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The role of hydro-mechanical properties of the tail void grouting material in mechanized tunnelling 

D. Mohammadzamani1, A. A. Lavasan1, T. Wichtmann1  

1 Department of Civil and Environmental Engineering, Ruhr-Universität Bochum, Germany 

ABSTRACT: Application of tail void grouting material during mechanized tunnelling has an influential effect on hydraulic and 

stress-deformation regime around the tunnel. In this study, the variation of the hydro-mechanical (HM) properties of the grout 

has been investigated through 3D Finite Element Method to better understand the interactions around the tunnel under various 

geological conditions. The model has been validated using available data of the hardening soil small strain (HSS) model. An 

advanced constitutive model accounting for time-dependent hardening has been assigned to the grouting material. The effect of 

the parameter variation in the grouting layer on the deformations and excess pore pressures is evaluated using a parametric 

analysis. According to the results, the hardening rate of the grouting material, compared to other input properties, has the most 

significant impact on the HM characteristics of the surrounding ground as well as axial forces in the lining.  
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1 INTRODUCTION 

Grouting material in TBM mechanized tunnelling trans-

fers loads and acts as a sealant for the tunnel circumfer-

ence. Different types of grouting materials are used de-

pending on the geological condition of the excavated 

ground. Single-component grouts, with setting time 

lasting up to several hours, are suitable for stable strata, 

while bi-component grouts, with setting time lasting up 

to seconds, are used in unstable and water-rich media. 

During mechanized tunnelling, the stiffness, compres-

sive strength, and permeability of the grouting material 

are important factors that can significantly affect the 

stress and deformation regime around the tunnel. How-

ever, only a few researchers have conducted studies on 

the role of grout in numerical simulations of mecha-

nized tunnelling response including the studies done by 

Lavasan et al. (2018), Lavasan and Schanz (2017), and 

Kasper and Meschke (2006). These studies mainly fo-

cused on singular behaviour of the grout and did not 

consider all the hydro-mechanical (HM) characteristics 

of the material in short- and long-term. 

This study validates a 3D numerical model of a mech-

anized tunnel using field measurements of the line 2 

Shanghai metro tunnel. The hydro-mechanical proper-

ties of the grouting layer are varied using an advanced 

constitutive model that considers time-dependent stiff-

ness, strain hardening/softening, and other characteris-

tics such as creep, shrinkage, and early age ductility of 

cementitious material. This elastoplastic model incor-

porates Mohr-Coulomb failure criterion and Rankine 

yield surface for deviatoric and tensile loading, respec-

tively. The model also accounts for viscoelastic creep 

behaviour and isotropic volume loss due to shrinkage 

(Schaedlich and Schweiger, 2014). The impact of each 

parameter on deformations and excess pore pressures 

around the tunnel and the lining response is evaluated. 

2 MATERIALS AND METHODS 

2.1 Model description and validation 

The 6.2 m diameter (D) second line of Shanghai metro 

tunnel, constructed in 1999 using an Earth Pressure Bal-

ance machine, passes through deposited alluvial sedi-

ments consisting of mostly silty clay and sand with low 

permeability values in range of 1×10-9 m/s. The tunnel is 

located at a cover depth of 15 meters with a water level 

of 1.5 meters below the surface. To monitor pore pres-

sure variation during and after tunnel construction, pie-

zometers were installed around the tunnel (Lee et al., 

1999). 

To validate deformations and pore pressures over 

time, a 3D model of the line 2 tunnel was generated us-

ing the HSS constitutive model for soil layers (see the 

properties in Table 1) and the advanced Concrete model 

for the grouting layer via the PLAXIS 3D code. The 

Concrete model considers various characteristics such 

as creep, shrinkage, and early-stage ductility. Input pa-

rameters for the Concrete model are listed in Table 2. 

More information about the HSS and Concrete models 

can be found in PLAXIS (2021) and Schaedlich and 

Schweiger (2014). The schematic profile of the tunnel 

is shown in Figure 1. 
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Table 1. Parameters of the HSS model for the soil layers in 

Shanghai metro line 2 (Zakhem and Elnaggar, 2019) 

Layer 

HSS model parameters 𝑬𝟓𝟎𝒓𝒆𝒇
 

(kPa) 

𝑬𝒐𝒆𝒅𝒓𝒆𝒇
 

(kPa) 

𝑬𝒖𝒓𝒓𝒆𝒇
 

(kPa) 

