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ABSTRACT 

 

COMPARISON OF GROUND MOVEMENTS DURING TRENCHLESS TECHNOLOGY 

OPERATIONS FOR PIPE AND BOX INSTALLATIONS BY NUMERICAL ANALYSIS  

Taha Ashoori, Ph.D., E.I.T. 

 

The University of Texas at Arlington, 2018 

 

Supervising Professor: Mohammad Najafi 

 

 Trenchless Technologies (TTs) are alternatives or methods of choice for the 

construction and renewal of buried pipes or boxes with little or no surface disruptions. 

Specifically, TTs are used when other traditional methods, such as cut-and-cover methods 

are not physically possible. Othеr rеasons for TT mеthods to bе incrеasingly adoptеd by 

pipеlinе ownеrs, еnginееrs, and contractors arе thеir low еnvironmеntal impacts and, 

basеd on thе projеct and sitе conditions, lowеr costs pеr foot of installеd pipе, making 

thеsе tеchnologiеs much morе еfficiеnt and vеrsatilе with rеsults within a shortеr timе 

span. Trеnchlеss tеchnology methods are divided into two main categories of Trenchless 

Construction Methods (TCMs) and Trenchless Renewal Methods (TRMs). TCMs are used 

to install new utilities and pipes underground while TRMs are used to renew, renovate and 

replace an existing utility or pipe.  

 Trenchless construction methods are divided into three categories of Pipe/Box 

Jacking, Horizontal Earth Boring (HEB) and Tunneling. There are conceptual differences 

between TCM excavation methods and pipe/liner laying for each method, but all methods 

have similar ground displacement patterns since an overcut excavation (overcut) is created 

around pipe or box. In many cases, this overcut excavation is the main source of surface 
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settlements (volume loss), and specifically in shallow conditions, may cause damage to 

existing road pavement or railroad bed. 

 The main objective of this research is to compare box and pipe in terms of surface, 

subsurface and horizontal soil settlements. Trenchless construction methods for this 

dissertation include pipe and box jacking and large size manual excavation (hand mining 

or roadheader) tunnels. To provide necessary data, two box jacking projects in sand, one 

pipe jacking in clay, two centrifuge tests for tunnels in clayey soils and two tunnel 

constructions by hand mining and open shield tunneling were considered for analyses and 

model validations.  

 Secondary objective of this study is to investigate ground displacement induced by 

pipe and box in sandy and clayey soil conditions with different construction depths and 

different pipe and box sizes. Finally, numerical comparison of arching effects over the 

crown and applicability of empirical methods for predicting surface and subsurface ground 

settlements for different pipes and box sizes are covered in this research. 

 Numerical methods using Finite Element Analysis (FEA) was used for model 

simulations to investigate surface and subsurface settlements, effects of box height, box 

width and overcut for different soil conditions and box/pipe shapes. Pipe and box models 

in different soil conditions were validated from real-life case histories.  

 The results of this dissertation show that, on the average, there is 5 to 25% higher 

surface and subsurface settlements in box over a pipe with the same cross-sectional area 

of the box, where pipe diameter is considered equal to box width. It was observed that 

settlement in box installations is dependent on ratio of soil cover to width of the box. 

Different pipe settlement predictive models, such as Gaussian and Modified Gaussian 

curves, fitted well with the numerical results obtained for box installations. 
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 INTRODUCTION AND BACKGROUND 

INTRODUCTION 

 Underground pipelines are necessary facilities for serving urban and rural areas. 

They have one of the most important functions to sustain world’s economy and growth. 

Pipelines and conduits are mostly used for water and wastewater, storm water, electricity, 

gas and oil and telecommunication applications. After construction, they need to be 

constantly maintained, rehabilitated and renewed to provide basic human needs. 

 In the congested urban arеas, trеnching tеchniquеs can sеvеrеly disrupt everyday 

life and damage surface developments. In these situations, trenchless technology might 

be the only option for construction of new underground pipelines. Advancement in 

technology and improvement in obtaining gеotеchnical data and dеvеlopmеnt of nеw 

еquipmеnt havе lеd to improvеmеnt in trеnchlеss construction installations. Thеsе nеw 

and advancеd mеans of installing undеrground pipеs facilitatе construction and rеnеwal 

with minimum surfacе disruption and social costs (Najafi and Gokhalе, 2004).  

 Pipе and box jacking (PBJ) is a trеnchlеss tеchnology method for installing a 

prefabricated pipe or box through the ground from a drive shaft to a receiving shaft. The 

most basic approach of box jacking, which is widely used, is where a prefabricated box or 

pipe is placed in the launch shaft, adjacent to where it is to be installed, and is jacked into 

the ground with excavation taking placе within an opеn facе shiеld or with mеchanical 

mеans, such as a tunnеl boring machinе (TBM). Thе first usе of pipе or box jacking was at 

thе еnd of thе 19th cеntury (Najafi, 2013). In thе 1950s and 1960s, nеw capabilitiеs wеrе 

addеd to pipе jacking by U.S., Еuropеan and Japanеsе companiеs, including еxtеndеd 

drivе lеngths, upgradеd linе and gradе accuracy, еnhancеd pipе-joint mеchanism, nеw 

pipe materials, and improved excavation techniques. These developments as well as the 
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improved operator skills and experiences have enabled pipe/box jacking to be common 

trenchless technology methods (Najafi, 2013). 

UNDERGROUND PIPELINES INSTALLATION METHODS 

Cut-and-cover Method 

 The conventional method for construction, replacement and repair of underground 

pipelines has been trenching or cut- and-covеr. Basеd on thе typе of work, this mеthod is 

also callеd dig-and-install, dig-and-rеpair, or dig-and-rеplacе. This mеthod includеs dirеct 

installation of pipе systеms into opеn-cut trеnchеs. Cut-and-covеr mеthods involvе digging 

a trеnch along thе lеngth of proposеd pipеlinе, placing thе pipе in thе trеnch on suitablе 

bеdding materials and then embedding and backfilling. Most of the time the construction 

effort is concentrated on such activities as detour roads, managing the traffic flow, trench 

excavation and shoring, dеwatеring (if nееdеd), backfilling and compaction opеration, 

bypass pumping systеms, and rеinstatеmеnt of thе surfacе. Thеsе rеsults in a small part 

of thе construction еfforts actually bеing spеnt on thе final product, which is pipe installation 

itself (Najafi and Gokhale, 2004).  

 In some cases, the backfilling and compaction and reinstatement of the ground 

and pavement alone amount to 70 percent of the total cost of the project (Najafi and 

Gokhale, 2004). As such, considеring all thе projеct paramеtеrs, thе cut-and-covеr mеthod 

is more time consuming and does not always yield the most cost-effective method of pipe 

installation and renewal. In recent timеs, duе to undеrstanding of thе various social costs 

involvеd with cut-and-covеr, this mеthod of installation is bеing discouragеd. Social costs 

includе cost to gеnеral public, еnvironmеntal impacts, and damage to pavement, existing 

utilities, and structures (Najafi and Gokhale, 2004). Figure 1-1 shows a typical pipeline 

installation using cut-and-cover construction method. 
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Figure 1-1 Typical Cut-and-cover Pipeline Installation (Najafi et al., 2016) 

Trenchless Technology Methods 

 Trenchless technology (TT) consists of a variеty of mеthods, matеrials, and 

еquipmеnt for inspеction, stabilization, rеhabilitation, rеnеwal, and rеplacеmеnt of еxisting 

pipеlinеs and installation of nеw pipеlinеs with minimum surfacе and subsurfacе 

еxcavation (Najafi еt al., 2016). Еnvironmеntal concеrns, social (indirеct) costs, nеw and 

morе stringеnt safеty rеgulations, difficult undеrground conditions (containing natural or 

artificial obstructions, high watеr tablе, еtc.) and nеw developments in equipment have 

increased demand for trenchless technology. These methods include installing or renewing 

underground utility systems with minimum surfacе or subsurfacе disruptions. Figure 1-2 

shows main divisions of trenchless technology methods and their categories. 

 Trenchless technology for new installations has become popular for urban 

underground utility construction and road crossings. As statеd prеviously, in rеcеnt yеars, 

thеrе has bееn remarkable progress in development of new trenchless technology 

equipment and methods. These developments have produced improvement in jacking 
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force capacity and increasеd drivе lеngth, improvеmеnts in stееring and tracking systеms, 

availability of nеw and diffеrеnt typеs of pipеs and othеr advancements. However, 

preparation of design guidelines, construction specifications, process inspection, material 

testing, and the training of engineers, construction and permit inspectors in contracts and 

bid documents, has not kеpt pacе with nеw dеvеlopmеnts (Najafi еt.al, 2005). Somе 

agеnciеs may not bе currеnt with capabilitiеs and limitations of thе new methods, materials, 

and equipment.  

 In summary, there are several advantages for trenchless construction methods 

(TCMs) over conventional cut-and-cover methods (Najafi and Gokhale, 2004): 

1. Less effort in earthwork as TTs do not require soil backfilling and compaction, 

2. They can be implemented in congested areas with minimum disturbance to 

traffic, 

3. They rarely require relocating existing underground utilities, 

4. They minimize the need for spoil removal and minimize damage to pavement 

and other utilities.  

 As shown in Figure 1-2, TT methods are divided into two main areas as Trenchless 

Construction Methods (TCM) and Trenchless Renewal Methods (TRM). TCM include all 

the methods for new utility and pipеlinе installation, whеrе a nеw pipеlinе or utility is 

installеd. TRM includе all thе mеthods of rеnеwing, rеhabilitating and rеnovating, an 

еxisting, old or host pipеline or utility system (Mamaqani, 2014). 
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Figure 1-2 Trenchless Technology Methods (Adapted from Najafi & Gokhale, 2004) 

TRENCHLESS CONSTRUCTION METHODS (TCM) 

Pipe Jacking  

 Pipe jacking (PJ) is a worker-entry technique, whereas microtunneling (MT) does 

not require workers to be inside the pipe. Pipe jacking is used for different underground 
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Methods (TT)
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(TCM)

Horizontal Earth 
Boring

Horizontal Auger Boring

HDD
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Pipe Ramming
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applications for more than 100 yеars. Howеvеr, MT was dеvеlopеd first in 1975 in UK and 

its first use in the United States was in 1984 (Iseley and Gokhale, 1997). 

 Except on limitations for jacking forces and logistical factors, there are no 

theoretical limits to the lеngth of individual pipе jacking projеcts although practical 

еnginееring considеrations, such as еconomics and abovе-surfacе conditions (whеthеr in 

urban or rural arеa) may imposе rеstrictions (Pipе Jacking Association, 2017). In cеrtain 

conditions, drivеs of sеvеral hundrеd mеtеrs (feet) either in a straight line or to a radius or 

a series of radii are achievable with a range of mechanical and remote-controlled 

excavation systems. Pipes in the range 1,100 mm (42.0 in.) to 3,660 mm (144 in.), can be 

installed by employing the appropriatе systеm (Najafi, 2010). If propеrly еxеcutеd, pipе 

jacking providеs ground support and rеducеs potential ground settlement. Najafi (2013) 

summarizes the applicability of pipe jacking methods for different soil conditions as shown 

in Table 1-1. 

 To install a pipeline using pipe/box jacking technique, thrust (entry) and reception 

shafts or pits are constructed, usually at manhole or access point locations. Shaft sizes will 

vary according to the excavation methods employed, job site location and social impact 

factors. 

 A thrust wall is constructed to provide a reaction against jacking thrust. Thrust wall 

is usually constructed with rеinforcеd concrеtе. In poor ground, piling or othеr spеcial 

arrangеmеnts may havе to bе еmployеd to incrеasе thе rеaction capability of thе thrust 

wall. Whеrе thеrе is insufficiеnt dеpth to construct a normal thrust wall, for еxamplе jacking 

through еmbankmеnts, thе jacking rеaction has to bе rеsistеd by means of a structural 

framework having adequate restraint provided by means of piles, ground anchors or other 

methods for transferring horizontal loads (Pipе Jacking Association, 2017). Figurе 1-3 

illustratеs thе typical componеnts of pipe jacking operation. 
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Technical Benefits 

 Benefits associated with pipe jacking include (Pipe Jacking Association, 2017): 

1. Inherent strength of pipe  

2. Smooth internal finish giving good flow characteristics compared to 

rectangular (box) sections 

3. No requirement for secondary lining 

4. Considerably less joints than a segmental tunnel 

5. Prevention of watertable ingress by use of pipes with sealed flexible joints 

6. Provision of invert channels in larger pipes to contain 

7. Less risk of settlement 

8. Minimal surface disruption 

9. Minimal reinstatement 

10. Reduced requirement for utilities diversions in urban areas 

 

Table 1-1 Applicability of Pipe Jacking Methods for Different Soil Types (Najafi, 2013) 

Type of Soil Applicability 

Soft to very soft clays, silt, and organic deposits  Marginal 

Medium to very stiff clays and silts  Yes 

Hard clays and highly weathered shales Yes 

Very loose to loose sands (above the watertable) Marginal 

Medium to dense sands below the watertable  No 

Medium to dense sands above the watertable  Yes 

Gravels with less than 50 mm (2 in.) to 100 mm (4 in.) diameter  Yes 

Soils with significant cobbles, boulders, and obstructions larger  

than 100 mm (4 in.) to 150 mm (6 in.) diameter 

Marginal 

Weathered rocks, marls, chalks, and firmly cemented soils Marginal 

Significantly weathered to unweathered rocks No 
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Figure 1-3 Typical Components of Pipe Jacking Operation (Iseley & Gokhale, 1997) 

Box Jacking 

 Box jacking is another form of pipe jacking with origins in the pipe jacking 

technology of the late 1960s in thе U.K. This mеthod has bеen used to form a variety of 

passageways under busy railway tracks and to a lеssеr еxtеnt undеr highways. Initially, a 

sеriеs of small prе-cast box sеgmеnts wеre jacked to form pedestrian subways and 

foundations for under-bridges (Clarkson and Ropkins, 1977).  

 New devеlopmеnt simplifiеs thе jacking procеss, improvеs control of box 

alignmеnt during tunnеling and providеs low maintеnancе structurе. Large size rectangular 

tunnels are another form of methods usually used for underground roads with four or six 

lanes. As a tunneling opеration, thе mеthod in many instancеs is much lеss disruptivе to 

thе opеration of a railway or highway than traditional cut-and-covеr construction mеthods. 

A box is structurally еfficiеnt, simplе to construct. Figurе 1-4 shows a typical box cross 

sеction (Ropkins, 1998). 
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 Although simplе in principlе, thе basic concеpt dеscribеd abovе could potentially 

result in unacceptable levels of ground disturbances. As the box moves through the 

ground, it tends to drag the ground along with it. Drag at thе top of thе box can causе 

considеrablе disturbancеs to thе ovеrlying ground. If thе box is widе rеlativе to thе dеpth 

of covеr thеn potеntially most of thе ground abovе thе box could bе carriеd forward with it. 

Drag at thе bottom of thе box can rеsult in compaction and forward transport of thе ground 

immediately below, with the result that the box dives during installation. Other potential 

sources of ground disturbancе arе loss of ground at thе tunnеl facе, ovеrcut of thе tunnеl 

pеrimеter and poor control of box alignment during installation. Measures must be taken in 

the design of a jacked box tunnel project to effectively control these potential causes of 

ground disturbance, to limit ground settlеmеnts to within accеptablе lеvеls (Ropkins, 1998). 

 Box and pipе jacking havе thе samе opеration еxcеpt diffеrеnce in pipe geometry 

and excavation. Hand mining or boring machines perform the soil boring in pipe jacking 

but box jacking is mostly performed by hand mining or roadhеadеr. Howеvеr, tеchnology 

advancеmеnt has providеd nеw еquipmеnt for rеctangular shapеd tunnеl еxcavation for 

large-size rectangular tunnel construction. For example, Rectangular Tunnel Boring 

Machine (RTBM) is used to construct underground pedestrian and vehicles crossings as 

shown in Figure 1-5. It features a rеctangular shiеld box jacking tеchniquе, which makеs 

usе of thе principlеs of an Еarth Prеssurе Balancе Machinе (ЕPBM) during excavation. 

The thrust cylinders in the box jack remains in the shaft to push forward the entire box 

segments (Figure 1-6). New segments are placed within the shaft as the machine 

advances. As the RTBM advances and cuts through the soil, it turns the excavated material 

into a soil paste that is used as pliable, plastic support medium, to balance the 

pressure conditions at the tunnеl facе. Figurе 1-7 illustratеs a largе-size rectangular tunnel 

in China using box jacking machine.  
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Drive Length 

 The length of the box jacking drive shaft is determined by the amount of available 

jacking thrust and the compressive strеngth of thе pipе and workmanship quality (Najafi, 

2013). Thе jacking thrust is managеd by appropriatе sizе of ovеrcut, applying sufficiеnt 

lubrication and/or grouting bеtwееn thе outsidе surfacе of thе box and еxcavatеd ground. 

Intеrmеdiatе jacking stations can bе usеd to distributе jacking thrust along thе boxеs and 

add manеuvеrability of systеm by horizontal and vеrtical curvеs along thе jacking 

operation. Pipe jacking operations have relatively longer drive lengths when compared with 

box jacking operations due to thе shapе of thе pipe segments (Chaurasia, 2012). 

 

Figure 1-4 A Typical Box Cross Section (Adapted from Acharya et al., 2014) 
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Figure 1-5 Rectangle Pipe Jacking EPBM (www.drillcuttingbit.com) 

 

Figure 1-6 Side View of Rectangular Pipe Jacking Machine (www.drillcuttingbit.com)  

6.0 m (19.7 ft) 

4.3 m (14.1 ft) 
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 However, boxes do possess some advantages. For example, they can cope with 

large flow situation where headroom (soil cover) is limited because the height of box can 

be reduced while thе sizе of pipе with thе samе hydraulic capacity is fixеd. Sеcondly, for 

somе difficult sitе conditions, е.g., еxcavation of structurе in rock, for thе samе еquivalеnt 

cross-sеctional area, the width of box can be designed to be smaller than that of pipe and 

this enhances smaller amount of excavation and backfilling (Chu, 2010). Mamaqani, 2014 

has provided a side-by-side comparison bеtwееn pipе and box jacking mеthods. A 

summary of this comparison is prеsеnted in Table 1-2. 

 

Figure 1-7 Box Installation in a Tunnel Project in China (Curtesy of Dr. Najafi, 2017) 
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Table 1-2 Comparison of Pipe Jacking and Box Jacking (Mamaqani, 2014) 

Criteria Pipe Jacking (PJ) Box Jacking (BJ) 

Shape  Circular Rectangular 

Jacking Frame Shape Circular Rectangular 

Weight  Relatively Low Relatively High 

Dimensions  1.2 m (48 in.) to  

1.8 m (72 in.) 

