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ABSTRACT 

Nowadays, there is no precedent for building a high-speed railway in diatomite area. Due to 
the complex structure and poor mechanical properties of diatomite as well as the lack of relevant 
engineering experience, more attention has been paid to the proper constitutive model of the tunnel 
in diatomite layer using the numerical calculation method, while the traditional Elastoplastic 
calculation model is the most used yet. Therefore, relying on the Feifengshan tunnel, through FLAC3D 
software as well as the on-site monitoring, the analysis of the settlement law about tunnelling in 
diatomite stratum is carried out based on different constitutive models. The research results show 
that diatomite has obvious strain-softening characteristics. The calculated surface settlement and 
vault settlement based on the Strain Softening model is greater than that based on the Mohr 
Coulomb model. When compared with the on-site monitoring data, it is found that the Strain 
Softening model would more accurately show the settlement law of the tunnel in diatomite and has 
better applicability in the diatomite area. The above-mentioned research results may provide some 
references for the construction and design of tunnels in similar strata in the future. 
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INTRODUCTION 

Diatomite is a kind of sedimentary rock formed by the remains of single-celled algae after 
many years of deposition. It has the characteristic of large pores, low density, loose structure, well-
developed joint, and large compressibility, it softens easily when in contact with water and the 
mechanical abilities will decrease sharply [1, 2]. Han [3] analyzed the engineering characteristics of 
diatomite based on field experiments, and compared the reinforcement effects of different pile types 
in diatomite area. Existing studies mainly focused on the selection of subgrade reinforcement in 
diatomite area, and evaluated the applicability of reinforcement scheme to diatomite geology from 
the perspective of pile forming effect, bearing capacity and construction, and selected the optimal 
reinforcement measures according to the comparison of test results [4-6]. Based on the calculation 
model and triaxial test of diatomite, the test results were compared with numerical simulation 
calculation, and it showed that the diatomite had obvious strain-softening characteristics [7-9]. In the 
research of tunnels in soft rock, the traditional Mohr-Coulomb model was often selected as the 
constitutive model when the numerical simulation method was used [10-15]. Nam and Bobet [16] 
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studied the variation law of the deformation amplitude of a circular tunnel using an elastic model and 
proposed corresponding analytical solutions. Wang and He [17] revealed the influence of the lining 
type and the stress release rate before the preliminary lining on the stability about tunnel, and 
proposed the related measures, such as systematic bolt or shotcrete lining, grouting after installation 
of preliminary lining, and 20% of stress release rate before the installation of preliminary lining. 

It was found that many geotechnical materials had strain-softening characteristics, and the 
impact about the strain-softening characteristics on stability about tunnel should be considered [18]. 
Gao et al. [19] studied the difference in the contribution rate of advance reinforcement and 
preliminary lining on the control effect of the surface settlement of shallow-buried tunnels in 
diatomite. Zhao et al. [20] focused on the impact about parameter of strain-softening model on 
deformation of tunnel, and found the Elastic Modulus, Poisson’s ratio as well as softening modulus 
had great influence on the tunnel deformation. The application of the strain-softening model in tunnel 
engineering was analysed adopting Hoek-Brown strength criterion, and some references for the 
optimization as well as stability analysis of the tunnel engineering were also provided [21-24]. The 
mechanical parameter about Mohr-Coulomb model used in the FLAC3D software is pre-set as 
constants, which not perfectly show the softening effect about surrounding rock led by the decrease 
in the strength parameter about surrounding rock in nonlinear phase [25]. With the rapid 
development of computing software, the strain softening phenomenon of rock mass can be well 
simulated, and the proposed strain softening constitutive model also provides an important reference 
for solving engineering problems [26, 27]. However, due to the differences in engineering properties 
of different soil qualities, the existing research results cannot be simply applied to guide engineering 
practice in diatomite. Also, there is no precedent for the construction about high-speed tunnel in 
diatomite before this project. For the numerical calculation of tunnel in diatomite, it is necessary to 
study the applicability of suitable constitutive models to the construction mechanics of tunnel in 
diatomite, which plays a vital role in guiding engineering practice. 

