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ABSTRACT

Evaluation of Flexural Behavior of 
RC Beam under Low 

Temperature

Lee, Nankyoung

Department of Civil & Environmental Engineering

Graduate School

Seoul National University

Recently, rapid increase in population and excessive industrialization have 

reduced the amount of resources available on the general region. In order to 

provide additional resources to prepare for this phenomenon, resource 

development in extreme regions is increasing, not in the general region. In 

each country, research institutes for resource development are being 

established in areas with extreme environment, such as Antarctica and Siberia.

South Korea also built a Jang Bogo base in Antarctica, and built a King 

Sejong base on King George Island to conduct research on Korean Antarctic 

resources. As well as, Russia is pursuing the gas field development for natural 

resources and the Siberian pipeline project, the national policy industry of the 

authorities. However, prior to the development of these resource development 

activities, the design standards of each country do not specify the low 

temperature range and do not describe guidelines at low temperatures. 
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Therefore, in order to proceed with construction in extreme environments, 

research on structural members in extreme environments should be preceded.

In low temperature, concrete has decreased ductility, but it has brittle material 

properties than room temperature for strength and stiffness are increased at 

low temperature. Reinforcement steels also have higher strength and stiffness 

than room temperature, but have reduced as well. Therefore, Reinforced 

Concrete, which is a composite material of reinforced concrete and concrete,

is more likely to be failed brittle than at room temperature.

However, there are several limit to the current research on reinforced concrete 

and concrete at low temperatures. Firstly, it is difficult to understand the 

structural performance because the study of material level is mainly carried 

out. Secondly, most of the experiments to investigate the structural 

performance using reinforced concrete beams have been carried out in the 

specimen unit rather than the large member due to the limitation of the 

equipment. Lastly, the experiment was carried out at room temperature after 

cooling, and no experiments were conducted in a constant low temperature 

environment. Therefore, the behavior of reinforced concrete beams at low 

temperatures can not be accurately grasped due to these limitations.

In this study, the mechanical properties and thermal properties of structural 

members at low temperature were analyzed to evaluate the flexural 

performance, which is the most fundamental performance of reinforced 

concrete beams in the ultimate limit. Experimental results show that 
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reinforced concrete at low temperatures is failed more brittle than room 

temperature at the same temperature as the material properties, and the 

strength and stiffness are also larger than those at room temperature. Also, it 

was confirmed that the beams with AE agent were higher in strength, stiffness 

and ductility higher than that of beams without AE agent. Thus, it has 

confirmed that the use of AE had a positive effect on bending performance at 

low temperature.

Keyword: Concrete compressive strength, Low temperature, Flexural 

behavior, Temperature chamber

Student Number: 2017-25194
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1. Introduction

1.1. Research Background

Recently, supply of resources are hard to be continued caused by growth of 

population and civilization. For that, instead of developing in general region, 

development of extreme region is conducted in many countries [1]. 

Therefore, construction of science stations for resource development in 

extreme regions is arousing.

.  Figure 1.1 shows constructed science stations in Antarctica for research 

work about climate and new resources. Figure 1.2. Siberia, the permafrost of 

Russia, is investing heavily in the development of oil, gas fields and Siberian 

pipeline, Russia's national strategic business. 

Figure 1.1 Science stations in Antarctica
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Figure 1.2 Gasfield and ongoing projects in Siberia

Prior to the construction of extreme region, an investigation of extreme 

ground temperature should be conducted in advance in order to design a 

design that can cope with extreme temperatures.

Temperatures in extreme region are not cryogenic, but in the general region 

they have unacceptable temperatures for a lifetime.

There are several regions such as Siberia and North China. In this paper, 

however, focused on lowest region on the, Antarctica, which is permanent 

permafrost,
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Figure 1.3 Average temperature in Amundsen-Scott station in July

Figure 1.4 Average temperature in McMurdo station in July
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Figure 1.3 shows a average annual temperature of july, the coldest month of 

the year at Amundsen-Scott, located in Antarctica, with average temperatures 

approaching -60  and a minimum temperature ℃ as -70℃

Figure 1.4 shows also in july, the coldest month of the McMurdo base in 

Antarctica, the average temperature is approaching -30°C.

However, there is no standard for low temperature in design standards or 

any design methods to precautions to cover the temperature of temperature in 

extreme region.

Therefore, for the development of resources, research on the material 

properties of construction materials at extreme ground temperatures should be 

preceded.

Figure 1.5 Flow chart for this study
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In this paper, the structural behavior of reinforced concrete beams at low 

temperature was studied. The flow chart for this study is following as below.

