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Introduction 

 

Reinforced concrete is widely used as the main modern 

construction material. It consists of a variety of materials, 

and a few micron cracks in the material may have 

completely different mechanical properties from cracks 

at the whole macrostructural level. Therefore, in order to 

reflect the influence of microstructure on macroscopic 

properties, multi-scale simulations are used to model and 

simulate concrete materials. 

In this paper, as the first stage of the research 

framework, the performance of concrete is studied and 

analyzed at the material level through experimental tests. 

In general tests when the specimen reaches the 

compressive strength of concrete, the specimen deforms 

rapidly, crumbles, and has an incomplete post-peak curve. 

In order to obtain the complete full curve of concrete 

stress-strain under compression, we newly try to use the 

energy dissipation rate as a control index for compression 

tests. 

 

Experimental Method 

 

 

Figure 1. shows the geometry of test specimens. The test 

body is a cylinder with a diameter of 100 mm, and the 

cylinder has two heights of 200 and 400 mm. Three 

different strengths of concrete were used for this 

investigation. Table 1. lists the specified concrete mix 

proportion. 

 

 

Whitney[1] has long pointed out: the sudden 

destruction of the concrete specimen is due to the 

stiffness of the test machine itself is not enough. Test 

machine in the loading process deformation, stored a 

large amount of elastic deformation energy. When the 

specimen reaches the maximum load-bearing capacity, 

the test machine will release energy quickly due to load 

reduction. A large additional strain is applied to the 

specimen and causes rapid damage. 

In order to obtain a stable concrete full curve, the 

following two methods are usually used: (1) increase the 

stiffness of the testing machine; (2) control the 

displacement rate through the whole closed-loop system 

composed of electronic circuits to ensure a smooth and 

stable experimental process. 

According to previous study[2], if the load-

displacement curve has a post-peak shape as shown in the 

Figure 2., there will be a discontinuity of one x 

coordinate corresponding to two y coordinates. To 

eliminate this phenomenon, the axes are rotated by an 

angle θ so that within the new axes, the load decreases 

monotonically with increasing displacement. The 

following equation (1) is the transformation to the new 

coordinate axis: 

|𝑋
𝑌
| = |𝑐𝑜𝑠𝜃,

sin 𝜃,
− sin 𝜃
cos 𝜃

| ∙ |𝑥
𝑦
|    (1) 

Therefore, it is possible to measure the complete load-

displacement curve by simply adjusting the amount of oil 

Table 1. Properties of concrete 

Series w/c 

[%] 

Water 

 

[kg/m3] 

Cement 

 

[kg/m3] 

Fine 

aggr. 

[kg/m3] 

Coarse 

aggr. 

[kg/m3] 

A 65 210 323 888 942 

B 60 212 353 855 945 

C 55 214 389 816 948 

Figure 1．Geometry of test specimens 



in the pump so that the value of X increases 

monotonically. 

 

 

 

Figure 2. Coordinate 

transformation 

Figure 3. Dissipated 

energy 

 

 As shown in Figure 3., the shaded area surrounded 

by two straight lines whose slope is the elastic modulus 

of the test specimen is defined as dissipated energy. The 

energy dissipation can be obtained by take a derivative 

with time. In this test, we try to use energy dissipation 

rate of 0.0063 MPa/min as a feedback signal which can 

make sure the stress-displacement curve decreases with 

respect to the x-axis during post-peak. 

The experimental setup is shown in Figure 4. The 

closed-loop system consists of a universal testing 

machine, data collector and signal conditioner, and a 

laptop computer [3]. The loop of the system: 

(1) The analog signal measured by the displacement 

meter and the load from the universal testing machine is 

input to the data collector and signal conditioner; 

(2) The digital signal is input to the computer for 

processing; 

(3) Set an appropriately energy dissipation rate in the PC; 

(4) The feedback signal is transmitted to the testing 

machine for loading control through data collector and 

signal conditioner.       

