which are very comparable. Figure 3.11 

shows the change in the MOE IF due to temperature changes for both groups. It was found 

that there was a difference in the relative increase in the modulus of elasticity when the 

compressive strength of the specimen was increased. Group A had a maximum average 

increase in the MOE IF at −70 °C of 23%, while Group B had an increase of 59% under 

similar conditions. 
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Figure 3.10: TIF vs. Temperature Summary 

 

Figure 3.11: MOE IF vs. Temperature Summary 

When comparing the maximum magnitudes of the temperature and the modulus of 

elasticity increase factors observed for both strengths, a distinct difference is found. The 

lower compressive strength concrete group had a larger relative compressive strength 

increase than MOE increase at 41% and 23% respectively. However, the higher 
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compressive strength concrete group had a larger relative increase in the MOE than the 

compressive strength, at 59% and 39% respectively. This showed that the material 

property that is influenced the most with respect to temperature is dependent on the 

concrete strength. This was largely unexpected due to the past work of Montejo et al. 

(2008), Xie et al. (2014), and Yan and Xie (2017), which found that the relative increases 

of the modulus of elasticity as temperatures decreased was less than that of the 

compressive strength. It is probable that the larger increase seen was influenced by 

potential data outliers found at lower temperatures.  

Figure 3.12 shows the temperature peak strain ratio for both groups. The TPSR for Group 

A and B are quite different, with linear slopes of 0.0002/ °C and −0.0027/ °C respectively 

as temperatures change from 0 to −70 °C. These rates are very low and act in opposing 

directions. This result was largely unexpected and may be influenced by concrete 

inhomogeneity, as the TPSR results of the Group A: −15 °C tests were higher than 

expected and the Group B: 0°C tests were lower than expected relative to the control 

samples. Due to the low opposing slopes of regression and the t-tests to determine 

statistical significance, it does not appear that there is a significant relationship between 

temperature and peak strain values.  
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Figure 3.12: TPSR vs. Temperature Summary 

Aside from the key mechanical properties of the compressive strength, modulus of 

elasticity and the peak strain, additional general stress-strain behaviours need to be 

addressed to obtain a comprehensive understanding. The curves produced in Figure 3.7 

and Figure 3.9 show that the experimental stress-stain curves retained a parabolic shape 

from initial loading up to the maximum stress as expected. The post-peak behaviour is 

difficult to analyze for the Group B specimens due to the sudden failures post-peak caused 

by the compression machine being load controlled. However, the Group A results 

experienced a seemingly linear response post-peak for all temperatures until failure. These 

stress-strain behaviours are in agreeance with the stress-strain model of Equation 3.1 

previously presented, being a piecewise function of an initial parabolic curve until 

maximum stress and shifting to a decreasing linear slope until failure.  

Figure 3.13 and Figure 3.14 show the typical stress-strain response of specimens loaded 

at the different temperature groups from 20 and -70 °C for the Group A and Group B tests 
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respectively. This demonstrates the relative changes in material properties experienced 

due to low temperatures. It should be noted that the stress-strain curves in Figure 3.13 and 

Figure 3.14 are not the average material properties, but a single test, therefore the test may 

not exactly depict the material properties exactly as previously discussed. 

 

Figure 3.13: Group A: Stress-Strain 
Response Comparison 

 

Figure 3.14: Group B: Stress-Strain 
Response Comparison 

 

3.6.2. Predictive Equations 

Two main sets of predictive equations were produced from the experimental testing 

program, one focusing on the compressive strength and the other on the modulus of 

elasticity of concrete exposed to low temperatures. Due to the low slope of regression and 

the lack of statistical significance found for the change of peak strain as temperatures 

decreased, predictive equations for the TPSR are not provided as they present no statistical 

value for design or analytical purposes.  The two sets of equations provided should only 

be used to predict material behaviour from 0 to –70 °C, as the experimental temperature 

effects found are believed to only be warranted once freezing commences due to water 
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expansion when transforming into ice. This expansion results in the filling of large 

capillary pores and closing of microcracks, which prolongs structural cracking (Montejo 

et al. 2008). The predictive equations were created using least square regression to 

determine the linear relationship between the relative material properties and temperature. 

The 20 °C sets for Group A and B were excluded from the least square regression analysis, 

as the temperature increases are only expected below 0 °C and the inclusion would reduce 

the experimental slope.  

The first set of equations are used to determine the relative increase in compressive 

strength that can be obtained by decreasing exposure temperatures. Equation 3.6 and 3.7 

can be used to determine the TIF expected in plain concrete.  

    TIFA = −0.0048T + 1.054 (3.6) 

    TIFB = −0.007T + 0.952 (3.7) 

It should be noted that both equations produce similar relative strength increases for dry 

concrete loaded statically that is exposed to low temperatures. However, TIFA should be 

implemented with lower compressive strengths around 30 MPa, while TIFB should be 

implemented with a higher compressive strength around 50 MPa for best results. 

The predictive equations produced for the relative increase in compressive strength of 

concrete can be compared to previous works by Okada and Iguro (1978), Goto and Miura 

(1979) and Browne and Bamforth (1981). Equation 3.8, 3.9 and 3.10 were produced by 

each of the past researchers respectively to determine low temperature effects on concrete 

over various temperature ranges. 
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           fc’(T) = fc’(20 °C) + 5.3 − 0.84T − 0.0027T2         −10 °C > T > −100 °C (3.8) 

     fc’(T) = fc’(20 °C) − (2/15 + T/2700)wT           0 °C > T > −120 °C (3.9) 

                      fc’(T) = fc’(20 °C) + Tw/12         0 °C > T > -100 °C (3.10) 

Some of the equations require the input of moisture content to determine the relative 

increase in compressive strength. Browne and Bamforth (1981) stated that a moisture 

content of 3% was common for air exposed concrete, therefore this was used as a basis 

for analysis. Figure 3.15 and Figure 3.16 compare the previous predictive equations to the 

predictive equations produced from the experimental program that reflect the response of 

the specimens tested. It is found that Equation 3.8 from Okada and Iguro (1978) greatly 

overpredicts the strength in the range provided for the concrete specimens from this 

research program. The closest of the equations presented to the experimental work for 

both 30 and 50 MPa concrete was that of Browne and Bamforth (1981), which is similar 

to the analysis of Montejo et al. (2008). The comparison plots show that the strength 

results in this experimental program were similar to those of some past researchers. It can 

be noted in the two comparison plots that the 30 MPa predictive equation underestimates 

the TIF relative to the previously proposed design equations by other researchers, while 

the 50 MPa predictive equation appears to fit much closer.   
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Figure 3.15: 30 MPa TIF Model Comparisons 

 

Figure 3.16: 50 MPa TIF Model Comparisons 

The second set of important predictive equations produced are used to determine the 

relative increase in the modulus of elasticity that can be expected by decreasing exposure 

temperatures. Equation 3.11 and 3.12 can be used to determine the MOE IF expected in 

plain dry concrete as a function of temperature.   
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 MOE IFA= −0.0042T + 0.904 (3.11) 

 MOE IFB = −0.0085T + 1.023 (3.12) 

It is important to differentiate the equations due to the large difference in slope. It was 

found that the relative increase in the modulus of elasticity was much more impactful with 

higher compressive strengths. Therefore, MOE IFA and MOE IFB can be used to predict 

the expected relative increase in the modulus of elasticity of plain dry concrete with a 

compressive strength around 30 and 50 MPa respectively.  