Firstly, the experiment was conducted to determine whether the 

measurement of the behavior through the use of general equipment is possible 

at low temperature. 

Secondly, the image processing technique to be used is introduced. 

Thirdly, thermal strain which occurs as a single action of temperature load 

in reinforced concrete beam where reinforced concrete with different thermal 

expansion coefficient is synthesized was measured and analyzed. 

Lastly, effect of AE agent was evaluated to determine the possibility of 

using AE agent at low temperature to improve the performance of concrete at 

low temperature.
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2. Theoretical Background

In this chapter, previous researches on material properties of reinforcement 

steel and concrete which composing reinforced concrete members, at low 

temperatures are introduced. Both concrete and reinforcement steel tend to 

have less ductility and increased brittleness at low temperatures inducing

more explosive destruction than room temperature [2]. 

This is a phenomenon that should be avoided in reinforced concrete 

members that lead to ductile fracture. Before proceeding with reinforced 

concrete beam experiments, research on each material characteristic should be 

preceded. 

Properties at low temperature are consisted with mechanical and thermal 

properties. In the case of experiments at room temperature, most of the cases 

do not consider thermal properties. However, since the thermal load acts a 

dominant role at low temperatures, thermal properties should also be 

considered. 

Therefore, in this chapter, previous studies on thermal properties as well as 

mechanical properties have been carried out.
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2.1. Mechanical properties

2.1.1. Concrete

Figure 2.1 Mechanical property of concrete in low temperature [3].

Mechanical properties of the concrete at low temperatures are shown in 

Figure 2.1. The SS curves of concrete at 20 °C, 0 °C, -40 °C, -80 °C, -120 °C 

and -160 °C were examined. The highest strength and short ductility has 

found at -160 °C respectively. 

Therefore, it can be confirmed that the concrete at low temperature has 

mechanical properties such that the strength is increased and the concrete is 
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further failed by brittleness

Equations for the mechanical properties of concrete at low temperature 

were preceded by several researchers. The most proactive expression is Okada 

and Iguro [4]. Okada and Iguro developed an equation for the compressive 

strength at low temperatures without regard to humidity. As this equation does 

not take into account the humidity, it is less accurate than the later developed 

equations and real experiments. [5]

��
,(�) = ��

,(20℃) + 5.3 − 0.84� − 0.0027�� , −10℃ > � > −100℃ (2.1)

��(�) = (��(�)/��(20℃))/(��
�(�)/��

�(20℃))0.5      (2.2)

An equation that best fits is Equation (2.3), Browne and Bamforth [6]. 

Browne and Bamforth’s equation is more reliable than the Okada and Iguro 

equation according to terms of humidity.

��
,(�) = ��

,(20℃) −
��

��
, 	 0℃ > � > −120℃       (2.3)

Goto and Miura [7] also proposed the Equation (2.4) with the humidity 

term. Unlike Browne and Bamforth, which used 
�

��
as a coefficient, Goto and 

Miura used �
�

��
+

�

�,���
�	as a coefficient. 

As temperature term is multiplied by two times, the result tends to be 

higher than the Equation (2.3).
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			��
,(�) = ��

,(20℃) − �
�

��
+

�

�,���
���, 	 0℃ > � > −120℃   (2.4)

Figure 2.2 Experimental verification of compressive strength by 

equations in low temperature

The form of elastic modulus given by ACI is applied with different

coefficient correspond to the value for low temperature. This equation is 

shown in Equation (2.5) and Equation (2.6). 

The coefficient k1 is the modulus of elasticity and the square root of the 

compressive strength at room temperature. k2 is obtained through 

experimental data. 

To obtain this data, this paper refers to the data presented in Marshall [8], 

Kasami et al. [9], Lee et al. [10] [11], And Filiatrault and Holleran [12].

��(�) = ��(�)�����
�(�)                 (2.5)

					�� = ��(20℃)/���
�(20℃)                 (2.6)
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Figure 2.3 Experimental verification of elastic modulus by eqauations in 

low temperature

As shown in Figure 2.5, it can be seen that all experimental data converge 

to coefficient 1. Therefore, the coefficient k2 is considered as 1.
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2.1.2. Reinforcement steel

Figure 2.4 Mechanical property of reinforcement in low temperature [3]

Mechanical properties of steel reinforcement at low temperature are shown 

in figure 2.2. The SS curves of reinforcement steel at 20 °C, 0 °C, -40 °C, -

80 °C, -100 °C, -120 °C, -140 °C and -165 °C were also preceded.