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Additionally, strain gages shown in Figure 1. are 

attached to the outer surface of the concrete test cylinder. 

For test specimens with a height of 200 mm, the gage is 

located at the center. The test specimens with a height of 

400 mm has two gages, which are respectively located at 

the upper quarter and the lower quarter. 

The Digital Image Correlation (DIC) system was also 

used in this experiment. The system uses two high-

resolution digital cameras to record the deformation of 

the surface of the object which to be measured in real 

time, and then uses a special image correlation method to 

obtain 3D deformation information of the object from the 

recorded data. As shown in Figure 5., while the concrete 

experiment was in progress, two digital cameras were 

located on each side of the frontal symmetry to capture 

the surface of the test specimen. In order to perform 

image analysis, the specimen is first sprayed with a white 

base color on the front and then black dots suitable for 

camera analysis. The parameters at the time of 

photographing are shown in Table 2. 

 

Table 2. Image measurement parameters 

 

Image size Width 2048 × Height 

2448 pixels 

Image format TIFF 

Camera speed 5 images per second 

 

Result and Discussion 

 

The strain obtained from the image analysis is the 

average strain of the test specimen calculated from the 

measured displacement of the upper and lower end points 

as shown in the Figure 6. The following Figure 7. shows 

the experimental results obtained from the strain gauge, 

displacement meter and DIC system image analysis.  

 

Figure 6. Strain calculation 

 

The results of the image analysis agree accurately 

with the initial stiffness measured by the strain gauges. 

The results also correspond well to the stress-strain curve 

obtained from the displacement meter, including the 

post-peak period. Therefore, it can be confirmed that the 

Displacement meters

Points for calculating 

the displacement (image 

analysis)

Area for calculating 

the average strain 

(image analysis)

Strain gauges

Figure 5. Measurement system layout 

Figure 4. Experimental setup 



strain measurement method by image analysis is 

appropriate for uniaxial compression loading tests of 

concrete cylinders. 

 

 
(1) A8: 200mm  

 
(2) A10: 400mm  

 
(3) B2: 200mm 

 
(4) B8: 400mm  

 
(5) C2: 200mm  

 
(6) C9: 400mm  

Figure 7. The results of experiment 

 

Figure 8. shows the strain distribution on the surface 

of the test body after analysis. The figures are shown at 

peak stress and at eighty percent of peak stress at 

different sizes, respectively. As shown in Figure 8. (a) 

(b), for specimens with relatively small height, the failure 

region extends over the entire specimen. On the other 

hand, in the case of specimens with larger height shown 

in Figure 8. (c) (d), the behavior is clearly divided into 

two regions: one with a rapid increase in strain and the 

other with no increase. This clearly indicates that the 

fracture tends to be concentrated in a specific region 

rather than over the whole length of the specimen. 

The localization of damage zone such as the one 

described above is performed using series coupling 

model [4]. The model assume that the zone of continued 

loading is coupled in series to the zone of unloading, such 

that the forces carried by both zones are equal and their 

deformation are superimposed. Strain values in different 

areas of the specimen at different stress states are shown 

in Figure 9. Each strain is calculated by dividing the 

strain distribution on the surface of the specimen into 

heights of every 200/3 mm or 400/6mm as shown in 

Figure 6., and then calculating the average strain in that 

region. The length of the damaged area of the specimen 

with a length of 400 mm is assumed to be 160 mm in this 

analysis. The stress-strain in the localized zone which 

shown in Figure 10. can be calculated from equation (2):  

휀 ̅ = 𝑓 ∙ 휀 + (1 − 𝑓) ∙ 휀𝑢    (2) 

�̅� : The average strain;   𝜺: The strain in localized zone;  

𝜺𝒖: The strain in unload area; f: Volume ratio of localized 

area to specimen 

 