3.6.3. Comparisons to Literature 

It is paramount that experimental research be compared to that which precedes it for 

validation and comparison. The experimental program produced the linear relationships 

of the relative change in the compressive strength due to temperature as −0.0048/ °C and 

−0.007/ °C for different compressive strengths over a temperature range of 0 to −70 °C. 

Yan and Xie (2017) found this relative increase to be −0.0027/ °C over a temperature 

range of 20 to -160 °C. Shoukry et al. (2009) found the relationship of pure strength 

increase to exposure temperatures as −0.13/ °C for concrete with a  compressive strength 

of roughly 32 MPa, whereas Group A experienced a very similar −0.144/ °C with a 

compressive strength of 30 MPa, which produced very similar results. In terms of direct 

increase comparison, it is apparent that results from Lee et al. (1988), Yamane et al. 

(1978), and Sehnal et al. (1983) showed much larger relative increases than what were 

experienced in this research. 

Elastic material properties are important to consider in engineering designs. The modulus 

of elasticity of low temperature samples has been investigated before by other researchers 
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and the documented values experience significant scatter (Van der Veen 1987). Yan and 

Xie (2017) found a linear relationship for a relative increase in the modulus of elasticity 

as a function of temperature as −0.0011/ °C. Similar to the compressive strength, the 

results for the modulus of elasticity found by Yan and Xie (2017) of −0.0022/ °C were 

lower than what were observed in the experimental program conducted of −0.0085/ °C 

for similar strength concrete. In comparison, Lee et al. (1988) found an increase in the 

modulus of elasticity of 56% when exposed to −80 °C. This value is like Group B, where 

an increase of 59% was found when exposed to −70 °C.  

Lastly, the strains associated with the peak stresses were compared from the experimental 

program and past literature. It was found that the peak strain of Group A and B specimens 

slightly decreased and increased with temperature respectively, however they were 

deemed as borderline statistically significant and statistically insignificant respectively as 

temperatures changed due to the low linear slope and high variations. In comparison to 

literature, Van der Veen (1987) summarized that the peak strain of concrete increases as 

temperatures decrease, but this disagreed with the experimental stress-strain curves of 

Yan and Xie (2017) and the work of Xie et al. (2014), who found that their specimens 

became more brittle as temperatures decreased. Yan and Xie (2017) found a linear 

relationship of the relative change in the peak strain as a function of temperature as 

0.0012/ °C to make the specimen have a lower peak strain value, whereas the experimental 

program conducted had opposing results with rates of 0.0002/ °C and −0.0027/ °C. This 

discrepancy between peak strains adds to the current uncertainty in area of peak strain 

values obtained through experimental testing. In general, the experimental results found 
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were in between the scattered values in existing literature and added detailed stress-strain 

curves that contradicted those found by Yan and Xie.  

3.7. Conclusions 

Detailed stress-strain curves were produced for twenty-seven specimens of two different 

strength concrete mixes exposed to temperatures from 20 to −70 °C using 3D digital 

image correlation. The detailed experimental stress-strain curves are some of the first 

produced for concrete exposed to low temperatures to monitor the changes in mechanical 

properties. Based on the results obtained through the experimental program conducted, 

the following conclusions can be made about the effects of low temperature on plain 

concrete. 

• The compressive strength of concrete does not impact the magnitude of the 

temperature increase factor observed for specimens exposed to temperatures to 

−70 °C, as the maximum increases in compressive strength observed were 41% 

and 39% for Group A and B respectively.  

• The modulus of elasticity increases linearly as temperature decreases, however 

unlike the TIF, an increase in the compressive strength of concrete resulted in 

greater relative increases, resulting in increases of 1.23 and 1.59 for Group A and 

B respectively. 

• The relative increase in compressive strength was not always larger than the 

relative increase in the modulus of elasticity. It was found that as the compressive 

strength of concrete increased, the MOE IF became larger than the TIF with values 

of 1.59 and 1.39 respectively.  
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• The peak strain of concrete was found to have a statistically insignificant change 

as temperatures decreased. It was found that the Group A samples experienced a 

slight decrease in peak strain, while the Group B samples experienced a slight 

increase as temperatures decreased. This inconsistency found between Group A 

and Group B was not expected. Literature is inconsistent on the influence of 

temperature on this property and the research conducted differed from the 

experimental stress-strain curves produced by Yan and Xie (2017). 

Further testing is still required to completely understand the effects of low temperature 

and concrete as an engineering material. Only static compression tests were performed, 

therefore further testing should be conducted to determine the combined effects of low 

exposure temperature and dynamic effects, as this is an area that is still largely undefined. 
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4.0. HIGH STRAIN RATE AND LOW TEMPERATURE EFFECTS ON THE 

COMPRESSIVE BEHAVIOUR OF CONCRETE  

 

4.1. Abstract 

Temperature and strain rate are important factors when considering the mechanical 

properties of engineering materials, as they can greatly influence the material behaviour. 

The research presented here is an experimental investigation to determine the effects of 

low temperatures and high strain rates on the compressive behaviour of concrete. The 

primary purpose of the research is the development of experimental stress-strain 

relationships under these conditions, as this is a largely unexplored research topic. Thirty-

five 101.6 mm x 203.2 mm concrete cylinders were tested in uniaxial compression at the 

University of New Brunswick. The specimens were loaded either under static conditions 

or dynamically with an average strain rate of approximately 1 s-1 while being exposed to 

temperatures from 20 to −70 °C to simulate extreme climatic temperature and those 

obtainable within industrial storage facilities. The compression strain of the specimens 

was obtained using digital image correlation. The mechanical properties studied were the 

compressive strength, modulus of elasticity, peak strain and general stress-strain 

behaviour due to the increased strain rate and temperature variations.  

  



81 
 

4.2. Introduction 

Concrete is one of the most used construction materials in the world (Kogbara et al. 2013), 

yet there remains some uncertainty with how the material reacts in certain situations. 

Temperature is an environmental factor that can greatly influence the mechanical 

properties of concrete as it fluctuates. The effects of low temperature on the compressive 

behaviour of concrete has been examined by past research programs (Kogbara et al. 2013, 

Krstulovic-Opara 2007). Strain rate can also greatly influence the mechanical properties 

of concrete as it varies. The effects of high strain rates on the compressive behaviour of 

concrete has also been examined by past researchers (Guo et al. 2017, Bischoff and Perry 

1991). However, there has been little research conducted to determine the combined 

effects of low temperature and high strain rate on the compressive behaviour of concrete. 