𝑮𝟎𝒓𝒆𝒇
 

(kPa) 
𝜸𝟎.𝟕 

1 10,000 8,000 30,000 124,000 1.4×10-4 

2 1,111 888 7,184 29,000 3.0×10-4 

3 942 754 9,165 34,990 3.3×10-4 

4 1,525 1,220 7,026 29,270 3.3×10-4 

5-1 1,256 1,005 8,898 33,240 3.2×10-4 

5-2 1,539 1,231 6,862 28,590 3.2×10-4 

6 15,000 12,000 45,000 65,000 3.0×10-4 

7-1 20,000 16,000 60,000 75,000 3.1×10-4 

In this study, the TBM is simulated using normal 

pressures acting on the tunnel circumference, resulting 

from slurry and grout migration along the shield, con-

tributing to deformation control around the tunnel and 

on the surface (Bezuijen, 2009; Epel et al., 2021). The 

annulus shield pressure is almost equal to the face pres-

sure ( −+5%) with a value of 210 kPa and an incremental 

depth gradient of 10 kPa/m. The grouting pressure is 

simulated as a total pore water pressure (Lavasan et al., 

2018) acting in the first grouting layer with a value of 

220 kPa and a vertical gradient of 20 kPa/m. Segmental 

linings are generated using Plate structural elements 

with a length of 1.5 m, thickness of 35 cm, Young’s 
modulus of 31 GPa, and Poisson’s ratio of 0.15.

Table 2. Input parameters for the Concrete model representing the grouting material in the model validation 

Description (Unit) Value Description (Unit) Value 

Young’s Modulus, E28 (MPa) 500 Tensile fracture energy, Gt28 (kN/m) 5 

Poisson’s Ratio, ν 0.2 Equivalent length, Leq (m) 0 

Compressive strength, fc28 (MPa) 3 Increase of εpcp with increase of p’, a (m) NA 

Tensile strength, ft28 (MPa) 2.5 Maximum friction angle, φmax (°) 30 

Dilatancy angle, Ψ (°) 0 Ratio between creep and elastic strains, φcr NA 

Time dependency of elastic stiffness, E1/E28 0.343 Time for 50% of creep strains, tcr50 (days) NA 

Time dependency of strength, fc,1/fc,28 0.3 Final shrinkage strain, ε∞shr NA 

Normalized initially mobilized strength, fc0n 0.15 Time for 50% of shrinkage strains, tshr50 (days) NA 

Normalized failure strength, fcfn 0.1 Safety factor for compressive strength, γfc 1 

Normalized residual strength, fcun 0.1 Safety factor for tensile strength, γft 1 

Uniaxial plastic failure strain at 1, 8, 24 h, εpcp NA Time for full hydration (usually 28 days), thydr 28 

Ratio of residual vs. peak tensile strength, ftun 0 Compressive fracture energy, Gc28 (kN/m) 80 

 
Figure 1. Schematic view of the line 2 metro project and rel-

ative soil profiles 

Half of the 3D model was used due to symmetry, and 

boundary conditions were chosen so as not to affect the 

results. The model boundaries were 8D in the vertical 

and horizontal directions and 13D in the longitudinal di-

rection. A monitoring section at a distance of 6.5D from 

the boundary was used to evaluate the results. The top 

of the model was free from deformations in all direc-

tions, the bottom was fully fixed, and the lateral bound-

aries were normally fixed to allow for in-plane defor-

mations. 

The model was calculated using a consecutive 

scheme, computing all excavation phases using an un-

drained approach, followed by a consolidation phase for 

the erection of segmental lining after each TBM ad-

vancement. This approach leads to more realistic tun-

nelling advancement compared to previous research, 

which considered all phases fully drained or undrained 

depending on machine speed and ground permeability 

(Lavasan et al., 2018). The numerical and field data 

show good agreement and similar behaviour in terms of 

ground deformation according to Figure 2. In terms of 

pore pressures measured at the Piezometers installed 

around the tunnel (Lee et al., 1999), also a complete fit 

exists between numerical and field data. 
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Figure 2. Validation of the numerical model based on the 

field data for transverse surface settlement  

2.2 Parametric analysis of the grout properties 

This section evaluates the effect of grouting material's 

HM behaviour on deformations and hydraulic regime 

around the tunnel by conducting a parametric analysis. 

Input values in Table 2 are varied within the range listed 

in Table 3, and representative results for surface and 

temporal deformations, excess pore water pressures, 

and lining response are calculated. 

Table 3. Variation of parameters for the Concrete model 

Parameter (unit) Variation Range 

Thickness (cm) 7-14-18 

Permeability (m/s) 1e-6 to 1e-11 

E28 (MPa) 500 to 2000 

E1/E28 (-) 0.3 to 0.5 

Shrinkage strains (%) 0.09 to 5 

Creep ratio (-) 1.5 to 2.5 

3 RESULTS AND DISCUSSION 

3.1 Thickness of the grouting layer 

Using Table 3, the grouting layer thickness was varied 

from 7 to 18 cm to evaluate its effect on the model re-

sponse. Figure 3 shows surface settlement in the short- 

and long-term (5.5 days of tunnel construction in the 3D 

model and 3 months of consolidation after the excava-

tion, respectively) for different thickness values. 