The highest strength and short ductility were observed. Therefore, it can be 

confirmed that the strength of the reinforcement steel at low temperature is 

increased, and the mechanical properties are more brittle [13].



12

The design for reinforced concrete beams is needed not to behave in sudden 

and explosive brittle fracture, but rather leads to ductile failure which is 

gradual, can be seen visually identifiable by small cracks. 

As a result, the flexural failure of reinforced concrete beams at low 

temperature is considered to be more likely to occur brittle fracture than 

ductile fracture [14].

2.2. Thermal properties

In the case of low temperature construction materials, thermal properties 

should also be considered since low temperatures serve as key parameters in 

the behavior of the structure. In this section, the thermal properties of concrete 

and reinforcing bars are analyzed in more detail for Rostàsy [15], which has 

been studied according to saturate conditions.

2.2.1. Rostàsy [15],[16]

In 1979, Rostàsy experimentally confirmed the presence of a transition 

range in the thermal properties of concrete at low temperatures. The transition 

range refers to a phenomenon in which the temperature strain of concrete 

suddenly expands between -20℃ and -60℃
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Figure 2.5 Thermal strain according to temperature (Steel & Concrete, Dry 

condition)

Figure 2.6 Thermal strain according to temperature (Steel & Concrete, 

Saturated condition)
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As shown in Figure 2.5, when the saturate condition of the concrete is in 

the dried condition, the difference in material thermal strain between the steel 

and the concrete is small. In the dry condition, both the reinforced concrete 

and concrete shrinks linearly, and the difference between temperature of –80  ℃

is not significant.

However, as in the case of Figure 2.6, in a saturated condition, a sudden 

expansion of the concrete occurs between –20  and ℃ -60 . This is due to the℃

volume expansion due to the freezing of capillary pores in the concrete, which 

has the maximum value at -40 , which is the largest volume of ice℃ formation. 

Rostàsy defines it as a transition range, and it can be confirmed that the 

concrete shrinks linearly at a lower temperature after the transition range [17].

Because of this transition range, thermal strain of the reinforced concrete 

member in saturated condition at low temperatures will cause a maximum 

strain of 1,000 micro strain due to the different thermal strain of the reinforced 

concrete and the concrete. As a result, Cracks may occur due to different 

thermal strains of the material.
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3. Flexural test of RC beam in low temperature

In order to evaluate the mechanical and thermal properties of reinforced 

concrete beams at low temperatures, an empirical experiment was conducted 

to evaluate the flexural performance of reinforced concrete beams at low 

temperatures.

3.1. Test variables

Table 3.1 Test variables

Test No. Specimen Air Entrained Temperature

1 RT-NAE - 20

2 LT-NAE - -60

3 LT-NAE2 - -60

4 RT-NAE 5% 20

5 LT-AE 5% -60

6 LT-AE2 5% -60

7 LT-AE3 5% -60

The variables were set to temperature and presence or absence of AE agent. 

Experiment cases of room temperature, the temperature are set at 20℃, and 

cases of low temperature, the lower limit value of the transition range -60℃

were set.

These experiments can verify efficacy of AE agent in frost damage at low 

temperature can be seen.



16

Figure 3.1 Specimen I.D

Specimen I.D is set as shown in Figure 3.1. The temperature, which is the 

main variable, is placed in front of the test specimen. In case of AE agent set 

to determine the influence of AE agent, the temperature is placed after the 

temperature. 

If there are several specimens separately, the last test number is written.

3.2. Specimen

The test specimens were cited from DeRosa [18]'s paper on the shear 

behavior of reinforced concrete beams at low temperatures and modified to fit 

the experiment. It was made as the most general specimen and made into a 

large beam instead of the size of the specimen used in the previous researches. 

Strength was also used for ordinary strength concrete instead of high strength 

concrete.

The basic design items such as reinforcement ratio, spacing of stirrup, and 

cover thickness were designed as the most general values. It is set up to 

investigate the structural behavior of reinforced concrete beam at low 

temperatures in general situations, not special situations.
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Figure 3.2 Specimen drawing

The test specimens were fabricated as large beams with a size larger than 

the specimen size and the cross section designed 300×400 mm3.

Table 3.2 Material Properties

Material Properties

'
cf 30

'
yf 400

Diameter of main rebar D 22

Diameter of stirrup D 13
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The material properties are set as shown in Table 3.2. Concrete design 

compressive strength of 30 MPa, which is a commonly used compressive 

strength. SD 400 reinforcement steel was used for reinforcement material.

Diameter of the reinforcement steel is D22, and the diameter of the stirrup 

is D13. Flexural failure was induced by setting the stirrup interval to 150 mm 

for shear reinforcement.

