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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and Problem Statement 

Bangkok is the capital city of Thailand, where urban pollution increases significantly. 

Therefore, the number of constructions is increased by the demand of the city’s  

development and citizens. These constructions also include underground facilities 

such as underground railway system, sewage system, drainage system which are 

essential for sustainable developments. For transportation tunnels, they must 

be stable and safe. Evacuation measures when an accident occurs are generally 

compulsory for every tunnel. One of common measures is to provide cross-passage 

from a tunnel to another tunnel or from a tunnel to an intervention shaft (IVS) so that 

passengers are not trapped inside during an incident. Most of MRT tunnels in 

Bangkok are connected to IVSs. 

Since underground constructions in Bangkok are performed in soft soil layers, a great 

attention shall be paid for preventing excessive ground deformation and ground’s 

instability. In general, tunnel works in Bangkok’s stiff clay induce surface settlements 

in a range of 25~50 mm Sirivachiraporn and Phienwej (2012). Ground stabilizations 

are needed in some areas when this magnitude of settlement is not acceptable. 

In tunnelling construction, many ground stabilization methods are proposed such as 

pipe roof method, ground freezing method, forepoling method, grouting method, and 

deep soil mixing method. These methods are classified as pre-support methods for 

stabilizing the soil in tunnel construction. The deep soil mixing method is an effective 

method which has been used widely for excavation support, particularly where there 

are concerns about settlement, groundwater control, flowing of ground (Tunnel 

stability) or contamination (Waste protection and groundwater contamination). The 

deep soil mixing method turns soft ground into soil-cement by mixing Portland 

cement, water and existing soil. This mixture is considered as week concrete which is 
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durable and can be employed at a low cost. Nonetheless, the construction cost can be 

reduced further by optimizing the amount of cement. 

There are a number of researches on the applications of deep soil mixing method 

(DMM) for deep excavations, embankments, and foundations. However, the 

application of the DMM on tunnel cross-passages in Bangkok is not much. Therefore, 

the optimum use of cement for this application is performed in this study. 

1.2 Research Objectives 

The objectives of the thesis are: 

 To optimize the extent of ground improvement by deep soil mixing method 

with the consideration of ground stability and deformation requirements. 

 To evaluate the effect of improvement patterns on the performance of tunnel 

cross-passages. 

1.3 Scopes and Limitations 

To achieve the above objectives, the study will be performed by a three-dimensional 

finite element analysis code (PLAXIS 3D). The cross-passages will be modelled by 

the excavation from an existing tunnel to an intervention shaft which is commonly 

adopted in Bangkok. Nonetheless, the concept of the design is similar to the cross-

passage which connects between two tunnels. 

In this study, the Bangkok subsoil is simplified into three layers although the real 

geological is more complex, i.e., varied layers in different zones. The three subsoil 

layers are listed as followed: 

- 1st layer: Soft to Medium Bangkok clay 

- 2nd layer: Stiff clay 

- 3rd layer: Dense sand 

The cross-passage in the study is excavated from an existing tunnel to an intervention 

vertical shaft (IVS) in horizontal direction (without changing the elevation). Since 

most of cross-passage in Bangkok was constructed by the sequential excavation 
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method, the cross-passage in this study is assumed to a horseshoe shape. Furthermore, 

the displacement induced by the construction of tunnel and IVS is excluded in this 

study. Finally, although the construction in this study occurs in soft soils, the 

consolidation settlement is not considered in this research. 

1.4 Research Outcome 

The study will be beneficial for 

 The optimum use of deep soil mixing method and cement for the construction 

of tunnel cross-passage. 

 The mitigation of ground settlement due to underground construction. 

 Further researches on deep soil-cement mixing and civil engineering practices.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Subsoil Condition in Bangkok 

Ground condition in Bangkok is known for a thick layer of soil clay because this city 

is situated on the delta of Chao Phraya River and the Gulf of Thailand. Additionally, 

it is a kind of marine soft clay which has deposited since the Quaternary period 

(Surarak et al., 2012). Furthermore, Bangkok subsoil is non-homogeneous and 

complicated. 

 

Figure 2-1. Soil profile of the Bangkok MRT blue line North tunnel section 

(Sirivachiraporn & Phienwej, 2012) 

Figure 2-1 indicated that Bangkok subsoil is complicated because it is not uniform 

and composed of clayey sand deposit in the stiff clay formation. Soil formation in 

some areas in Bangkok can have four layers or more. 

The model of subsoil in this study is prepared following the section A of the MRT 

blue line in Bangkok (Figure 2-2). 
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Figure 2-2 Soil profile in section A of the MRT blue line (Likitlersuang et al., 2014) 

2.2 Groundwater Condition in Bangkok 

In the last decade, Bangkok has undergone groundwater drawdown caused by 

extensive pumping well. The ground water pressure in Bangkok increases along depth 

from zero kPa at 1m below ground surface. However, the pressure decreases along 

depth in the stiff clay layer before increases again at the depth around 22 m as shown 

in Figure 2-3. It shall be noted that at present the groundwater table has been 

increasing due to a recent restriction on groundwater pumping. Therefore, the 

distribution of water pressure in Figure 2-3 may not represent the current condition.  
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Figure 2-3. Pore water pressure in Bangkok subsoil (Surarak et al., 2012) 

Saowiang and Giao (2020) numerically analyzed surface displacements due to 

groundwater variations in Bangkok at 6 locations (Figure 2-4). The groundwater 

levels at six boreholes tend to increase linearly during 1997 to 2013 as shown in 

Figure 2-4. Since the BH1 is near the Lat Phrao station, it is selected for the study in 

the research. The red-dash line indicates the prediction of the groundwater level in the 

future (2030) which is assumed to be the full recovery time of groundwater system. 

The groundwater level at -10m is assumed in the research based on the data from the 

PD0034 monitoring station where is the nearest to the Lat Phrao station. 
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Figure 2-4. Locations of six stations with the change of groundwater level with the 

period of 1960 to 2040 (Saowiang & Giao, 2020). 