Therefore, relying on the Feifengshan tunnel of the Hangzhou-Shaoxing-Taizhou Railway, 
on-site test about diatomite is carried out, and numerical calculation is also taken on for the tunnel 
in diatomite adopting different constitutive models. Then the calculation results difference is 
compared and analysed, and a proper constitutive model with better applicability is obtained through 
the comparison of on-site monitoring. The findings may be good references for the designing as well 
as construction about tunnels in similar strata in the future. 

MECHANICAL CHARACTERISTICS OF DIATOMITE BASED ON THE ON-SITE DIRECT 
SHEAR TEST 

Engineering background 

In this paper, the Feifengshan tunnel of the Hangzhou-Shaoxing-Taizhou Railway is taken 
as the supporting project, and the tunnel is mainly in diatomite stratum. The tunnel width is about 
9.0m, the clearance height is about 6.2m and the clearance area is 43.2m2. The preliminary linings 
are made of C25 concrete and steel arch lining with a thickness of 23cm; secondary linings are made 
of C30 reinforced concrete with a thickness of 40cm, the detail is shown in Fig. 1. To further study 
the mechanics about diatomite, the on-site direct shear test about diatomite is further carried out on 
site. 
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Fig. 1 -  Design section about tunnel 

 

On-site direct shear test of diatomite 

The on-site shear test is conducted on a section of Feifengshan Tunnel, and a total of six 
specimens are tested. The size of each specimen is 50cm×50cm×50cm (the shearing area is 
0.25m2). During the test, a steel shear box with the same size as the specimen is used to fix the 
specimen. The normal force and shear force are applied by hydraulic jacks that are independent of 
each other, and the external reaction force device is loaded with sandbags. The measuring 
equipment for shear displacement and normal displacement is dial indicators, and the layout is 
presented in Figure 2. The normal displacement about specimen is the average value of indicators 
1~4 and the shear displacement of the specimen is the average value of indicators 5~8. The purpose 
of this test is to obtain the on-site shear strengths of diatomite as a function of the normal stress on 
the shear face. The specimens are applied respectively with normal loads of 200kPa, 320kPa, 
480kPa, and 680kPa. 

  

(a) Position of the dial indicator (b) On-site dial indicator installation 

Fig. 2 - Schematic diagram layout of the dial indicators 

When the quick shear method is adopted in the test, the vertical loads are applied once, and 
the shear load is applied immediately. When the quick consolidation shear method is used for the 
test, the normal load is usually added to the predetermined load evenly in 4 to 5 grades, and then 
the normal stress remains unchanged. After each grade of the load is applied, the vertical 
deformation value should be measured immediately, then measured and recorded once for every 5 
minutes. When the vertical deformation value does not exceed 0.05mm within 5 minutes, the next 
level of load is applied. After the last level of load is applied, the vertical deformation value is 
measured at the intervals of 5min, 10min, 15min, and 15min. When the cumulative value of vertical 
deformation for two sets of 15mins does not exceed 0.05mm, the vertical deformation value is 
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considered to stable and the shear load can be applied. The shear force is applied using the 
incremental loading method after the normal load is kept constant. It is usually applied gradually (at 
least in 10 steps) uniformly according to the estimated shear strength grades to control the shear 
displacement rate. At least 10 sets of readings are usually taken before the specimen reaches actual 
shear strength. When the peak value of shear stress is reached or the shear deformation increases 
sharply or the shear deformation is greater than 1/10 of the diameter (or side length) of the specimen, 
it is considered that the shear failure has occurred and the test can be stopped. The on-site direct 
shear test process and shear face are shown in Figure 3, and the corresponding shear force-shear 
displacement curve of the diatomite is presented in Figure 4. 

As shown in Figure 4 that when the confining pressure is 200 kPa~680kPa, the diatomite all 
exhibits obvious “strain-softening” characteristics. During the elastic stage, shear force-shear 
displacements under different confining pressures all show a linear relationship, that is, the shear 
displacement increases with the shear force, and the difference between the slopes of different 
confining pressures is small. In the softening stage, the specimen fails when the shear displacement 
peak appears, the shear force gradually decreases, while the shear displacement continues to 
increase. In the residual stage, the shear force gradually decays and reaches a stable value, and 
the value fluctuation is small, but the shear displacement continues to accumulate. 