Boundary condition of test specimen was simple support and three points 

load test has conducted to confirm the maximum deflection.

The point spacing was set to 3,400 mm, and the positions of the points at 

both ends were set to 300 mm. The cover thickness was set to 50 mm, which 

is the minimum cover thickness according to the design standard.

3.2.1. Gauging

Gauge attachment is set as shown in the Figure 3.4. A concrete gauge was 

attached to each depth to check compressive strain of each concrete depth. In 

order to verify the tensile strain of reinforcement steel, a steel gauge was 

attached to the lower part.

Also, the concrete gauge was attached to the same position as the 

reinforcement steel gauge for comparison with the strain of the concrete. In 

the case of low temperature gauge, a gauge of the type capable of covering up 

to -70 ℃ was used. In addition, a room temperature gauge was attached to the 

same location to verify the usability of the room temperature gauge at a low 

temperature. 

Temperature range of the room temperature gauge is -10℃ ~ RT.
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Figure 3.3 Gauge I.D

Gauge I.D is set as shown in Figure 3.3. Concrete and steel were named 

according to the material. L was used for low temperature gauge and N was 

used for normal temperature gauge depending on the type of gauge used. The 

gauge attachment positions are shown using T for the top, M for the center, B 

for the bottom, and S for the side. Lastly, each side is shown using 1 for the 

front and 2 for the rear.

In addition, the thermocouple is embedded in both sides and the center of 

the specimen. Details of the thermocouple and gauge can be found in the 

Figure 3.4 and 3.5 below, respectively.
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Figure 3.4 Gauging on specimen
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Figure 3.5 Attaching steel gauge in reinforcement steel

The appearance of the gauging is shown in figure 3.5. In order to determine 

the strain of the reinforcing bar, the surface of the reinforcing bar is ground. 

The top of the reinforcing bar is wiped with alcohol, and then a special gauge 

adhesive such as CN is applied. M-coat and VM treatment for waterproofing 

complete gauge attachment. 

The low temperature gauge has the same basic concept, but the 

waterproofing process is different for low gauge. Since adhesive at low 

temperatures is not possible with general gauge accessory kits, a thicker 

waterproofing treatment is required and a 5 mm thick adhesive tape is applied.
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Figure 3.6 Concreting

Figure 3.6 shows the concrete after casting. Wood molds were used and 

rings were embedded on both sides for transportation. Curing method was 

carried out with wet curing and the method was proceeding with steam curing.

Figure 3.7 Slump test for specimen
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The slump test was carried out as shown in Figure 3.7 and the average 

slump was 80mm. The specimen added with AE agent also had the same 

value.

3.3. Testing process

3.3.1. Testing machine

The equipment used for temperature drop and room temperature 

maintenance was an extreme temperature chamber installed at Seoul National 

University Extreme Performance Test Center. 

The extreme temperature chamber is a device capable of simulating 

extreme environment from -60℃ to 60℃, and it is possible to perform a large 

member force test at a certain temperature without changing the temperature. 

Therefore, an extreme temperature chamber was used to perform the force test 

without changing the temperature at low temperature.

Experimental sensors operating at room temperature are often not operating 

at low temperatures.

The operating temperature range of the experimental sensors commonly 

used at room temperature is shown in the following table.
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Table 3.3 Temperature range of equipment

Equipment Temperature range

Strain Gauge -10℃~RT

Lead wire -10℃~RT

LVDT -10℃~RT

LVDT is used mainly for the measurement of deflection at room 

temperature, and the temperature of -60℃ is above the lower limit 

temperature of LVDT. Therefore, it is difficult to trust the accuracy of the 

LVDT data.

In this paper, the reliability of LVDT was measured using image processing 

technique to confirm the accuracy of deflection at low temperature.

3.3.2. Image Processing

Before conduct image processing, pre-process procedure is needed.

Otsu algorithm [19] was used as preprocessing method for image processing. 

Otsu algorithm is a binarization technique that converts pixels to 0, 1 (or 255)

according to the gray value of the image. This technique is mainly used to 

separate objects from the background. To do this, threshold values are needed. 

In this paper, thresholds through the Otsu algorithm. 

This method is a method of specifying a threshold value by set a cost 

function and then give a minimum value. The way to use this is to make the 

distribution of the gray values of the pixels of the same level similar, which 
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means that the variance of the gray values of the pixels in the same class 

should be small. 

Therefore, the cost function will be the sum of the variances in the 

weighted class and the threshold value will be the value to minimize it. 

In other words, total dispersion always has a constant value regardless of 

how the level is separated. 