The effects of these two properties in concert are important to consider in engineering 

designs to be able to properly predict in-situ material properties. Examples of some 

potential applications of the proposed research are dynamically loaded concrete industrial 

storage facilities and structures exposed to cold climate, where temperatures can be found 

to be less than −50 °C (National Research Council of Canada 2015). 

This paper describes an experimental research program designed to investigate concrete 

exposed to low temperatures and high strain rates in unison. Detailed experimental stress-

strain curves were developed for both statically and dynamically loaded specimens in 

uniaxial compression exposed to low temperatures. These stress-strain curves will help 

fill the void to determine the combined effects of low temperature and strain rate that are 

largely missing from past literature. Predictive equations and relationships between the 
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relative changes in the compressive strength, modulus of elasticity and the peak strain are 

presented.  

4.3. Literature Review 

The mechanical properties of concrete have been tested for many years. Research has 

been conducted on concrete to determine the effects of low temperatures on the 

compressive behaviour of concrete largely for cryogenic purposes. Additionally, research 

has been conducted on the effects of high strain rates on the compressive behaviour of 

concrete. However, there has been little research that focuses on the combined effects of 

both low temperatures and high strain rates. A review of past literature is presented to 

show the effects of both temperature and strain rate on the compressive strength, modulus 

of elasticity, peak strain that have been found and the need for additional research is 

summarized.  

4.3.1. Low Temperatures 

Research has found that the compressive strength of plain concrete increases as exposure 

temperatures are decreased, however there have been large variations in the relative 

strength increase found through experimental programs (Krstulovic-Opara 2007, Lee et 

al. 1988, Xie et al. 2014, Yan and Xie 2017). For example, Lee et. al (1988) conducted 

compression tests on concrete cylinders that were exposed to various temperatures from 

20 to −70 °C and found that the compressive strength increased linearly as temperatures 

were decreased, resulting in a 101% increase at −70 °C. Meanwhile, Xie et al. (2014) and 

Yan and Xie (2017) conducted compression tests on concrete prisms that were exposed 

from 20 to −160 °C and found that the compressive strength also increased linearly as 

temperatures decreased, resulting in an increase of 26% at −80 °C. It has been found in 
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previous research that one of the largest contributing factors to the relative strength 

increase shown for concrete at low temperatures is the moisture content (Rostasy et al. 

1979). 

Similar to the compressive strength of concrete exposed to low temperatures, the modulus 

of elasticity has also been found to increase linearly as temperatures decrease with large 

variance between the magnitudes of relative increase found through experimental research 

(Krstulovic-Opara 2007, Lee et al. 1988, Xie et al. 2014, Yan and Xie 2017). Lee et al. 

(1988) found that the modulus of elasticity of concrete cylinders increased linearly as 

temperatures decreased, resulting in an increase of 56% when the specimens were exposed 

to −70 °C. Xie et al. (2014) and Yan and Xie (2017) also found that decreasing the 

temperature of their concrete prisms resulted in an increase of 46% and 15% respectively 

when exposed to −80 °C. All these researchers found that the relative increase in the 

modulus of elasticity was much less than the increase in the compressive strength. Even 

though this increase is less than the increase in the compressive strength, it is still very 

significant when considering the mechanical properties of concrete exposed to low 

temperatures. 

The peak strain of a material is very important as it corresponds to when the maximum 

stress is applied to the material. Krstulovic-Opara (2007) summarized past experimental 

research and stated that the peak strain of plain concrete increase as temperatures decrease 

until −70 °C, then start to decrease, but never reaching the original peak strain of 20 °C. 

However, Xie et al. (2014) and Yan and Xie (2017) found that the peak strain of all their 

specimens decreased as temperatures decreased. There remains uncertainty with how the 

peak strain of concrete is affected by the low exposure temperatures.  
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4.3.2. High Strain Rates 

Research has found that the compressive strength of concrete increases when loaded 

dynamically relative to static conditions (Guo et al. 2017, Bischoff and Perry 1995, Ross 

et al. 1996, Hughes and Watson 1978, Fu et al. 1991). The magnitude of relative increase 

has greatly varied between past research, which has been shown to be heavily influenced 

by compressive strength, applied strain rates and moisture content (Bischoff and Perry 

1991, Ross et al. 1996). This variance is shown as Bischoff and Perry (1995) found 

increases in the compressive strength of concrete of 50-60% during impact loadings at 

strain rates of 5-10 s-1, while Ross et al. (1996) found increases of 100% with strain rates 

of 25 s-1. The magnitude of strain rate is important as the relative strength increase, known 

as the dynamic increase factor (DIF), has been modeled as a bilinear response with respect 

to strain rate with a steep increase in relative strength occurring near 30 s-1 (CEB 1993, 

FIB 2012, Malvar and Crawford 1998).  

In addition to changes in the strength of concrete due to dynamic loads, deformation and 

stiffness properties are also impacted. It has been found that the modulus of elasticity 

increases as strain rates increase and that the magnitude of increase is less than the 

dynamic increase factor (Bischoff and Perry 1991, Fu et al. 1991). However, there is a 

variation in results when looking at the peak strain of dynamically loaded concrete. 

Summaries of past research show that numerous researchers achieved a reduction, an 

increase or a constant relative peak strain when loaded dynamically (Bischoff and Perry 

1991, Fu et al. 1991). 
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4.3.3. Combined Effects 

The effects of utilizing both low temperature and dynamic loading scenarios 

simultaneously has not been thoroughly explored. Qiao et al. (2016) tested concrete 

cylinders with strain rates from 34 – 63 s-1 while exposing cylinders to temperature ranges 

of 28 to −75 °C. The largest strength increase found was 65% at the lowest temperature 

and highest strain rate combination. They found that the strength gain was non-linear as 

temperatures decreased. Filiatrault and Holleran (2001) conducted compression tests on 

cylinders at quasi-static strain rates to 0.1 s-1 at temperatures of 20 to −40 °C. The test 

conditions resulted in linear increases of strength as temperatures decreased and strain 

rates increased, with the highest average strength increase being 91% using the highest 

strain rate and lowest temperature combination. The modulus of elasticity was also 

observed and was found to also increase linearly as temperatures decreased. By comparing 

the two experimental programs, it is shown that Qiao et al. (2016) used a larger strain rate 

and lower temperature combination while the average strength gain obtained by Filiatrault 

and Holleran (2001) was still significantly higher. This difference adds to the large 

variance observed when exploring both loading scenarios independently. 

4.3.4. Need For Research 

The experimental research program that was completed was necessary as there is a void 

in the current literature. At this time, there has not been much research conducted to 

determine the combined effects of low temperatures and high strain rate on the 

compressive behaviour of concrete, especially for low velocity impact strain rates around 

1 s-1. This research is applicable for concrete structures exposed to cold climate or used 

for industrial storage facilities that are exposed to dynamic loads. The research is 



86 
 

necessary to ensure there is less uncertainty with how the material properties are 

performing under this complex loading scenario. 