  

(a) Test specimen (b) Test loading 

 

 

(c) Shear face  

Fig. 3 - Test process of the diatomite 
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Fig. 4 - Shear force-shear displacement curve of the diatomite under different confining pressures 

NUMERICAL SIMULATION ANALYSIS OF TUNNEL IN DIATOMITE BASED ON 
DIFFERENT CONSTITUTIVE MODELS 

From the findings about on-site direct shear test of diatomite in the previous section, it can 
be found that the diatomite has obvious strain-softening characteristics. In practice, due to the 
limitation of test conditions, numerical simulation has gradually become an important means of the 
research. In this section, the numerical calculation method is used to further analyze the suitable 
constitutive model for diatomite, aiming to supply some reference for the tunnel with similar strata in 
the future. 

Numerical calculation model 

Calculation instruction 

FLAC3D is adopted for the research. According to the theory about tunnel mechanics, the 
impacting ranges of tunnel’s construction on surrounding rock are limited. When the distance is five 
times the tunnel diameter, then the calculation result error is less than 1%, and when the distance is 
three times the tunnel diameter, the calculation result error is less than 5%. Therefore, the boundary 
on the left-right sides about model is taken as 4 times the tunnel diameter. The dimension is 
presented in Figure 5(a) and the longitudinal excavation length is 40m.  

To better simulate the calculation effect and reduce the boundary effect of the rear section 
[28, 29], the tunnel model extends 40m outward at the exit section (namely the longitudinal length is 
80m). The model has a total of 308070 nodes and 296362 elements. The meshing diagram is shown 
in Fig. 5(b). Normal constraint is added to the front, rear, left, as well as right boundaries about 
model, and the bottom boundary is fixed [30]. The self-weight load is considered and the acceleration 
of gravity is taken as 10m/s2. Three-bench excavation method is adopted to simulate excavation 
process as the real project. 
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(a) Model size 

 

(b) Mesh division 

Fig. 5 - Numerical model 

Calculation parameter 

Both the preliminary lining and secondary lining adopt solid element and follow the linear 
elastic criterion. The surrounding rock is diatomite, and its calculation parameter is selected based 
on geological survey data, as presented in Table 1. To improve the calculation efficiency, the lining 
effect about steel arch will be simulated by the equivalent method, namely, the elastic modulus about 
steel arch as well as steel mesh is converted into concrete. 

Tab. 1 - Calculation parameters about surrounding rock and lining structures 

Material type 
Elastic Modulus 

E /MPa 
Poisson’s 

ratio μ 

Density γ  

/(kN/m³) 

Cohesion c 
/kPa 

Internal friction 
angle  /° 

Surrounding rock 37.7 0.35 16.2 60.4 25.8 

Anchor 200000 0.30 78.5 - - 

Preliminary lining 25500 0.30 25.0 - - 

Secondary lining 32000 0.30 25.0 - - 
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Analysis of the constitutive model 

It is assumed that the constitutive model about diatomite layer is the Mohr Coulomb (MC) 
model or Strain Softening (SS) model, and the analysis of numerical calculation about tunnel in 
diatomite is conducted. 

  

Fig. 6 - MC model Fig.  7 - SS model 

 

 

Fig. 8 -  Reduction curve of the strength 
parameter 

 

The curve of the MC model is presented in Figure 6, the curve of the SS model is presented 
in Figure 7, and the reduction curve about strength parameter is presented in Figure 8 (i.e., the detail 
of the curve after the peak strength in Figure 7). Obviously, the SS model is the special form about 
MC model. The difference is that the strength of the SS model will weaken after the plastic change 
begins. In FLAC3D software, the piecewise function of different strength parameters can be pre-set 
to represent the strain-softening phenomenon about material strength after the SS model enters the 
plastic stage, while the Mohr Coulomb model does not consider this weakening process. In FLAC 
3D, the corresponding cohesion c and internal friction angles of different plastic shear strains can be 
preset in the table, so as to show the strain softening phenomenon of materials after plastic 
deformation. Therefore, the SS model is used as the calculation method (as shown in Figure 8) to 
express the softening phenomenon of material strength. 