Minimizing cost function is thus, maximizing the distribution of classes. 

Therefore, when a new cost function is created, the class separating value 

means that the difference between the average values having the weight of the 

two classes is maximized.

Figure 3.8 Example for image binarization by Otsu algorithm
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Figure 3.9 Threshold value of example

Figure 3.8 is an example of binarizing an image using the Otsu algorithm. 

Various colors are binarized by the Otsu algorithm and can be seen in black 

and white. 

This process uses histogram values from 0 to 255 and was performed by 

MATLAB. Threshold value is set to 161, which is the maximum value of the 

variance value. 

Figure 3.10 Image histogram of example
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Figure 3.11 Original image of beam example

Figure 3.12 Image binarization

Figure 3.12 shows that the background and the crack are clearly separated 

as a result of applying to the actual beam image. 
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Figure 3.13 Threshold value of beam example

Figure 3.14 Image histogram of beam example

As shown in the image histogram, the threshold value is 135, which is the 

maximum of the variance. From the Figure 3.14 gray value is distributed to 

the darker side than the previous example.

This example shows that image binarization using the Otsu algorithm to 

derive threshold value is possible in real experiments.
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Figure 3.8 Image processing procedure of Test 3

Figure 3.9 Image processing procedure of Test 3 (Failed)

Image processing method used in this paper is as follows.

Mark the baseline before the experiment as a quadro-marks and measure the 

exact length of the quadro-mark. The actual length per unit pixel can be

calculated based on the number of pixels of the baseline.
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After taking the video at the same position in the experiment, check the 

number of deflection pixels by comparing the image before the experiment 

with the image after the experiment. 

The final deflection can be confirmed by the pixel difference of the two

photographs. This process was confirmed through the MATLAB program.

The deflection using image processing technique and the deflection using 

LVDT are shown in the Table 3.4
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Table 3.4 Error of image processed results and LVDT

Error LVDT(1) Image Processing(2) 1-(1)/(2)

RT-AE-1

(Test 1)
37.14 35.28 5%

LT-AE-1

(Test 2)
17.55 14.39 18%

RT-NAE-1

(Test 3)
39.06 32.25 13%

LT-NAE-1

(Test 4)
17.55 10.32 17%

LT-NAE-2

(Test 5)
23.37 20.08 19%

LT-AE-2

(Test 6)
40.04 33.33 17%

LT-AE-3

(Test 7)
49.59 35.09 21%
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3.4. Test results for temperature stabilize

3.4.1. Temperature hysteresis loop

Due to the difference in the outside and outside temperature of the 

specimen, the target temperature reached the target temperature and the target 

temperature reached the target temperature. In this experiment, when the 

temperature of the entire specimen reached the target temperature, loading

started and the internal temperature reach target temperature based on the data 

from three thermocouples embedded in the specimen.

Finite element analysis was performed and compared with actual heat data.

Temperature drop appears as follow in experiment and finite element 

analysis.

Figure 3.10 Temperature hysteresis loop for specimen



33

It can be confirmed that the temperature inside the chamber reaches -60℃

after 2 hours and 40 minutes.

However, the internal temperature of the specimen requires about 17 to 18 

hours, which is similar to the results of the finite element analysis. The 

internal temperature of the specimen is similar respectively at SPTEMP 1, 2 

and 3.

3.4.2. Temperature-strain curve

In the case of Tests 2, 4, 5, 6, and 7 at low temperatures, the data of the 

strain from temperature decrease was analyzed to confirm the temperature 

strain of the specimen due to the temperature load at the time of temperature 

drop.

The strain of the compressive section was analyzed in the case of the 

concrete strain, and the strain rate of the tension zone was analyzed in the case 

of the reinforcement steel.
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Figure 3.11 Temperature-strain curve (Concrete, Compressive region)

Figure3.12 Temperature-strain curve (Concrete, Tensile region)
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Figure 3.13 Temperature-strain curve (Steel, Compressive region

Figure 3.14 Temperature-strain curve (Steel, Tension region)



36

Two kinds of gauges are used in experiment. Normal gauge and low 

temperature gauge were attached and analyzed. There was a difference 

between the normal gauge and the low temperature gauge. Also there was a 

difference between the front side and the back side. Reinforcement steel, 

normal gauge and low temperature gauge were attached symmetrically in the 

same position. 

There was also a difference between normal gauge and low temperature 

gauge, and difference between front side and back side.