4.4. Experimental Program 

Thirty-five 101.6 mm x 203.6 mm (4”x8”) concrete cylinders were tested in uniaxial 

compression for the experimental testing program. Fifteen specimens were tested by 

applying static loads while exposed to a range of low temperatures, which are the same 

tests conducted in Group B from Chapter 3. The remaining twenty specimens were testing 

by applying dynamic loading at a strain rate of approximately 1 s-1 while exposed to a 

range of low temperatures. The temperature groups used in the experimental program 

were 20, 0, −15, −45 and −70 °C. All the experimental tests occurred at the University of 

New Brunswick.   

4.4.1. Specimen Preparation 

A concrete mix design was tailored to produce a design target compressive strength (𝑓"$) 

of 50 MPa. The Portland cement mix design had a water-cementitious material ratio of 

0.45. The largest aggregate size used was 19 mm and the fine to total aggregate ratio was 

39%. Table 4.1 shows the mix proportions for the mix design used in the experimental 

program. 

Table 4.1: Mix Design Proportions 

Material  Mix Density (kg/m3)  
Portland cement  425  

Water  191  
Coarse aggregate  1045  
Fine aggregate  673  
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Standard 101.6 mm x 203.2 mm concrete cylinder sleeves were used. However, an 

alteration to the cylinder sleeve was necessary to facilitate of monitoring the internal 

temperature of specimens during testing. Thermocouples were cast inside of each cylinder 

to allow for the monitoring of temperature throughout testing. T-type thermocouples were 

used to accurately monitors temperatures from −200 to 350 °C. The thermocouples were 

0.81 mm gage and were insulated with high performance Neoflon PFA. The 

thermocouples also had a high specified wire accuracy, resulting in a net temperature 

deviation of −0.33 °C at 100 °C.  

The thermocouples were placed at mid-height of the specimens with one located at the 

centre and the other located at the half of the radius. The offset of the thermocouples 

allowed for a temperature gradient to be determined. This was necessary as when the 

chilled specimens were removed from their cold source before testing, they reacted with 

room temperature at the concrete surface. This interaction slowly transitions into the 

middle of the specimen; therefore, the internal temperature of the specimens was not 

uniform, resulting in this thermal gradient. The use of both thermocouples and the distance 

offset was primarily incorporated due to the static tests that took several minutes to 

conduct. Each test temperature was taken as the average of the two thermocouples at the 

beginning and end of the tests. 

Once the specimens were cast with the embedded thermocouples, the concrete cylinders 

moist-cured for one week. Once the specimens were removed from their respective 

cylinder sleeves and air-cured for the rest of the first 28 days, both ends of each sample 

were ground by a concrete cylinder grinder so they would be flat and uniform. The 

specimens then remained exposed to room temperature for several months, resulting in 
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air-dried concrete. Lastly, the static and dynamic compressive tests were conducted in an 

environment at room temperature with low relative humidity.  

4.4.2. Exposure Temperatures 

The desired test temperatures for the tests conducted were 20, 0, −15, −45 and −70 °C. 

These temperatures from 20 to −70 °C were used as they were deemed as possible service 

temperatures of concrete in cold climates, as well as possible temperatures in industrial 

storage facilities. The 20 °C samples were used as the control samples of the experimental 

research program, as it represented typical room temperature. The temperature groups of 

0 and −15 °C were obtained by placing the cylinders in a regulated freezer until they 

reached the desire temperatures. The temperature groups of −45 and −70 °C were obtained 

by placing the cylinders in a solid CO2 (dry ice) environmental chamber as they were 

outside the working range of the regulated freezer. This was an insulated chamber that 

was used to submerge specimens in dry ice. The specimens cooled with dry ice were only 

exposed to low temperatures for short periods, as they were at stored at room temperature 

until shortly before the test, and then removed when the desired temperatures were 

reached.  Dry ice was used as a cooling method as the material sublimes at −78.5 °C at 1 

atmospheric pressure, which makes it an ideal material for the desired temperature ranges. 

The exposed ends of the thermocouples protruded the cover of the dry ice environmental 

chamber, which allowed for the internal temperatures to be monitored and the specimens 

would be removed once the desired test temperatures were obtained. Both cooling 

processes using the dry ice or the freezer took a few hours to reach the desired test 

temperatures.  
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4.4.3. Static Compression Test Setup 

Fifteen static uniaxial compression tests were conducted on concrete cylinders by the one 

million lbf capacity compression machine shown in Figure 4.1. The specimens were 

loaded with a continuous stress rate of 0.25 MPa/s, resulting in an average strain rate of 

1.2 x 10-5 s-1. The experiments occurred in an environment at room temperature with low 

relative humidity. Three compression tests were performed at each temperature group and 

the average compressive response was obtained. The 20 °C tests were considered the 

control samples for the entire experimental program. Stress-strain relationships were 

obtained for each test to determine the static compressive behaviour of concrete exposed 

to low temperatures. The applied vertical strain from the tests was captured by a 3D digital 

image correlation (DIC) system. The applied stress for each test was extracted from the 

compression machine at the same rate and time as the images from DIC were taken, 

resulting in simple data alignment between the independent systems to produce the stress-

strain curves. As the static tests were conducted over several minutes, temperature 

variations occurred due to reacting with room temperature. The average temperature 

change throughout the static tests using the freezer was an average increase of 1.0 °C and 

the dry ice specimens had an average increase of 5.0 °C. 
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Figure 4.1: Axial Compression Machine 

4.4.4. 3D Digital Image Correlation 

The vertical strain of the static tests was obtained by utilizing 3D DIC. DIC is a non-

contact optical technique that can be used to monitor strain and displacement that is more 

accurate than traditional measurement techniques (McCormick and Lord 2010). DIC 

works by comparing numerous digital photographs of a specimen throughout the expected 

deformation period of a test by tracking the movement of specific blocks of pixels over 

time (McCormick and Lord 2010). The DIC system that was implemented for the static 

tests was a two camera system, which allowed for 3D DIC. The camera systems were 

initially calibrated to work in unison to provide full-field 3D deformation and strain data. 

The camera system shown in Figure 4.2 recorded data at 2.5 frames/second.  

DIC systems work optimally when each of the individual pixel blocks being monitored 

are random in pattern and have a large range of contrast and intensity levels (McCormick 

and Lord 2010). The desired randomness and contrast levels were obtained by painting 



91 
 

the surface of the test samples matte white and the speckling the surface being monitored 

with a flat black spray paint. The matte colours are used to reduce the reflections seen due 

to lighting while optimizing the data collection process. An example of a speckled sample 

is shown in Figure 4.3. 

 
Figure 4.2: 3D DIC Camera Setup 

 
Figure 4.3: Static Tests - Speckled Cylinder 

  

4.4.5. Dynamic Compression Test Setup 

Twenty dynamic uniaxial compression tests were conducted on concrete cylinders that 

were loaded by a drop mass impactor, shown in Figure 4.4. A 740 kg steel sled shown in 

Figure 4.5 was raised 1.5 m and released to freefall onto a concrete cylinder. The 

combination of a 1.5 m drop height and the 740 kg mass was used to try to produce low 

velocity impacts with a strain rate of approximately 1 s-1. The cylinder had a 101.6 mm x 

38.1 mm cylindrical piece of wood on top to serve as an impact interface. The wood was 

inserted as the impact interface to reduce the applied strain rate to the concrete specimen 

by reducing the overall stiffness of the system. The average duration of impact for the 
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dynamic tests was less than 10 ms. The typical test setup for the dynamic tests with the 

speckled cylinders and wooden interface is shown in Figure 4.6. 