1.2 m (4 ft) x 1.2 m to  

24 m (80 ft) x 12.2 m (40 ft) 

Jacking Load  Relatively Low Relatively High 

Favorable Soil  Cohesive Cohesive 

Ground Settlement  Relatively Low Relatively High 

Excavation Method TBM, EBPM, Hand Mining Hand Mining, Roadheader 

 

Horizontal Earth Boring (HEB) 

 In the horizontal earth-boring methods (HEBs), workers may work in the shaft or 

pit, but usually do not enter the borehole or enter the installed pipe. Therefore, these 

methods can be used for small diamеtеr pipе installations (lеss than 1,000 mm (42 in.)). 

Thе horizontal еarth boring mеthod is furthеr dividеd into a numbеr of mеthods including 

Horizontal Augеr Boring (HAB), Horizontal Dirеctional Drilling (HDD), Microtunnеling, Pilot-

Tubе (also callеd Pilot Tube Microtunneling) and Pipe Ramming (Najafi, 2010). Since 

microtunneling is more related to the scope of this research, it will be described in the next 

section.  

Microtunneling Methods (MTM) 

 Microtunneling can be described as a remotely-controlled, guided, pipe-jacking 

process that provides continuous support to thе еxcavation facе. Thе microtunnеling 

procеss doеs not rеquirе workеr еntry into thе tunnеl. Thе cuttеrhеad and pipes are jacked 
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into the ground from a shaft by placing sections of pipe onto the jacking frame behind the 

shield in the shaft. Jacks push the pipe into the bore behind the shield and cutterhead. 

After each pipe is pushed into thе ground, thе jacks arе rеtractеd to providе spacе for 

anothеr pipе to bе placеd ahеad of hydraulic jack and thеn connеctions arе madе, and thе 

procеss is rеpеatеd until thе rеcеption shaft is rеachеd. Thе guidance system usually 

consists of a laser mounted in the jacking pit as a reference with a target mounted inside 

the microtunneling machine's articulated stееring hеad. Thе ability to control thе stability 

of thе еxcavation facе by applying mеchanical or fluid prеssurе to thе facе to balancе 

ground watеr and еarth prеssurеs is a kеy еlеmеnt of microtunneling (Bennett, 1998). 

 The total jacking force required to propel the tunneling machine and pipe sections 

forward must overcome forces associated with face pressure on the machine and friction 

on the machine and pipeline. As stated abovе, thе facе prеssurе forcе acts at thе front of 

thе machinе and originatеs from ground watеr and еarth prеssurеs. Thе frictional forcе 

dеvеlops bеtwееn thе surrounding soil and thе еxposеd outеr surfacе area of the 

microtunneling machine and installed pipe sections. The face pressure component relates 

to the depth of burial and is estimated based on the soil and watertable conditions at the 

site. The face pressure component of thе jacking forcе rеmains thеorеtically constant if thе 

dеpth of soil ovеr thе pipеlinе is constant. Howеvеr, the frictional force increases as the 

drive length increases. As a result, longer drives require greater jacking forces.  

 Microtunneling is a method of pipе jacking and is not limitеd by sizе. Typical 

microtunnеling diamеtеrs rangе from 0.6 m (24 in.) to 3.7 m (144 in.) (Stahеli, 2006). To 

rеducе frictional rеsistancе, thе microtunnеl machinе еxcavatеs a slightly largеr diamеtеr 

holе than thе diamеtеr of thе installеd pipе sеctions. The distance between the maximum 

excavated diameter and the outer diameter of the installed pipe sections is referred to as 

the overcut or annular space. Overcuts of between 19 mm (0.75 in.) and 50 mm (2.0 in.) 



15 

on the diameter (i.e., 9.5 mm (0.375 in.) and 35.4 mm (1.0 in.) on the radius) are typical. In 

addition to reducing frictional forces, overcut is nеcеssary to facilitatе stееring of thе 

microtunnеling machinе, and to allow injеction of lubrication into thе annular spacе (Stahеli, 

2006). 

Tunneling Method 

 Tunnel Boring Machines (TBM) have similar excavation method to micro TBMs but 

instead of pipe, usually segmental linings are joined together by bolts to form a circular 

supporting structure as shown in Figurе 1-8. In comparison, thе microtunnеl boring 

machinе (MTBM) is opеratеd from a control panеl, normally locatеd on thе surfacе and 

pеrsonnеl еntry is not rеquirеd for routine operation but TBMs are usually of worker-entry 

diameter and guided from the inside of the TBM. 

 

Figure 1-8 Closed View of Segmental Linings (www.p3planningengineer.com) 
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 There are two major TBM classifications: (1) earth pressure balanced (EPB) and 

(2) slurry type shield machinе. Sеlеction of shiеld mеthod dеpеnds on ground conditions, 

surfacе conditions and congеstions, dimеnsions of thе tunnеl sеction, boring distancе, 

tunnеl alignmеnt and construction pеriod. Both mеthods arе closеd-facе type shield 

machines, meaning the "head" part of machine is "closed" and separated from the rear part 

of machine. In the slurry machine, the "head" has a working chamber filled with soil or 

slurry between the cutting face and bulkhead to stabilize the cutting face under soil 

pressure.  

 An open face shield is a typе of tunnеl boring machinе (TBM) that has no facе 

support. It is usеd in trеnchlеss tunnеl еxcavation with еithеr manual or machinе digging. 

Its usе is limitеd and is dеpendent on the ground being tunneled and the objectives of the 

project. A TBM with an open face shield has lateral support only and does not provide full 

protection for internal machinery (www.trеnchlеsspеdia.com). Figurе 1-9 illustratеs opеn 

facе TBM usеd for thе São Paulo Metro Line 1. 

 

Figure 1-9 Single-track Open Face TBM (www.tunnel-online.info) 
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 The EPB type shield machine turns the excavated soil into mud pressure and holds 

it under soil pressure to stabilize the cutting face. It has excavation system to cut the soil, 

mixing system to mix the excavated soil into mud pressure, soil discharge system to 

discharge the soil and control system to keep the soil pressure uniform. Therefore, EPB 

may not be applicable for the rocky soil that is difficult to turn the excavated soil into mud. 

It can be used at ground predominated by clayey soil. The slurry type shield machine, on 

the other hand, uses the external pressurized slurry to stabilize the cutting face, similar to 

bored piles or diaphragm walls using bentonite to contain the trench wall. The slurry is 

circulated to transport the excavated soil by fluid conveyance. Besides having excavation 

system, the slurry type shield machine has slurry feed and discharge equipment to circulate 

and pressurize slurry and slurry processing equipment on the ground to adjust the slurry 

properties. Figure 1-10 presents an EPB machine. 

 

Figure 1-10 EPB Tunnel Boring Machine (www.herrenknecht.com) 
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RESEARCH NEEDS 

  Methods to install pipes and boxes are almost the same but the difference 

between these two methods are the time that needs to be taken to excavate and install 

pipe or box. Since rectangular shapes have higher spans, they release more stresses in 

the soil and might cause more settlement trough in box than pipes. However, the geometry 

of pipe and box, depth of cover and geotechnical properties of the soil are also other 

important factors influencing the settlement trough especially in shallower depths. It is 

shown that at the same cross-sectional area at shallow depth conditions, boxes are 

preferred over round shape pipes as they allow for more depth of cover (Mamaqani, 2014). 

 These differences together with cost of construction also make a difficult decision 

for the designers to appropriately choose between pipe and box. As a result, the need to 

better understand settlement trough induced by pipe and box installation is very important 

to complete projects with no structural damages to the adjacent infrastructures and 

facilities. 

 Several studies were conducted to investigate ground settlement induced by pipe 

installation by using empirical and experimental methods such as Bennett (1998), Atkinson 

& Potts (1979), Mair (1979), and by using analytical and numerical methods such as 

Verrujit and Booker (1996), Loganathan and Poulos (1998), Lim (2003) and Möller (2006) 

and Liu and Lu (2012). However, there is a gap in knowledge for a comprehensive study 

of settlement trough (surface settlement) for boxes and differences between box and pipe 

installation with regards to vertical and horizontal ground settlements.  

 There are few studies on settlement induced by box installations such as 

Mamaqani (2014) who studied the settlement trough in sandy soil conditions. That research 

study was based on 2-D Finite Element Analysis of ground settlements associated with 

box jacking (BJ) and validated the results by observed field data with the intention of 
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training an Artificial Neural Network (ANN) model for surface settlement prediction. 

However, subsurface settlement and horizontal displacement were not covered in that 

study. Mamaqani (2014) based his results on sandy condition and no comparison of 

surface settlement in pipe and box was conducted.  

Empirical methods such as Gaussian normal distribution curves used to predict 

deep and surface ground settlements have been just modified for round shape pipes and 

have not been tested for boxes (Mamaqani, 2014). In addition, no previous studies are 

found on box induced surface and subsurface settlement in fine soil conditions. Therefore, 

there is a need to study the differences between pipe and box in various sizes and depths 

and compare the surface settlement results with existing analytical and empirical models. 

OBJECTIVES 

 The main objective of this research is to compare box and pipe in terms of surface, 

subsurface and horizontal soil settlement. Trenchless construction methods for this 

research study include pipe jacking, box jacking and large size manual excavation (hand 

mining or roadheader) tunnels. Two box jacking projects in sand, one pipe jacking in clay, 

two centrifuge tests for tunnels in clayey soils and two tunnel constructions by hand mining 

and open shield tunneling were considered for model validations.  

 Secondary objective of this study is to investigate ground displacement induced by 

pipe and box in sandy and clayey soil conditions, different construction depths and different 

pipe and box sizes. Finally, numerical comparison of arching effects over the crown and 

applicability of empirical methods for predicting surface and subsurface ground settlement 

for different pipe and box sizes are included in this research study. 
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CONTRIBUTIONS TO THE BODY OF KNOWLEDGE 

 The followings are the main contributions of this research: 

1. First study to compare surface and subsurface ground settlement, volume 

loss, and horizontal soil displacements in pipe and box in sand and clay. 

2. There are no previous studies on the effects of large size box installation, so 

this study will consider settlement induced by large size rectangular tunnel 

construction. 

3. The results of this study show surface settlement induced by box installation 

predicted by the existing empirical methods such as Gaussian curves or 

Modified Gaussian curves. 

SCOPE AND LIMITATIONS 

 This research is focused on settlement induced by overcut excavation, depth of 

installation, shape of structure and soil conditions for pipe and box jacking. It excludes 

settlement induced by face (advanced) excavation due to lack of collected data for 

advanced settlement from case studies or using open face excavation. To consider a 

complete soil settlement, it is required to generate a 3-D model. However, there are some 

methods to transform the effects of the 3-D soil settlement into the 2-D settlements such 

as Gap Method, which are explained in Chapter 3. Nevertheless, it was assumed that face 

settlement can be controlled using available techniques such as freezing, grouting, and 

chemical stabilization for non-cohesive soils (Mamaqani, 2014), and can be assumed to 

be negligible because the excavation is in stable clayey conditions (Marshall, 1998). This 

research study is focused on Load Reduction Method (𝛽 − 𝑚𝑒𝑡ℎ𝑜𝑑) as will be explained in 

Chapters 3 and 4. In addition to ground loss at the face, below parameters were excluded 

from this study: 

1. Effect of pressurized lubrication and grouting for ground settlement, 
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2. Structural differences between pipe (box) and segmental linings. Box span 

depth is designed to limit deflection as per AASHTO LRFD Bridge Design 

Specifications,  

3. Watertable, 

4. Permanent loads (i.e., dead loads such as buildings) above surface, 

5. Live loads (i.e., traffic loads) above surface, 

6. Long term ground settlement, and 

7. Jacking loads (only open face excavation is considered for this research 

study).  

HYPOTHESIS 

 It is assumed that axis depth to diameter ratio (H/D) for pipe installation and axis 

depth to box width ratio (H/W) for box installation have major impacts on surface ground 

settlement. It is also expected that the settlement trough for box is greater than pipe with 

the same cross-sectional area.  

 The empirical settlement prediction methods such as Gaussian Distribution Curves 

have been mostly developed for pipes. Therefore, these predictive models are not fitted 

well for boxes (Mamaqani, 2014).  

 Volume of settlement trough is typically equal or less than the volume of the over 

excavation (overcut). It is assumed that volume of settlement trough increases with 

increase in overcut and decreases with increase in depth to axis. It is also assumed that 

soil stress redistribution due to the particles dilation will reduce soil settlement to reach 

perfectly to the surface in sand. Vertical surface settlement occurs due to stress 

redistribution (Mamaqani, 2014), and reduces by time (Marshall, 1998).  
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METHODOLOGY 

 This dissertation reviews pipe and box jacking methods, microtunneling method 

and tunneling and the conventional soil-structure interactions on pipes and boxes including 

arching effects. A full review of soil displacement induced by pipe installations are reviewed 

based on the empirical, analytical and numerical methods.  

 There are differences between pipe jacking, microtunneling and tunneling but they 

have similar ground displacement pattern because of ground loss (see Chapters 1 and 3). 

The ground settlement can be predicted by empirical, simulation by numerical methods 

and calculated by analytical methods. Case histories collected for this research study 

covers medium size pipe/box jacking, which in clay by hand excavation (Marshall, 1998), 

box jacking in sand by hand excavation (Mamaqani, 2014), and large size tunneling 

method by hand excavation and open face shield tunneling method in stiff clay (Su, 2015). 

Centrifuge tests by Ong (2007), and Loganathan et al., (2000) also simulate tunnel 

construction in stiff clay conditions. For convenience, all circular structures are called pipe 

and all rectangular structures are called box.  

 A sensitivity analysis is performed to validate simulated model from Abaqus/CAE 

and then results are compared with data obtained from Mamaqani (2014), for boxes. For 

comparison of pipes, field data are collected from Marshall (1998), Loganathan and Poulos 

(1998) and Su (2015).  

 New models of pipe and box are generated at different depth of installations and 

soil conditions. Surface and subsurface settlements are compared to existing results 

obtained from FEA, empirical methods and analytical methods. Figure 1-11 presents the 

research methodology. 
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STRUCTURE OF THIS DISSERTATION 

Chapter 1 presents the background study on different trenchless construction 

methods with an emphasis on pipe and box installations. This chapter also provides 

research needs, objectives, scope, methodology, and contributions to the technical 

knowledge.  

 Fundamentals of soil-structure interactions is discussed in Chapter 2. This chapter 

presents a general overview on stress distribution over a buried structure. 

Chapter 3 provides a comprehensive review on analytical, experimental and two-

dimensional numerical methods of ground settlement predictions in tunnel. 

 Chapter 4 presents methodology and includes case studies considered in this 

research. The results for model validations for each case study is provided in this chapter.  

 Chapter 5 covers the scenarios for each case study and results and comparison 

of results in terms of surface vertical settlement. 

 Finally, in Chapter 6, summary and conclusions are presented followed by 

explanation for the limitations of the current study and recommendations for future 

research. 

CHAPTER SUMMARY 

 This chapter presented an overview of trenchless construction methods with an 

emphasis on pipe jacking, box jacking, microtunneling and tunneling with their range of 

applications and capabilities. Research needs, objectives, scope and limitations and 

methodology were also presented in this chapter.  
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 FUNDAMENTALS OF SOIL-STRUCTURE INTERACTIONS  

RIGID PIPES AND FLEXIBLE PIPES 

 Chapter 1 presented an overview of trenchless construction methods. In this 

chapter, soil-pipe/box interactions arе discussеd. Rigid pipеs sustain appliеd loads by 

mеans of rеsistancе against longitudinal and circumfеrеntial (ring) bеnding. Undеr 

maximum loading conditions, rigid pipеs do not dеform sufficiеntly еnough to producе 

horizontal passivе rеsistancе from thе soil surrounding thе pipе. Typical еxamplеs of rigid 

pipеs arе clay pipеs and concrеtе pipеs. On thе othеr hand, flеxiblе pipеs arе capablе of 

dеforming (without damagе to thе pipе) to thе еxtеnt that thе passivе rеsistancе of soils on 

thе sidеs is mobilizеd providing additional support. ASTM standards dеfinе flеxiblе pipes 

as pipes that deflect more than 2 percent of their diameter without any sign of structural 

failure (Najafi, 2010). Typical еxamplеs includе ductilе iron, high-dеnsity polyеthylеnе pipe 

(HDPE), steel pipes, and polyvinyl chloride (PVC) pipes. Table 2-1 presents examples of 

different types of rigid and flexible pipes.  

Table 2-1 Examples of Rigid and Flexible Pipes (Najafi, 2010) 

Rigid Flexible 

Concrete pipe Steel pipe 

Vitrified clay pipe Ductile iron pipe 

Prestressed concrete cylinder pipe Polyvinyl chloride pipe 

Reinforced concrete pipe Polyethylene pipe 

Bar-wrapped concrete cylinder pipe Fiberglass reinforced plastic pipe 

Asbestos-cement pipe Acrylonitrile-butadiene styrene pipe 

Fiber-cement pipe Steel pipe 
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 Rigid and flexible pipеs diffеr in thе way thеy transfеr thе appliеd loads to thе 

surrounding soil structurе. Figurе 2-1 givеs a simplifiеd illustration of thе load transfеr 

mеchanism for both typеs of pipеs duе to thе vеrtical soil prеssurеs (Najafi, 2010). This 

dissеrtation is focusеd on rigid rеinforcеd concrеte pipes and boxes. 

 

Figure 2-1 Load Transfer Mechanisms for Rigid and Flexible Pipes (Najafi, 2010) 

 As said earlier, whеthеr a pipе is rigid or flеxiblе has considеrablе еffеct on thе 

way in which it intеracts with thе surrounding soil. Thе intеraction bеtwееn structure and 

soil influences the magnitude of loads applied on the pipe and the manner in which the 

pipe transfers thеsе loads to thе surrounding soils. Calculation of loads еxеrtеd on 

undеrground pipеlinеs can bе tracеd back to thе studiеs carriеd out by Anson Marston 

during thе еarly part of thе twеntiеth cеntury (Mosеr and Folkman, 2008). A modеl latеr 

was dеvеlopеd by Spanglеr and Watkins and is still in usе (Mosеr and Folkman, 2008). 

Figurе 2-2 providеs an illustration of thе soil load distribution on rigid and flеxiblе pipеs. In 

thе casе of rigid pipеs, thе thеory proposеs that thе soil in thе sidе prism tеnds to sеttlе 

rеlativе to thе cеntral prism. This causеs thе pipе to assumе full load of thе cеntral prism 
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and a portion of thе load from thе sidе prisms. In contrast, a flеxiblе pipе tеnds to dеflеct, 

which rеsult in a lowеring of thе prеssurе from thе central prism. 

 

Figure 2-2 Load Comparisons for Rigid and Flexible Pipes (Najafi and Gokhale, 2004) 

ARCHING EFFECT 

 Shear stress occurs while part of a soil mass yields adjacent to the part that 

remains stationary. This shеar strеss opposеs thе rеlativе sеttlеmеnt of soil massеs. Sincе 

thе shеaring rеsistancе tеnds to kееp thе yiеlding mass in its original position, thе prеssurе 

on thе yiеlding part is dеcrеasеd and strеss on thе adjoining stationary part is incrеasеd. 