Taking cohesion as an example, its calculation equation is as followings after entering the 
strain-softening stage: 
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Where: 
p is the plastic shear strain; 0/c crc c   is the cohesion reduction rate, which 

reflects the degree of strength reduction after the peak; 1

p is the critical plastic softening coefficient, 

i.e., the plastic shear strain at the junction of the softening stage and the residual stage [25]. 

Calculation of strain-softening parameter 

The key of strain softening model is to determine the law of strength parameter changing with 
the development of cumulative plastic shear strain [31]. The relationship between residual strength 
and peak strength and cumulative plastic shear strain can be determined by the direct shear test. 
Based on the direct shear test result of the third institution in the relying engineering project of this 
paper [32], using the least square method to fit the load and shear stress, the shear strength indexes 

of the tunnel in diatomite are obtained, as shown in Table 2. The cohesion reduction rate is c


=48/105=0.457, and the reduction rate of internal friction angle is  =35/41=0.854. The test also 

shows that the specimen typically undergoes three stages during the shearing process, and the 
typical shear force-shear displacement curve obtained from the on-site direct shear test is presented 

in Fig. 9. In Fig. 9, the plastic shear strain generated in the softening stage is /
p

AB
L R 

=8.63/500=0.01726, R is the specimen diameter, taken as the field specimen size (namely, 500mm). 

Tab. 2 - In situ direct shear test results of diatomite 

Name c/kPa 𝜑/° 

Peak strength 105 41 

Residual strength 48 35 

 

 

Fig. 9 - The relationship between the shear force and the shear displacement about diatomite 
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According to the literature [33], the relationship between the critical plastic softening 

coefficient 1

p  and 
p  in FLAC3D is: 
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Where 
1+sin

=
1 sin

K




,   is the dilatancy angle of the soil. According to Eq. (2), when 0 

, 
1

2

p
p 

  ; even when   is very large, the relationship between 1

p  and 
p  is close to the case of 

0  . Therefore, 
1

2

p
p 

  = 0.01726/2=0.00863 is taken in this paper. 

Settlement law about tunnel in diatomite under different constitutive models 

Surface settlement 

The variation of surface settlement (10m, 20m, and 30m section away from the entrance of 
the tunnel) with excavation steps is shown in Figure 10. 

  

Fig. 10 - Variation curve about surface settlement 
with excavation step 

Fig. 11 - Variation curve about vault settlement 
with excavation steps for each section 

In Figure 10, the surface settlement trends under the two constitutive models are basically 
the same in a whole. When the tunnel excavation face has not been excavated to the vicinity of the 
target section, the surface settlement of the target section has not changed significantly. When the 
tunnel excavation face excavates to the vicinity of the target section, a large settlement occurs on 
the surface and it develops rapidly. With the increasing distance of the excavation face, the 
disturbance to the surface of the target section by the excavation face gradually decreases, and the 
surface settlement of the target section tends to be stable. It can be found that when using the MC 
model, the surface settlement values at the 10m, 20m, and 30m sections from the entrance of the 
tunnel are 18.79mm, 19.40mm, and 17.07mm respectively. Under the SS model, the surface 
settlement values at the 10m, 20m, and 30m sections from the entrance of the tunnel are 22.70mm, 
23.64mm, and 22.05mm respectively, which are respectively 20.8%, 21.9%, and 29.2% higher than 
the calculation results under the MC model. It also shows that the settlement of diatomite is greater 
when the SS model is adopted and it is more conservative. 
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Vault settlement 

The change law of the vault settlement of each target section under the calculation conditions 
of different constitutive models with excavation steps is shown in Figure 11. After the test tunnel is 
excavated, the change law of vault settlement along the tunnel axis is shown in Figure 12.  

In Figure 11, the changing trend of calculation results of the vault settlement about the two 
constitutive models is basically the same, and the settlement increases rapidly with the progress of 
the excavation steps. However, after the excavation face passes through the target section, the 
settlement rate gradually slows down and eventually stabilizes. Under the MC model, the vault 
settlement values at 10m, 20m, and 30m sections from the tunnel entrance are 22.41mm, 27.04mm, 
and 29.70mm respectively. While under the SS model, the vault settlement values at 10m, 20m, and 
30m sections from the tunnel entrance are 26.58mm, 31.98mm, and 36.07mm, which are 18.6%, 
18.3%, and 21.4% larger than the calculation results under the MC model, respectively. 