 
Figure 4.4: Drop Mass Impactor 

             
 

 
Figure 4.5: Drop Mass Sled 

 

Figure 4.6: Dynamic Test Setup 
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4.4.6. High Speed Camera 

The axial compression strain of the dynamic tests was obtained by using 2D DIC with a 

high-speed camera. This is 2D DIC as only one camera was involved, therefore giving 

only strain in one geometric plane on the surface of the specimens. As the specimens are 

cylindrical, the DIC focused primarily on the concrete surface closest to the camera to not 

get the distortions from being further from the camera. The single camera system was set 

to take images at a rate of 25000 frames/second. As the framerate of a camera increases, 

the resolution of the images taken decreases.  This rate was used as it provided sufficient 

data acquisition rate to monitor tests producing strain rates around 1 s-1 for each dynamic 

test without reducing the quality of the images too much. It can be noted that there is a 

large difference between the speckling patterns used on the specimens for the static and 

dynamic tests in Figure 4.3 and Figure 4.6 respectively. The lower resolution images 

resulted in larger speckles needing to be used, as there were far fewer pixels to monitor 

for DIC purposes. The large speckle patterns on the dynamic specimens were applied 

manually by randomly applying large dots using an empty permanent marker dipped in 

matte black paint after having the matte white spray paint applied to the entire specimen. 

This produced the random pixel pattern and high contrast levels required for optimal DIC 

monitoring. 

4.4.7. Load Cells 

The applied load produced from the low velocity impacts of the sled and the concrete 

specimens was measured by two load cells. The load cells were designed to have a 

compressive capacity of 1450 kN and were calibrated with the compression machine used 

in the static tests. The load cells were set to acquire data at the same rate as the high-speed 
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camera images at 25000 frames/second to allow for data alignment to produce stress-

strain curves. One load cell was placed below the specimen and the other was attached to 

the bottom of the drop mass sled. The force measured by each load cell was taken from 

the average of the two independently calibrated quarter bridge strain gauges oriented on 

opposite sides of each load cell. An average of both load cells was taken to determine the 

average applied load to the specimen over time. The inertia forces in the cylinder were 

assumed to be negligible due to the low cylinder mass, making the top and bottom load 

cell measurements consistent. Figure 4.7 shows a typical comparison of the stress 

measured by load cell 1 (bottom) and load cell 2 (top) throughout a dynamic test. 

 

Figure 4.7: Load Cell Comparison 

4.5. Experimental Results 

The experimental results focus on the change of material properties of concrete due to 

changes in temperature and strain rate. The primary objective is to determine the effects 
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4.5.1. Static Test Results 

Fifteen concrete cylinders were loaded in uniaxial compression while exposed to five 

different temperature groups. A minimum of three virtual extensometers were generated 

from the DIC analysis and placed vertically along the length of the speckled cylinder 

surface, which allowed for the average applied longitudinal strain from each image to be 

determined as the specimen was compressed. Figure 4.8 shows the longitudinal strain 

along a loaded cylinder at different points throughout the loading phase. The figure 

demonstrates that the boundary conditions do not have a significant influence on the 

longitudinal strain along the member, demonstrating the use of long extensometers being 

valid. The local strain concentrations found in Figure 4.8 are due to inhomogeneity in the 

concrete. The average strain obtained from the virtual extensometers for each image was 

paired with the corresponding analog stress obtained by the compression machine. This 

pairing permitted the generation of full, detailed stress-strain curves for each test 

specimen. The stress-strain curve for each statically loaded sample was placed in Figure 

4.9. Each of the plots represent a different temperature group tested. Each plot has the 

stress-strain curve of the three experimental samples as different dashed line variations 

and a solid line that represents a modified Hognestad’s curve, shown in Equation 4.1 

(Hognestad 1951). The second component of the piecewise function of Hognestad’s curve 

utilizes both peak strain and ultimate strain values, however little post-peak data was 

available in the conducted tests due to sudden failures. Due to this, a modification was 

implemented that continues the initial parabolic behaviour regardless of strain to estimate 

the post-peak behaviour. The modified Hognestad’s curve model was applied using the 
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average values of compressive strength (f’c) and peak strain (ε0) of each temperature range 

to produce theoretical stress-strain curves. 

 𝜎 = 𝑓"$ S
2𝜀
𝜀)
− 1

𝜀
𝜀)
2
(
U (4.1) 

 

 

Figure 4.8: Longitudinal Strain Along Member Length 

0

1000

2000

3000

4000

5000

6000

-100 -50 0 50 100

St
ra

in
 (
µε

)

X Along Member Length (mm)

A
B
A Avg
B Avg



97 
 

 

Figure 4.9: Static Stress-Strain Curves 
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The values of primary interest in each of the individual plots in Figure 4.9 are the 

maximum compressive strength (𝑓"$), peak strain (ε0) and the modulus of elasticity (𝐸"). 

All the plots have the same horizontal and vertical axis, graphically demonstrating the 

increases found in the compressive strength and modulus of elasticity as temperatures 

decreased relative to the 20 °C samples. The relative increases in static material properties 

shown are expressed in terms of increase factors that can be expected due to varying 

temperatures. These factors will be compared to those obtained through dynamic testing. 

Equation 4.2 is used to calculate the temperature increase factor (TIF), which shows the 

relative compressive strength increase that occurs due to lowering exposure temperatures. 

Equation 4.3 is used to calculate the modulus of elasticity increase factor (MOE IF), which 

shows the relative increase in the modulus of elasticity that occurs due to lowering 

exposure temperatures. Equation 4.4 is used to calculate the temperature peak strain ratio 

(TPSR), which shows the change in the peak strain that occurs as temperatures decrease 

relative to room temperature. These three equations are only applicable for samples loaded 

with similar strain rates.  

TIF = \D]
^

\D_`^
 (4.2) 

MOE IF = a]
a_`

 (4.3) 

TPSR = b`,]
b`,_`

 (4.4) 

In Equation 4.2, 𝑓"%$  is the average compressive strength of the desired temperature group 

and 𝑓"()$  is the average compressive strength of the 20 °C group. In Equation 4.3, ET is the 

average modulus of elasticity of the desired temperature group and E20 is the average 

modulus of elasticity of the 20 °C group. In Equation 4.4, ε0,T is the average peak strain 
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of the desired temperature group and ε0,20 is the average peak strain of the 20 °C group. 

The results from Equation 4.2 to 4.4, peak values for stress, strain and the average 

temperature from each temperature group for Group B tests are shown in Table 4.2. 