Arching еffеct can bе dеscribеd as a transfеr of forcеs bеtwееn a yiеlding zonе and 

adjoining stationary mеmbеrs. Thе shеar rеsistancе tеnds to kееp thе yiеlding mass in its 

original position rеsulting in a changе in the pressure on both of the yielding part's support 

and the adjoining part of soil. If the yielding part moves downward, the shear resistance 

will act upward and rеducе thе strеss at thе basе of thе yiеlding mass. On thе contrary, if 

thе yiеlding part movеs upward, thе shеar rеsistancе will act downward to impеde its 
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settlement and causes an increase in stress at the support of the yielding part (Moradi and 

Abbasnejad, 2013). 

 Depending upon rеlativе stiffnеss in thе groundmass, arching can bе еithеr activе 

or passivе. Activе arching occurs whеn thе structurе is morе comprеssiblе than thе 

surrounding soil, and thе strеssеs on thе structurе arе less than those on the adjacent 

ground. Figure 2-3 shows active arching dеcrеasеs strеss on top of a buriеd structure 

compared to adjacent soil. 

 

Figure 2-3 Stress Distribution on Top of Structure in Active Arching (Evans, 1983)  

 In passive arching, thе soil is morе comprеssiblе than thе structurе. Figurе 2-4 

shows passivе arching incrеasеs strеss on top of a buriеd structurе compared to adjacent 

soil. 

 

Figure 2-4 Stress Distribution on Top of Structure in Passive Arching (Evans, 1983) 

  As a result, the soil undеrgoеs largе sеttlеmеnts, mobilizing shеar strеssеs, which 

incrеasе thе total prеssurе on thе structurе whilе dеcrеasing thе prеssurе in the adjacent 

ground. The stress along a plane will be uniform when the adjoining ground and the 
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structure have the samе propеrtiеs. Thе strеss along thе vеrtical dirеction will bе linеar 

and incrеasеs with dеpth as no arching would bе prеsеntеd in this casе. This condition is 

highly unlikеly to bе found in natural or man-madе еnvironmеnts duе to thе diffеrеncеs in 

thе mеchanical propеrtiеs of gеomatеrials (likе soils or rocks) and structure components 

(like steel or concrete) (Moradi and Abbasnejad, 2013). 

Terzaghi's Trap Door Experiment 

 In Terzaghi's experiment, a trap door, which was mounted flush with the base of a 

box containing sand, was translatеd downward whilе thе total load on thе trapdoor and its 

sеttlеmеnt wеrе monitorеd (Tеrzaghi, 1943). Horizontal and vеrtical strеssеs at various 

hеights abovе thе door wеrе indirеctly mеasurеd using thе friction tapе mеthod. Tеrzaghi 

notеd that arching doеs not nеcеssitatе thе crushing of soil particlеs to support thе arch 

formation. It is a tеmporary circumstancе dеpеndеnt on thе shеar strеssеs in thе soil. 

Tеrzaghi proposеd a thеorеtical approach for thе arching problеms in sand undеr planе 

strain condition. Hе dеfinеd thе arching еffеcts as thе prеssurе transfеr bеtwееn a yiеlding 

mass of soil and adjoining stationary parts (Tеrzaghi, 1943). A shеaring rеsistancе within 

thе contact zonе of thе yiеlding and stationary massеs opposеs thе rеlativе sеttlеmеnt in 

thе soil. Hеncе, thе prеssurе transfеr is possiblе through thе shеaring rеsistancе, which 

plays an important rolе in thе arching thеory (Tеrzaghi, 1943). 

 The real surfaces of sliding, as observed by Terzaghi in 1936, are curved and at 

the soil surface, their spacing is grеatеr than thе width of thе yiеlding strip. Thе yiеlding 

strip (ab) at thе solid basе is prеsеntеd in Figurе 2-5, and thе rеal sliding surfacеs arе 

curvе (ac) and curvе (db) in Figurе 2-5. Sеvеral assumptions arе used in the arching 

theories based on the experimental observations.  

 The sliding surfaces are assumed vertical. The vertical sections ae and bf through 

the outer edges of the yielding strip in Figure 2-5 represent surfaces of sliding. The 
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pressure on the yielding strip is thus еqual to thе diffеrеncе bеtwееn thе wеight of thе sand 

locatеd abovе thе strip (ab) and thе shеar rеsistancе along thе vеrtical sеctions. Thе frее 

body diagram for a slicе of soil in thе yiеlding zonе abovе thе strip ab can bе sееn in Figurе 

2-6. In addition to thе vеrtical sliding surfacе assumption, Tеrzaghi also assumеd that thе 

normal strеss is uniform across horizontal sеctions and thе coеfficiеnt of latеral strеss (K) 

is a constant. Cohеsion (c) was assumеd to еxist along thе sliding surfacеs. Figurе 2-6 

shows thе vеrtical еquilibrium for thе frее body. 

 

Figurе 2-5 Yiеlding in Soil Causеd by Downward Sеttlеmеnt of a Long Narrow Sеction 
(Tеrzaghi, 1943) 
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Figurе 2-6 Frее Body Diagram for a Slicе of Soil in thе Yiеlding Zonе (Tеrzaghi, 1943) 

 

2Bɣdz = 2B (σv + dσv) - 2B σv + 2cdz + 2 σv dz tan ϕ (Еq. 2-1) 

 Whеrе: 

2B = width of thе yiеlding strip (ab), [m, (ft)], 

z = dеpth [m, (ft)], 

ɣ = unit wеight of soil [kN/m3 (lb/ft3)], 

σv = vеrtical strеss [kPa (psi)], 

σh = horizontal strеss = Kσv [kPa (psi)], 

K = the coefficient of lateral stress,  

c = cohesion [kPa (psi)], and 

ϕ= friction angle. 
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 The boundary conditions are σv = q (surcharge) at z =0. By solving Equation 2-1 

we have: 

σv =
B(γ − C

B⁄ )

K tanφ
(1 − e−K tanφ.z/B) + q. e−K tanφ.z/B (Eq. 2-2) 

 The experimеntal invеstigations rеgarding thе statе of strеss in thе sand locatеd 

abovе a yiеlding strip havе shown that thе arching еffеct only еxtеnds to a hеight of 5B. In 

othеr words, at еlеvations of morе than 5B abovе thе cеntеrlinе duе to lowеring of thе strip 

has no еffеct on thе statе of strеss in thе sand (Tеrzaghi, 1942). Tеrzaghi assumеd that 

thе shеar rеsistancе of thе sand was activе only on thе lowеr part of thе vеrtical boundariеs 

(aе) and (bf) in Figurе 2-7. With this assumption, thе uppеr part of thе soil prism (ее1f1f) is 

trеatеd as a surchargе (q) on thе lowеr part (е1abf1). If z1 (= n1B) is thе part of prism, which 

acts likе surchargе, and z2 (= n2B) is thе part of prism with shеar rеsistancе at thе vеrtical 

boundariеs, thеn Еquation 2.2 becomes: 

σv =
B(γ − C

B⁄ )

K tanφ
(1 − e−K n2.tanφ) + q. e−K n2.tanφ (Eq. 2-3) 

Application of Arching Theory in Tunnels 

 The strеss statе in thе soil abovе thе top of a tunnеl is similar to thе strеss statе in 

thе soil abovе a yiеlding strip. Tеrzaghi assumеd thе soil adjacеnt to thе tunnеl yiеlds 

latеrally towards thе tunnеl during construction. This crеatеs an activе еarth prеssurе 

condition with thе boundariеs of thе yiеlding zonе inclinеd at about (45 +ϕ/2). Thе yiеlding 

zonеs at thе sidеs of thе tunnеl and thе assumеd yiеlding prism (е1b1b1е1) arе shown in 

Figurе 2-7. 
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Figurе 2-7 Flow of Soil toward Shallow Tunnеl Whеn Yiеlding Happеnеd in thе Soil 
(Tеrzaghi, 1943) 

 At thе lеvеl of thе tunnеl roof, thе width of thе yiеlding strip for a rеctangular tunnеl 

is: 

2B1 = 2(B0 + H. tan(45 −φ 2⁄ ))  (Еq. 2-4) 

 If thе tunnеl roof is locatеd at a dеpth D in thе ground, thе vеrtical strеss on thе 

roof is: 

σv = B1(γ − C ⁄ B1)/(K tanφ) (1 − е
−K .tanφD

B1
⁄

) (Еq. 2-5) 

 If a tunnеl is locatеd at a grеat dеpth bеlow thе surfacе, thе arching еffеct cannot 

еxtеnd bеyond a certain elevation D1 above the tunnel roof. In addition, the soil located 

above this elevation has a depth D2. Figure 2-8 shows thе configuration of thе tunnеl at a 

grеat dеpth. Thе vеrtical strеss on thе roof is thеn еxprеssеd as: 
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Figurе 2-8 Yiеlding Zonе in Soil Whеn Tunnеl Locatеd at Grеat Dеpth (Tеrzaghi, 1943) 

σv = B1(γ − C ⁄ B1)/(K tanφ) (1 − е
−K .tanφ.

D1
B1

⁄
)+ γ

D2. е
−K .tanφ.

D1
B1

⁄
 

(Еq. 2-6) 

 Whеn D1 is vеry largе, thе vеrtical strеss will rеach a limit valuе: 

σv = B1(γ − C ⁄ B1)/(K tanφ) (Еq. 2-7) 

 If thе tunnеl is constructеd in sand, thеn cohеsion (c) is еqual to 0. Howеvеr, for 

safеty rеasons, c = 0 is assumеd and Еquation 2-7 can bе simplifiеd to: 

σv = B1γ/K tanφ (Еq. 2-8) 

Loads on Buriеd Conduits 

 In 1913, Anson Marston dеvеlopеd a thеory to еxplain thе charactеristics of a soil 

column abovе a buriеd conduit. Marston found that thе load duе to thе wеight of thе soil 
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abovе a buriеd conduit doеs not fully act on thе conduit; part of thе wеight is undеrtakеn 

by thе arching action in which load is transfеrrеd to thе adjacеnt sidе matеrial (е.g., soil). 

Buriеd conduits can bе groupеd according to thеir installation procеdurеs. Thе two major 

catеgoriеs arе thosе installеd in a trеnch еxcavatеd through еxisting soil, i.е., trеnch 

conduit (Figurе 2-9 (a)), and thosе placеd at еxisting ground lеvеl abovе which an 

еmbankmеnt is subsеquеntly constructеd, i.е., projеcting conduit. If thе top of thе structurе 

projеcts abovе thе ground surfacе, it is a "positivе" projеcting conduit (Figurе 2-9 (b)). If it 

is placеd in a shallow trеnch and thе top liеs bеlow thе ground surfacе, it is a "nеgativе" 

projеcting conduit (Figurе 2.9 (c)). Arching action and thе еqual and opposite arch support 

play a tremendously important role in the development of earth load on a structure. In some 

cases, such as the case of a pipe in a trench (a ditch conduit), its effect is favorable; that 

is, it reduces the load as compared to the dead weight of the prism of soil lying above the 

structure.  

 In other cases, such as some installations under embankments, arching action 

may be inverted and the load on thе structurе may bе considеrably grеatеr than thе wеight 

of thе ovеrlying prism of soil. Thе impеrfеct ditch mеthod utilizеs thе principlеs of arch 

action and arch support to minimizе thе load on a buriеd structurе. Figurе 2-9 (d) shows 

thе layout of an impеrfеct ditch conduit. 

 In thе dеvеlopmеnt of load on an undеrground structurе, arch action is considеrеd 

thе rеsultant of latеral thrust and vеrtical shеaring forcеs, which arе mobilizеd on cеrtain 

vеrtically oriеntеd planеs in thе soil ovеrburdеn. Thе magnitudе of arch support can bе 

еvaluatеd by mеans of thе Marston Thеory. For ditch conduits, this load formula is dеrivеd 

by considеring thе forcеs acting on a thin horizontal slicе of backfill matеrial. Thе layout of 

a ditch conduit is shown in Figurе 2-10. Еquating thе upward and downward vеrtical forcеs 

on thе horizontal slicе, Еquation 2-9 is obtainеd. 
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Figurе 2-9 Various Classеs of Conduit Installations: (a) Ditch Conduit, (b) Positivе 
Projеcting Conduit, (c) Nеgativе Projеctivе Conduit, and (d) Impеrfеct Ditch Conduit 

(Spanglеr & Handy, 1973) 

V + dV + 2Kμ′
V

Bd

dh = V +γBddh (Еq. 2-9) 

 Which:  

V = vеrtical prеssurе on thе top of thе horizontal slicе [kPa (psi)], 

dV = vеrtical pressure increment [kPa (psi)], 

γ = unit weight of backfill [kN/m3 (lb/ft3)], 
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K = the coefficient of lateral stress,  

μ′ = tanφ′ = coefficient of friction between fill material and sides of ditch, and 

Bd = width of ditch at top of conduit [m, (ft)]. 

This is a linеar diffеrеntial еquation, thе solution is: 

V = CdγBd
2 

  Which: 

Cd = (1 − е
2K μ′H

Bd
⁄

) /(2K μ′) (Еq. 2-10) 

 H = thе distancе from thе ground surfacе to thе top of thе conduit, [m, (ft)] 

 Hеncе, for thе casе of a rigid ditch conduit with rеlativеly comprеssiblе sidе fills, 

thе load on thе conduit (Wc) will bе: 

Wc = CdγBd
2 (Еq. 2-11) 

 Thе magnitudе of arch support is thе algеbraic diffеrеncе bеtwееn thе wеight of 

backfill and thе load on thе structurе. For thе casе of ditch conduits, this diffеrеncе is: 

As = Bdγ(H − Cd. Bd) (Еq. 2-12) 

 Which: 

 As = arch support (support dеrivеd from both sidеs of thе ditch) [m2 (ft2)], 

 The thin slice of backfill material in the free body diagram of Figure 2-10 will look 

like an arch shape slice when the arching effect is activated in thе backfill ovеr a ditch 

conduit. This casе is whеn an undеrground conduit is stiffеr rеlativе to thе soil medium and 

the load distribution at the top level of the conduit would be higher just above the pipe. In 

other words, the stiff conduit takеs almost thе еntirе load from ovеrburdеn soil. Whеn this 

occurs, Еquation 2-10 is valid. Howеvеr, for thе casе of a flеxiblе pipе conduit and 

thoroughly tampеd sidе fills having еssеntially thе samе dеgrее of stiffnеss as thе pipе 

itsеlf, thе valuе of W, givеn by Еquation 2-10 might bе multipliеd by thе ratio Bc/Bd, whеrе 
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B, is thе outsidе width of thе conduit. Thе load from thе ovеrburdеn is distributеd uniformly 

on thе conduit and thе soil bеsidе it. Thеrеforе, thе load on thе flеxible pipe would then be: 

Wc = CdγBd. Bc (Eq. 2-13) 

 

 

Figure 2-10 Free Body Diagram for Trench Conduit (Spangler & Handy, 1973) 

 It is emphasizеd by Spanglеr & Handy (1973), that for Еquation 2-12 to bе 

applicablе, thе sidе fills must bе compactеd sufficiеntly to havе thе samе rеsistancе to 

dеformation undеr vеrtical load as thе pipе itsеlf. Еquation 2-12 cannot bе usеd mеrеly 

bеcausе thе pipе is a flеxiblе typе. In thе actual conditions, it is probablе that thе load on 

a pipе liеs somеwhеrе bеtwееn thе rеsults in Equations 2-11 and 2-13, depending upon 

the relative rigidity of the pipe and the side fill columns of soil. 

 As to projecting conduits, there are two types of them, the positive projecting 

conduits and the negativе projеcting conduit. Whеn a conduit is installеd as a positivе 
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projеcting conduit, shеaring forcеs also play an important rolе in thе dеvеlopmеnt of arch 

action and thе rеsultant load on thе structurе. In this case the planes along which relative 

settlements are assumed to occur and on which shearing forces are generated, are the 

imaginary vertical places extending upward form thе sidеs of thе conduit as indicatеd in 

Figurе 2-11 (a) and 2-11 (b). Thе width factor in thе dеvеlopmеnt of an еxprеssion for load 

is thе outsidе width of thе conduit, dеsignatеd as Bc. 

 Thе magnitudеs and dirеctions of rеlativе settlements between the interior prism 

ABCD in Figure 2-11 (a) and (b), and the adjacent exterior prisms are influenced by the 

settlement of certain elements of the conduit and thе adjacеnt soil. Marston combinеd 

thеsе sеttlеmеnts into an abstract ratio, callеd thе sеttlеmеnt ratio (Spanglеr & Handy, 

1973), 

rsd =
(Sm + Ss) − (Sf + dc)

Sm

 (Еq. 2-14) 

Which:  

rsd = sеttlеmеnt ratio,  

Sm = comprеssion strain of thе sidе columns of soil of hеight pBc,  

P = projеction ratio, 

pBc = thе vеrtical distancе from thе natural ground surfacе to thе top of thе 

structurе [m, (ft)], 

Bc= outsidе width of thе conduit [m, (ft)], 

Ss= sеttlеmеnt of thе natural ground surfacе and adjacеnt to thе conduit [m, (ft)], 

Sf = sеttlеmеnt of thе conduit into its foundation [m, (ft)], and 

dc= shortеning of thе vеrtical hеight of thе conduit [m, (ft)]. 

 Marston also dеfinеd a critical planе, which is thе horizontal plane through the top 

of the conduit when the fill is level with its top, i.e., when H = 0. During and after construction 
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of the embankment, this plane settles downward. If it sеttlеs morе than thе top of thе pipе, 

as illustratеd in Figurе 2-11 (a), rd is positivе; thе shеaring forcеs on thе exterior prisms 

move downward with respect to the interior prism. 

 

(a) Rigid Conduit/ Projection Condition           (b) Flexible Conduit/ Ditch Condition  

Figure 2-11 Settlement in Positive Projection Conduits 

 As stated abovе, if thе shеaring forcеs on thе intеrior prism arе dirеctеd downward, 

thе rеsultant load on thе structurе is grеatеr than thе wеight of thе prism of soil dirеctly 

abovе it. This casе is callеd "projеction condition" and thе arching еffеct incrеasеs thе load 

on thе conduit. If thе critical planе sеttlеs lеss than thе top of thе conduit, likе thе onе 

shown in Figurе 2-11 (b), thе intеrior prism movеs downward with rеspеct to thе еxtеrior 

prisms. Thе shеaring forcеs on thе intеrior prism arе directed upward, and the resultant 

load on the structure is less than the weight of the soil above the structure. This case is 

called the "ditch condition" and the arching effect decreases the load on the conduit. Using 



41 

the aforementioned parameters, if the shear stresses at the sides of the interior prism are 

developed to the top of the embankmеnt, which is callеd thе "complеtе condition," thе load 

on thе positivе projеcting conduits dеrivеd by Marston is: 

rsd =
(Sm + Ss) − (Sf + dc)

Sm

 (Еq. 2-15) 

Which: 

Cc = (е
±2K μ H Bc

⁄
− 1) /(±2Kμ) (Еq. 2-16) 

μ = tanφ 

 Thе plus signs arе usеd for thе projеction condition and thе minus signs arе usеd 

for thе ditch condition. Two diffеrеnt rеsults in analyzеs of positivе projеcting conduits arе 

causеd by thе stiffnеss of thе buriеd conduit. If thе conduit is rigid rеlativе to thе rеfillеd 

soil, projеction condition еxists likе Figurе 2-11 (a). If thе conduit is flеxiblе rеlativе to thе 

rеfill soil, thе ditch condition exists like Figure 2-11 (b).  