(a) Height=200mm, 

Peak 

(b) Height=200mm, 

80% of peak 

(c) Height=400mm, 

Peak  
(d) Height4200mm, 

80% of peak  

Figure 8. Strain distribution (A series) 

 

 

 

(1) A8: 200mm (2) A10: 400mm 

(3) B2: 200mm (4) B8: 400mm 

(5) C2: 200mm (6) C9: 400mm 

Figure 9. Change in strain distribution in the height  
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(1) A10 (2) B8 

(3) C9 
 

Figure 10. Stress-strain 

in the localized zone 

Figure 11. Model for 

determination of pre-peak 

and post-peak behavior 

The inelastic post-peak displacement, 𝛿𝑖𝑛𝑒𝑙 , can be 

calculated from the measured surface displacement by 

using the line model. The model assume that the inelastic 

displacement of localized zone is independent of the 

length of the localized zone. Results can be seen from 

Figure 12. that the height did not have a large effect on 

the relation of inelastic-stress. 

 

 
(1) Height=200mm 

 
(2) Height=400mm 

Figure 12. Relative stress-inelastic displacement 

 

To examine the compression fracture energy, the 

stress-displacement diagram was used and divided into 

two sections, as shown in Figure 11. The pre-peak energy 

per unit specimen area (𝐴𝑝𝑟𝑒) corresponds to the amount 

of energy dissipated by loading the specimen up to the 

peak stress and then unloading it completely (with the 

assumption that it would unload along a line parallel to 

the elastic modulus). The post-peak energy per unit 

specimen area shown as 𝐴𝑝𝑜𝑠𝑡  in Figure 11. 

corresponds to the area under the curves defined by the 

stress-displacements. For this part of the investigation, 

the total post-peak compression fracture energies are 

defined from the peak -stress until 𝜎 𝜎0⁄  = 33%. Figure 

13. shows how the post-peak compression fracture 

energy for concretes accumulate as strain softening takes 

place. This shows that the amount of energy required to 

decrease the load-carrying capacity by a given fraction is 

about the same for different strength of concrete. Relative 

to their compressive strengths, the high strength concrete 

has less post-peak compressive fracture energy than the 

normal strength. 

 

 
(1) Height=200mm  

 
(2) Height=400mm  

Figure 13. Post-peak energy 

 

Conclusion 

 

The present work shows that the Energy Dissipation Rate 

feedback control can be used to stably obtain the full 

stress-strain curve even if the severe snapback occurs. 

The DIC system helps to better understand the 

development situation of the localized area by analyzing 

the strain on the surface of the specimen through the 

image. 

Based on the Series-coupling model, it is possible to 

distinguish between two types of behavior that occur in 

post-peak when under compression. The height of the 

specimen affects the ratio of the height of the localized 

area to the specimen. The compressive fracture energy is 

influenced by the compressive strength and it can be 

treated as a material property in finite element 

computations. 

 

Reference 

[1] Whitney C. S.: Discussion on V.P. Jensen’s Paper, 

Journal of A. C. I., Proceeding V. 39, Nov, 1943. 

[2] Koyanagi Wataru, Rokugo Keitetsu, Ohno Sadatoshi: 

Automatic Measurement System for Load-Displacement 

Curve of Concrete Specimen Including Descending 

Region, Civil Engineering Society Essays，Ne. 354tV−2, 

pp. 119−126, 1985. 2(in Japanese) 

[3] Takeaki Koshikawa, Masaiki Ueda, Masaru Kikuchi, 

Toshinaga Wada: Uniaxial compressive failure tests of 

concrete using feedback control, Proceedings of Japan 

Concrete Institute, Vol. 30，No. 3，pp. 91–96, 2008. (in 

Japanese) 

[4] Bazant Z. P, Identification of Strain-Softening 

Constitutive Relation from Uniaxial Test by Series 

Coupling Model for Localization, Cement and Concrete 

Research, Vol. 19, No.6, 1989, pp 973-977 