Figure 2-5 (a) shows the drawdown of pore water pressure in the period of 1960 to 

1997. However, after the restriction of deep well pumping, the groundwater level 

rebounded as shown in Figure 2-5 (b). 
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Figure 2-5. The calculated changes in pore water pressure due to groundwater 

drawdown (a) and recovery (b) for the SBTA site (Saowiang & Giao, 2020) 

2.3 Deep Soil Mixing Technique 

The deep soil mixing method blends soil with lime or cement to enhance the soil 

strength. It was introduced in Japan in 1970s. Currently, this technology becomes 

more popular and used worldwide under various names such as Cement deep mixing 

(CDM), Deep soil mixing (DSM), Dry jet mixing (DJM) and so on. Deep mixing can 

be accomplished by wet or dry methods. The equipment for the wet method may have 

one to eight rotary hollow shafts with cutting tools and mixing blades above the tip. 

Binder slurry is introduced into the ground through each hollow shaft and exits from 

nozzles while the shaft penetrates the soil or is withdrawn as shown in Figure 2-6(a). 

For the dry method, the equipment may have single or dual rotary shafts with cutting 

tools and mixing blades above the tip and the binder powder is introduced into the 

ground through each hollow shaft and the nozzle by air pressure, see Figure 2-6(b). 

The new DM technology, so-called cutter soil mixing, as shown in Figure 2-6(c) 

breaks soil by cutter wheels and mixes it with cement slurry to produce a 

homogeneous soil-cement mixture. This technology is most suitable for the 

construction of cut-off and retaining walls (Han, 2015).  
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Figure 2-6. Different types of deep mixing techniques: (a) wet method, (b) dry 

method, (c) cutter soil mixing (Han, 2015). 

In Bangkok city, the subsoil is known for Bangkok soft clay which is composed of 

marine soft clay deposit in the range of 10m – 15m depth. Furthermore, this soft clay 

is known for high liquid limit which is a huge obstacle in substructure by causing 

instability and deformation problem. Therefore, deep soil mixing technique in 

Bangkok is very common for treating the soft soil. 

2.3.1 Application of Deep Mixing Technique 

The deep soil mixing technique is used in many different applications to modify and 

solve the various geotechnical problems. Most of the geotechnical problems which 

deep soil mixing technique is used are: 

- Global bearing capacity: soil-cement columns can increase the strength of the 

soil leading the local and global bearing capacity increase. 

- Settlement control: reduce settlement on the soft ground deposit and also reduce 

the compressibility of natural and placed soils. 

- Groundwater control: seepage prevention is created by installing overlapping 

columns or panels consisting of several connected adjacent columns to intercept 

the seepage flow path. 
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- Flow of ground soil-cement columns can provide ground stability and control of 

ground movements during surface and underground construction such as 

excavation problem and tunnelling. 

- Contamination of groundwater or waste management: since the soil mixing can 

reduce the permeability of the soil, soil mixing method is used to prevent the 

groundwater from contamination and also can be used for storing waste. 

Furthermore, in the tunnel excavation problems, deep soil mixing method is applied 

for few conceptions such as the back of the tunnel mirrors for the breakout of 

retaining wall for maintaining the face stability and stop the seepage of groundwater, 

and it is applied at the cross-passage to solidify the ground for hand excavation as 

shown in Figure 2-7 (Hwang, Ju, Tsai, & Fang, 1995). Additionally, in the case of 

twin tunnels, deep soil mixing method is used to prevent the disturbance of the tunnel 

which have been completely driving and the minimizing the settlement impact by 

tunnelling. Sometimes the lining is not installed since the stiffness of soil after 

treatment is high enough which can be replaced as the low strength concrete. 

 
Figure 2-7. Ground treatment of tunnel cross-passage in twin tunnels (Facibeni, 2019) 

2.3.2 Types of Pattern 

A suitable column installation pattern is chosen considering based on the type, size 

and importance of the superstructure, the purpose and function of improvement, the 

construction cost, and the site condition (Kitazume & Terashi, 2013). There are 

different kinds of pattern in deep soil mixing method: single type, wall type, grid type, 

and block type (A.Bruce, 2000).  
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Figure 2-8. Types of the soil-cement mixing pattern in the plan view  (A.Bruce, 2000) 

2.3.2.1 Single Column Type Improvement 

For the single type or group column type improvement, soil-cement columns are 

separately stabilized in the ground and the volume of improvement is small, Figure 

2-9. The area replacement ratio of this improvement pattern is relatively low. This 

improvement type is mostly used to increase bearing capacity and reduce settlement, 

for instance, as foundations of embankments or lightweight structures (Kitazume & 

Terashi, 2013).  
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Figure 2-9. Single or group columns type (Kitazume & Terashi, 2013) 

2.3.2.2 Wall Type Improvement 

For wall type improvement, stabilized soil columns are continuously installed to form 

reinforcement walls, Figure 2-10. The wall can be used to bear the weight of 

superstructure and other external loads and transfer them to the deeper stiff layer. The 

internal stability is affected by wall spacing and depth of the wall. This pattern has 

been commonly used as a retaining wall for lateral support, a seepage wall to cut off 

seepage, a curtain wall to contain waste materials, or a wall perpendicular to the 

centerline of the embankment to increase the stability (Han, 2015; Kitazume & 

Terashi, 2013). 

 

Figure 2-10. Wall type (Kitazume & Terashi, 2013) 
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2.3.2.3 Grid Type Improvement 

The grid-type improvement is an intermediate type between the block type 

improvement and the wall type improvement. In this pattern, soil columns are 

installed in overlapping fashion as shown in Figure 2-11. This pattern is highly stable 

and its cost ranges between the block type and wall type improvements. A unique 

application of the grid pattern is to mitigate liquefaction of sandy soils since the 

liquefiable soils are contained inside the grid cells (Han, 2015). 