 

Fig. 12 - Schematic diagram of vault settlement along the tunnel axial direction 

In Fig. 12, after the tunnel excavation, the vault settlement of the MC model and the SS model 
have similar distribution trends along the tunnel axis, and the vault settlement decreases with the 
progress of the excavation face. The calculation result of the SS model is even 18% higher than that 
of the former at the 24m section. Therefore, it is safer to use the SS model to reflect the excavation 
process about the tunnel in diatomite. 

VERIFICATION OF THE SIMULATION THROUGH ON-SITE MONITORING 

To further verify the suitable constitutive model for tunnels in diatomite, the vault settlement 
of the tunnel on site is monitored and measured. Some on-site monitoring pictures are shown in 
Figure 13.  
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(a) Measuring point layout (b) Instrument installation 

Fig. 13 - On-site monitoring pictures 

When the on-site monitoring starts, the upper step has excavated to 26m, and the middle 
step has excavated to 24m. Based on the site conditions, the vault settlement values of measuring 
point A (12m from the tunnel entrance), measuring point B (15m from the tunnel entrance), and 
measuring point C (18m from the tunnel entrance) are selected, and the corresponding numerical 
calculation results of MC model and SS model are extracted and summarized, as shown in Table 3, 
and the specific layout of measuring points is presented in Figure 14. 

 

Fig. 14 - Schematic diagram about layout of measuring points along the tunnel axis 

Tab. 3 - Comparison of the on-site measured values and numerical simulation values 

Name 
Vault settlement values of measuring points /mm 

Measuring point A Measuring point B Measuring point C 

Numerical 
simulation 

MC 23.2 25.4 27 

SS 27.6 29.3 31.9 

On-site measured values 29.8 31.5 33.3 

Percentage difference to 
measured values 

MC: 22.1% SS: 7.4% MC:19.3% SS: 7.1% MC:18.9% SS: 4.2% 

It can be seen from Table 3 that when the SS model is used for calculation, the maximum 
percentage difference between the calculated results and on-site monitoring is only 7.4%, and the 
minimum is 4.2%. While the maximum percentage difference between the MC model and on-site 
monitoring is 22.1%. Therefore, from the above results, the simulated value under the SS model is 
closer to the measured value than the MC model. It also shows that for the numerical calculation of 
tunnel construction in the diatomite layer, the use of the SS model has higher applicability and can 
well reflect the settlement of surrounding rock. Taking safety into account, since the SS model 
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considers the influence about softening characteristic of the surrounding rock, the obtained 
settlement values are greater than the result of the MC model, so the SS model is closer to the actual 
situation and has a higher safety reserve. 

CONCLUSION 

Based on the Feifengshan tunnel, different constitutive models (MC model and SS model) 
are used to further study the settlement law about the tunnel in diatomite. Then the differences 
between the on-site test data and the numerical result of these two calculation models is compared 
and analyzed. The vital conclusions are listed below: 

(1)  From the results of the on-site direct shear test of diatomite, it is concluded that the diatomite 
has obvious strain-softening mechanical characteristics. In the softening stage, the shear force 
gradually decreases after the peak shear force appears, while the shear displacement continues to 
increase. In the residual stage, the shear force gradually reaches a stable value, but the shear 
displacement continues to accumulate. 
(2)  By comparing the numerical calculation results about surface settlement and vault settlement 
of the MC model and the SS model, it is concluded that the settlement change law of the two models 
with the excavation steps is similar, namely, the settlement increases rapidly with the progress of 
excavation steps. After the excavation face passes through the target section, the settlement rate 
gradually slows down and eventually stabilizes. However, it is also found that the settlement value 
under the SS model is much larger than that of the MC model and it is safer. 
(3)  By comparing the settlement values about MC model and SS model with the on-site 
measured values, it is concluded that the results of the SS model are closer to the measured results 
than the MC model. The reason is that the MC model does not fully consider the softening 
characteristics of the material and cannot well reflect the softening characteristics of diatomite. 
Therefore, the SS model has better applicability for the numerical analysis about tunnel construction 
in diatomite. 
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