 
Figure 3. Surface settlement at the monitoring point in short- 

and long-term based on various thickness of grout layer 

The results presented in this figure indicate that an 

increase in the thickness of the grouting layer results in 

higher surface settlement values. This can be attributed 

to the weak mechanical properties of the freshly injected 

grout, which contribute to the weakness of the tunnel 

surroundings, leading to higher deformations. However, 

the long-term values show no significant change in this 

case, indicating that the thickness of the grouting layer 

does not affect long-term consolidation deformations on 

the surface, as the HM properties of the grout have al-

ready evolved. Similar behaviour is observed for the 

crown of the tunnel. Nonetheless, at the invert of the 

tunnel, long-term deformations differ from short-term 

values (see Figure 4), which can be attributed to the un-

loading-induced buoyancy effect resulting from the 

shield passage (i.e., TBM tail and grout pressure pas-

sage at this point). 

 
Figure 4. Temporal deformation at invert monitoring point 

based on various thickness of grout layer 

Figure 4 indicates that an increase in the grouting 

layer thickness leads to higher upward (inward) move-

ments at the tunnel invert. This behaviour can be at-

tributed to the unloading effect caused by the tail pas-

sage of the tunnel boring machine, which induces a 

dilatancy behaviour in the surrounding soil resulting in 

more pronounced deformations. Furthermore, long-

term deformations at the invert are still present for 

nearly 40 days, in contrast to the tunnel crown and sur-

face. This is due to the existence of unloading-induced 

excess pore suction, which dissipates after 40 days. The 

weight effect of the segments controls the deformations 

at the invert, so unlike the crown, an increase in thick-

ness does not lead to significantly higher deformations. 

Figure 5 provides a more detailed illustration of this 

consolidation effect by comparing the generated excess 

pore water at the tunnel crown and invert. 

 

 

 

 

 

(a) 
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(b) 

Figure 5. Generated excess pore water at (a) crown and (b) 

invert of the tunnel based on various thickness of grout layer 

According to Figure 5, the excess pore pressure ini-

tially increases before the arrival of TBM, decreases (in-

dicated by positive values in PLAXIS) due to TBM pas-

sage and unloading, and then increases again because of 

the grouting pressure at the TBM tail. Finally, it gradu-

ally dissipates with time after the TBM passage. As pre-

viously mentioned, positive excess pore water persists 

at the tunnel invert for almost 40 days after the shield 

passage (Figure 5(b)), contributing to the remaining 

long-term deformations after the end of excavation, as 

observed in Figure 4. The results also indicate that the 

segmental linings experience higher axial forces (N) at 

the monitoring section (i.e., 5.5 days after excavation) 

with an increase in the thickness of the grout layer (Fig-

ure 6). This finding is in line with the obtained values 

for excess pore water and deformations around the tun-

nel. 

 
Figure 6. Axial forces in the lining at the monitoring section 

based on various thickness of grout layer 

3.2 HM properties of grouting material 

In order to investigate the effect of variation in HM 

properties of the grouting material on model response, 

the input variables according to Table 3 has been 

changed in the 3D model and representative results in 

terms of deformations and excess pore water regime 

around the tunnel have been derived in terms of final 

value (end of excavation - i.e., 5.5 days). The results of 

the parameter variation on the final surface settlements 

are presented in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) (d) 

 

 

 

 

 

 

(e) 

Figure 7. Impact of parameter variation in grouting material on surface settlement namely (a) final stiffness (b) hardening ratio 

(c) permeability (d) shrinkage (e) creep (t50 values are in days)
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Figure 7 shows that the hardening ratio (E1/E28) is the 

only parameter that significantly affects surface settle-

ment, reducing it as it increases. This suggests that a bi-

component grout with fast-hardening behaviour can 

better control tunnel and surface deformations by gain-

ing strength and stiffness in a shorter time. Although the 

final elastic modulus (E28) also reduces surface settle-

ment when increased, its impact is negligible. Addition-

ally, high shrinkage strains in the short-term (lower t50 

values) result in more deformation according to Figure 

7(d), which evaluates short-term settlements. Similar 

results were observed for the crown and invert of the 

tunnel, but due to space constraints, they are omitted, 

and only the model response for horizontal wall dis-

placement in the tunnel is presented.  

The results for horizontal wall deformation show a 

trend similar to surface settlement values in Figure 7. 