 

Figure 2-11. Grid type (Kitazume & Terashi, 2013) 

2.3.2.4 Block Type Improvement 

For block type improvement, all stabilized soil columns are overlapped to forming a 

large block, Figure 2-12. This improvement is the most stable pattern, but the cost is 

higher, and the execution period is longer than the other improvement types. This 

improvement type is mostly used for enhancing the stability of marine constructions 

and superstructure. It can be used to prevent the leaching of hazardous chemicals 

(Han, 2015) 
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Figure 2-12. Block type (Kitazume & Terashi, 2013) 

2.3.3 Replacement Ratio 

2.3.3.1 Area Replacement Ratio 

For soft soil deposits improved by the inclusion of soil-cement columns, the area 

replacement ratio (α) is commonly used to describe the relative improvement of the 

soft layer by the columns. The area replacement ratio was proposed to quantify the 

amount of soil replaced by soil-cement columns, the term replacement ratio was 

adopted from  Chai and Carter (2011) which was indicated in the Eq (2.1).  

cA

A
   (2.1) 

where,  α  = Area replacement ratio 

  Ac = Cross sectional area of columns 

  A = Cross-sectional area of ground improvement ( s s ) 

  s = Spacing from the centre to centre of columns 

Additionally, the replacement ratio is depending on the pattern arrangement of soil 

improvement. However, the following Eq (2.1) is using for triangle grid improvement 

pattern, see Figure 2-13. 
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Figure 2-13. Plan view of area replacement ratio (Chai & Carter, 2011) 

2.3.3.2 Volume Replacement Ratio 

Since the improvement zone was constructed at the underground, the volume ratio is 

adopted which can be expressed similarly to the area replacement ratio as mentioned 

in the previous section. The definition of volume replacement ratio can be described 

as the following equation (2.2) and Figure 2-14. 

cV

V
   (2.2) 

where,  β  = Volume replacement ratio 

  Vc = Volume of treatment 

  V = Volume of soil mass ( s s s  ) 

Andromalos, Hegazy, and Jasperse (2001) mentioned that the volume replacement 

ratio is the ratio of the volume of treated soil to the volume of the soil mass. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
16 

 

Figure 2-14. (a) Cross-sectional view of treatment soil mass; (b) 3D view of the 

treated soil mass 

2.4 Effect of Soil-cement Column on Soil Strength 

Soil-cement is a mixture of cementitious chemical material which is usually referred 

to as cement, and soils. Cement provides a significant increase in shear strength of 

soils to meet strength requirements in different applications. The design 

considerations for the two popular methods which deep soil mixing method (DSM) is 

for excavation support and vault arch for tunnelling are presented (Fan, Wang, & 

Qian, 2018). 

A research work which is related to deep soil mixing for reinforcing the tunnel and 

intervention shaft studied on the core samples of unconfined compressive strength 

tests (UCS) of the DSM column. The results show that the UCS strength of core 

samples consistently above 1.5MPa after 28 days (Yee & Tan, 2015). However, the 

strength of the soil-cement columns is not accurate since it is highly affected by many 

factors such as types of binder, characteristics and conditions of soil, mixing 

conditions, and curing conditions (Kitazume & Terashi, 2013). For instance, the soil-

cement strength of fine-grain soil with high water is lower than that of the soil with 

low water content (Figure 2-15). For acidic soil conditions, the strength also reduces 

since the cement reaction is base. Moreover, the duration of mixing and remixing also 

(a) (b) 
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affects the strength since the soil and cement need to be mixed to homogenous 

material. 

 

Figure 2-15. Strength development with the time of Bangkok clay (Horpibulsuk, 

Rachan, Suddeepong, & Chinkulkijniwat, 2011) 

The research of strength development of soil-cement in Bangkok clay found that after 

the soil was improved, there is an increment in the strength of the soil-cement which 

is up to approximately about 1150 kPa which in the condition of water and cement 

ratio equal to 1 with 28 days of curing as shown in Figure 2-16. However, 

Horpibulsuk et al. (2011) proposed that results obtained from laboratory cannot be 

used since the strength of the soil-cement in the field is less than those obtained from 

the laboratory. The unconfined compressive strength of soil-cement in field can be 

calibrated from the unconfined compressive strength of soil-cement determined in 

laboratory by field strength reduction factor (q
uf

q
ul

 = 0.69⁄ ).  As shown in Figure 

2-16, the strength of soil-cement in field is approximately 800 kPa. 
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Figure 2-16. (a) Strength profile for soil mixing column at Sukhaphiban 3 district; 

(b) Strength of Bangkok subsoil before enhancement (Horpibulsuk et al., 2011) 

2.5 Effect of Soil-cement Column Arrangement Pattern 

The arrangement pattern of soil-cement column highly affects the stability and cost of 

soil mixing. The research on optimization of soil mixing and applied to a cross-

passage excavation in soft soils and three groups of reinforcement schemes for 

optimization were analyzed which are (1) all ground layers from the surface to the 

cross-passage level are reinforced by isolated soil-cement columns (2) block 

improvement only for the soil layers where the cross-passage sits in and (3) the 

combination of the umbrella vault technique which either of soi-cement columns in 

case (1) and case (2) (Wang, Gao, Lee, & Gao, 2014). Wang et al. (2014) found that 

deep soil mixing is very effective while the umbrella vault shall be used jointly with 

this technique to enhance the upper soil layers. The optimization of the reinforcing 

schemes can be evaluated based on the displacement at the crown of the cross-passage 

and the results show that the cost of soil-cement can be reduced by half from the 

optimization. 
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Figure 2-17. Displacements in the longitudinal direction at the crown with the 

different schemes (Wang et al., 2014). 

Figure 2-17 describes modelling results of the settlement at the crown in the 

longitudinal direction for different optimizing schemes: (a) Displacements at the 

crown with the different soil-mixing column spacing; (b) displacements at the crown 

for the cases reinforcing one or two soil layers with deep soil mixing; (c) 

displacements at the crown for the cases using soil mixing and umbrella vault jointly; 

(d) unacceptable displacements at the crown. Therefore, using the spacing of 400 mm 

to reinforce the two layers that the cross-passage sits in would be the best option for 

20mm ground surface settlement, which is an acceptable displacement criterion for 

most applications of metro systems used in China (Wang et al., 2014). However, 

using the improvement pattern in spacing is not a good choice in case the soil is very 

soft, tunnel face instability can occur and for seepage reason, the isolated soi-cement 

column type is not recommended due to lack of interlocking effect. 
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A research on an embankment reinforced by DSM in Bangkok soft clay showed that 

soil arching is pronounced when the spacing between rows of DSM column (Sr) is 

narrow (Sr ≤ 2D). The DSM columns behave as individual isolated columns when the 

spacing is wide and the soil slides between columns. The optimum spacing was found 

to be two of DSM column diameter (2D) (Pitthaya Jamsawang, Voottipruex, 

Boathong, Mairaing, & Horpibulsuk, 2015). 