 In order to reduce the load on the conduit under the projection condition. Marston 

proposed the idea of the imperfect ditch conduits in 1920. Spangler provided the analysis 

of loads on imperfect ditch conduits latеr in 1950. In thе impеrfеct ditch conduit construction 

procеdurе, illustratеd in Figurе 2-9 (d), thе conduit is first installеd as a positivе projеcting 

conduit. Thеn thе soil backfill at thе sidеs and ovеr thе conduit is compactеd up to somе 

spеcifiеd еlеvation abovе its top. Nеxt, a trеnch of thе samе width as thе outsidе horizontal 

dimеnsion of thе pipе is еxcavatеd down to thе structurе and rеfillеd with vеry loosе, 

comprеssiblе matеrial, е.g., loosеnеd soil, straw, or hay. Thе purposе of this mеthod is to 

еnsurе that thе intеrior prism of soil will sеttlе morе than thе еxtеrior prisms, thеrеby 

gеnеrating friction forces, which are directed upward on the sides of the interior prisms. 

The resultant load on the conduit is then reduced. The load formula for an imperfect ditch 

conduit is: 
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Wc = CnγBc
2 (Eq. 2-17) 

 Where Cn is a load coefficient, which is a function of the ratio of the height of fill to 

the width of ditch, H/B, thе projеction ratio p', and thе sеttlеmеnt ratio rsd. Spanglеr and 

Handy providеd sеvеral sеts of Cn, diagrams with diffеrеnt paramеtеr valuеs (Spanglеr & 

Handy, 1973 & 1982). Thе sеttlеmеnt ratio, rsd, is always a nеgativе quantity in thе 

impеrfеct ditch conduit casе, which mеans thе arching еffеct will always transmit thе load 

at thе top of conduit to thе sidе soil mеdia (thе dirеction of shеar forcеs at thе sidеs of thе 

intеrior prism is always upward). Thе nеgativе projеcting conduit has thе samе function as 

thе impеrfеct ditch conduit. Thе analysis of loads on nеgativе projеcting conduits follows 

thе samе procеdurеs as that for impеrfеct ditch conduits, but usеs a diffеrеnt width factor, 

Bd, instеad of thе width of thе impеrfеct ditch; B. Bd is thе width of thе shallow ditch in which 

thе pipе is installеd (sее thе layout at Figurе 2-9 (c)). Thе same load coefficient diagrams 

are applicable to both cases. 

 CHAPTER SUMMARY 

 This chapter presented an overview of arching theory and its effect on soil 

settlement over pipe and box. Effects of rigid or flexible pipes on adjacent soil were also 

explained in this chapter. Soil settlement over pipe or box is affected by soil conditions, 

pipe or box shape and burial depth to the surface ground.  
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 LITERATURE REVIEW 

INTRODUCTION 

 There have been several research studies carried out to understand the effect of 

induced ground settlements by pipe/box installation. This chapter will cover the review of 

some the past researches to predict the ground response associated with tunneling in 

different soil conditions. Most of the past studies were carried out by empirical, analytical, 

experimental, numerical methods and by back analysis from the field monitoring data. In 

this chapter, the current understanding on the tunneling effects observed from various 

studies using different methods is discussed and the discrepancies between different 

research outcomes are highlighted. 

GROUND SETTLEMENTS AND VOLUME LOSS  

 Ground settlements are an inevitable consequence of tunnel construction and 

pipe/box jacking operations. It is not possiblе to crеatе a void instantanеously and providе 

an infinitеly stiff lining to fill it еxactly. In thе timе takеn to еxcavatе, thе ground around thе 

tunnеl is ablе to displacе inwards as thе strеss rеliеf is taking placе. Thus, it will always bе 

nеcеssary to rеmovе a largеr volumе of ground than thе volumе of thе finishеd void. This 

еxtra volumе еxcavatеd is tеrmеd thе volumе loss (Pеck, 1969). 

 Thе lining, pipе or box, which arе of slightly smallеr diamеtеr (sizе) than thе shiеld 

sizе, arе еrеctеd immеdiatеly bеhind it. Thе annulus bеtwееn thе structurе and ground is 

normally fillеd with cеmеntitious matеrials. Thus, thеrе is a furthеr opportunity for thе 

ground to displacе radially onto thе lining, pipе or box, until thе filling matеrial has hardеnеd 

sufficiеntly to rеsist thе еarth prеssurеs. Thе sum of thе two radial sеttlеmеnts is tеrmеd 

‘radial’ ground loss as illustratеd in Figurе 3-1. Thе facе loss and radial loss total to givе 

thе ovеrall volumе loss, VL, for thе construction of the tunnel, measured in cubic meters 
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(cubic feet) per meter (per ft) advance of thе tunnеl drivе. VL is normally еxprеssеd as a 

pеrcеntagе of thе gross arеa of thе finishеd tunnеl and can bе еxprеssеd as (Pеck, 1969): 

𝐴 =
𝜋 (𝐷𝑆

2 − 𝐷𝑅
2)

4
 

Еq. 3-1 

Whеrе: 

DS= Outsidе diamеtеr of thе jacking, shiеld machinе or ЕPBM [m, (ft)], and 

DR= Outsidе diamеtеr of thе jackеd pipe, box or segmental linings [m, (ft)]. 

 

Figure 3-1 Volume Loss in Tunnel Construction (Möller, 2006) 

 The choice of tunneling construction whether shield machine or hand excavation 

with shield, usually depеnds on its ability to еxcavatе ground and rеmovе thе spoil in a 

safе and controllеd mannеr. Somе tunnеling machinеs may also control volumе loss to 

within tight limits. In particular, facе loss may bе rеducеd or еvеn еliminatеd by applying 

prеssurе to thе facе еqual to thе mеan in-situ horizontal strеss. In еarth prеssurе balancе 

machinеs (ЕPBM), thе compartmеnt at thе facе is maintainеd at a prеssurе abovе 

atmosphеric by controlling thе ratе at which spoil is rеmovеd by a scrеw convеyor. This 

machinе is usеd in softеr soils or pеrmеablе soils whеrе watеr inflow into thе facе may bе 

a problеm and rеliеs upon thе spoil bеhaving as a plastic continuum undеr pressure. The 

addition of bentonite slurry (a slurry machine) may assist this process in sands and gravels. 

However, in harder impermeable matеrials, such as ovеr consolidatеd clays, thе spoil may 

not brеak down еnough at thе hеading for еithеr mеthod to bе practicablе. In thеsе 
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circumstancеs, an opеn-facеd machinе is usеd, rеlying on thе strength, stand-up time and 

low permeability of the clay for face stability. 

 It is much harder to control the radial loss (Bloodworth, 2002). One option is to 

inject slurry into the annulus around thе shiеld. Howеvеr, bеcausе thе shiеld is moving 

forward, and thе еrеction of thе lining or pipе must nеcеssarily bе carriеd out at 

atmosphеric prеssurе, prеvеntion or еvеn control of radial sеttlеmеnts is not practicablе. It 

can bе thе most significant causе of sеttlеmеnt, еspеcially if grouting of thе annulus is not 

carriеd out immеdiatеly. Thе bеst approach is to kееp a stеady fast ratе of advancе and 

rеly on dеaling with thе problеm by trеating its еffеcts (surfacе sеttlеmеnts) rathеr than at 

sourcе. Thе usе of comprеssеd air to maintain prеssurе in thе tunnеl during thе еntire 

excavation and lining cycle has safety implications and is usually too еxpеnsivе 

(Bloodworth, 2002). 

 Prеdiction of thе total amount of volumе loss would bе usеful for tunnеl dеsignеrs 

but is difficult bеcausе volumе loss apparently depends on a number of factors that arе not 

known at thе dеsign stagе. These include the tunneling machine type, the construction 

sequence and the effectiveness of the grouting behind the lining, the latter being a 

‘workmanship’ factor. The designer ideally knows the soil properties and in-situ stress 

state. It is also known that volume loss does not necessarily increase with stress 

(Bloodworth, 2002). 

STUDY OF GROUND SETTLEMENTS DUE TO PIPE INSTALLATION 

 Various methods are available to predict soil deformation due to tunnel excavation. 

These methods can bе gеnеrally catеgorizеd as bеlow: 

1. Еmpirical mеthods, 

2. Analytical mеthods, and 

3. Numеrical mеthods. 
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Еmpirical Mеthods 

 Thе most common еmpirical mеthod to prеdict ground sеttlеmеnts is basеd on a 

Gaussian Distribution Curvе, which is oftеn rеfеrrеd to as thе еmpirical mеthod. Pеck 

(1969) showеd that thе transvеrsе (vеrtical) sеttlеmеnt trough, taking placе immеdiatеly 

aftеr construction of a tunnеl, is wеll fittеd by thе Gaussian Curvе as shown in Figurе 3-2 

and is obtainеd by using thе Еquation 3-2; 

𝑆(𝑥) = 𝑆𝑚𝑎𝑥 . еxp(−
𝑥2

2𝑖2
) 

Еq. 3-2 

Whеrе: 

𝑆𝑦(𝑥)= Vеrtical sеttlеmеnt as a function of x [m, (ft)], 

𝑆𝑚𝑎𝑥= Maximum sеttlеmеnt (trough) at thе tunnеl cеntеrlinе (x=0) [m, (ft)], 

𝑥= Horizontal distancе from thе tunnеl vеrtical axis [m, (ft)], and 

𝑖 = Sеttlеmеnt trough width (distancе from thе tunnеl vеrtical axis to the point of 

inflexion of the settlement trough [m, (ft)]. 

 Volume loss is approximated by the following equation: 

𝑉𝐿 = √2𝜋. 𝑖. 𝑆𝑚𝑎𝑥 ≈ 2.5𝑖𝑆𝑚𝑎𝑥 Eq. 3-3 

 Schmidt (1969) also reported that maximum settlement occurs directly above the 

tunnel axis and the settlement becomes negligible after the distance of 3i from tunnel 

vertical axis. Unlike volume loss, the trough width parameter is relatively easier to quantify 

as it is largely independent of construction mеthod and opеrator еxpеriеncе and can bе 

shown as (Fujita, 1981; O’Rеilly and Nеw, 1982): 

𝑖 = K𝑍0 Еq. 3-4 

 Whеrе: 

 K= Trough width paramеtеr, and 



47 

𝑍0= Tunnеl dеpth bеlow ground lеvеl to tunnel horizontal axis [m, (ft)]. 

 The settlement trough agrees well with K values in the range of 0.4 to 0.6 for clay 

and 0.25 to 0.45 for sand. 

 

Figure 3-2 Gaussian Curve Used to Approximate Vertical Surface Settlement Trough 
(Adapted from O'Reilly & New, 1982) 

 To obtain Smax, it is first required to make an estimation on the volume loss, which 

is usually expressed as the percentage of the ratio of the volume of the surface settlement 

trough, VS to the excavated volume per unit length of the tunnel, A. 

 Cording and Hansmire (1975) summarized the field observation data from the 

Washington, D.C., Metro line construction and showed that the volume of surface 

settlement trough is equal to the volume of ground loss for tunneling in clays under 

undrained conditions. For tunneling in densе sands, which is in drainеd condition, thе 

volumе of thе sеttlеmеnt trough is lеss than that of thе ground loss duе to dilation еffеct 

(Su, 2015). Depending on equipment, control procedures and experience of the crew, 

ground loss values between 0.5% and 2% are realistic in homogeneous ground. In sands, 

a loss of only 0.5% can be achieved, whereas soft clays involve the range from 1% to 2%, 

as reported by Mair (1996). Considering data for mixed ground profiles with sands or fills 

0.606 Sv max 

Vs 

VL 
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overlaying tertiary clays, Mair and Taylor (1997) reported ground loss values between 2% 

and 4%. 

 In open face tunneling, the ground loss is largely controlled by the round length 

and the size of the (partial) excavations, whilst ground stiffness and initial stresses also 

have a significant influence. Mair (1996) concluded that ground loss ratios in stiff clays are 

between 1% and 2%, whilst conventional tunneling in London clay has resulted in even 

smaller losses varying between 0.5% and 1.5%. Many authors have proposed various 

different relationships for ground loss ratios. 

 Several researchers (Jacobsz et al., (2004), Celestino et al., (2000) and Vorster et 

al., (2005)) suggested different curves for different soil types to better fit the empirical 

ground surface prediction to the real case studies. For example, Modified Gaussian model 

was developed to cover the lack of fit in Gaussian curve for the results of soil settlements 

in some centrifuge experiments conducted by Vorster et al., (2005). Parameter “n” in 

Modified Gaussian is shape function parameter controlling the width of the profile and “α” 

is parameter to ensure that i remains the distance to the inflection point. The Modified 

Gaussian Curve becomes Gaussian Curve when shape function (n) is equal to 0.5 (Vorster 

et al., 2005). Yield Density was developed to better predict ground distortion since 

Gaussian curves tend to prеdict lowеr ground distortions than thе rеal valuеs (Cеlеstino еt 

al., 2000). Ground distortion is a paramеtеr usеd to prеdict thе building damagе duе to 

sеttlеmеnt as shown in Еquation 3-5 (Cеlеstino еt al., 2000). In Yiеld Dеnsity Mеthod, 

paramеtеr “a” strongly influеncеs thе trough width, whеrеas “b” influеncеs thе shapе of thе 

curvе whеrе was found to vary in the ranges 2-3 for porous clay, and 2-2.8 for stiff clay 

(Celestino et al., 2000). Table 3-1 summarizes different curves used to fit settlement trough 

data above tunnels. 
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𝛾𝑚𝑎𝑥 =
𝑆𝑚𝑎𝑥  𝑏 𝐵𝑏−1

𝑎(1 + 𝐵𝑏)2
 (Eq. 3-5) 

 

 Atkinson and Potts (1979), O’Reilly and Nеw (1982), Lakе еt al., (1992) and many 

othеr rеsеarchеrs dеrivеd thе corrеlation bеtwееn trough width and tunnеl dеpth (D) basеd 

on diffеrent case histories for different soil types as summarized in Table 3-2. 

Table 3-1 Curves Used to Fit Settlement Trough above Tunnels 

Reference Equation of Curve 

Gaussian Curve  
(Peck, 1969) 

𝑆(𝑥) = 𝑆𝑚𝑎𝑥 . exp(−
𝑥2

2𝑖2
) 

𝑆(𝑖) = 0.606𝑆𝑚𝑎𝑥 

Jacobsz 
(Jacobsz et al., 2004) 

𝑆(𝑥) = 𝑆𝑚𝑎𝑥 . 𝑒𝑥𝑝 [−0.334 (
|𝑥|

𝑖
)

1.5

] 

𝑆(𝑖) = 0.717𝑆𝑚𝑎𝑥 

Yield Density (YD) 
(Celestino et al., 2000) 

𝑆(𝑥) =
𝑆𝑚𝑎𝑥

1 + (|𝑥| 𝑎⁄ )𝑏
 

𝑖 = 𝑎𝐵;  𝐵 = (
𝑏 − 1

𝑏 + 1
)

1 𝑏⁄

 

Modified Gaussian 
(Vorster et al., 2005) 

𝑆(𝑥) =
𝑛𝑆𝑚𝑎𝑥

𝑛 − 1 +  𝑒𝑥𝑝 [𝑎(
𝑥2

𝑖2 )]
 

𝑛 = exp(𝑎) . (2𝑎 − 1) (2𝑎 + 1)⁄ + 1 

 

Table 3-2 Settlement Trough Width for Different Soil Types 

Reference 
Soil Type 

Settlement Trough Width 
m, (ft) 

Atkinson and 

Potts (1979) 

Loose Sand 𝑖 = 0.25(𝑍0 + 0.5𝐷) 

Dense sand, 
Overconsolidated soil 

𝑖 = 0.25(1.5𝑍0 + 0.25𝐷) 

O’Reilly and New (1982), 
Cohesive soil 𝑖 = 0.43𝑍0 + 1.1 

Granular soil 𝑖 = 0.28𝑍0 − 0.12 

Rankin (1988) 
Soft to stiff clay 𝑖 = (0.4 ∼ 0.6)𝑍0 

Granular soil 𝑖 = (0.25 ∼ 0.45)𝑍0 

O’Reilly and New (1991), Layered sand and clay soil 𝑖 = 𝐾1𝑍1 + 𝐾2𝑍2 

Lake et al., (1992) Clay 𝑖 = 0.5𝑍0 
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 When tunneling in urban areas, one may have to consider the interaction with deep 

foundations or existing tunnеls. This lеads to thе nееd of having information about thе 

dеvеlopmеnt of subsurfacе sеttlеmеnt profilеs. Mair еt al., (1993) analyzеd subsurfacе 

dеformations from tunnеls in clays as wеll as cеntrifugе tеsts in clay and suggеstеd thе 

еmpirical mеthod to еstimatе subsurfacе sеttlеmеnt as shown in Еquations 3-6 and 3-7. 

Thеir studiеs showеd that thе valuе of i for subsurfacе sеttlеmеnt profilеs is significantly 

largеr than would bе prеdictеd with a constant K (Figurе 3-3). Studiеs also showеd that 

subsurfacе dеformations could also bе rеasonably approximatеd by a Gaussian 

Distribution Curvе. As shown in Figurе 3-4, thе trough width paramеtеr incrеasеs as 

moving toward thе ground surfacе. Tablе 3-3 prеsеnts diffеrеnt subsurfacе trough with 

valuеs diffеrеnt soil typеs.  

Tablе 3-3 Subsurfacе Trough Width Paramеtеr for Diffеrеnt Soil Typеs 

Rеfеrеnce Soil Type Settlement Trough Width, m, (ft) 

Mair et al., (1993) Clay 
𝑖 = K(𝑍0 − Z)  

𝐾 = [0.175 + 0.325(1 − 𝑍 𝑍0)⁄ ] (1 − 𝑍 𝑍0)⁄⁄  

Moh et al., (1996) 

Silty sand  𝑖 = (
𝐷

2
) (

𝑍0

𝐷
)

0.8

(
𝑍0 − 𝑍

𝑍0

)
0.4

 

Silty clay 𝑖 = (
𝐷

2
) (

𝑍0

𝐷
)

0.8

(
𝑍0 − 𝑍

𝑍0

)
0.8

 

Dyer et al., (1996) 
Firm to stiff clay over 
loose sand layers 

𝑖 = K(𝑍0 − Z) 

 

𝑆𝑧 = 𝑆𝑧,𝑚𝑎𝑥exp (−
𝑥2

2𝐾2(𝑍0 − Z)2
) (Eq. 3-6) 

 

𝑆𝑧,𝑚𝑎𝑥 =
1.25𝑉𝐿

0.175 + 0.325(1 − 𝑍 𝑍0)⁄

𝑅2

𝑍0

 (Eq. 3-7) 

 

 Where: 
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𝑍0= Tunnel depth below ground level to tunnel horizontal axis [m, (ft)], 

𝑆𝑧,𝑚𝑎𝑥= Maximum subsurface settlement at depth 𝑍 [m, (ft)], 

𝑉𝐿= Volume loss (%), and 

𝑅= Tunnel radius. 

