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Abstract. Based on the temperature rise caused by adiabatic process and the viscosity of the metal 
under the impact of steel, the Johnson-Cook constitutive relation of structural steel in civil 
engineering was modified. Applying the Split-Hopkinson Pressure Bar (SHPB) testing technique, 
the impact experiment under elevated temperatures (25, 350, 450 and 750℃) and high stain rates 
(2300 and 3200s-1) of Q345 steel was performed. Johnson-Cook constitutive model of structural 
steel was modified on the basis of adiabatic warming effect and Perzyna constitutive model. Based 
on the result of the experiment, the fitting curves were drawn and compared with the revised 
constitutive model. The results showed that Q345 steel has obvious strain rate hardening effect and 
temperature soften effect, and the curves of the modified constitutive model and the experimental 
results matched very well. The modified Johnson-Cook constitutive relationship can precisely 
describe the dynamic characteristic of Q345 steel under the impact of temperature effect and strain 
rate effect. 

Introduction 
Fire and explosion can cause devastating personal injury and property damage. It has become  one 
of  major disasters which are harmful to human life and production. These explosions are hard to 
predict and very destructive. Whether the current frequent incidents of terrorism, or our lives in the 
accident, study on the anti explosion performance of structure is gradually changed to the 
development trend of future research. The constitutive relation of metal material has high strain rate 
dependent and high temperature dependent characteristics. The key is to accurately reflect the 
sensitivity of materials and to establish a simple and practical model[1]. Therefore, the test and 
application of elevated temperatures and high strain rate constitutive relation of steel has become a 
hot research topic in the present research. 

The Johnson-Cook model[2] is simple and the clear physical meaning. The parameters in the 
model can be directly determined by the SHPB test, so it has been widely used in the steel 
constitutive relation study. This test in the paper adopts the SHPB testing technique, and the impact 
experiment under different stain rates and different temperatures for Q345 steel which is widely 
used in steel structures are carried out. Considering high temperature effect caused by high speed 
deformation softening on stress strain curve, through fitting the test curve and modifying the 
Johnson-Cook model, the developed model can well reflect the combination of high temperature 
thermal effect and high strain rate effect of structural steel.  

Test of Material Properties  
Equipment and Principles of Test. Experimental studies on the high-temperature material 
properties of Q345 steel which is widely used in steel structures are carried out in the paper. The 
dynamic impact compression test was conducted by SHPB apparatus combined with pulse shaping 
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techniques to study Q345 steel under high temperature and high strain rate conditions. The material 
of the impact bar, the incident bar and the transmission bar are 18Ni maraging steel. Basic 
parameters of experimental equipment: For the impact bar, the length is 300mm, the diameter is 
14mm, the density is 7800kg/m3; For the incident bar, the length is 1200mm, the diameter is 14mm, 
the density is 7800kg/m3; For the transmission bar, the length is 1200mm, the diameter is 14mm, 
the density is 7800kg/m3. The experimental apparatus is shown in Fig. 1. 

 

 
Fig. 1. The schematic of the Split Hopkinson Pressure Bar test 

 
The experimental principle: in the heating furnace, the heating control system can keep the 

temperature of the test piece in the setting temperature when the test piece reaches the preset 
temperature; when the driving device is started, the air pressure in the driving device pushes the 
impact bar to strike the incident bar, and an incident wave is generated in the incident bar; the 
incident wave is transmitted to the specimen through the incident bar, so that the specimen is 
deformed; the incident wave is divided into two parts, and one part of the incident wave is reflected 
back, and a reflection wave is generated in the incident bar; the other part of the incident wave is 
passed into the transmitter bar, and a transmission wave is generated in the transmitter bar; these 
waves through the strain amplifier transfer to the super dynamic strain instrument, and the transient 
waveform storage into the computer. Formula for processing data: 
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In the Formula: ( )tε&  is strain rate; ( )tε  is strain; σ  is flow stress; C0 is the velocity of elastic 

wave propagation in an elastic bar; L is length of specimen after deformation; A is the cross section 
area of elastic bar; A0 is the cross section area of  specimen; E is the young modulus of elastic bar; 

Rε  and Tε  are the reflection stress pulse and the transmission stress pulse, respectively. 