Based on a case study in Kuala Lumpur city, Malaysia, the deep soil mixing (DSM) 

was designed in block to support an excavation in soft fine-grained soil where 

intervention shaft and tunnels are constructed. The observed wall movement ranges 

between 10mm to 15mm which is less than 0.15% of wall height, while the maximum 

ground settlement are between 2mm and 6mm (Tan, Koo, & Ting, 2019).  

2.6 Effect of Undrained Shear Strength on Tunnel Stability 

Pressures acting on the face of tunnel excavation plays a crucial rule for maintaining 

stability. Based on Broms and Bennermark (1967), the tunnel face stability can be 

justified by the stability ratio (N) defined in Eq (2.3). Since the tunnel face is not 

sustained by face pressure in the sequential excavation method, the stability is mainly 

controlled by the undrained shear strength of the ground. 

 s t uN H S      (2.3) 

where  σs = surcharge on the ground surface 

  σt = tunnel face pressure 

  Su = undrained shear strength 

  γ = soil unit weight 

  H = distance from the surface to the tunnel axis 
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Table 2-1. Tunnel stability ratio of cohesive soil (Peck, 1969; Phienwaja, 1987) 

Stability Ratio, N Tunnel Behavior 

1 Stable 

2 – 3 Small creep 

4 – 5 Creeping, usually slow enough to permit tunnelling 

6 
May produce general shear failure. Clay likely to 

invade tail space too quickly to handle. 

Additionally, the deep soil mixing method is adopted as a roof barrier for tunnelling. 

In the case of the TBM driving through a wall of the shaft into the soft soil deposit, 

the soil around the TBM may decrease its strength due to loosening and trigger off 

collapsing or settlement owing to the extension of the loosening onto the ground 

surface, especially in the case of shallowness tunnelling (Shibazaki, 2003). As a 

result, the design of ground improvement was conducted in the plastic region of the 

soil where the soil was enhanced by increasing the shear strength. Figure 2-18 (a) 

shows that when the shear strength was increased, there is no ground failure unless 

the achieved shear strength touches a failure line of Mohr circle of the original 

ground. The radial and tangential stress are equal to each other at on the boundary of 

the elastic region from the plastic region as shown in Figure 2-18 (b) and equation 

(2.4). 

rr

r r

  



 (2.4) 

2r C    (2.5) 

where  σr = radial stress 

  σθ = tangential stress 
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  r = variable radius 

  C = shear strength after improvement 

 
Figure 2-18. (a) Mohr circle of the improved ground and original ground; (b) Cross-

section of improvement zone based on the plastic theory (Shibazaki, 2003) 

When a tunnel is excavated by the sequential excavation method, a plastic zone will 

develop around the tunnel. The outer boundary of the plastic zone, or the radius of 

plastic region, can be determined as followed;  (Shibazaki, 2003) 

0ln ln
2 2

t tR H
R R

C C

  
    (2.6) 

where  R = radius of plastic region 

  R0 = radius of tunnel 

  γt = average unit weight of soil 

  C = shear strength of improved soil 

  H = depth to the centre of the tunnel 

From equation (2.6), the thickness of the improvement zone can be described as the 

following equation: 

(a) (b) 
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 0t FS R R    (2.7) 

where  R = radius of plastic region 

  R0 = radius of tunnel 

  FS = factor of safety 

  t = thickness of the improvement zone 

2.7 Ground Movements Induced by Tunnelling 

2.7.1 Ground Settlement 

An immediate ground surface settlement profile above a single tunnel can be 

represented by the normal probability curve or Gaussian distribution (Peck, 1969; 

Schmidt, 1969): 

2

max 2
exp

2

x

i
 

 
   

 
 (2.8) 

where  δ = surface settlement at a lateral distance 

  δmax = maximum surface settlement at the centerline 

  x = distance from the tunnel centerline 

  i = distance from the tunnel centerline to inflection point 
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Figure 2-19. Relation between settlement trough, width and tunnel depth for different 

grounds (Peck, 1969) 

O'Reilly and New (1982) proposed empirical equations for estimating the parameter i 

in eq. Error! Reference source not found.) for cohesive soils and granular soils as 

ollows: 

For cohesive soil 

0.43 1.1oi Z   (2.9) 

For granular soil 
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0.28 0.1oi Z   (2.10) 

where  i = distance from the centerline 

  Zo = depth to the tunnel springline 

For practical purposes, the parameter i can be approximated by (after O'Reilly & 

New, 1982) 

oi KZ  (2.11) 

where  i = distance from the tunnel centerline to inflection point 

K = empirical coefficient 

  Zo = depth to the tunnel springline 

The K value varies with the soil type above a tunnel. O'Reilly and New (1982) 

suggested that for clays K varies between 0.4 for stiff clay to 0.7 for soft or silty clay. 

K ranges between 0.2 and 0.3 in the case of granular materials above the groundwater 

level.  

2.7.2 Ground Loss 

Ground loss at the ground surface, VS, is defined by the volume of settlement trough 

induced by the excavation of a tunnel. The ground loss at the ground surface is 

approximately same as the contraction of ground around the tunnel after excavated, in 

other words the ground loss at tunnel VL. The ground loss at tunnel is caused by 

various factors including overcut, improper filling of annular space and the extraction 

rate of ground from the tunnel face. Therefore, ground losses can be categorized in a 

broad sense as face loss, shield loss, and tail loss. 

The face loss can be minimized by providing sufficient face pressure with adequate 

stand-up time. The shield loss can be minimized by an articulated shield with over 
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cutters that create small peripheral void space without compromising steering 

capability around the curve. Minimal tail loss requires a prompt lining installation and 

an immediate arrest of the annular void behind the tunnel lining. The arrest of the tail 

void can be accomplished by expanding the lining against the excavation wall or 

grouting some material behind the lining. From all of this relationship and equation 

which are indicated in Figure 2-20, the ground loss can be expressed as followed: 

L
L

o

V
V

V


  (2.12) 

where  VL = volume loss 

  ΔVL = volume of tunnel after shrinkage 

  Vo = initial volume of the tunnel 

 

Figure 2-20. Empirical function for transversal surface settlement trough (Peck, 1969) 
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Ground loss can be estimated by assuming a straight drive, evaluate ground 

conditions, tunnelling methods, and workmanship (Bickel, Kuesel, & King, 1996) as 

shown in Table 2-2. 