As the temperature decreased, the shrinkage strain increased in both 

concrete and reinforcement steel. The transition range of Rostàsy was not 

found due to the dried condition.
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3.5. Test results for 3 points flexural test

In this chapter, the result of the flexural test after achieving the target 

temperature inside the specimen is examined. Load-displacement curves and 

load-strain results were discussed. In the case of load-strain curves, the results 

of the compressive section of the concrete and the results of the tensile section 

of the reinforcement steel were discussed. Since the difference between the 

normal gauge and the low temperature gauge in the load-strain curve was not 

different from the value of the temperature-strain curve, the value of the 

gauge was used as an average value of the general gauge and the low 

temperature gauge. 

In order to evaluate the flexural behavior of reinforced concrete beam at 

low temperature, the experimental results at room temperature and at low 

temperature were compared. In order to confirm the effect of AE agent at low 

temperature, experiments were conducted according to presence or absence of 

AE agent at room temperature and the presence or absence of AE agent at low 

temperature.

The failure criteria to define the fracture of the specimen were defined as 

follows. The failure criteria was specified as collapse of the concrete 

compression part, which was based on the concrete yield strength of 0.003.



38

3.5.1. Visible confirmation of test 

To confirm flexural behavior at low temperatures, visual confirmation was 

performed first. The items to be confirmed by visual confirmation were 

judged by the depth of the crack, the number of cracks, the extent of the 

residual crack, and the width of the crack width. 

Ductility fracture should be induced by the characteristics of the bending 

design which induces small cracks.

Figure 3.15 RC beam used for visible confirmation (Test 3, Unfailed)
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Figure 3.16 RC beam used for visible confirmation (Test 3, Failed)

Figure 3.17 RC beam used for visible confirmation (Test 5, Unfailed)
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Figure 3.18 RC beam used for visible confirmation (Test 5, Failed)

Figure 3.19 Cracking procedure of RC beam

As can be seen in Figure 3.16 and figure 3.18, it can be seen that the 

fracture mechanism at low temperatures at room temperature is different. The 

fracture at low temperature is visually even larger and the crack width can be 

confirmed to be deep. Also, it can be seen that the number of cracks is smaller 

at room temperature and deflection is also larger. 

Therefore, it is possible to confirm that the flexural behavior of reinforced 

concrete beams at low temperatures is more brittle and explosive than that at 

room temperature, due to the characteristics of the bending design which 

induces small cracks.
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3.5.1. Test 1 vs 3

Before confirming the effect of AE agent at low temperature, we compared 

the results of Test 1 added with AE agent and Test 3 not added to confirm the 

effect of AE agent at room temperature.

3.5.1.1. Load-deflection

Figure 3.20 Load-deflection curve for Test 1 vs 3
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Table 3.5 Test Results

Test 1 vs 3
Max Deflection, 

mm

Max Load, 

kN

Yield Load, 

kN

RT-AE-1 38.29 199.56 204.46

RT-NAE-1 30.63 205.63 198.30

As a result of the analysis of Load-deflection of Test 1 and 3, the maximum 

deflection was 25% in the specimen to which the AE agent was added, and 

the remaining maximum load and yielding load were 3% and 4%, respectively, 

in the specimen to which the AE agent was not added.

At room temperature, the effect of AE addition on the maximum load and 

yield load in addition to the maximum deflection is within 5%, which is 

considered to be negligible.

3.5.1.2. Load-strain

To analyze the load-strain relationship according to presence or absence of 

AE at room temperature, the load-strain of the upper end concrete and the 

load-strain of the lower end reinforcement were analyzed
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3.5.2.1.1. Compressive region (concrete)

Figure 3.21 Load-strain curve for Test 1 vs 3 (Concrete)

3.5.2.1.2. Tensile region (reinforcement steel)

Figure 3.22 Load-strain curve for Test 1 vs 3 (Reinforcement Steel)
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3.5.2. Test 2,6,7 vs 4,5 

In order to confirm the effect of AE agent at low temperature, we compared 

the results of AE agent added Test 2,6,7 and unincorporated Test 4,5.

3.5.2.1. Load-Deflection

Figure 3.20 Load-deflection curve for Test 2,6,7 vs 4,5
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Table 3.6 Test Results

Test 2,6,7 vs 4,5
Max Deflection, 

mm

Max Load, 

kN

Yield Load, 

kN

LT-AE-1 13.76 252.83 249.09

LT-AE-2 17.55 256.49 256.35

LT-AE-3 23.37 252.58 238.93

LT-NAE-1 49.59 252.62 241.90

LT-NAE-2 40.04 261.67 249.92

As a result, the maximum load was 3% on average and the yield load was 4% 

on the average. On the other hand, the maximum deflection was 60% smaller 

in the specimens to which the AE was added. In the case of AE - added 

specimens, the bridge effect tended to be more susceptible to fracture than AE 

- free specimens

3.5.2.2. Load-strain

In order to investigate the extent of AE agent contributing to the frost 

damage of flexural performance at low temperature, Flexural performance 

evaluation of AE-added and non-AE-added specimens was performed at low 

temperatures.