However, there is a more pronounced difference in final 

wall deformations due to the buoyancy effect. Increas-

ing the final stiffness of the grout leads to lower de-

formed tunnel wall (with minor effect similar to the sur-

face) while the hardening ratio has the most significant 

impact. For slow-hardening grout such as single-com-

ponent grout (E1/E28=0.3), the tunnel wall had an in-

ward movement at the end of excavation. In contrast, 

there is no inward movement in the case of fast-harden-

ing grout (E1/E28=0.5), meaning that fast-hardened 

grout would not allow any further deformation after the 

passage of TBM. The tunnel wall would remain at its 

outward position (denoted with negative values in this 

study). The impact of permeability on wall deformation 

is ambiguous due to the permeability-induced flow di-

rection (Figure 7(c)). When the permeability of the 

grout is greater than that of the clayey soil, flow occurs 

towards the grouting layer, resulting in faster dissipa-

tion. Conversely, if the permeability of the grout is 

lower than that of the soil, flow occurs towards the 

higher permeable soil, leading to slower dissipation and 

higher wall deformation due to the lower effective stress 

regime around the tunnel. 

Regarding shrinkage in the grout layer, significant 

wall deformation was observed only for shrinkage 

strains around 5% and for lower t50 values. As this anal-

ysis was conducted at the end of excavation (i.e., 5.5 

days), low t50 values were more pronounced in terms of 

short-term deformations. However, no specific relation-

ship was observed between creep ratios, representative 

t50 values, and final wall deformation in the tunnel. The 

only significant deformations were attributed to low t50 

values, as expected due to the weaker properties of the 

fresh grout. Longer t50 values resulted in a reduced ef-

fect of the creep phenomenon.  

As for the excess pore water regime (EPP) around the 

tunnel, since also the trends are similar, only the results 

for the final excess pore water at the tunnel invert is pre-

sented in Figure 8. 
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(e) 

Figure 8. Impact of parameter variation in grouting material on excess pore pressure at invert namely (a) final stiffness (b) 

hardening ratio (c) permeability (d) shrinkage (e) creep (t50 values are in day
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Based on Figure 8, the hardening ratio and permea-

bility of the grouting material significantly impact the 

pore water regime at the tunnel invert and its surround-

ing areas, with permeability having the greatest influ-

ence. Figure 8(b) shows that increasing the hardening 

ratio decreases excess pore pressure due to the solid 

phase transition in fast-hardening grout. Conversely, 

Figure 8(c) indicates that increasing the permeability of 

the grouting material leads to more excess pore water 

remaining at the tunnel invert since the tunnel is exca-

vated in soil with low hydraulic conductivity, thus im-

peding water dissipation. These findings are consistent 

with those in Figure 4 and 5(b). 

In terms of axial forces in the segmental lining at the 

end of excavation, the impact of parameter variation in 

the grout layer on the maximum axial forces is also pre-

sented in Table 4. 

Table 4. Maximum axial forces in the lining as a result of HM 

property variation of the grout  

Property Range Maximum N (kN/m) 

E28 0.5 125 

(GPa) 1 125 
 2 125 

Hardening Ratio 

0.3 125 

0.35 100 

0.4 50 

0.45 25 

0.5 0 

Permeability 

(m/s) 

1.00E-06 130 

1.00E-07 130 

1.00E-08 155 

1.00E-09 155 

1.00E-10 115 

1.00E-11 115 

Shrinkage All 125 

Creep All 150 

Table 4 shows that the hardening ratio and permeabil-

ity of the grouting material significantly affect both the 

deformations and excess pore water regime around the 

tunnel, resulting in lower axial forces experienced in the 

segmental lining. As the hardening ratio increases, 

lower axial forces are induced in the lining (the bottom 

part of the segment undergoes almost no axial force in 

this case) since there is a limit for the deformations and 

excess pore water dissipation, indicating the effective-

ness of fast-hardening grouts such as bi-component 

grouts in low permeable and saturated media. Con-

versely, when the permeability of the grout layer is 

lower than the soil and the flow direction is towards the 

soil, lower axial forces are also induced in the segmental 

linings. 

4 CONCLUSIONS 

Tunnelling in challenging conditions such as high satu-

rated ground, high in-situ pressures, low or high perme-

able ground as well as soft and unstable media requires 

careful consideration of the hydro-mechanical charac-

teristics of the tail void grouting material. This study 

employed a 3D Finite Element Method to investigate the 

effect of variations in the HM properties of grouting ma-

terial on the deformations, excess pore water regime, 

and lining responses. The study found that a thicker 

grouting layer would lead to higher deformations, ex-

cess pore pressures, and long-term (consolidation) de-

formations. The hardening ratio and permeability of the 

grouting material were identified as the most influential 

factors affecting the deformation and excess pore water 

regime around the tunnel as well as axial forces in the 

segmental lining. Higher hardening ratios resulted in 

lower deformations and excess pore pressures around 

the tunnel, while controlling the induced axial forces in 

the segmental lining. The permeability of the grouting 

material affected the value of deformations and excess 

pore water regime around the tunnel, depending on the 

flow direction and magnitude of the permeability. 
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