Table 2-2. Estimation of VL for several representative cases (Bickel et al., 1996) 

Case VL % 

Good practice in firm ground 

 Applies to better soils and excellent ground control 

0.5 

Good practice in slowly reveling ground 

 Considered good ground 

1.5 

Fair practice in fast reveling ground 

 More shield and tail loss 

2.5 

Poor practice in cohesive running ground 

 Yet more shield loss 

 Tail void mostly unfilled by grouting and/or support 

the expansion of the initial supports 

4.0 or more 

2.8 Three-dimensional Finite Element Method 

With the development of the finite element method, it becomes feasible to analyze 

and predict the behaviour of soil in geotechnical problems including the ground 

movement due to tunneling. The finite element analyses in this study are performed in 

3D using tetrahedron elements. 
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Figure 2-21. 3D finite element mesh for volume element: (a) hexahedron, (b) 

tetrahedron  (Brinkgreve et al., 2016) 

2.8.1 Soil Constitutive Modelling 

In the urban area, excavation activities have a significant effect on the surrounding 

area. Therefore, materials behaviour in numerical modelling of geotechnical 

engineering problems plays a crucial role in predicting the ground movement. A soil 

constitutive model is a mathematical representation of the behaviour of the soil under 

load. The model typically relates to the numerical computation between stresses and 

strains. Schweiger (2009) arranged the constitutive models into 5 groups: 

 Linear or nonlinear elastic models 

 Elastic-perfectly plastic models 

 Isotropic hardening single surface plasticity models 

 Isotropic hardening double surface plasticity models 

 Kinematic hardening multi-surface plasticity models 

2.8.1.1 Mohr-Coulomb Soil Model 

Mohr-Coulomb model is also termed as a linear elastic perfectly plastic model. In 

MCM, the limiting state value of stress method is explained by these parameters: 

fiction angle (φ), cohesion (c) and angle of dilatancy (ψ) which can be obtained from 

simple laboratory tests. Moreover, the MCM model only uses one Young's modulus 

and does not consider the difference between loading and unloading stiffnesses. 

Hooke’s law was endorsed in the elastic zone as shown in Figure 2-22. 
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Figure 2-22. Stress-strain relationship of Mohr-coulomb soil model (Brinkgreve et al., 

2016) 

2.8.1.2 Hardening Soil Model 

Hardening soil model (HSM) employs a nonlinear elastic-plastic formulation. The 

Hardening Soil model is more accurate for predicting wall and ground surface 

displacements comparing to Mohr-Coulomb model and Modified Cam Clay (Lim, 

Ou, & Hsieh, 2010). Gaur (2017) and Lim et al. (2010) reported that the prediction by 

Hardening soil model is more accurate than that of Mohr-coulomb soil model for 

unloading situation such as the excavation in soft soil. 

The HSM employs three stiffness parameters for simulating soil behaviors which are 

a modulus corresponding to the reference stress (E50), Young’s modulus for unloading 

and reloading (Eur), and oedometer loading stiffness (Eoed).  
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Figure 2-23. Stress-strain relation in primary loading (Schanz, Vermeer, & Bonnier, 

1999) 

2.8.2 Dimensions of the Finite Element 3D Model 

To accomplish the accuracy and minimize computation time, the geometry of FEA 

mesh were established following the guideline of Möller (2006). For 3D modelling of 

tunnels with diameter between 4 and 12m, the width of the FEA model can be 

determined by  

2 1
H

w D
D

 
  

 
 (2.13) 

where,  w = width of mesh generation 

  H = distance from the ground surface to tunnel crown 

  D = tunnel diameter 

Möller (2006) recommends to provide the distance from the invert of a tunnel to the 

bottom boundary (h) in the range of (1.1~1.45)×D. Meißner (1996) also propose that 

the distance to the bottom boundary (h) should be at least (1.5~2.5)×D. 
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Figure 2-24. (a) Boundary condition in the plan view, (b) Boundary condition of 3D 

model (Meißner, 1996; Möller, 2006) 

  

(a) (b) 
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CHAPTER 3 

METHODOLOGY 

3.1 Pattern Arrangement of Deep Soil Mixing 

The arrangement of the deep soil mixing column is determined based on structure 

types and applications. As mentioned in section 2.3.2, the soil-cement columns can be 

arranged in four patterns, namely, Single type, Wall type, Grid type, and Block type. 

The block arrangement was selected in this study since it is safer and suitable for 

heavy structures and marine clay deposit. The interlocking between columns in all 

direction also prevents water to flow in the excavated area. 

 
Figure 3-1. Soil-cement columns in block type pattern using in the schemes 

3.2 Thickness consideration to prevent seepage 

The thickness of the soil cement mixing shall be at least 2m, according to the research 

in underground oil storage for preventing leakage (Usmani, Kannan, Nanda, & Jain, 

2015). As shown in Figure 3-2, the seepage ratio decreases significantly when the 

thickness is in the range of 0~2.5m and decreases at a slow rate when the thickness is 

more than 2.5 m. Hence the optimum thickness is around 2.5m. 
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Figure 3-2. Seepage variation along with the grouted zone thickness (Usmani et al., 

2015) 

Horpibulsuk, Chinkulkijniwat, Cholphatsorn, Suebsuk, and Liu (2012) studied the 

consolidation behaviour of soil-cement columns in Bangkok by doing the physical 

model and the finite element model. For the permeability of the soil-cement columns 

which were used in the finite element is 5×10-6 m/min. In actual work, typically, the 

NATM excavation is between 1m to 3m per day which is depending on ground 

conditions and tunnel diameter. As a result, for 12m cross-passage, the time spending 

around 2 weeks. In 2 weeks, for the permeability as Horpibulsuk et al. (2012) 

mentioned, the groundwater can go through about 0.1m. Hence the ground 

improvement thickness for preventing short-term seepage problem before the 

secondary lining installed. 

3.3 Optimizing Reinforcement 

Mihalis, Konstantis, Vlavianos, and Doulis (2009) proposed that the safety factor of 

1.2 and 1.3 can be used for temporary face stability problems and the safety factor of 

1.4 or more shall be used for permanent condition. As a result, the safety factor of 

1.40 is adopted in this study. 