Table 4.2: Static Compression Test Results Summary 

Average Group Property 20 °C 0 °C −15 °C −45 °C −70 °C 
f’c (MPa) 52.3 50.2 53.6 67.9 72.7 

εo (µε) 2717 2339 2626 2751 2888 
T (°C) 21.3 −0.5 −13.5 −43.8 −65.7 

MOE (GPa) 27.8 29.2 30.9 38.4 44.3 
MOE IF 1 1.05 1.11 1.38 1.59 

TIF 1 0.96 1.02 1.30 1.39 
TPSR 1 0.83 0.93 0.97 1.02 

 

The static results from Table 4.2 show that significant changes in material properties 

occurred as the specimens’ exposure temperature decreased from room temperature to 

−70 °C. There were linear increases in the compressive strength and modulus of elasticity, 

while the peak strain of the statically loaded specimens remained relatively stagnant as 

temperatures decreased. The largest relative changes in material properties at −70 °C for 

the statically loaded specimens were the modulus of elasticity and the compressive 

strength with 59% and 39% increases respectively. The static test specimens were used 

as the control samples for the entire experimental research program, which allowed for 

the determination of the dynamic effects and the combined effects that occur due to high 

strain rates and low temperatures. 

4.5.2. Dynamic Test Results 

Twenty concrete cylinders were loaded dynamically by the drop mass impactor. The 

applied load was measured over time by the two load cells and an average value was 



100 
 

taken, which was used to determine the average stress. The vertical strain was obtained 

by applying and averaging a minimum of three vertical extensometers along the concrete 

surface in software for each individual photograph taken by the high-speed camera. The 

two independent data measurement systems were used to produce the stress-time plot in 

Figure 4.10 and the strain-time plot in Figure 4.11. The two systems were aligned by 

determining the frame of impact and the first load increase in the load cells, resulting in 

Figure 4.12 showing the stress-strain curve of a dynamically loaded concrete cylinder. 

 

Figure 4.10: Stress vs. Time 
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Figure 4.11: Strain vs. Time 

 

Figure 4.12: Stress vs. Strain 
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(2006) produced Figure 4.13 which demonstrates that the compressive stress-strain 

relationship of wood experiences a plateau before a densification process begins. This 

plateau caused some noise in the stress-strain curves due to the high density of points near 

the same stress level. However, the interface material was essential as it was used to 

reduce the system’s overall stiffness to maintain strain rates in the magnitude of 0.5-2.0 

s-1. The average strain rate of the dynamic tests was 1.2 s-1. An additional concrete 

specimen was tested under similar drop conditions but had a steel interface material 

instead of the wooden one used, which resulted in the strain rate being above 10 s-1. This 

magnitude of difference is due to the high stiffness of steel compared to wood loaded 

perpendicularly to the grain. Based on Figure 4.10 and Figure 4.11, the effects of the 

wooden interface can be observed until roughly 15 MPa in Figure 4.12. After this point, 

the wooden material has reached its deformation limit and only the concrete continues to 

deform. The DIC strain measurements only considers the concrete deformations during 

each test.  

 

Figure 4.13: Compressive Stress-Strain Curve of Wood (Nairn 2006) 
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The strain rate of the specimens was determined by taking two points on the stress-time 

plots after the plateau caused by the crushing wooden interface when the response was 

essentially linear due to concrete being the only material being deformed. The associated 

strain values were taken and divided by the time between the points. The strain rate 

calculation is shown in Equation 4.5, however this is only a linear approximation as the 

strain rate was not constant.  

 𝜀̇ =
𝜀( − 𝜀3
𝑡( − 𝑡3

 (4.5) 

The stress-strain curve for each specimen loaded dynamically was compiled in Figure 

4.14. Each of the plots represent one of the temperature groups tested. The four test 

specimens of each temperature group are included as various dashed lines. In addition to 

the experimental data, a modified Hognestad’s curve in Equation 4.1 is shown in all the 

plots as a solid line as a theoretical reference. 
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Figure 4.14: Experimental Dynamic Stress-Strain Curves 
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The primary values of interest in each of the plots in Figure 4.14 are the maximum 

compressive strength, peak strain and the modulus of elasticity. All the plots in Figure 

4.14 are shown on the same horizontal and vertical scale, which graphically demonstrates 

the changes in the dynamic material properties as temperatures decrease. From examining 

the performance of dynamically loaded concrete exposed to low temperatures, the 

temperature, dynamic and combined increase factors and the dynamic peak strain ratio 

can be determined by comparing the peak values of static and dynamic tests at various 

temperatures. The dynamic increase factor (DIF) is the relative increase in the peak 

compressive stress that occurs when a specimen is loaded dynamically under similar 

temperature conditions. The combined increase factor (CIF) is the relative increase in the 

peak compressive stress that occurs when a specimen is loaded dynamically and exposed 

to low temperatures relative to statically loaded samples at room temperature. The 

dynamic peak strain ratio (DPSR) is the relative change in the peak strain of a specimen 

of the same temperature group due to being loaded dynamically compared to statically. 

Equation 4.6, Equation 4.7 and Equation 4.8 show the calculation of the dynamic increase 

factor, the combined increase factor and the dynamic peak strain ratio respectively.  

 DIF =  \D]f
^

\D]E
^  (4.6) 

 CIF = \D]f
^

\D_`E^  (4.7) 

 DPSR = b`,],f
b`,],E

 (4.8) 

In Equation 4.6, 𝑓"%&$  is the average compressive strength of a desired temperature group 

loaded dynamically and 𝑓"%'$  is the average compressive strength of the same temperature 

group loaded statically. In Equation 4.7, 𝑓"%&$  is the peak compressive strength of a desired 
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temperature group loaded dynamically and 𝑓"()'$  is the peak compressive strength of the 

20 °C group loaded statically. In Equation 4.8, ε0,T,d is the average peak strain of a 

temperature group loaded dynamically and ε0,T,s is the average peak strain for the same 

temperature group loaded statically.  

It was found throughout the experimental testing of concrete cylinders loaded 

dynamically while exposed to low temperatures that the mechanical properties were 

influenced by changes in temperature. The peak compressive strength increased linearly 

under dynamic loads as temperatures decreased. The modulus of elasticity increased 

under dynamic loads with the lower test temperatures but experienced severe scatter in 

the magnitude of increase. A reduction in the dynamic peak strain ratio was observed as 

temperatures decreased. Table 4.3 shows a summary of all the average dynamic test 

properties found throughout the experimental program and their associated factors.  

Table 4.3: Dynamic Compression Test Results Summary 

Average Group Property 20 °C 0 °C −15 °C −45 °C −70 °C 
f’c (MPa) 55.6 61.4 58.6 60.4 63.9 

εo (µε) 2694 2403 2287 2609 2354 
T (°C) 20.1 −0.9 −13.9 −45.0 −68.8 

MOE (GPa) 26.1 39.8 36.1 35.3 31.6 
MOE IF 1 1.53 1.38 1.35 1.21 

CIF 1.06 1.17 1.12 1.16 1.22 
TIF 1 1.11 1.05 1.09 1.15 
DIF 1.06 1.22 1.09 0.89 0.88 

TPSR 1 0.89 0.85 0.97 0.87 
DPSR 0.95 1.03 0.87 0.95 0.82 

Strain rate (s-1) 1.21 1.12 1.18 1.11 1.11 
 

4.6. Analysis 

Analysis was performed by comparing experimentally determined increase factors 

amongst themselves to determine apparent relationships. The experimental test results 
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produce correlations that are presented in terms of predictive equations. Additionally, the 

test results obtained are compared to literature. 