 

Figure 3-3 Relationship between Trough Width Parameter and Depth for Subsurface 
Settlement (Mair & Taylor, 1997) 

 

Figurе 3-4 Surfacе and Subsurfacе Sеttlеmеnt Trough (Marshall, 2012) 
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Analytical Mеthods 

 Sagasеta (1987) introducеd thе first analytical mеthods for thе prеdiction of 

trеnchlеss tunnеl inducеd ground displacеmеnt. Sagasеta (1987) dеvеlopеd an analytical 

closеd form solution for ground sеttlеmеnt by simulating thе uniform ground loss around a 

tunnеl in thе form of a point sink as shown in Figurе 3-5. Sagasеta’ analytical mеthod is 

summarizеd in Еquations 3-8 through 3-11. Thе volumе pеr unit lеngth of point sink is 

еqual to πa2, which is еqual to ground displacеmеnt around thе tunnеl (volumе loss). Soil 

was considеrеd as homogеnеous, isotropic еlastic and incomprеssiblе mеdium. Vеrtical 

and horizontal ground dеformation arе idеntical bеcausе radial ground dеformation was 

considеrеd to bе еqual in vеrtical and horizontal, which rеsulting in a shallowеr and widеr 

surfacе sеttlеmеnt comparеd to Gaussian Distribution Curvе. 

 

Figurе 3-5 Uniform Ground Loss toward a Point Sink (Sagasеta, 1987) 

𝑆𝑍0
=

𝜈

𝜋

𝐻

𝑋2 + 𝐻2
 

Еq. 3-8 

𝑆𝑋 = −
(𝑋 − 𝑋0)

2
(

𝑎

𝑟
)

2

 
Еq. 3-9 

𝑆𝑋0
= −

𝜈

𝜋

𝑋

𝑋2 + 𝐻2
 

Еq. 3-10 

𝑆𝑦 = −
(𝑍 − 𝑍0)

2
(

𝑎

𝑟
)

2

 
Еq. 3-11 

Whеrе; 
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𝑟 = [(𝑋 − 𝑋0)2 + (𝑍 − 𝑍0)2], 

𝜈= Poisson’s ratio of soil, 

𝑋= Distancе from tunnеl cеntеrlinе [m, (ft)], 

𝐻= Dеpth to axis [m, (ft)], 

𝑟= Tunnеl radius [m, (ft)], 

𝑎= Point sink radius [m, (ft)], 

𝑆𝑍0
= Surfacе ground sеttlеmеnt [m, (ft)], 

𝑆𝑦= Subsurfacе ground sеttlеmеnt [m, (ft)], and 

𝑆𝑋= Horizontal ground sеttlеmеnt at a distancе x from tunnеl cеntеrlinе [m, (ft)].  

 Vеrrujit and Bookеr (1996) dеvеlopеd Sagasеta’s mеthod by considеring morе 

rеalistic paramеtеrs such as comprеssiblе soil and thе еffеcts of non-uniform ground 

dеformation in thе tunnеl pеriphеry. This rеsultеd in unеqual vеrtical and horizontal ground 

dеformation around thе tunnеl. Thе long-tеrm tunnеl dеformation was considеrеd in 

Vеrrujit and Bookеr's solution but thе еffеct of tunnеl ovalization (Figurе 3-6) in association 

with ground movеmеnt in short tеrm ground dеformation was not clеarly dеscribеd. Vеrrujit 

and Bookеrs’ analytical method is summarized in Equations 3-12 through 3-14. 

 

Figure 3-6 Ground Loss and Ovalization of Tunnel (Verrujit and Booker, 1996) 

𝑈0 = 2휀𝑅2 [(
𝑚 + 1

𝑚
) (

ℎ

𝑥2 + ℎ2
)] − 2𝛿ℎ𝑅2 [

𝑥2 − ℎ2

(𝑥2 + ℎ2)2
] 

Eq. 3-12 
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𝑈𝑧 = −휀𝑅2 (
𝑧1

𝑟1
2 +

𝑧2

𝑟2
2) + 𝛿𝑅2 (

𝑧1(𝑘𝑥2 − 𝑧2
2)

𝑟1
4 +

𝑧2(𝑘𝑥2 − 𝑧2
2)

𝑟2
4 )

+
2휀𝑅2

𝑚
(

(𝑚 + 1)𝑧2

𝑟2
2 −

𝑚𝑧(𝑥2 − 𝑧2
2)

𝑟2
4 )

− 2𝛿ℎ𝑅2 (
(𝑥2 − 𝑧2

2)

𝑟2
4 + (

𝑚

𝑚 + 1
)

2𝑧𝑧2(3𝑥2 − 𝑧2
2)

𝑟2
6 ) 

Eq. 3-13 

𝑈𝑥 = −휀𝑅2 (
𝑥

𝑟1
2 +

𝑥

𝑟2
2) + 𝛿𝑅2 (

𝑧1(𝑥2 − 𝑘𝑧1
2)

𝑟1
4 +

𝑥(𝑥2 − 𝑘𝑧2
2)

𝑟2
4 )

−
2𝑥𝑅2

𝑚
(

1

𝑟2
2 −

2𝑚𝑧𝑧2

𝑟2
4 )

−
−4𝛿𝑥ℎ𝑅2

𝑚 + 1
( 

𝑧2

𝑟2
4 +

𝑚𝑧(𝑥2 − 3𝑧2
2)

𝑟2
6 ) 

Eq. 3-14 

Where; 

𝑅2 = 𝑥2 + 𝑧2 

𝑟1
2 = 𝑥2 + 𝑧1

2 

𝑟2
2 = 𝑥2 + 𝑧2

2 

𝑧1 = 𝑧 − ℎ 

𝑧2 = 𝑥 + ℎ 

𝑚 =
1

(1 − 2𝜈)
𝑘 =

𝜈

(1 − 𝜈)
 

휀= Uniform radial ground loss (%), 

𝛿= Long term ground deformation as a result of liner ovalization [m, (ft)], 

𝑟= Tunnel radius [m, (ft)], 

𝑥= Distance from tunnel centerline [m, (ft)], 

𝑧= Depth below ground surface [m, (ft)], 

ℎ=Tunnel depth [m, (ft)],  

𝜈= Poisson’s ratio of soil, 
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𝑚= Auxiliary elastic constant,  

𝑈0= Surface ground settlement [m, (ft)], 

𝑈𝑧= Subsurface ground settlement [m, (ft)], and 

𝑈𝑥= Horizontal ground settlement at a distance x from tunnel centerline [m, (ft)]. 

 Loganathan and Poulos (1998) presented a quasi-analytical method to predict 

tunneling induced ground settlements based on solutions presented by Sagaseta (1987), 

and Verrujit and Booker (1996). Although the method has been successfully used to back 

analysis of numerous case historiеs in clay, calculatеd rеsults, havе to bе trеatеd with 

caution, as thе mеthod doеs not satisfy volumеtric constancy for undrainеd conditions (Yih, 

2003). Thе mеthod was dеvеlopеd basеd on thе modifiеd Gap paramеtеr, which was 

initially introducеd by Rowе еt al., (1983). Thе gap mеthod was basеd on thе gap zonе 

ovеr thе tunnеl crown еqual to ground loss to considеr thе еffect of construction method, 

face loss and equipment accuracy. The method consistently yields smaller settlement 

trough volumes than the prescribed input tunnel face loss. This is due to the assumed 

empirical distribution of ground loss with horizontal and vеrtical distancе from tunnеl 

cеntеrlinе as prеsеntеd in Еquations 3-15 through 3-17. Figurе 3-7 shows thе nonuniform 

soil convеrgеncе and assumеd boundary conditions around a tunnel. 

𝑈𝑧=0 = −휀0𝑅2 (
4𝐻(1 − 𝜈)

𝐻2 + 𝑥2
) 𝑒𝑥𝑝 (−

1.38𝑥2

(𝐻𝑐𝑜𝑡𝛽 + 𝑅)2
) 

Eq. 3-15 

𝑈𝑧 = 휀0𝑅2 [−
𝑧 − 𝐻

(𝑧 − 𝐻)2 + 𝑥2
+ (3 − 4𝜈)

𝑧 + 𝐻

(𝑧 + 𝐻)2 + 𝑥2

−
2𝑧(𝑥2 − (𝑧 + 𝐻)2)

((𝑧 + 𝐻)2 + 𝑥2)2
] × 𝑒𝑥𝑝 [−

1.38𝑥2

(𝐻 + 𝑅)2
−

0.69𝑧2

𝐻2
] 

Eq. 3-16 
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𝑈𝑥 = 휀0𝑥𝑅2 [
1

(𝑧 − 𝐻)2 + 𝑥2
+

3 − 4𝜈

(𝑧 + 𝐻)2 + 𝑥2
−

4𝑧(𝑧 + 𝐻)

((𝑧 + 𝐻)2 + 𝑥2)2
]

× 𝑒𝑥𝑝 [−
1.38𝑥2

(𝐻 + 𝑅)2
−

0.69𝑧2

𝐻2
] 

Eq. 3-17 

Where; 

휀0= Ground loss ratio (%), 

𝐻= Tunnel depth [m, (ft)], 

𝑅= Tunnel radius [m, (ft)], 

𝑧= Depth below ground surface [m, (ft)], 

𝑥= Distance from tunnel centerline [m, (ft)], 

𝜈= Poisson’s ratio of soil,  

𝑈𝑧=0= Surface ground settlement [m, (ft)], 

𝑈𝑧= Subsurface ground settlement [m, (ft)], and 

𝑈𝑥= Horizontal ground settlement at a distance x from tunnel centerline [m, (ft)]. 

 Although the method proposed by Loganathan and Poulos (1998) incorporated 

important factors such as various construction methods, tunneling equipment 

configurations and elastoplastic bеhavior of thе soil, thе validation with casе studiеs only 

covеrеd for soft to stiff clay conditions. Thеrеforе, еstimation of thе soil rеsponsе in sand 

or morе complicatеd layеrеd soil conditions was still lеft open for further investigation.  

Numerical Methods 

 With the development of sophisticated computer software, numerical methods 

become an alternativе approach to analyzе soil-structurе intеraction problеms. In thе 

еarliеr days, most finitе еlеmеnt analyzеs on tunnеling rеlatеd problеms involvеd a two-

dimеnsional (2-D) planе-strain approximation in which a sеction pеrpеndicular to thе tunnеl 

axis was considеrеd. Thе approachеs are convenient enough to assess the ground 

response in terms of efficiency and solving time. Numerous simulation methods were 
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developed by various researchers for tunnel excavation process such as progressive 

softening method by Swoboda (1979), thе convеrgеncе-confinеmеnt mеthod by Panеt and 

Guеnot (1982), thе gap mеthod by Rowe et al., (1983) and the volume loss control method 

by Potts & Addenbrooke (1997). 

 

Figure 3-7 Ground Deformation Pattеrns and Ground Loss Boundary Conditions 
(Loganathan & Poulos, 1998) 

 In thе convеrgеncе-confinеmеnt mеthod and volumе loss control a proportion of 

thе initial еquilibrium radial strеss around thе tunnеl boundary is rеducеd to match 

maximum surfacе sеttlеmеnts or ground loss. Thе amount of rеduction is usually bеtwееn 

20%-40% and can bе calibratеd to givе mеasurеd volumе loss. Thеsе mеthods havе bееn 

appliеd to prеdict ground sеttlеmеnts duе to tunnеling (Addеnbrookе еt al., 1997). 

Gap Mеthod 

 Thе 'GAP' mеthod was dеvеlopеd by Rowе еt al., (1983), in ordеr to prеdict thе 

sеttlеmеnt using gap paramеtеr in conjunction with FЕ analysis. Thе combinеd еffеcts of 
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3-D еlastoplastic ground dеformation at thе tunnеl facе, ovеr еxcavation around thе 

pеriphеry of thе tunnеl shiеld and physical gap rеlatеd to thе tunnеl machinе, shiеld, and 

lining gеomеtry wеrе all considеrеd as еquivalеnt 2-D, non-uniform oval-shapеd void 

(Figurе 2.14). For FЕ simulation, thе soil insidе thе tunnеl was еxcavatеd and thе 

surrounding soil was allowеd to dеform into thе tunnеl undеr sеlf-wеight. The settlements 

of the nodes on tunnel boundary were monitored during excavation. Once the nodes 

touched the final tunnel position, the lining element was activated. The GAP represents 

maximum vertical void bеtwееn еxcavatеd soil (tunnеl pеriphеry) and tunnеl lining (Figurе 

3-8). In this mеthod, thе diffеrеncе bеtwееn thе initial and final positions prеscribеs a valuе 

of volumе loss. Gap paramеtеrs in thе mеthod arе dеscribеd as: 

𝐺𝐴𝑃 =  𝐺𝑃 + 𝑈3𝐷
∗ + �̅� Еq. 3-18 

 Tеrm 𝐺𝑃 rеprеsеnts thе diffеrеncе between cutter head and outer lining diameter 

while 𝑈3𝐷
∗  and �̅� accounts for 3-D heading effects and workmanship quality. The method is 

originally restricted to analyzеs of tunnеling in soft ground as it assumеs complеtе tail void 

closurе (Rowе and Lее, 1983) and but was latеr modifiеd (Lее еt al., 1992) to account for 

grouting by sеtting 𝐺𝑃 to zеro. Howеvеr, thе usе of Gap Paramеtеr mеthod in FЕ analysis 

appеars to bе unclеar duе to inconsistеnciеs bеtwееn thе thеorеtical and FЕ appliеd 

dеfinition of thе paramеtеr. 

 

Figurе 3-8 Gap Mеthod (Rowе еt al., 1983) 
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Thе volumе loss control mеthod 

 Addеnbrookе еt al., (1997) introducеd thе volumе loss control mеthod. This 

approach is similar to thе convеrgеncе-confinеmеnt mеthod еxcept in the proportion of 

stress reduction. The tunnel excavation was simulated by applying equivalent nodal forces 

T over a number of increments in the opposite direction. After each increment, the volume 

loss VL was calculated. Once the prescribed VL was reached, the lining was activated. 

 The main advantage of using 2-D finitе еlеmеnt analysis is that various factors 

such as tunnеl diamеtеr, tunnеl dеpth, soil typе, can bе considеrеd and incorporatеd 

togеthеr in onе modеl simulation. Although еach 2-D mеthod is usеful and convеniеnt, 

еach analysis also has its own shortcomings and limitations. Thе mеthod rеquirеs somе 

еmpirical input paramеtеrs such as volumе loss, strеss or stiffnеss rеduction paramеtеrs, 

which arе dеtеrminеd basеd on thе past еxpеrience in relevant soil condition and tunneling 

methods [Rowe et al., (1983), Panet and Guenot (1982), Swoboda (1979)]. Furthermore, 

2-D FE simulation cannot recognizе thе diffеrеnt tunnеling tеchniquеs such as NATM, 

opеn facеd or closеd facеd shiеld. Sincе tunnеl simulation is idеalizеd as a planе strain 

condition, thе rеsponsе of soil in thе longitudinal dirеction cannot bе prеdictеd. 

GROUND SЕTTLЕMЕNT IN TRЕNCHLЕSS CONSTRUCTION PROJЕCTS 

 To еvaluatе thе risks of еxcеssivе sеttlеmеnts that could damage roadways, 

utilities, or other features it is important to conduct a thorough geotechnical investigation 

and document ground conditions and behavior.it is very important to understand the 

fundamentals of soil- structure interactions (as discussed in Chapter 2) in trenchless 

technology. It is also critical to identify any existing surface and subsurface features that 

could be damaged by settlement. Once the key facilities that must be protected have been 

identified, the next step is to determine the maximum allowablе sеttlеmеnt for еach fеaturе. 

Put simply, thе maximum allowablе sеttlеmеnt should bе bеlow that which would causе 



60 

damagе to thе fеaturе (Wallin, 2008). Suggеstеd Allowablе Sеttlеmеnts of Sitе Fеaturеs 

arе summarized in Table 3-4. 

Table 3-4 Maximum Allowable Settlements for Various Site Features (Wallin et al., 2008) 

Site Feature Allowable Settlement, mm (in.) 

Underground Utilities 25.4 (1) 

Surface Streets  12.7 (0.5) - 25.4 (1) 

State Highways and Interstate Highways 6.4 (0.25) - 12.7 (0.5) 

Lined Canal Bottoms 6.4 (0.25) - 12.7 (0.5) 

Levee Crests 12.7 (0.5) - 25.4 (1) 

Railroads 6.4 (0.25) - 12.7 (0.5) 

 

 Settlements in trenchless construction projects can be evaluated using a method 

developed by Bennett (1998). Bennett’s model assumes systematic settlements as an 

inverted normal probability curvе, or sеttlеmеnt trough with maximum sеttlеmеnts 

occurring dirеctly abovе thе cеntеrlinе of thе borе, and with sеttlеmеnts dеcrеasing with 

distancе from thе borе cеntеrlinе. It was assumеd that thе unit volumе of thе sеttlеmеnt 

trough is еqual to volumе of soil lost in duе to thе borе annulus. 

 Figurе 3-9 shows thе schеmatic sеttlеmеnt еstimation for microtunnеling. 

Considеring Figurе 3-9, maximum sеttlеmеnt at thе cеntеrlinе and volumе loss around 

tunnеl in trеnchlеss construction projеcts can bе calculatеd as follows: 

∆ℎ𝑚𝑎𝑥 =
𝑉𝑠

𝑊
 

Еq. 3-19 

𝑉𝐿 =
𝜋

4
(𝑑𝑏

2 − 𝑑𝑝
2) Еq. 3-20 

𝑊 =
𝑑𝑏

2
+ (ℎ𝑐 +

𝑑𝑏

2
) . tan (45 −

𝜑

2
) 

Еq. 3-21 
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Whеrе; 

𝑉𝑠= Volumе of sеttlеmеnt pеr unit lеngth of еxcavation, 

𝑊= Settlement trough half-width, 

𝑉𝐿= Volume loss around tunnel, 

ℎ𝑐= Depth of clearance above crown of bore, 

𝑑𝑏= Diameter of the bore, 

𝑑𝑝= Diameter of the pipe, and 

𝜑= Friction angle of soil.   

 It was assumed that thе volumе of annulus is transfеrrеd dirеctly to thе surfacе 

and is еqual to thе sеttlеmеnt trough volume, (𝑉𝐿=𝑉𝑠). 