The optimization of improvement volume is conducted by varying the improvement 

radius (Ri) between 1.2R and 3.0R, as described in Table 3-1. Since the excavation in 
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this study is not circular, the height of cross-passage is considered in the similar as the 

diameter of a circular tunnel. For the height of 4.50 m, the diameter D is assumed to 

be 4.50 m and the radius R is 2.25m (Figure 3-3). In this research, the octagonal 

section is assumed for ground improvement. However, the outer boundary is slightly 

modified to be stair-like which better representing the actual state-of-practice. 

 

Figure 3-3. Improvement shape in cross-section view 

Table 3-1. Radii of ground improvement applied to cross-passage. 

Improvement schemes  Improvement Radii (Ri) 

1.2R 2.70m 

1.4R 3.15m 

1.6R 3.60m 
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1.8R 4.05m 

2.0R 4.50m 

2.2R 4.95m 

2.4R 5.40m 

2.6R 5.85m 

2.8R 6.30m 

3.0R 6.75m 

3.4 Simulation of Tunnel Excavation 

3.4.1 Model Geometry 

 

Figure 3-4 shows the model geometry which is used in constant level cross-passage. 

The length, width, and thickness of the model are 80m, 50m and 35m, respectively. 

Moreover, the model is divided into half for reducing computation time. The model 

consists of 84,484 nodes and 58,538 elements with the average size of 1.787m. The 

maximum size of the element is 10.03m while the minimum size of the element is 

6.11mm. The model consists of 3 layers as listed below: 

 Layer 1 a soft to medium stiff clay layer ranges from the ground surface to 

14m depth. 

 Layer 2 a stiff clay layer ranges between 14m to 24m depth. 

 Layer 3 the first sand layer of Bangkok ranges from 24m to 35 m depth. 
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Figure 3-4. Model geometry 

3.4.2 Pore Water Pressure Modelling 

The pore water pressure is modelled according to Figure 2-5 which is the most 

updated data. Figure 3-5 shows two groundwater tables used in the model. The first 

phreatic line is defined at 1.5m depth and the second groundwater table is defined at 

10m depth. The pore pressure in the orange zone is interpolated from the defined 

ground water tables. Figure 3-6 indicated that the simulated pore pressure agrees well 

with the observed pore water pressure in the literature. 

35m 

Number of elements: 58538 

Number of nodes: 84484 

Average element size: 1.785m 

Max element size: 10.03m 

Min element size: 6.114mm 
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Figure 3-5. Pore water pressure at the initial condition of the 3D model 

 
Figure 3-6. Comparing the pore water pressure between 3D modelling and drawdown 

pore water pressure graph 
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3.4.3 Structural Geometry of Finite Element Model 

 

Figure 3-7. Configuration of structures in PLAXIS 3D model 

Figure 3-7 shows the structures simulated in the FEA model. The main structural 

components are a TBM tunnel, the cross-passage and the intervention shaft. 

Moreover, the IVS is composed of three elements which are D-wall, platform slab and 

the base slab. 

3.4.3.1 Cross-passage Model Geometry 

The dimensions of cross-passage and the layout of the model have been illustrated in 

Figure 3-8 and Figure 3-9. The width and the height of the cross-passage are about 

3.85m and 4.5m respectively with the length of 12m. The bottom of the cross-passage 

was located at -24m from the ground surface (Figure 3-8). The details of the IVS and 

the TBM tunnel will be described in the next section. 
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Figure 3-8. Side view dimension of the IVS and cross-passage 

 

Figure 3-9. Plan view dimension of the IVS and cross-passage 

3.4.3.2 Intervention Shaft and TBM Tunnel Model Geometry 

The intervention shaft (IVS) is 16m wide by 16m long with 4 basement levels (Figure 

3-9). The cross-passage connects to the IVS at the 4th level basement. The TBM 
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tunnel is modelled based on the ones in Bangkok which has the outer and inner 

diameters of 6.3m and 5.8m, respectively. 

3.4.4 Boundary Condition of Model 

Boundary conditions of the FEA are shown in Figure 3-10. The boundary condition of 

the symmetrical plane was defined as vertical fixity, while the displacements from 

other direction (uz and ux) were free. The upper horizontal boundary has no fixities at 

all. The displacements were fully fixed in all directions at the bottom plane. 

 

Figure 3-10. Boundary conditions of the bottom, surface and vertical boundaries in 

the symmetrical half model (Möller, 2006) 

3.4.5 Soil Input Parameters 

The Hardening soil model has selected this research and the input parameters are 

adopted from Likitlersuang, Surarak, Wanatowski, Oh, and Balasubramaniam (2013) 

and shown in Table 3-2. 
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3.4.6 Structural Material Modelling Parameters 

In this study, the structural materials to be modelled are tunnel lining and intervention 

shaft. The TBM lining and the IVS are modelled by plate elements. The parameters of 

the plates are adopted from Lueprasert, Jongpradist, Charoenpak, Chaipanna, and 

Suwansawat (2015) and Chheng and Likitlersuang (2018) and summarized in Table 

3-3 

Table 3-3. Parameters of the tunnel, cross-passage lining and intervention shaft 

(Lueprasert et al., 2015) and (Chheng & Likitlersuang, 2018) 

Parameters 
d 

(m) 

γ 

(kN/m3) 

E 

(GPa) 
ν Type of element 

Tunnel lining 0.30 24 31 0.2 Plate element 

D-wall 1.00 16.5 28 0.15 Plate element 

Slab 1.00 25 28 0.15 Plate element 

Base slab 1.80 25 28 0.15 Plate element 

3.4.7 Soil-cement Parametric Studies 

Soil-cement mixture can be considered as poor concrete with low unconfined 

compressive strength. The soil-cement is modelled by the Mohr-coulomb soil model. 