4.6.1. Relationships 

Figure 4.15 shows the temperature increase factor for all statically loaded cylinders and 

the combined increase factor for all dynamically loaded cylinders. The highest average 

temperature increase factor of all specimen groups was 1.39 for statically loaded 

specimens exposed to −70 °C. It is important to note that as the exposure temperature 

decreased, the relative strength gain of the dynamically loaded specimens became less 

than the statically loaded specimens. This opposes the hypothesized results based on a 

preliminary investigation, as it was thought that the dynamic results at all temperatures 

would remain higher than the static results due to the combined individual effects of 

temperature and strain rate. The experimental tests conducted showed that the combined 

loading scenario of low temperature and high strain rate reduced the effects of the 

dynamic increase factor as temperatures decreased. Figure 4.16 shows that the 

dynamically loaded specimens had a linear increase in the temperature increase factor as 

temperatures decreased. It should be noted that the temperature increase factor for the 

dynamically loaded specimens was less than the statically loaded specimens. Figure 4.17 

shows that the dynamically loaded specimens had an initial average dynamic increase 

factor at room temperature of 1.06, then 1.22 at 0 °C before it began to decrease as 

temperatures decreased, resulting in being lower strength than the statically loaded 

specimens at the lowest test temperatures. 
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Figure 4.15: Increase Factor vs. Temperature 
 

 

Figure 4.16: Dynamic Temperature Increase Factor vs. Temperature 
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Figure 4.17: Dynamic Increase Factor vs. Temperature 
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relative increase in the modulus of elasticity compared to the dynamically loaded room 

temperature specimens.  

 

Figure 4.18: Modulus of Elasticity Increase Factor vs. Temperature 
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to room temperature. This is paramount as the shift in the peak strain in engineering 

materials must be considered in engineering designs to avoid potential catastrophic 

failures at deformations lower than previously expected. 

 

Figure 4.19: Temperature Peak Strain Ratio vs. Temperature 

 
Figure 4.20: Dynamic Peak Strain Ratio vs. Temperature 
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The important factors from the experimental testing conducted has been compiled in 

Table 4.4. The factors included examine the changes in compressive strength, material 

stiffness and material deformation that occur to concrete due to being exposed to low 

temperatures in combination with high strain rates. These factors can be seen graphically 

in the detailed experimental stress-strain diagrams of all specimens previously presented.  

Table 4.4: Summary of Experimental Factors 

Load Type Factor 20 °C 0 °C −15 °C −45 °C −70 °C 

Static 
TIF 1 0.96 1.02 1.30 1.39 

MOE IF 1 1.05 1.11 1.38 1.59 
TPSR 1 0.83 0.93 0.97 1.02 

Dynamic 

CIF 1.06 1.17 1.12 1.16 1.22 
TIF 1 1.11 1.05 1.09 1.15 
DIF 1.06 1.22 1.09 0.89 0.88 

MOE IF 1 1.53 1.38 1.35 1.21 
TPSR 1 0.94 0.89 1.02 0.92 
DPSR 0.91 1.03 0.87 0.95 0.82 

 

Figure 4.21 shows typical stress-strain response of specimens loaded statically and 

dynamically at 20 and -70 °C. This demonstrates the relative changes in material 

properties experienced due to low temperatures, dynamic loads and the combined effects. 

It should be noted that the stress-strain curves in Figure 4.21 are not the average material 

properties, but a single test, therefore the test may not exactly depict the material 

properties exactly as previously discussed. 
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Figure 4.21: Stress-Strain Response Comparison 
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 TIF (S) = −0.0053T + 1.027   (4.9) 

 CIF = −0.0014T + 1.117 (4.10) 

 

4.6.3. Comparisons to Literature 

Qiao et al. (2016) and Filiatrault and Holleran (2001) both found that the compressive 

strength increased with temperature and dynamic loads. Qiao et al (2016) found that the 

combined effects resulted in an increase in the compressive strength of dynamically 

loaded specimens with decreasing temperatures in three distinct phases: mild recession, 

linear growth and strength recovery. Filiatrault and Holleran (2001) found that the CIF 

increased linearly with high strain rate and low temperatures. The proposed models also 

found that the combined effects of low temperature and high strain rates resulted in a 

linear increase in compressive strength compared to statically loaded concrete at room 

temperature. The large difference between the models is the magnitude of strength 

increase, as the tests from Filiatrault and Holleran resulted in a strength increase of 91% 

for concrete loaded at −40 °C and strain rate of 0.1 s-1, compared to 22% found in the 

experimental program conducted with a lower temperature of −70 °C and a higher strain 

rate of 1 s-1. In addition to the compressive strength, Filiatrault and Holleran found that 

the modulus of elasticity also increased with the effects of low temperature and high strain 

rates. An increase in the modulus of elasticity was also found in the experimental program 

conducted and similarly large scatter was found in the modulus of elasticity for the 

dynamically loaded specimens. It is difficult to quantifiably compare the relative increases 

found in the experimental program conducted to the work from Qiao et al. (2016) due to 

the test strain rates being above the transition region (FIB 2012, CEB 1993, Malvar and 

Crawford 1998). 
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4.7. Conclusions 

Detailed stress-strain curves were produced for thirty-five specimens loaded in uniaxial 

compression either statically or dynamically while being exposed temperatures from 20 

to −70 °C. The detailed experimental stress-strain curves are the first stress-strain curves 

produced to show the combined effects of low temperatures and high strain rates. Based 

on the results obtained through the experimental program conducted, the following 

conclusions can be made about the effects of low temperatures and high strain rates on 

the compressive behaviour of concrete.  

• The combined effects of low temperature and high strain rates show an initial 

increase in the compressive behaviour of concrete at normal temperatures, but the 

combined effects hinder the overall strength gained by solely the temperature 

effects as temperatures continue to decrease due to a decreasing dynamic increase 

factor.  

• The compressive strength of the dynamically loaded specimens increased at a 

much lower rate than the statically loaded specimens as temperatures decreased, 

resulting in increases of 22% and 39% respectively at −70 °C.  

• The dynamically loaded tests began with an increase in the compressive strength 

(DIF) of 9% at 20 °C, however it decreased as the temperature decreased once 

below freezing temperature (0 °C). Whereas the temperature increase factor (TIF) 

linearly increased for the dynamically loaded specimens, resulting in an increase 

of 15% at −70 °C.  

• The modulus of elasticity of both the dynamic and static cylinders increased with 

low temperatures, resulting in a 21% and 59% increase respectively at −70 °C. It 
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should be noted that this is a significant difference between the two loading 

scenarios, suggesting that the dynamic effects reduced the relative increase in the 

modulus of elasticity caused by temperature effects.  