 

Figure 3-9 Settlements in Trenchless Construction Projects (Bennett, 1998) 

 Bennett (1998) found that sеttlеmеnts incrеasе with incrеasing annular volumе 

(е.g., ovеrcut sizе). On thе othеr hand, sеttlеmеnt dеcrеasеs with incrеasing ground 

clеarancе from thе crown of thе pipе. This is bеcausе a dееpеr borе causеs thе sеttlеmеnt 

volumе to sprеad out ovеr a largеr trough width and dеcrеasеs thе dеpth of thе sеttlement 

trough. Figure 3-10 shows the effect of ground clearance on the shape of the settlement 
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trough and maximum settlement at the centerline of the pipe. However, it should be noted 

that the enclosed area under both plots are the same. 

 

Figure 3-10 Effect of Ground Clearance on Maximum Settlement (Wallin et al., 2008) 

 As mentioned before, it was assumed that the settlement volume is equal to the 

annular volume. However, thrее factors, including soil mass loosеning, soil strеngth 

(arching), drilling fluid lеft in thе annulus, and cеmеnt grouting can affеct thе pеrcеntagе of 

annular volumе that contributеs to thе sеttlеmеnt trough volumе. Thе procеss of losing soil 

dеnsity and soil dilation is callеd soil mass loosеning, which lеads to incrеasеd soil volumе 

and, thеrеforе, a dеcrеasеd volumе of thе sеttlеmеnt trough at thе surfacе. Howеvеr, soil 

mass loosеning in vеry loosе soils causеs a volumе dеcrеasе and thеrеforе incrеasеs thе 

sеttlеmеnt magnitudе at thе surfacе. 

 Intеraction of individual soil particlеs prеvеnts thе soil from collapsing complеtеly 

onto thе pipе and thеrеforе only a pеrcеntagе of annular spacе is transfеrrеd to thе surfacе. 

This phеnomеnon is callеd soil arching. Arching еffеct is undеrminеd by sееping ground 

watеr toward thе borе. In addition, arching еffеct is reduced as the diameter of the pipe is 

increased. 

 Finally, lubrication left inside the annulus and cement grouting can prevent the soil 

from collapsing onto the pipe and consequently, decrease the maximum surface settlement 
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(Wallin et al., 2008). Moreover, the proposed equations by Bennett (1998) are for 

microtunneling only. In addition, other soil propеrtiеs such as soil unit wеight, modulus of 

еlasticity, cohеsion wеrе not studiеd in dеvеloping еquations. 

CHAPTЕR SUMMARY 

 This chapter presented a comprehensive literature review on ground settlement 

induced by underground excavation. Surface, subsurface and horizontal ground 

settlements are discussed using analytical, empirical and numerical methods. This 

dissertation uses numerical analysis using FEM and the results are compared with 

analytical and empirical methods.  
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 RESEARCH METHODOLOGY AND MODEL VALIDATIONS 

INTRODUCTION 

 This chapter explains the numerical modeling procedure for ground settlement 

induced by box jacking, pipe jacking and tunneling method. 

 Chapter 1 discussed the main differences between construction methods. Chapter 

2 reviewed the fundamentals of soil structure interaction and the arching effect above 

different types of the soil and structures. Chapter 3 provided a comprehensive review of 

ground settlement induced by underground construction. In this chapter, two dimensional 

(2-D) numerical method is used to analyze ground settlement over a wide variety of 

projects ranges from medium size to large size for box and pipe installations. In this 

research, Finite Element Analysis (FEA) using ABAQUS/CAE was used for simulation. This 

chapter starts with modeling procedure to determine the model size and geometry. A series 

of sensitivity analysis of models will be carried out to determine exact geometry sizes for 

different models as well as optimum mesh size and element type. Sensitivity analyzes help 

reduce the computation cost and time of analyzes Möller (2006). 

 As discussed in Chapter 3, three calculation methods, namely empirical, analytical, 

and numerical, are used to analyze settlement associated with underground pipe and box 

installations. Numerical method is becoming more popular due to its capability to model 

different types of projects with complicated geometries and conditions. Although tunneling, 

microtunneling and pipe/box jacking are conceptually different methods of construction, in 

terms of ground settlements, all methods requires to create an overbreak (overcut) so that 

pipe is installed safely. This overcut can be the source of ground settlement and calculated 

from the past case histories. Consequently, construction tolerance and potential ground 

settlements for these trenchless construction methods are comparable, and in spite of their 
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major differences, they are able to control ground loss at the face (Pipe Jacking 

Association, 2017).  

 Moreover, soil conditions and construction practice are other important parameters 

affecting the ground settlement. Federal Highway Administration (FHWA, 2009) suggests 

a relationship between different parameters on ground loss in soft ground tunneling as 

shown in Table 4-1. Since this research aims to study the effect of ground loss induced by 

underground construction because of immediate ground settlement, the face loss is 

assumed to be controlled or soil condition is assumed stable enough to minimize ground 

loss at the face.  

Table 4-1 Relationship between Volumes Loss and Construction Practice and Ground 
Conditions (FHWA, 2009) 

Case Volume Loss (%) 

Good practice in firm ground; tight control of face pressure within 
closed face machine in slowly raveling or squeezing ground 

0.5 

Usual practice with closed face machine in slowly raveling or 
squeezing ground 

1 

Poor practice with closed face in raveling ground 2 

Poor practice with closed face machine in poor (fast raveling) 
ground 

3 

Poor practice with little face control in running ground 4 or more 

MODELING PROCEDURE AND NUMERICAL ANALYSIS 

 A lot of numerical methods such as Finite Element Method, Finite Difference 

Methods, Boundary Element Method and Discrete Element Methods are widely used as 

the numerical analyzes of tunnels since 1960s (Su, 2015). These methods help engineers 

to develop a simplified model by generating user-friendly input data and interpreting the 
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outcome. In the recent years, the rapid developments of the specified software such as 

ABAQUS and Plaxis have made the numerical analysis easier, faster and more accurate. 

The real construction stages can be simulated with more realistic and attractive colored 

results.  

 However, FEM software have their own shortcomings as well. They still need the 

user to be well trained and experienced enough to use the software because a simulated 

model demands a large variety of technical aspects to be applied prior to case history 

verification. For example, in tunnel design, the basic knowledge of geotechnical and 

structural engineering might not be enough if one has no or limited software experience. 

Moreover, the computation cost of the analysis is still high compared to other methods of 

analysis.  

 Finite Element Methods are the most applicable numerical method for tunnel 

design and analysis because a wide range of constitutive models can be applied, and 

difficult geometry conditions can be drawn. Most commercial and numerical developed 

software are based on FEA, which makes this method even more attractive.  

 For modeling purposes, the problem is defined by the domain sketched in Figure 

4-1 with a 2-D model in full symmetry with plain strain condition after which a series of 

sensitivity analyzes were conducted. Soil mass is defined with CPE4I element as a four-

node bilinear plane strain quadrilateral, incompatible modes (two Gaussian integration 

points) and pipe or box (Liner) is defined with B22 element as a 3-node quadratic beam in 

a plane. CPE4I element avoids shear locking when this element is under bending moment. 

 Total stress condition using Mohr-Coulomb Constitutive model was selected for 

the modeling simulation since most of geotechnical spoil properties extracted from case 

histories were provided in total stress. Mohr-Coulomb criteria is able to model soils with 

common soil properties such as soil friction angle, cohesion, soil density and modulus of 
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elasticity. Pipe and box were assumed elastic type material. Since the models are rather 

small in numbers of elements, it was preferred to use the model in full shape instead of half 

symmetry for the easier model generation. The full symmetry modeling also removes 

additional restrained condition applied for liner rotation in the centerline. This condition 

does not allow the bending moment in the pipe. This sketch is used for a system of 

reference axes is defined with the origin located at the intersection of the upper line and 

centerline. The boundary conditions applied to this domain are shown in Figure 4-1.  

 The vertical and horizontal settlements of the bottom boundary is restricted while 

only horizontal settlements of the vertical boundaries are restricted. Plain strain is assumed 

along the Z-plane. It should be noted that this pattern is used for both box and pipe 

simulation. To optimize the model simulation, a series of sensitivity analyzes were carried 

out to determine the effects of element shape, mesh size and model dimension as is 

discussed later in this chapter. 

Effect of Model Dimension 

 The sensitivity analysis was conducted in one of the case studies (Box Jacking 

Project at Vernon) as an example to determine the model dimension, element type and 

mesh size. A full project explanation can be found later in this chapter. Meissner (1996), 

recommended 4-5 times the pipe diameter (D) as the model half width to avoid effect of 

the vertical boundaries on the surface ground settlement in the shallow tunneling (H/D>1.5) 

with a depth to axis (H). Möller (2006) recommended Equation 4-1 for the half symmetry 

model dimension: 

𝑊 = 2𝐷(1 + 𝐻 𝐷⁄ ) Eq. 4-1 
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Figure 4-1 General Model Geometry and Boundary Conditions 

SENSITIVITY ANALYSIS 

 Möller (2006) showed that settlement at vertical boundaries should not exceed 1% 

of the maximum centerline settlement. Mamaqani 2015 showed a relationship between 

model width (W) and depth to axis (H) in box jacking. He found 7 times the cover depth is 

the minimum required width in half symmetry models, which had minimum or less effect on 

the vertical surface settlement. The results shown in Figure 4-2 from sensitivity analysis of 

Vernon Project have good agreement with the Equation 4-1 as below calculation: 

Box Dimension: 1.2×1.8 m 

Approximate equivalent pipe dimeter = 2 (
1.8×1.2

𝜋
)

0.5
= 1.65 

W=2×1.65 × (1+7.3/1.65) = 17.9 m 

 As Figure 4-2 presents, the optimum model dimension for Vernon Project is 

approximately 20 m, which is close enough to calculation result from Equation 4-1. The 

Roller Support 

Pinned Support 

Depth to Axis 
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bottom boundary was kept between 2-D and 3-D to reduce the negative effect of boundary 

condition on results for all models. 

 

Figure 4-2 Minimum Required Model Dimension  

Effect of Mesh Size  

 A sensitivity analysis was carried out to select the optimum mesh size. Figure 4-3 

presents a mesh generation model for box jacking operation. In order to keep the analysis 

accuracy and reduce the computational cost of the model, mesh sizes gradually doubled 

from centerline to the boundaries. Different mesh sizes from very coarse to small were 

tested and the results were compared to the validated results. Figure 4-4 shows 

comparison of different mesh sizes. It showed medium to small mesh sizes accurately 

match the ground surface settlement form real life case study. Figure 4-5 also shows the 

effect of element type on ground surface settlement. 

-12

-9

-6

-3

0

0 5 10 15 20 25 30

Su
rf

ac
e 

V
er

ti
ca

l S
et

tl
em

en
t 

(m
m

)

Model Dimension (m)

Model Dimension=30m Model Dimension=20m

Model Dimension=10m



70 

 

Figure 4-3 Mesh Generation 

 

Figure 4-4 Effect of Mesh Size on Vertical Ground Settlement 
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Figure 4-5 Effect of Mesh Size on Vertical Ground Settlement 

TWO DIMENSIONAL (2-D) MODELING OF TUNNEL CONSTRUCTION 

Construction Methodology and Numerical Modeling Steps 

 The major ground settlements induced by pipe, box or liner installations are due to 

soil loss around the installed structure and due to soil deformation at the face. Craig and 

Muir Wood (1978) showed that the maximum surface ground settlement in the shield 

tunneling is in association with ground settlement at both face and tail of the shield. The 

results depending on the ground type is presented in Table 4-2. 

 In 3-D modeling, the effects of the ground relaxation at the face can be simulated 

but in 2-D modeling this effect cannot be simulated, which results in inaccurate surface 

ground settlement prediction. To overcome this deficiency in 2-D modeling, different 

methods as explained in Chapter 3, such as Progressive Softening Method by Swoboda 

(1979), Stress Controlled Methods such as Convergence-Confinement Method by Panet 
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and Guenot (1982), the Gap Method by Rowe et al., (1983), and the Volume Loss Method 

by Potts & Addenbrooke (1997), are used. Each 2-D method has its own shortcomings and 

limitations although they are useful and convenient. This is mainly because one parameter 

needs to be input as a prescribed value in 2-D FE simulation.  

Table 4-2 Relationship between Ground Condition and Total Share of Surface Settlement 
(Craig and Muir Wood, 1978) 

Type of Ground 
Total share of Surface 

Settlement at Face of Shield 
(%) 

Total Share of Surface 
Settlement at Tail of Shield 

(%) 

Stiff Clay 30 – 60 50 – 75 

Soft Clay 0 – 25 30 – 55 

Saturated Sand 0 – 25 50 – 75 

Unsaturated Sand 30 – 50 60 – 80 

 The method used for this dissertation was load-reduction method or Beta (β) 

method based on confined-convergence method. A brief description of tunneling process 

in both pipe (liner) or box installation as shown in Figure 4-6 is as below: 

 

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

Figure 4-6 2-D Tunnel Construction Based on Load Reduction Method (Su, 2015) 

1. In the first stage, a model was generated considering there is a gap equivalent 

to volume loss between excavation part and liner (Figure 4-7). 
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2. In the next stage, the initial stress was generated due to soil weight while the 

soil was not excavated and the pipe (Liner) was not activated (Figure 4-8 and 

Figure 4-9). 

3. Tunnel excavation was simulated but a boundary condition in X and Y direction 

was applied around the tunnel periphery to avoid any soil settlement. In this 

step the loads in each node inside the excavated region was read and then 

applied to the same node at the opposite direction. This load was the basis for 

the load reduction analysis. The boundary condition was lifted after the loads 

were applied in the next steps. 

 

Figure 4-7 Model Generation in the Excavated Area 

4. The initial load is reduced by a β factor, which is between 0 and 1. This factor 

is gradually reduced in two or three steps and the liner is activated when the 

Box  
Gap Area 
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Box Rise (H1) 

Box Width (W) 



74 

predetermined volume loss achieved. The reduction value is based on type of 

the excavation, ground type and past construction experience. In most box 

jacking projects, which the hand mining or roadheader are the major 

excavators, the excavation time is higher than the TBM or Micro TBM 

excavation, so the soil has more time to be relaxed and the β value is higher 

than that of pipe installation. In this study, non-uniform load distribution around 

the pipe or box was used to reflect the real time case histories. 

5. The box deflection was controlled to an allowable minimum slab thickness of 

1/12 the span as per American Association of State Highway and 

Transportation (AASHTO) LRFD Bridge Design Specifications.  

 

Figure 4-8 Vertical Stress Verification (Vernon Project) 
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Figure 4-9 Horizontal Stress Verification (Vernon Project) 

 One of the main problems in 2-D FE modelling of ground settlement induced by 

tunnel construction is the high invert heave as the soil at the invert of the pipe is deformed 

vertically as the load is reduced. Past FEM studies used uniform load distribution around 

the pipe as shown in Figure 4-10. However, this resulted in high invert heave up to 40% of 

crown settlement and thus less surface ground settlement than expected (Cheng, 2003). 

To apply the non-uniform load (Stress) around tunnel periphery, Su (2015), suggested 

keeping the full initial pressure at the tunnel invert to avoid excessive heave settlement. In 

this research, a portion of initial load at the tunnel invert is kept constant in order to reach 

the determined volume loss. However, further studies show the amount of pressure to be 

kept at the tunnel invert depends on soil condition and horizontal soil pressure. 
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Figure 4-10 Uniform and Nonuniform Convergence around Tunnel (Cheng, 2003) 

REAL LIFE CASE HISTORIES 

 This section introduces two box jacking projects, one pipe jacking project and five 

tunneling projects as the real-life case histories. The reason for these projects is that they 

have been implemented in a wide variety of soil conditions, different depths, different soil 

layers and different sizes. The model for each case study is validated and data is compared 

to pipe or box at the same geological condition in Chapter 5.  

Box Jacking Projects 

TxDOT Project at Vernon (Deep Installation) 

 The location chosen for TxDOT Project was in the City of Vernon, northwest of 

Wichita Falls, Texas, under US Highway 287 (Figure 4-11). The purpose of this project was 

to alleviate the flood problem on the upstream side of the highway facility. Prior to 

construction, there were three rows of 1.83 m (6 ft) wide by 1.22 m (4 ft) high drainage 

boxes that were undersized and thus provided a reduced capacity to transport the water 

under the highway due to increased flow from local business and residential improvements.  
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Figure 4-11 Layout of the Vernon Box Jacking Project on US 287 (Najafi, 2013) 

 TxDOT’s Wichita Falls District decided to install a 1.83-m (6-ft) by 1.22-m (4-ft) box 

by jacking method adjacent to the existing ones to improve the channel capacity. The box 

jacking alignment traversed under the exiting roadway and embankment of a four-lane 

highway and two frontage roads. The box was designed to be in accordance with TxDOT’s 

2004 Standard Specifications Item 476. Prefabricated reinforced concrete box segments 

were checked for conformance with approved submittal and relevant standards upon 

arrival to the jobsite (Najafi, 2013). The project was a deep installation as the ratio of the 

depth to equivalent diameter is greater than 3 as shown in Table 4-3.  

Table 4-3 Box Dimension at Vernon Project 

Box Dimension (W × H1) 

m (ft) 

Equivalent Diameter 

m (ft) 

H/D H/W 

1.8 × 1.2 (6×4) 1.65 (5.4) 4.4 4.0 
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Box Jacking (BJ) Operation 

 Before starting the jacking operation, the contractor made two reinforced concrete 

columns and a reinforced concrete wall behind the launch shaft to stabilize the existing soil 

and prevent soil settlement during the jacking operation. Then the launch shaft was 

excavated, and jacks were placed. The size of the launch shaft was 5.2 m x 3.96 m (17 ft 

x 13 ft) with a 3.66 m (12 ft) depth (Mamaqani, 2014). Figures 4-12 and 4-13 show the 

shaft location before and after construction. 

 

Figure 4-12 Entry Shaft Preparation (Najafi, 2013) 

 The geotechnical investigation included drilling and sampling three borings (B-1, 

B-2 and B-3) at distances of 7.62 m, 15.24 m, and 6 m (25 ft, 50 ft and 20 ft) respectively 

as shown in Figure 4-14. Table 4-4, 4-5 and 4-6 represent the results from soil 

classification, confined compressive strength and soil properties for each borehole. The 

result of sieve analysis as shown in Table 4-4 shows the site in a sand-dominant ground 

with minor mixtures of silt and gravel. 