The input parameters were adopted from Pitthaya Jamsawang, Yoobanpot, 

Thanasisathit, Voottipruex, & Jongpradist (2016) as shown in Table 3-4.The strength 

of soil-cement is about 800kPa based on cored samples from field (Pittaya 

Jamsawang, Bergado, & Voottipruex, 2011). Based on literatures in Thailand, the 

Young’s modulus of soil-cement value is in the range of 77 to 91 MPa. In this study, 

Young’s modulus is assumed to be 80 MPa based on empirical formula shown in 

Table 3-5 (Esoil-cement = 101qu), 
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Table 3-4. Soil-cement parameters (Pitthaya Jamsawang et al., 2016) 

Material Type Analysis Type ν 
γb 

(kN/m3) 

c 

(kPa) 

E 

(MPa) 

Soil-cement Undrained (B) 0.33 15 400 80 

 

Table 3-5. Relationship between young’s modulus and unconfined compressive 

strength in the DSM  (Alipour, Khazaei, Pakbaz, & Ghalandarzadeh, 2017) 

Researcher  Location Relationship 

(Topolnicki & Pandrea, 2012)  Europe Esoil-cement = 380qu 

(Filz, Adams, Navin, & 

Templeton, 2012) 
 USA Esoil-cement = 300qu 

(Kitazume & Terashi, 2013)  Japan Esoil-cement = (350 – 1000)qu 

(Pitthaya Jamsawang et al., 

2016) 
 Thailand Esoil-cement = 101qu 

(Alipour et al., 2017)  Iran Esoil-cement = 115qu 

3.4.8 Excavation Sequences 

The new Austrian tunnelling method (NATM) was developed soon after World War 

II after then It has been improved by Mueller, Rabcewicz, Brunner and Pacher. 

Certainly, this method is well-known for its success in a variety of conditions ranging 

from hard to soft rock, soft stable ground to weak, friable and unstable ground. 

Especially it has been successfully used in urban areas, particularly under some major 

cities, to construct underground facilities (Tatiya, 2017).  
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Figure 3-11. The sequential support to prevent micro and macro differential 

movements of the NATM (Tan et al., 2019) 

The tunnel cross-passage of this simulation was simulated in stage following the 

sequential excavation method. Firstly, the intervention shaft (IVS) was constructed. 

Then, soil-cement mixing columns were conducted in the cross-passage area. Then 

the TBM tunnel which will be connected to the cross-passage was constructed. After 

the TBM, IVS and the soil-cement mixing were completed, the excavation for tunnel 

cross-passage was started. Firstly, the cross-passage face was opened and the soil was 

excavated forward in 1.5 m steps until reaching the IVS. The construction sequences 

are tabulated in Error! Not a valid bookmark self-reference. and illustrated in 

Figure 3-12 from (a) to (f). 

Table 3-6. Calculation phase in 3D FEM Plaxis 

Phase no. Phase name Loading input Activity simulated 

0 Initial phase K0 stress Initial condition 

1 Intervention 

Shaft 

Construction stage The shaft is activated and 

deactivated the soil cluster inside 
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shaft while removing water. 

2 Soil mixing Construction stage Soil treatment was assigned. 

3 Tunnel Construction stage The tunnel is activated and 

deactivated the soil cluster inside 

the tunnel while removing water 

4 Cross-passage Construction stage The excavation is conducted step 

by step in every 1.5m. 

Moreover, the displacement is 

reset to zero. 

5 Safety Factor Phi-C reduction Reset displacement to zero. 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 3-12. The Process of Cross-passage in PLAXIS 3D: (a) Initial Phase, (b) 

Activate the IVS, (c) Activate Soil-cement block, (d) Activate the TBM tunnel, (e) 

Cross-passage face opening and excavation, (f) Final excavation 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Stability of Cross-passage 

Figure 4-1 shows the safety factor which increases linearly with the improvement 

thickness. The round marks denoted FEA results while the triangle marks denoted 

values determined by the plastic theory  (Shibazaki, 2003). The discrepancy between 

two methods increases as the improvement radius decreases. It is noted that the 

analytical formula of Shibazaki (2003) was based on circular improvement shape 

while the octagonal shape is employed in this study. 

 
Figure 4-1. Stability of the cross-passage 

From the graph, the safety factor of the 1.6R case is 1.7 which is more than 1.40. The 

thickness of the ground improvement of this case is about 1.35m which is more than 

0.1m required for preventing short-term seepage problems. The safety factor of 1.4R 

scheme is 1.37 which is less than 1.4; however, in case of temporary support, the 

improvement scheme of 1.4R can be considered. Improvement scheme 1.2R shows 
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that the safety factor is less than 1. From the simulation, the cross-passage collapsed 

at the 4.5m excavation. 

4.2 Behaviour of Ground Displacement 

The 3D finite element analysis provides the results of the ground behaviour of the 

improved soil with the improvement radius increased from 1.2R to 3.0R. The 

maximum vertical settlement of 1.2R improvement scheme is about 37.22mm while 

the settlement decreases significantly to less than 1.5mm in 3.0R scheme, see Figure 

4-2 and Figure 4-3. The improvement scheme of 1.2R and 1.4R show that the vertical 

displacement is very large which are about 10 times of those shown in Figure 4-3. 

 

Figure 4-2. Comparing the surface settlement of 1.6R to 3.0R improvement schemes 
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Figure 4-3. Comparing the surface settlement of 1.2R and 1.4R schemes 

                              (a)                                                               (b) 

                              (c)                                                               (d) 
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Figure 4-4. Vertical displacement of 3D FEA on cross-passage final excavation stage 

in different ground improvement thickness schemes: (a) 3.0R; (b) 2.8R; (c) 2.6R; (d) 

2.4R; (e) 2.2R; (f) 2.0R; (g) 1.8R; (h) 1.6R; (i) 1.4R; (j) 1.2R 

 

                              (e)                                                               (f) 

                              (g)                                                               (h) 

                               (i)                                                                (j) 
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                               (a)                                                               (b) 

                              (c)                                                               (d) 

                              (e)                                                               (f) 

                              (g)                                                               (h) 
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Figure 4-5. Total displacement of cross-passage at the final excavation stage in 

different ground improvement thickness schemes: (a) 3.0R; (b) 2.8R; (c) 2.6R; (d) 

2.4R; (e) 2.2R; (f) 2.0R; (g) 1.8R; (h) 1.6R; (i) 1.4R; (j) 1.2R 

Figure 4-4 and Figure 4-5 show the surface displacement and displacement of cross-

passage in all directions of 10 different schemes. The maximum displacement 

occurred at the crown of the cross-passage (Figure 4-4). It is generally believed that 

the largest displacement takes place at the middle of the crown of the cross-passage in 

the tunnelling problem and decreases slightly when moving toward the ground 

surface. However, the ground surface settlement is not in the middle in this study due 

to the effects of the intervention shaft. Some lateral movement is also observed at the 

TBM tunnel side. As a result, the maximum ground surface displacement tends to 

occur near to the cross-passage face opening (Figure 4-5). 