The resulting load-strain curve was analyzed Respectively
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3.5.2.2.1. Compressive region (concrete)

Figure 3.24 Load-deflection curve for Test 2,6,7 vs 4,5 (Concrete)

3.5.2.2.2. Tensile region (Reinforcement steel)

Figure 3.24 Load-deflection curve for Test 2,6,7 vs 4,5 (Reinforcement steel)
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As a result of the analysis, the stiffness of the specimen with AE added in 

the compressive section of concrete increased by 15%, which is considered to 

be due to the bridge effect as well as the relation in load-deflection.

The load-strain relationship in the tensile reinforcement shows that the 

stiffness is the same in all five specimens, and the yield load is 45% larger 

than the specimen without the AE addition.
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3.5.3. Test 3 vs 4,5

To compare the behavior of the structure at low temperature and room 

temperature, excluding the effect of AE agent, compare experiment 3, 4, 5 

without AE agent.

3.5.3.1. Load-Deflection curve

Figure 3.27 Load-deflection curve for Test 3 VS 4,5
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Table 3.7 Test Results

Test 3 vs 4,5
Max deflection, 

mm
Max Load, kN Yield Load, kN

RT-NAE-1 38.06 205.63 203.77

LT-NAE-1 49.59 252.62 241.90

LT-NAE-2 40.04 261.67 249.92

As a result of the load-deflection relationship, it is confirmed that the 

maximum deflection is about 15%, the maximum load is 20%, and the yield

load is 17%

The stiffness of the two specimens at the low temperature was the same and 

showed a difference of 5% from the specimen at room temperature

Therefore, it is confirmed that it has higher maximum load and maximum 

deflection at low temperature at room temperature.

3.5.3.2. Load-strain

In order to investigate the flexural performance at low temperature and 

room temperature, we investigated the shape of the load-strain at low 

temperature and room temperature of the specimen without added AE agent.

The effect of AE agent was excluded for comparison under the same 

conditions.
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3.5.2.1. Compressive region (Concrete)

Figure 3.28 Load-strain curve for Test 3 vs 4,5 (Concrete)
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3.5.2.2. Tensile region (Reinforcement steel)

Figure 3.28 Load-strain curve for Test 3 vs 4,5 (Reinforcement steel)

As a result of analysis, the compressive part shows similar load-strain 

relationship at both low and normal temperatures.

The load-strain relationship at the tensile steel reinforcement shows an 

average yield load of 50% greater than that at room temperature in the 

specimen at low temperature.
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3.5.4. Test 1 vs 2,6,7

In order to confirm the difference in the behavior of the structure at room 

temperature and at low temperature, including the effect of AE, we analyzed 

the relationship between Test 1 at room temperature and Test 2, 6, 7 at low 

temperature

3.5.4.1. Load-deflection

Figure 3.30 Load-deflection curve for Test 1 vs 2,6,7
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Table 3.8 Test Results

Test 1 vs 2,6,7
Max Deflection, 

mm

Max Load, 

kN

Yield Load, 

kN

RT-AE-1 37.14 237.07 209.75

LT-AE-1 13.76 252.83 249.09

LT-AE-2 17.55 256.49 256.35

LT-AE-3 23.37 252.58 238.93

The load-deflection relationship between Test 1 and Test 2, 6, 7 was 

examined. As a result, it was confirmed that the maximum deflection was 

about 50%, the maximum load 7%, and the yielding load 19%

All of the specimens at low temperatures were found to be more brittle than 

the specimens at room temperature.

3.5.4.2. Load-strain

To investigate the effect of AE agent on flexural performance at low 

temperature and room temperature, we investigated the shape of load-strain at 

low temperature and room temperature of AE-added specimen.



54

3.5.2.1. Compressive region (Concrete)

Figure 3.31 Load-strain curve for Test 1 vs 2,6,7 (Concrete)

3.5.2.2. Tensile region (Reinforcement steel)

Figure 3.32 Load-strain curve for Test 1 vs 2,6,7 (Reinforcement steel)
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As a result of analysis, the compressive part shows similar load-strain 

relationship at both low and normal temperatures.

