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Problem statement and objectives

Underground coal gasification (UCG) is currently being revived worldwide. As one of the main 
environmental risks, ground subsidence has to be studied in detail. Due to pyrolysis and 
oxidation/reduction processes, the temperature in the reactor can be up to 1200°C. Furthermore, the 
strength and deformation characteristics of rocks under high temperatures are quite different from 
those at room temperature. Therefore, a coupled thermo-mechanical (TM) model is essential for the  
corresponding analysis of UCG, such as roof deformation and ground subsidence.

The aims of the authors are to establish a TM model reflecting the effects of high temperatures on 
rocks, implement it in a Finite Element Software Package (Abaqus) to simulate the UCG process, and 
compare the results with those under conventional conditions.  

Fig. 2 Normalized elastic modulus and peak strength vs. temperature for different rocks. The solid lines 
represent the results at  high temperatures, and the dashed lines those after high temperature treatment.

Methodology 

The effects of high temperatures on the elastic modulus E and strength of several rocks are shown in 
Fig. 2. The tests were performed at high temperatures (solid lines) and after high temperature 
treatment (dashed lines). In both cases, E and strength decrease with increasing temperature, but 

.
after high temperature treatment 
determined at high temperatures

these parameters are of higher quality compared to those 
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To study the TM MC model in detail, four scenarios of a 
simplified model, whose boundary and load conditions are 
depicted in Fig. 3, were applied to realize the case studies 
shown in Table 1. References
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Fig. 1 Research workflow

The methodology applied is  shown in Fig. 1. The TM model is a modified Mohr-Coulomb (MC) model, 
including the temperature effects on the mechanical parameters of rocks. Comparison between 
elasto-plastic and strain softening behaviors has also to be considered.  Besides, the plastic potential 
is assumed to be identical to that in Abaqus 6.7.

Thermo-mechanical model construction 

Data Acquisition
  -- High-temperature geotech-     

nical experiments (ongoing)
  -- Literature

TM Model Construction
  -- Constitutive model
  -- Failure criterion
  -- Plastic flow rule

Model Verification
  -- Numerical uni- and triaxial 

compressive tests
  -- Numerical tensile tests 

Benchmark setup

Fig. 4 E(T) and c(T) for sandstone (the 
dashed lines are assumed)
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Fig. 6  Yield areas of the four scenarios

Since the thermal parameters in all the 
scenarios are identical and tempe- 
rature independent, the temperature 
field based on steady heat transfer for 
all the cases is shown in Fig. 5. 

The yield zones increase progressively 
from CASE 1 to CASE 4, as shown in 
Fig. 6. 

Table 3 lists the horizontal displace- 
ment of point A (U ), the vertical dis- Ax

placement of point B (U ), and the By

thickness of the yield zone (H) (Fig. 7). 
These values are higher under TM 
conditions compared to the conven- 
tional mechanical model (CASE1). 

In the TM MC model (CASE 4), maxi- 
mum displacements in the reactor and 
the yield zone are about 7.4 and 2.4 
times higher compared to the 
conventional model (CASE 1), 
respectively. 

The impacts of c(T) on the results are 
higher than those of E(T).

CASE 1

Fig. 5  Temperature field Fig. 7  Key parameters studied

Table 3 Numerical results 

CASE 2

CASE 3

CASE 4

UAx

(m)
UBy

(m)
H

(m)

-0.073

-0.283

-0.558

-0.543

-0.072

-0.293

-0.660

-0.585

4.115

5.011

13.705

10.355

Parameterization

The functions E(T) and c(T), modified from the 
sandstone data at high temperatures in Fig. 2, are  
shown in Fig. 4, where E  and c  represent the values of 0 0

E and c at room temperature. The dashed parts were 
assumed by the authors due to a lack of data. The 
geotechnical parameters used here are shown in 
Table 2. 

Conclusions and further studies

During the UCG process, the reactor temperature is extremely high (up tp 1200°C). Thus, a TM model 
should be applied, if numerical simulations are carried out to evaluate deformation and ground 
subsidence. Subsequent to the UCG process, a TM model is also required, since geomechanical rock 
properties change after its exposure to high temperatures.

Conventional mechanical models have to be modified to remain consistent with the change of rock 
properties under high temperatures. Even though the TM MC model proposed here is rather simple, it 
provides an improved description of parameters considering experimental data on rock bahavior 
under high temperatures.

Four scenarios were calculated to compare the TM MC model with the conventional MC model and 
study the sensitivity of the geomechanical parameters. Deformation and the yield zones are higher for 
the TM model, and deformation is more sensitive to cohesion than to the elastic modulus. 

Further studies include a) constitutive model comparisons, b) TM model verification, and c) model 
validation based on data from real UCG sites.

Fig. 3 The benchmark model (units: m)
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The TM MC model is constructed based on the reduction in cohesion as follows: 

F(s, T) = (s - s) - (s + s)·sinf - 2c(T)·cosf1 3 1 3

where T is the temperature in °C, c(T) the rock type dependent cohesion function, and f the friction 
angle.

The corresponding constitutive model can be both perfect elasto-plastic and strain softening, where 
E = E(T).

Simulation Utilization
  -- Roof deformation
  -- Ground subsidence
  -- Other aspects

Scenarios

CASE 1

CASE 2

CASE 3

CASE 4

Calculation Procedure

Conventional model (M)

Partial TM

Partial TM

Complete TM

T-effected Parameters

-

E(T)

c(T)

E(T) + c(T)

Table 1 Description of the four scenarios 

CASE 1 CASE 2

CASE 3 CASE 4
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