                              (i)                                                               (j) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
53 

 

Figure 4-6. Ground surface profile induced by tunnel excavation of 1.6R scheme 

As shown in Figure 4-6,  the settlement profile from FEM fits well with the estimation 

by the empirical equation (2.8) and the settlement trough estimated according to 

O'Reilly and New (1982). The dash lines represent the predictions by empirical 

formula for various soil types. From the research of O'Reilly and New (1982), the K 

value varies from 0.4 (stiff clay) to 0.7 (soft clay) for the cohesive soil. Since the 

overburden layers in this study consist of stiff clay and soft clay, the average based on 

thickness of each soil type above the tunnel crown was used (K = 0.6). It can be seen 

that the shape of deformations of K = 0.6 fits well with the results from the FEA 

simulation. The green dash line (K = 0.4) significantly differs from the simulation 

result and the K = 0.7 line. It is the result of the overburden soil on the cross-passage 

mainly composes of soft clay which is up to 14m depth. However, the trend of the line 

for soft clay is quite similar although it is not fit well with the simulation result which 

is the effect of the stiff clay. Overall, the empirical coefficient K = 0.6 is the suitable 

value for this case and it also can be proved that the displacement from the 3D 

simulation is accurate. 
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Figure 4-7. The percentage of settlement reduction in each scheme 

Figure 4-7 shows the percentage of the settlement reduction from 1.6R to 3.0R 

improvement schemes.  These values are compared to the maximum surface 

displacement of improvement scheme 1.2R which is 37.22mm. As a result of 

increasing the improvement radius, the percentage of settlement reduction increases 

significantly which start at the 1.6R improvement scheme about 87.75% and reach 

96.20% at the 3.0R improvement scheme. For the 1.2R and 1.4R improvement 

schemes, the vertical displacement is so large and achieve instability. 

4.3 Soil-cement Mixing Columns Arrangement 

Recommendation of soil-cement columns arrangement of 1.6R scheme with the 

volume replacement ratio about 0.69 from equation (2.2). Figure 4-8 and Figure 4-9 

show the layout of the soil-cement after arrangement in the plan view, cross-sectional 

view, and perspective view. The vertical thickness of soil-cement columns can be set 

easily while the horizontal thickness depends on the number of installation columns 

and the diameter of the soil-cement columns. In case the horizontal thickness does not 

reach the set value, other columns will be installed until it reaches the satisfied value. 

From the cross-sectional view, the soil improvement radius in vertical and oblique 

direction have the same value while the horizontal radius is larger. 
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Figure 4-8. Plan view, and cross-sectional view of soil-cement columns after the 

arrangement. 
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Figure 4-9. Perspective view of soil-cement columns after the arrangement. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 Concluding Remark 

Optimization based on the factor of safety indicated that the ground improvement 

1.6R scheme (3.6m improvement radius) is the best choice for the reason that the 

safety factor is more than 1.40 and the thickness of the ground improvement is about 

1.35m which is more than 0.1m required for preventing short term seepage problems. 

 

The ground surface displacement of 1.6R improvement scheme is about 4.57mm. 

However, the ground surface settlement can be reduced by increasing the 

improvement radius (Figure 5-1). The settlement trough curve from the simulation is 

found to fit well with the empirical formula of O’Reilly when the empirical 

coefficient K = 0.6 is used. 

 

Figure 5-1. Soil mixing 1.6R scheme (Ri = 3.60m) 
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5.2 Work Summarizing 

This study presents the three-dimensional finite element method to optimize the soil-

cement on cross-passage based on the factor of safety and the thickness of the ground 

improvement. The ground was modelled by three soil layers systems which is referred 

to the borehole section A 23-AR 001 of the MRT blue line. The recovery drawdown 

pore water pressure is used which is refer to the data at the SBTA site. The thickness 

of soil-cement was varied from 1.2R to 3.0R. Hardening soil model (HSM) is used in 

this study. For FEA model is 80m wide by 50m long and 35m thick consisting of 

84,484 nodes and 58,538 elements with average size elements of 1.785m. Hardening 

soil model is adopted for Bangkok subsoil while Mohr-coulomb soil model was used 

for soil-cement mixing. In each improvement scheme, 12 phases are used excluding 

the initial phase and the modelling time consuming is around 40 minutes for each 

scheme. Hence, the total time consuming is about 7 hours. 

5.3 Recommendations and Future Research 

 Validate with monitoring data should be conducted.  

 Surrounding structures could be affected by excavation. 

 Consolidation behaviour of soil should be considered. 

 Effect from surcharge should be considered. 
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Appendix A 

Summary Results of Cross-passage Stability 
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Figure A-1. Safety factor of 3.0R scheme 

 

 

Figure A-2. Safety factor of 2.8R scheme 
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Figure A-3. Safety factor of 2.6R scheme 

 

 

Figure A-4. Safety factor of 2.4R scheme 
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Figure A-5. Safety factor of 2.2R scheme 

 

 

Figure A-6. Safety factor of 2.0R scheme 
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Figure A-7. Safety factor of 1.8R scheme 

 

 

Figure A-8. Safety factor of 1.6R scheme 
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Figure A-9. Safety factor of 1.4R scheme 

 

 

Figure A-10. Safety factor of 1.2R scheme
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Appendix B 

Ground Surface Displacement in each Scheme
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Figure B-1. Surface settlement trough of 3.0R scheme 

 

 

Figure B-2. Surface settlement trough of 2.8R scheme 
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Figure B-3. Surface settlement trough of 2.6R scheme 

 

 

Figure B-4. Surface settlement trough of 2.4R scheme 
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Figure B-5. Surface settlement trough of 2.2R scheme 

 

 

Figure B-6 Surface settlement trough of 2.0R scheme 
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Figure B-7. Surface settlement trough of 1.8R scheme 

 

 

Figure B-8. Surface settlement trough of 1.6R scheme 
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Figure B-9 Surface settlement trough of 1.4R scheme 

 

 

Figure B-10. Surface settlement trough of 1.2R scheme 
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