• The dynamic peak strain ratio was found to decrease as temperatures decreased, 

resulting in a decrease in the peak strain by 18% at −70 °C. The temperature peak 

strain ratio however did not experience statistically significant change for the 

static or dynamic specimens as temperatures decreased. 

It is recommended that additional research be carried out in the following areas to 

determine more low temperature and strain rate dependent relationships: 

• Effects of using different magnitudes of high strain rates, such as 0.1 and 10 s-1, 

in combinations with low temperatures.  

• Test concrete in flexure loaded with the combined effects of low temperature and 

high strain rates to determine if the proposed compressive models are applicable.  

• Test concrete with different static compressive strengths under the combined 

effects to determine the influence of compressive strength on the relative strength 

increase. 
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5.0. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

This chapter summarizes the experimental research program and its findings. Links 

between the two papers and the field of study are discussed. The relevant conclusions 

from the conducted research and recommendations for future research are presented.  

5.1. Discussion 

Concrete is a material that is vastly used in construction but there remains uncertainty 

with how it performs under certain loading scenarios. The research program conducted 

was aimed to contribute to the understanding of the stress-strain behaviour of concrete 

exposed to both low temperatures and high strain rates through experimental testing.  

Chapter 2 provided an extensive review of the effects of low temperature and high strain 

rate on the compressive behaviour of concrete. The effect of low temperature on the key 

mechanical properties of concrete were investigated for the compressive strength, 

modulus of elasticity, peak strain and general stress-strain behaviours. The effects on the 

same key mechanical properties of concrete were investigated due to high strain rates. 

These findings were the foundation of the research program and helped guide the 

experimental testing.  

Chapter 3 delivered detailed analysis on the effects of low temperature on the compressive 

behaviour of concrete. Static compression tests on concrete cylinders were conducted at 

temperatures from 20 °C to −70 °C and the key mechanical properties were observed. 

Experimental stress-strain curves and predictive equations were produced to predict the 

effects of low temperature on the compressive behaviour of 30 MPa and 50 MPa concrete. 



120 
 

Chapter 4 took this further by analyzing both the low temperature effects from Chapter 3 

and incorporating dynamic loads to determine the combined effects for the 50 MPa 

concrete. The combined effects have largely been unexamined in literature, especially 

around low velocity impact strain rates of 1 s-1. Dynamic compression tests were 

conducted by using a drop mass impactor to generate strain rates of 1 s-1 while exposed 

to temperatures from 20 °C to −70 °C. The key mechanical properties of compressive 

strength, modulus of elasticity, peak strain and general stress-strain behaviours were 

observed. The research resulted in the creation of experimental stress-strain curves and 

predictive equations that show the combined effects of both low temperatures and high 

strain rates on the mechanical properties of concrete.  

The research conducted is significant to the field of civil engineering due to the research 

determining mechanical properties of concrete under special loading scenarios. The 

research produced predictive equations that allow structural engineers to determine the 

key mechanical properties of concrete exposed to low temperatures and high strain rates, 

which can help optimize designs. Examples of important applications for the research 

include the design of liquid gas storage facilities and structures exposed to cold climate 

that experience dynamic loads through their service life. 

5.2. Conclusions 

This thesis investigates the combined influence of low temperature and high strain rate on 

the compressive behaviour of concrete through the production of two journal articles. 

Based on the experimental work and the analysis of the data performed during the research 

program, the following conclusions can be drawn: 
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• The combined effects of low temperature and high strain rates show an initial 

increase in the compressive behaviour of concrete at normal temperatures, but the 

combined effects hinder the overall strength gained by solely the temperature 

effects as temperatures continue to decrease due to a decreasing dynamic increase 

factor. This contradicts the observations by Filiatrault and Holleran (2001) and 

Qiao et al. (2016) that have the combined effects remaining at least neutral with 

each other and not hindering the compressive performance of the material. The 

combined effects consistently resulted in a higher compressive strength than the 

room temperature statically loaded tests, however, the compressive strength of the 

dynamically loaded specimens increased at a much lower rate than the statically 

loaded specimens as temperatures decreased. 

• The compressive strength of concrete does not impact the magnitude of the 

temperature increase factor observed for statically loaded specimens exposed to 

temperatures from 20 °C to −70 °C. 

• The dynamically loaded tests began with an increase in the compressive strength 

(DIF) at 20 °C, however it decreased as the temperature decreased once below 

freezing temperature. Whereas the temperature increase factor (TIF) linearly 

increased for the dynamically loaded specimens. 

• The modulus of elasticity increases linearly as temperatures decrease for statically 

loaded concrete, however unlike the TIF, an increase in the compressive strength 

of concrete resulted in greater relative increases. The modulus of elasticity of the 

dynamic tests also increased with low temperatures. It should be noted statically 

loaded specimens had a much higher relative increase than the dynamic 
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specimens, suggesting that the dynamic effects reduced the relative increase in the 

modulus of elasticity caused by temperature effects.  

• The relative increase in compressive strength was not always larger than the 

relative increase in the modulus of elasticity for statically loaded specimens. It was 

found that as the compressive strength of concrete increased, the MOE IF became 

larger than the TIF. This was unexpected due to the work of Lee et al. (1988), 

Montejo et al. (2008), Xie et al. (2014), and Yan and Xie (2017). 

• The peak strain of concrete was found to have a statistically insignificant changes 

as temperatures decreased. It was found that the Group A samples experienced a 

slight decrease in peak strain, while the Group B samples experienced a slight 

increase as temperatures decreased. This inconsistency found between Group A 

and Group B was not expected. Literature is inconsistent on the influence of 

temperature on this property and the research conducted differed from the 

experimental stress-strain curves produced by Yan and Xie (2017). 

• The dynamic peak strain ratio was found to decrease as temperatures decreased, 

resulting in a decrease in the peak strain by 18% at −70 °C. The temperature peak 

strain ratio however did not experience statistically significant change for the 

static or dynamic specimens as temperatures decreased. 

5.3. Recommendations 

It is recommended that additional research be carried out in the following areas to 

determine additional low temperature and strain rate dependent relationships: 

• Conduct additional tests under similar conditions to further refine the predictive 

equations for the combined effects of low temperature and high strain rate. 
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• Determine the effects of using various levels of moisture content on the combined 

effects of low temperature and high strain rate. 

• Determine effects of using different magnitudes of high strain rates, such as 0.1 

and 10 s-1, in combinations with low temperatures.  

• Test concrete in flexure loaded with the combined effects of low temperature and 

high strain rates to determine if the proposed compressive models are applicable.  

• Test concrete with different static compressive strengths under the combined 

effects to determine the influence of compressive strength on the relative strength 

increase.  

• Perform additional analysis on the post-peak behaviour of concrete exposed to low 

temperatures and high strain rates 

• Conduct axial compression tests on concrete with water/cementitious materials 

ratios other than 0.4 used in this study to determine the influence on the magnitude 

of changes observed in the combined effects of low temperature and high strain 

rate due to the addition or removal of water in the specimens.  
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