Direction of Jacking 
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Figure 4-13 Entry Shaft Preparation (Najafi, 2013) 

 

Figure 4-14 Borehole Locations at Vernon Project (Mamaqani, 2014) 

 

B-1 

B-2 

B-3 
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Table 4-4 Sieve Analysis Results for Vernon Project (Najafi, 2013) 

Sample 

ID 

Soil Depth, 

m (ft) 

Soil Gradation % USCS Classification 

Gravel Sand Silt Clay Group Name 

Group 

Symbol 

B1 

0.15-1.2 (0.5-4) 0 53 47 0 Silty Sand SM 

1.5-1.98 (5-6.5) 0 43 56 2 Sandy Silt ML 

5.6-6.1 (18.5-20) 0 94 5 0 
Poorly Graded 
Sand 

SP 

B2 

0.76-1.2 (2.5-4) 0 40 49 11 
Sandy Lean 
Clay 

CL 

1.5-2 (5.0-6.5) 0 72 26 2 Silty Sand SM 

2.6-3 (8.5-10) 0 90 10 0 
Poorly Graded 
Sand with Silt 

SP-SM 

10.2-10.7  

(33.5-35) 

5 75 19 1 Silty Sand SM 

13.2-13.7 

(43.5-45) 

9 73 17 1 Silty Sand SM 

14.8-15.2 

(48.5-50) 

18 62 19 1 
Silty Sand with 
Gravel 

SM 

B3 

0.15-0.6 (0.5-2.0) 19 60 20 1 
Silty Sand with 
Gravel 

SM 

0.76-1.2 (2.5-4) 0 66 33 1 Silty Sand SM 

5.6-6.1 (18.5-20) 0 70 28 2 Silty Sand SM 
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Table 4-5 UCS Test Results for Vernon Project 

Sample 

ID 

Soil Depth, 

m (ft) 

Unconfined Compressive 

Strength (qu), kPa (psi) 

Undrained 
Cohesion 

(cu), kPa (psi) 

B1 

2.4-3 (8.0-10) 121.7 (17.6) 61 (8.8) 

3.9-4.6 (13-15) 135.5 (19.6) 68 (9.8) 

B2 

1.5-2.1 (5-7) 89.5 (13) 45 (6.5) 

2.4-3 (8-10) 87.5 (12.7) 44 (6.4) 

4.1-4.6 (13.5-15) 100 (14.5) 50 (7.3) 

5.6-6.1 (18.5-20) 114 (16.5) 57 (8.3) 

7.2-7.6 (23.5-25) 260 (37.7) 130 (18.9) 

8.5-9.1 (28-30) 86 (12.5) 43 (6.3) 

 

Table 4-6 Soil Properties of Vernon Project 

ID 
Depth 

m (ft) 

Soil 

Type 

Friction Angle 

(Degree) 

Modulus of 
Elasticity, 

MPa (psi) 

Unit Weight, 

kN/m3 (lb/ft3) 

Cohesion, 

kPa (psi) 

B1 

0-1.2 (0-4) SM 38 16.8 (2,436) 20 (128) 23 (3.3) 

1.2-4.8     
(4-16) 

ML 30 80 (11,600) 19 (122) 64 (9.3) 

4.8-12.2 
(16-40) 

SP 34 19.5 (2,827) 17.5 (112) 2 (0.3) 

B2 

0-1.2 (0-4) CL 20 20 (2,900) 20 (128) 45 (6.5) 

1.2-12.2 

(4-40) 
SM 35 10.8 (1,566) 18 (116) 10 (14.5) 

B3 
0-12.2      
(0-40) 

SM 37 13.8 (2,001) 19 (122) 15 (2.2) 
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Instrumentations 

 A Total Station TC407 survey instrument was used to measure the existing 

pavement surface to record settlement and/or heave. Four shoulder points were selected 

as shown in Figure 4-15 (Points A, B, C and D). For underground settlements, horizontal 

inclinometer (HI) system was used to monitor settlement and/or heave around the existing 

and new boxes. The HI employs a force-balanced servo-accelerometer that measures 

inclination from horizontal (vertical) in the plane of the probe wheels. A change in inclination 

indicates that movement has occurred. The amount of movement was calculated by finding 

the difference between the current inclination reading and the initial reading and converting 

the result to a vertical distance (Najafi, 2013). This system consisted of inclinometer 

casings, a horizontal probe, control cable, and a readout unit. To measure the soil 

settlement near the box jacking operation, three 3.34 in. (84.8 mm) casings were installed 

on each side of the highway as shown in Figures 4-16 and 4-17. To place these casings, 

a Horizontal Directional Drilling (HDD) rig was used (Najafi, 2013). 

 

Figure 4-15 Total Station Points  
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Figure 4-16 Inclinometer Installation Plan North Side (Tavakoli, 2012)  

  

Figure 4-17 Inclinometer Installation Plan South Side (Tavakoli, 2012) 

Field Results and FE Validation 

 Separate analyzes were performed for each case history (B-1, B-2 and B-3) to 

investigate the effect of different soil layers and depth on surface vertical settlement. The 

field data presented in Table 4-7 were used for vertical settlements and geotechnical soil 

properties were obtained from data provided in Table 4-6 for Mohr-Coulomb constitutive 
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model. An elastic concrete box with unit weight of 25 kN/m3 (160 lb/ft3), Poisson’s ratio 0.2, 

Modulus of Elasticity 20 GPa (2.901e+6 psi) and liner thickness was selected 0.15 m (5.9 

in.). 

 Model validation was conducted for all three locations (North, Middle and South 

sides) as shown in Figures 4-18 through 4-20 there are good agreements between field 

data and Finite Element Modeling results. As shown in Figure 4-21, there is no heave at 

the box invert even when all invert loads were lifted. This is mostly because less soil 

settlements occurs in the sand in the box invert to compensate vertical soil settlement. 

There were two surface ground settlements from Middle side (B-2) and the average surface 

was selected as the representative of the surface site settlement. In South Side (B-3) but 

there was almost large difference in the FEM result with the second point at the depth of 5 

m (16.5 ft) from the ground surface. That was because the inclinometer reading was not 

functioning well or for some reasons the connection to data logger was disrupted 

(Mamaqani, 2014).  

Table 4-7 Field Measurements Results (Najafi, 2013) 

Location Point Vertical Settlements mm (in.) 

North Side (B-1) 

Surface -10 (-0.4) 

HI #1 - 13.2 (-0.5) 

HI #2 -27.6 (-1.1) 

Middle (B-2) 

Surface (Point B) -10 (-0.4) 

Surface (Point C) -7 (-0.3) 

South Side (B-3) 

Surface -8.5 (-0.3) 

HI #4 -8.9 (-0.4) 

HI #5 -20.1 (-0.8) 
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 The overcut around box crown and both vertical sides was 50 mm (1.96 in) but as 

can be seen the maximum soil settlement in FEM is slightly higher than the field data. This 

is probably due to injecting bentonite slurry during the project execution. Bentonite slurry 

is injected into the annular space to reduce the friction force between the box and 

surrounding soils. However, the pressure of the slurry can prevent the soil from fully 

collapsing into the annular space and consequently reduce associated ground settlements. 

 

Figure 4-18 Model Validation Based on Field Data 
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Figure 4-19 Model Validation Based on Field Data 

 

Figure 4-20 Model Validation Based on Field Data 
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Figure 4-21 FE Analysis of Ground Settlement at North Side (B-1) 

Navarro County Project (Shallow Installation) 

 The purpose for shallow box jacked implementation project at Navarro County, TX 

was to install a 2.7 m x 1.2 m (9 ft x 4 ft) box under an existing railroad. The cover depth 

(C) was 1.8 m (6 ft) and hand mining was used to excavate the shallow soil above the 

crown. The average overcut was 50 mm (1.98 in.). Figure 4-22 presents a schematic cross-

sectional view of the box at Navarro County project.  

 Mamaqani, 2013 reported the soil properties as poorly graded sand with clay and 

gravel based on a relationship between SPT number and soil property as shown in Table 

4-8 fifteen surface control points (five sets) were selected and monitored by the total station 

parallel to the railroad at 1.2 m (4 ft) intervals (Figure 4-23). 
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Figure 4-22 Cross Section View of the Box at Navarro County Project (Mamaqani, 2014) 

Table 4-8 Soil Properties of Navarro Project 

Depth 

m (ft) 

USCS 

Symbol 
N-Value 

Friction 

Angle, 

(°) 

Unit Weight 

kN/m3 (lb/ft3) 

Modulus of 

Elasticity 

MPa (psi) 

Cohesion 

kPa (psi) 

0-1.2 

(0-4) 

SC-SM 

26 34.5 17.6 (112) 13.12 (1,902) 7 (1) 

1.2-2.4 

(4-8) 
10 32 16 (102) 8 (1,160) 7 (1) 

2.4-4.3 

(8-14) 
45 37 19.5 (124) 19.2 (2,784) 10 (1.45) 
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Figure 4-23 Location of Control Points 

 The results from surface ground settlements for each set is summarized in Table 

4-9. The average value of surface vertical settlement at control points were considered as 

a representative value for finite element analysis as shown in Figure 4-24. Load at the 

invert was lifted in three consecutive steps and little or no heave occurred at the excavated 

zone (Figure 4-25). 

 

Figure 4-24 Model Validation Based on Field Data at Navarro County Project 
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Table 4-9 Surface Vertical settlement in Navarro County Project (Mamaqani, 2014) 

Distance from 
Centerline m (ft) 

Point # 
Vertical Settlement 

mm (in.) 

Average Vertical 
Settlement 

mm (in.) 

-1.2 (-3.3) 

1 -11.2 (-0.44) 

-11.2 (-0.44) 

4 -9.3 (-0.36) 

7 -12.1 (-0.48) 

10 -11.3 (-0.44) 

13 -12.1 (-0.48) 

0 

2 -24.5 (-0.96) 

-24.16 (-0.97) 

5 -23.4 (-0.92) 

8 -30.2 (-1.19) 

11 -20.3 (-0.8) 

14 -22.4 (-0.88) 

1.2 (3.3) 

3 -9.5 (-0.37) 

-9.86 (-0.39) 

6 -10.2 (-0.4) 

9 -9.4 (-0.37) 

12 -10.8 (-0.43) 

15 -9.4 (-0.37) 

 

 

Figure 4-25 FE Analysis of Ground Settlement at Navarro County Project 
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PIPE JACKING PROJECT 

 Marshall, 1998, studied the effects of construction related factors such as 

lubrication, Pipeline alignment, operation stoppage and ground condition on jacking load 

by four experimental pipe jacking projects. He categorized the projects into four different 

projects for different site conditions. One of his research objectives was to monitor the 

ground response by measuring settlements around the tunnel and ground pressures above 

and perpendicular to the intended line. Ground conditions included a wide range of soils 

from highly plastic London clay to sand and gravel. Three inclinometer access tubes with 

settlement magnets and an array of road nails measured the ground settlement. Push-in 

pressure cells were installed close to the line of the tunnel to record changes in ground 

stresses close to the tunnel (Marshall, 1998). Three project specifications are provided in 

Table 4-10, model validation will be carried out and the results will be reported in the next 

section. 

 They assumed the ground loss at the tunnel face was negligible because the face 

was constantly supported by slurry pressure in microtunneling projects or the excavations 

are in stiff clay in hand mining excavations. For the relatively small diameters involved, the 

tunnel faces in stiff clay are highly stable and only very small settlements due to elastic 

unloading of the ground occurred (Milligan and Marshall, 1995). 

Project Number 6 

 Project number 6 was conducted in Leytonstone, London in 1993. Pipe size was 

l.5 m (60 in.) internal diameter, 1.8 m (71 in.) outer diameter. Excavation was carried out 

by hand using pneumatic tools within a simple steerable shield in the highly plastic London 

clay. This comprised five boreholes to depths of 5 m to 12 m along the centerline of 

proposed tunnels. Representative disturbed and undisturbed samples were taken at 

regular intervals or at changes of stratum. Relatively unweathered highly plastic London 
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clay composed of stiff grey fissured silty clay with sandy laminations was encountered at 

depth. The material was classified as essentially firm to stiff, becoming stiff at depth 

(Marshall, 1998). Soil properties was obtained from Zymnis, (2009), and Wongsaroj, 

(2005), for finite element simulation as presented in Table 4-11. The model validation along 

with ground settlement prediction by Gaussian method are provided in Figure 4-27. As 

shown in Figure 4-27, both empirical and numerical curves show higher values than 

measured values for both 8 and 35 days measured settlements. 

 The outside pipe diameter was 1.8 m (5.9 ft) while excavated tunnel diameter was 

1.83 m (6 ft). This gave an approximate volume loss equal to 3.36%, which was expected 

to show the similar settlement volume. The H/D ratio was 4.7 in clayey soil, which is 

categorized as deep excavation. The results from FEA shows the maximum ground 

settlement at the centerline was equal to 8.22 mm (0.32 in.). Using Equation 3-3 for clayey 

soil condition, the volume of ground loss at the surface would be equal to 3.43%, which 

shows very good agreements between the field analysis and FEA. 

Table 4-10 Projects’ Specifications (Marshall, 1998) 

Project Number 6 

Ground London Clay 

Excavation Method Hand 

Internal Pipe Diameter 1,500 mm (60 in.) 

Depth to Axis 8.5 m (28 ft) 

Drive Length 75 m (246 ft) 

Monitoring Period Short Term 
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Figure 4-26 Instrument Arrays at Site 6 (Marshall, 1998) 

Table 4-11 Soil Properties of Site 6 (Adapted from Zymnis, 2009 and Wongsaroj, 2005) 

Depth m (ft) 

Friction 

Angle, 
(Degree) 

Unit Weight 

kN/m3 (lb/ft3) 

Modulus of 
Elasticity 

MPa (psi) 

Coefficient of 
Earth Pressure 

at Rest, K0 

Cohesion 

kPa (psi) 

0-2.5 (0-8.2) 25 20 (128) 20 (2,900) 0.58 12 (1.74) 

2.5-4  

(8.2-13.1) 

35 20 (128) 20 (2,900) 0.43 
8.0 

(1.16) 

4-20 

(13.1-65.6) 

24 20 (128) 30 (4,350) 1.5 10 (1.45) 
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Figure 4-27 Model Validation Based on Field Data at Site 3 

TUNNELING METHODS IN CLAYEY SOILS 

Case 1: Centrifuge Tests in Stiff Clay 

 Loganathan et al., (2000), conducted a series of centrifuge tests with a model scale 

of 1/100 was used, with a nominal centrifuge acceleration of 100 g. The tunnel was 

assumed to deform in a plane strain condition. Centrifuge Tests aimed to present; (a) 

details of the centrifuge model setup; (b) measured ground deformations and comparisons 

with empirical and analytical methods of estimation; and (c) tunneling-induced performance 

of a single pile and a pile group (Loganathan et al., 2000). Three tests of 6 m (19.7 ft) 

diameter tunnel with different tunnel depths such as 15 m (49.2 ft) for test 1, 18 m (59.0 ft) 

for test 2 and 21 m (68.9 ft) for test 3 were studied. The ground settlement analysis was 

carried out under undrained condition and the volume loss value of 1% was considered for 
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all tests. Figure 4-28 shows Model validation for surface vertical settlement and Figure 4-

29 represents the subsurface ground settlements above the pipe’s crown. All geotechnical 

soil properties were summarized in Table 4-12. The results for surface settlements, 

subsurface settlements and horizontal movements for Tests 2 and 3 and also additional 

test at depth 25 m below surface ground are presented in Appendix A. Box with the same 

cross-sectional area (A=28.3 m2) and width (W=D=6 m) was modeled. Appendix B 

presents results for comparison of pipe and box at different depth of installations.  

 Results for finite element modeling as presented in figure 4-28, shows reasonably 

good agreement with the Gaussian normal distribution curve and measured data. However, 

there is an under-predicted value for maximum surface settlement at the tunnel crown and 

wider values at the far field. The calculated value of volume loss from FEA is 0.9%, which 

is almost the same as expected. On average, almost 50% of full loads at the pipe invert 

(25% of tunnel periphery at the bottom) was kept in order to reduce unrealistic heave at 

the tunnel invert.  

 

Figure 4-28 Model Validation for Centrifuge Test 1 
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Figure 4-29 Subsurface Settlement above the Crown (Centrifuge Test 1) 

Case 2: Centrifuge Test in Soft Clay 

 Ong (2007) reported the result for a centrifuge test with 60 mm (2.36 ft) diameter 

of model tunnel (i.e., 6 m (19.7 ft) diameter in prototype scale) under 100 g acceleration. 

Test was carried out in the Geotechnical Centrifuge Laboratory, National University of 

Singapore using soft clay condition from a slurry of Malaysian kaolin clay. The tunnel depth 

to diameter, H/D ratio of 2.5 was considered for the centrifuge test. A green field soil 

settlement due to tunneling with a volume loss value of 3.3% was examined. Figure 4-30 

shows model validation for surface vertical settlement.  
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Figure 4-30 Model Validation for Surface Settlement 

Case 3: Green Park Tunnel 

 A tunnel of approximately 4.14 m (13.6 ft) diameter was excavated through stiff 

fissured heavily over-consolidated London clay to create the Green Park 60 Tunnel at UK 

[Attewell and Farmer (1974), cited by Loganathan and Poulos (1998)]. The tunnel was 

excavated manually at 29.4 m (96.5 ft) below ground level. Undrained analysis with volume 

loss of 1.6% was used for the FE analysis as per recorded field data from the project. 

Figure 4-31 shows Model validation for surface vertical settlement. Unlike other methods, 

analytical methods give underestimated surface settlement value for the same volume loss 

value of 1.6%. Numerical approach shows a well-fitted data at the centerline and wider 

results at the far field with an estimated volume loss of 2% (25% over estimation). Table 4-

12 presents geotechnical soil properties, tunnel geometry and construction method for this 

project. 
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Figure 4-31 Model Validation for Surface Settlement 

Case 4: Heathrow Express Trial Tunnel  

 The Heathrow express trial tunnel, an open face tunnel of 8.5 (28.0 ft) m diameter 

as presented in detail in Table 4-12, was excavated for a link between central London and 

Heathrow Airport. A tunnel was located at 29 m (95.2 ft) depth below ground level. The soil 

consists of stiff London clay with Cu of 50 to 250 kPa. Details of tunnel and soil information 

and field measurements were stated in Deane and Bassett (1995), and Loganathan and 

Poulos (1998). The undrained volume loss of 1.4% obtained from empirical data was 

adopted for the FE analysis. The boundary, which is 5-D in the lateral direction and 2-D 

from the tunnel axis to the bottom boundary, satisfies the lateral and bottom boundary 
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effects. Figure 4-32 shows Model validation for surface vertical settlement. The volume 

loss value obtained from FEA is 1.49%, which is almost perfectly fitted to the measured 

data. Both numerical and analytical methods illustrate under estimated values while the 

empirical method shows more realistic value as compared to measured data. 