Experimental result analysis. Q345 steel is used in this experiment. The size of the test piece is 
4mm 4mmφ × . The test results are shown in Fig. 2. It can be seen from the figure that 

the obvious difference of yield strength is observed in the stress-strain curves of Q345 steel in 
different temperature. It shows that Q345 steel has a high temperature softening effect. When the 
strain rate is 3200s-1, the yield strength curve is higher than the yield strength curve when the strain 
rate is 2300s-1. It shows that Q345 steel has obvious strain rate strengthening effect. 
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Fig. 2 yield strength of Q345 steel at different strain rates and different temperatures 

Constitutive relation 
Johnson-Cook model. The Johnson-Cook model is a mechanical model proposed by Johnson and 
Cook in 1983, and an improvement to the Ludwik equation which can reflect the dynamic 
characteristics of metal[3]. Johnson-Cook model is generally used to describe the constitutive 
relation of metallic materials in the case of large deformation, high strain rate and high temperature, 
to reflect the strain rate hardening effect and high temperature softening effect of steel. The function 
relation of stress and strain, strain rate and temperature can be presented well. Its model can be 
expressed as: 
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In the Formula: A, B, C, n and m five parameters are determined by experiment; yσ  is 

equivalent stress of steel considering strain rate and temperature; lε  is equivalent plastic strain; 0ε&  
is reference strain rate; ε&  is the strain rate should be considered in the calculation; T ∗  is 
dimensionless temperature, ( ) / ( )r m rT T T T T∗ = − − ,T  is test temperature; rT  is room temperature; 

mT  is melting temperature of material. Johnson-Cook constitutive model is established for better 
numerical simulation, but the constitutive equations have not fully considered the thermal history 
effect and the strain rate history effect. It simply multiplies the parameters of strain, strain rate, 
temperature that affect yield strength, in order to determine the undetermined coefficients in the 
model in experiment[4]. 

Modification of Constitutive Equation. As above-mentioned, there are many defects in the 
establishment of the Johnson-Cook model. Because the model does not consider the viscous 
properties of the metal, the Perzyna model is introduced in this paper [5]:  
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In the Formula: yσ ′  is yield stress considering strain rate effect; plε  is equivalent plastic strain 

rate; m  is strain rate enhancement factor; γ  is viscosity coefficient; yσ  is yield stress. 
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The stress model of Perzyna did not reflect the temperature dependent yield strength, so 
combining the advantages and disadvantages of these two equations, the J-C model is modified to: 
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One of the main differences between the structural analysis at room temperature and the 

structural analysis under high temperature is that the material properties of the steel should be 
considered with the change of temperature. The greatest impact is the change of the mechanical 
properties of the material at high temperature[6]. The impact load causes the material to produce the 
plastic deformation, and the plastic work which is produced by the impact is changed into heat 
energy, and some of the heat is dissipated into the surrounding environment and a part of the heat is 
transferred into the material which leads to the increase of the temperature of the metal. As 
above-mentioned, the large strain rate plastic work turns into heat energy which can be used to 
calculate the temperature of the material[7]: 
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So, integrated by the improved Johnson-Cook model and the above temperature calculation 

formula, the coefficient K and strain rate dependent terms was added in third temperature softening 
items[8]. The improved constitutive model: 
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Fitting of constitutive equation and test data. Comparison the fitting curves between the initial 
and modified J-C model, as shown in Fig. 3, it is concluded that the modified constitutive relation 
can be better used in the study of the dynamic response of steel under high temperature and high 
strain rate.  

 
Fig. 3. Comparison between the fitting results of the modified Johnson-Cook model and the 

experimental results 
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Conclusions 
Through the compare and combination of the advantages of Perzyna model and Johnson-Cook 
model, and the temperature rise caused by the change of the plastic work in the adiabatic process, 
the Johnson-Cook model is modified.  

By fitting the experimental results and the modified Johnson-Cook model, the constitutive model 
parameters of Q345 steel under different strain rates and different temperatures were obtained, and 
through the comparison of the test curve and fitting curve confirmed that the model can better 
describe quality carbon steel effect of temperature and strain rate effect. 
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