The load-strain relationship at the tensile steel reinforcement shows an 

average of 24% higher yield load at room temperature than at room 

temperature.
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4. Conclusion

The results of the experiments at low temperature and room temperature 

according to the respective variables are as follows

Presence of AE at room temperature affects the maximum deflection of 

reinforced concrete beams by 25% but does not affect the maximum and yield 

loads by 3.4%, respectively. Presence or absence of AE at low temperature is

not influenced by the maximum load and yield load of 3.4%, respectively, but 

it is 60% smaller than that of the maximum deflection, which affects the 

elongation of reinforced concrete beams.

This is considered to be the result of the bridge effect and therefore the use 

of AE in the design of reinforced concrete beams at low temperatures

Therefore, it is confirmed that the AE is effective for the maximum deflection 

during frost damage at low temperatures.

Maximum deflection of reinforced concrete beams at room temperature 

varies with the tendency of maximum deflection at low temperatures 

depending on the presence or absence of AE. Maximum load at room 

temperature is about 20% smaller than the maximum load at low temperatures 

regardless of the presence or absence of AE agent

Therefore, at the low temperature, the maximum load and the yield load 

increase at room temperature, but the maximum deflection decreases, so it is 

destroyed by brittleness at room temperature
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국문초록

최근 인구의 급격한 증가와 과도한 산업화로 인해 지구상에서

이용할 수 있는 자원의 양이 줄어 들고있다. 따라서 이러한 현상에

대비하기위해 추가 자원을 공급하기 위해 일반 지역이 아닌 극한

지역의 자원 개발이 증가하고 있다. 각국에서는 남극과 시베리아 등

극한의 기후를 가진 지역에서는 자원 개발을위한 연구 기관을 설립

하여 연구 활동을 진행 중이다.

한국 또한 남극대륙에는 장보고 기지를 건설하였고 킹 조지 섬

에는 세종 기지를 건설하여 극한지 자원에 대한 연구를 수행하고

있다. 러시아는 천연자원을 위한 가스필드 개발과 당국의 국가 정책

산업인 시베리아 파이프라인 프로젝트를 추진하고있다. 그러나 이러

한 자원개발활동이 진행되기에 앞서 각 국의 설계 기준에서는 저온

범위를 명시하지 않으며 저온에서의 설계 지침 또한 기술하고있지

않다. 따라서 극한지에서의 건설을 진행하기 위해서는 극한지 기후

에서의 구조부재에 대한 연구가 선행되어야한다. 

저온에서 콘크리트는 연성은 감소하지만 저온에서는 강도와 강

성이 증가하기 때문에 상온에서보다 취성적인 재료적 특성을 가지

고 있다. 철근은 또한 저온에서 상온에서보다 높은 강도와 강성을

갖지만 연성은 감소하여 콘크리트와 마찬가지로 취성적으로 파괴되
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는 재료적 특성을 가진다. 따라서 철근과 콘크리트의 복합 재료인

철근콘크리트 보는 상온에서보다 취성적으로 파괴될 가능성이 높다.

그러나 현재 수행된 저온에서의 철근콘크리트 및 콘크리트 연

구에는 한계가 있다. 첫째로 재료 단위의 연구가 주로 수행되었으므

로 구조적 성능을 파악하기에 어려움이 있다. 둘째로 철근콘크리트

보를 사용하여 구조 성능을 조사하는 실험의 대부분은 장비의 제한

으로 인해 대형 부재가 아닌 공시체 단위에서의 연구가 진행되었다. 

마지막으로, 실험 수행 시 냉각 후 실온에서 수행되었으며 지속적인

저온 환경에서의 실험은 수행되지 않았다. 따라서 이러한 한계로 인

하여 저온에서의 철근콘크리트 보의 거동을 정확하게 파악할 수 없

었다. 

본 연구에서는 저온에서 구조 부재의 기계적 성질과 열적 특성

을 분석하여 극한지에서의 철근콘크리트 보의 가장 기본적인 성능

인 휨성능을 평가하였다. 실험결과 저온에서의 철근콘크리트 보는

재료적 특성과 동일하게 상온에서보다 취성적으로 파괴되며 강도 및

강성 또한 상온에서보다 크게 나타나는 것을 확인하였다. 또한 AE제가 첨

가된 보에서의 강도 및 강성이 첨가되지않은 보에 비해 높고 연성 또한 높

은 것을 확인하여 저온에서 AE제의 사용이 휨성능에 긍정적인 영향을 주

는 것을 확인하였다.
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주요어: 콘크리트압축강도, 저온, 휨 거동, 온도챔버, 휨 성능, AE 제,

공기연행제, 취성파괴
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