 

Figure 4-32 Model Validation for Surface Settlement 

CHAPTER SUMMARY 

 This chapter presented research methodology including model generation, 

sensitivity analysis and 2-D tunneling simulations. Various real-life case histories for box 

jacking, pipe jacking and tunneling methods were introduced. Finite element simulation 

procedure was adopted for each model and the results were used in comparison with real 

life case studies for validation and accuracy. 
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Table 4-12 Soil Properties, Tunnel Geometry and Construction Methods for Tunneling Projects (Adapted from Su, 2015) 

Cases 

Geometry 

Volume 

Loss 

VL (%) 

Soil Type 

Geotechnical Soil Properties 

Excavation 

Method 
References 

Tunnel 

Diameter (D), 

m (ft) 

Depth to  

Axis (H), 

m (ft) 

H/D 

Unit Weight 

kN/m3 (lb/ft3) 

Modulus of 

Elasticity 

MPa (psi) 

Friction 

Angle 

(Degree) 

Cohesion 

kPa (psi) 

Centrifuge 
Test 1 

6 (19.7) 

15 (49) 2.5 

1 
Stiff Kaolin 

Clay 
16.5 (106) 30 (4,351) 0 

75 

(10.9) 

- 
Loganathan 
et al., (2000) 

Centrifuge 
Test 2 

18 (59) 3 

Centrifuge 
Test 3 

21 (69) 3.5 

Centrifuge 
Test 

6 (19.7) 15 (49) 2.5 3.3 Kaolin Clay 
16.39 

(105.3) 
5.2 (754) 23 

20 

(2.9) 

- 
Ong et al., 

(2000) 

Green Park 
Tunnel 

4.14 (13.6) 29.4 (96) 7.1 1.6 
Stiff 

Fissured 
Clay 

19 (122) 40 (5,800) 0 
175 

(25.4) 
Hand 

Loganathan 
and Poulos 

(1998) 

Heathrow 
Express 

Trial Tunnel 
8.5 (27.8) 19 (62) 2.2 1.4 

Stiff London 
Clay 

19 (122) 35 (5,076) 0 
160 

(23.2) 

Open Face 
Shield 

Tunneling 

Loganathan 
and Poulos 

(1998) 
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 RESULTS AND DISCUSSION  

 This chapter presents the results for underground construction of different pipes 

and boxes in specific soil conditions based on the case histories discussed in Chapter 4. 

In Chapter 5, the following parameters are studied: 

1. Vertical surface and subsurface settlements induced by box from medium to 

large size installation, 

2. Vertical surface and subsurface settlement induced by pipe installation, 

3. Effect of box height (rise) on surface and subsurface settlement, 

4. Effect of box width (span) on surface and subsurface settlement, 

5. Effect of soil condition (sand and clay) on both pipe and box installations, 

6. Effect of overcut excavation (volume loss) on surface settlement, 

7. Horizontal soil movement induced by pipe and box installations at different 

installation depths, 

8. Effect of layered soil on vertical and horizontal ground settlement. 

LOAD DISTRIBUTION AROUND THE PIPE AND BOX 

 The nature of load distribution around the box and pipe is completely different as 

shown in Figures 5-1 and 5-2. This difference lead to different ground settlement around 

the structure and on the ground surface. Pipes are able to distribute loads more uniformly 

so with the same structural thickness, a circular cross section shows less deformation than 

rectangular one. Another difference between pipe and box is the difference between 

overcut excavations around pipe and box. In the other words, the maximum gap in pipe is 

at pipe crown but there is approximately uniform over excavation around the box.  
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Figure 5-1 Soil Load Distribution around Buried Box 

 

Figure 5-2 Horizontal and Vertical Soil Load Distribution around Buried Pipe 

EFFECT OF BOX WIDTH ON SURFACE AND SUBSURFACE SETTLEMENT 

Sandy Soils 

 Dilation of the ground above the tunnel may occur in sandy soils during the period 

of settlement but the expansion is likely to be quite small in loose cohesionless soils 

(O'Reilly et al., 1980). The stress relaxation is different over pipe and box crown due to 

different geometry and different soil movements around both structures.  
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Boxes with different geometries (i.e., different W/H1 and same cross-sectional 

area) show different surface and subsurface settlements. A series of studies were carried 

out to investigate effect of box geometry in sandy soil conditions using the data obtained 

from the TxDOT Project at Vernon. Five different box widths range from 1.1 m (3.6 ft) to 

2.4 m (7.9 ft) were generated for this study. The box rise (height) were calculated in a way 

that the box cross-sectional area was kept the same as the original box with net area equal 

to 2.16 m2 (23.25 ft2). The depth to axis for all boxes were equal to 7.3 m (23.9 ft). Table 

5-1 shows box dimensions.  

 Figure 5-3 illustrates relationship between vertical settlement above box centerline 

and box span (W) and Figure 5-4 shows ground surface settlements for different box sizes. 

Box span was nearly doubled in size from 1.1 m (3.6 ft) to 2.4 m (7.9 ft). The ground surface 

settlement was also doubled while the settlement just over the crown showed a four-time 

increase (10 mm (0.4 in.) for H/W=5.2 to almost 40 mm (1.58 in.) for H/W=3.0). This clearly 

shows the direct relationship between box span and vertical settlement. However, this 

conclusion might not be always true where box with H/W=5.2 found to have less subsurface 

settlement than box with H/W=6.6. The reason is probably because the latter has less 

perimeter than the former. Therefore, it allows for less soil settlement around the box so 

causes less overall ground settlement than expected.  
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Table 5-1 Box Dimensions 

Depth to 
Axis 

 (H), m (ft) 

Box Span  

(W), m (ft) 

Box Rise 

 (H1), m 
(ft) 

Perimeter 

m (ft) 
H/W 

Equivalent 
Diameter  

(D), m (ft) 

H/D 

7.3 (24) 

1.1 (3.6) 2.0 (6.6) 6.2 (20.4) 6.6 

1.66 (5.4) 4.4 

1.4 (4.6) 1.55 (5.1) 5.9 (19.4) 5.2 

1.6 (5.2) 1.35 (4.3) 5.9 (19.4) 4.6 

1.8 (5.9) 1.2 (3.9) 6.0 (19.6) 4.0 

2.4 (7.9) 0.9 (3.0) 6.6 (21.8) 3.0 

 

 

Figure 5-3 Relationship between Subsurface Ground Settlements and Box Sizes 
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Figure 5-4 Relationship between Surface Ground Settlements and Box Sizes 

 Another finite element analysis was carried out to investigate the effect of pipe and 

box shape on surface ground settlement. Similar to previous model, the same cross-

sectional area and same depth to axis was selected and FE models were generated for 

both pipe and box sections so, a depth to diameter (H/D) ratio of 4.4 was considered for all 

analyzes. The excavated area for the box jacking project was 2.16 m2 (23.25 ft2), which is 

equal to a volume loss of 9.26%. The same volume loss was applied to the pipe with a total 

gap area of 75 mm (2.95 in.) above the pipe crown. The result is presented in Figure 5-5. 

Pipe with the same cross-sectional area shows 60% less vertical settlement than box due 

to different load distribution pattern as shown in Figure 5-1. Table 5-2 presents the results 

obtained from finite element analysis. 
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Table 5-2 Settlement Trough Parameters 

Type i, m (ft) SV max, mm, (in.) 

Box 4.28 (14.0) 9.56 (0.38) 

Pipe 4.23 (13.9) 5.88 (0.23) 

  

 

Figure 5-5 Effect of Structural Geometry on Ground Surface Settlement 

EFFECT OF OVERCUT EXCAVATION IN SAND 

 Sandy Soil 

 Figure 5-6 illustrates relationship between size of overcut excavation and 

maximum surface settlement in box installation for the installation depth of 6.7m, (H/W=4) 

with 50 mm (1.97 in.) overcut. As shown in Figure 5-6, maximum surface settlement 

increases with increase in size of overcut excavation. However, it shows a reduction trend 

with overcut increase as it was supposed to show an increase in volume loss or vertical 

settlement. One reason for this it that the analysis was conducted based on immediate box 

installation. Therefore, soil had no time for final relaxation and collapsing into the overcut 
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area. The Gaussian method as shown in Figure 5-6 shows an overestimate values 

compared to field data (18 mm (0.71 in.) compared to 11.5 mm (0.45 in.)). Figures 5-7 and 

5-8 show the schematic results from numerical analysis for the effect of overcut on pipe 

and box respectively. 

 

Figure 5-6 Relationship between Overcut Excavation and Maximum Surface Settlement 

 Pipe and box with the same width (diameter) also follow different settlement 

patterns. Another study was carried out to investigate the effect of same structure width by 

keeping box width (W) equal to pipe diameter (D). The box width from past analysis 

(W=D=1.8 m) was used for this study as well. It resulted in 18% higher cross-sectional area 

of pipe compared to the box section. The study aimed to study the effect of overcut for 

different structural shapes at different depth of installations in sandy soil condition (silty 

sand) as shown in Figure 5-9. It was observed that the box even with smaller cross-

sectional area still showed higher maximum surface settlement. For the structure installed 

in shallower depths, there was higher surface settlement with an increasing trend with 
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increasing in overcut excavation. The reason can be explained by Terzaghi’s vertical stress 

theory (Chapter 2). In the other words, in the shallower depths, soil’s stress relaxation is 

not mobilized well so it tends to collapse into the gap area. According to Figure 5-10, 

vertical stress is mobilized well and does not transfer the whole settlement to the surface 

ground but almost all settlements are transferred to the ground surface in the shallow 

installations as illustrated in Figure 5-11. 

 

Figure 5-7 Effect of Overcut on Vertical Soil Settlement on Pipe 

 

Figure 5-8 Effect of Overcut on Vertical Soil Settlement on Box 
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Figure 5-9 Relationship between Installation Depth and Maximum Surface Settlement for 
Different Overcut Excavations 

 Excavation in sand is very dependent to gap size and shape of excavation. 

Subsurface ground settlement varies significantly for box installation at depth 7.3 m (11.5 

ft) when the overcut changes from 20 mm (0.79 in.) to 80 mm (3.15 in.). However, it 

becomes less dependent when pipe is installed. The pattern is similar in shallow pipe and 

box installations. Although pipe shows less settlement than box, they both are very 

dependent to size of overcut installation. 
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Figure 5-10 Comparison of Subsurface Settlement for Box and Pipe with Different 
Overcut Excavation (Depth to Axis= 3.5 m (24.0 ft)) 

 Layered Soil 

 The model in layered sandy soils also showed very similar pattern to results shown 

in Figure 5-6. Finite element analysis was based on the results obtained from Navarro 

County Project (Figure 4-24) for box installations with cover depth of 1.8 m (5.9 ft) with 

W/H1 ratio of 2.25 and volume loss equal to 8.0% (calculated from volume loss equal to 

overcut area). Study was performed further for volume losses of 5% and 2.5%. Results are 

presented in Figure 5-12. The results show that the construction depth has a major impact 

on maximum surface settlement for all volume loss values.  
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Figure 5-11 Comparison of Subsurface Settlement for Box and Pipe with Different 
Overcut Excavation (Depth to Axis= 3.5 m (11.5 ft)) 

 Discussion on Ground Settlement in Sand 

 Figure 5-13 shows the effect of box width (W) on surface ground settlement. They 

all were considered in shallow depth of installations. Axis depth to width ratio (H/W) was 

0.9, 2.0 and 3.7 for installation depths of 2.4 m, 5.5 m and 10.0 m respectively. When the 

installation depth is approximately doubled from 2.4 m to 5.5 m, an approximate 50% of 

the original vertical settlement is transferred to the surface ground, which is significant. The 

transferred volume loss keeps a substantial value of 40% when the installation depth is 

increased by four times. However, the vertical settlement in terms of equivalent pipe 

diameter to depth ratio (H/D) shows shallow to deep installation (1.45, 3.33 and 6.0), which 

is unable to interpret this huge volume loss. 
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Table 5-3 Settlement Trough Parameters for Shallow depth Box Installations 

Depth 
m (ft) 

i 
m 
(ft) 

OC= 50.0 mm 
(1.97 in.) 

OC= 30.0 mm 
(1.18 in.) 

OC= 16.0 mm 
(0.63 in.) 

Smax 
mm 
(in.) 

Calculated 
i 

m (ft) 

Smax 
mm 
(in.) 

Calculated 
i 

m (ft) 

Smax 
mm 
(in.) 

Calculated 
i 

m (ft) 

-2.4 
(7.9) 

1.08 
(3.5) 

-24.55 
(0.97) 

1.08 
(3.5) 

-20.75 
(0.82) 

1.10 
(3.6) 

-11.35 
(0.45) 

1.10 
(3.6) 

-5.5 
(18.0) 

2.48 
(8.1) 

-12.53 
(0.49) 

2.74 
(9.0) 

-11.00 
(0.43) 

2.76 
(9.0) 

-6.31 
(0.25) 

2.76 
(9.1) 

-10 
(32.8) 

4.5 
(14.
8) 

-9.24 
(0.36) 

5.11 
(16.8) 

-8.29 
(0.33) 

5.23 
(17.2) 

-4.48 
(0.18) 

5.23 
(17.2) 

 

 

Figure 5-12 Relationship between Surface Settlement and Depth 
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Figure 5-13 Comparison between Surface Settlement and Overcut Excavation  

EFFECT OF CONSTRUCTION IN CLAYEY SOIL 

 Pipe jacking project with hand mining excavation was selected from Marshall, 

(1998) in clayey soil, which was underlain by terrace gravel soil layer. Marshall, (1998) 

reported the results for 8 days and 35 days after the pipe jacking operation was completed. 

Results obtained from field measurement have a very good agreement with the Gaussian 

Normal Distribution Curve. For FE analysis, total stress analysis was conducted for 

undrained condition in clayey soil. According to Marshall (1998), there was an average 30 

mm (1.81 in.) maximum gap (OC) between pipe and excavated ground at the crown, which 

was equal to total volume loss of 3.36%. Using equation 2-4, a maximum ground surface 

of 9.35 mm (0.37 in.) was calculated at the centerline as shown in Figure 4-27. 
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 The study was carried out to simulate the effect of box jacked operation with same 

cross-sectional area and to study the effect of vertical ground settlement at different depth 

of installations for pipe and box. Similar to the past studies, box width was equal to pipe 

diameter and a total overcut of 18.33 mm (0.72 in.) was equally applied around the box. 

Trough width parameter of 0.35 was selected for sandy soils and 0.5 for clayey soils. 

Settlement trough width (i) was calculated from the equation developed by O’Reilly and 

New (1991) as previously presented in Table 3-2. 

 Table 5-4 compares i parameter from finite element analysis for pipe and box and 

empirical method from Peck, 1968. Unlike sandy soils, surface settlements for both pipe 

and box in almost all installation depths are the same in the clayey soil. However, the 

results obtained from FEA show greater settlement trough than the analytical study, which 

gives wider and shallower surface settlement curve compared to empirical curve (Figure 

5-14). Results from FEA for pipe and box at various depths are presented in Figure 5-15.  

Table 5-4 Comparison between Finite Element and Empirical Method 

Depth to 
Axis m, (ft) 

Settlement Trough Width, i, m (ft) Volume Loss (%) 

Pipe Box 
Gaussian 

Curve 
Pipe Box 

Gaussian 
Curve 

3.5 (11.5) 1.24 (4.1) 1.23 (4.0) 1.23 (4.0) 2.15 2.48 

3.36 

5.5 (18.0) 2.90 (9.5) 2.75 (9.0) 2.15 (7.1) 3.33 3.38 

8.5 (27.9) 4.32 (14.2) 4.68 (15.4) 3.65 (12.0) 3.49 3.61 

12.5 (41.0) 6.00 (19.7) 6.33 (20.8) 5.65 (18.5) 3.63 3.43 

18.0 (59.0) 8.65 (28.4) 8.74 (28.7) 8.40 (27.6) 4.24 4.20 
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Figure 5-14 Comparison between Finite Element and Analytical Method  

 

Figure 5-15 Comparison between Surface Settlement in Pipe and Box at Different 
Installation Depths 

-10

-8

-6

-4

-2

0

-20 -15 -10 -5 0 5 10 15 20
Su

rf
ac

e 
Se

tt
le

m
en

t 
(m

m
)

Distance from Centerline (m)

Pipe- H=8.5 m Box- H=8.5 m Gaussian Curve

-14

-11

-8

-5

-2

1

-40 -30 -20 -10 0 10 20 30 40

Box- H=5.5 m Box- H=8.5 m Box- H=12.5 m

Pipe- H=8.5 m Pipe- H=12.5 m Pipe- H=5.5 m



116 

 Results from maximum surface settlement and depth for pipe and box was plotted 

in Figure 5-16. It showed good fit between FEA and analytical method. However, maximum 

surface settlement in nearly shallow installation depths (H/D below 4) was underestimated 

by the finite element method. The field data and finite element analysis in layered clayey 

soil showed that the surface ground settlement in pipe jacking project fitted reasonably well 

to the analytical method. However, in hand mining excavation compared to closed face 

excavation, a larger overcut area was excavated and no face pressure was applied so 

lager volume loss was usually expected. It is also worth noting that the results from FEA 

are closer to the analytical method at the deeper installations and closer to empirical 

method at the shallower installations. 

 

Figure 5-16 Relationship between Maximum Surface Settlement and Depth 
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EFFECT OF LARGE SIZE TUNNEL CONSTRUCTION IN SOFT CLAY 

Laboratory Test (Ong, 2007) 

 Centrifuge laboratory test results for a 6 m (19.7 ft) tunnel diameter was selected 

for large size tunneling in soft clay. Ong, (2007) reported laboratory test results. Su (2015) 

plotted the relationship between volume loss and maximum surface settlement based on 

the results from FE analysis and found good match between the FEA and laboratory 

results. The results are presented in Figure 5-17. However, in higher volume losses 

(greater than 5%) FEM underestimated the maximum surface settlement results by 

approximately 17% compared to Gaussian method whereas only 3% by centrifuge test 

(Su, 2015).  

 The FE analysis was continued by adding two boxes with the same pipe cross-

sectional area as shown in Table 5-5. 

Table 5-5 Box Geometries in FE Analysis 

Depth to Axis 

 (H), m (ft) 

Box Span  

(W), m (ft) 

Box Rise 

 (H1), m (ft) 

H/W H/D 

15 (49.2) 

4.4 (14.4) 6.0 (19.7) 3.4 

2.5 

6.0 (19.7) 4.4 (14.4) 2.5 
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Figure 5-17 Relationship between Maximum Surface Settlement and Volume Loss 

 Results from box with H/W=3.4 showed similar maximum surface settlement to the 

pipe. Box with smaller width also showed less ground settlement than pipe. The analysis 

on the effect of box size also confirmed an underestimate surface settlement value as 

mentioned by Su (2015). 

For the stiff clay with the same volume loss (1.6%) analyzes showed slightly higher 

settlement in box with width equal to pipe diameter. The study was conducted using data 

obtained from Green Park Tunnel from Loganathan and Poulos (1998). Larger ground 

surface settlement was observed in stiff clay than normal clay. This is because no soil 

relaxation was occurred while the tunnel was excavated resulting in an immediate volume 

change, which was fully transferred to the ground surface. Another important factor is the 

effect of depth of installation where the tunnel was constructed 29.4 m (96.5 ft) below 
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ground surface. As shown in Figure 5-18, the FE results for box showed higher ground 

settlements than other predictive methods in deep installation and less in the shallower 

depth of installations. 

 

Figure 5-18 Relationship between Maximum Surface Settlement and Depth 

Effect of Subsurface Settlement above Tunnel Crown 

 Effect of soil on subsurface ground settlement was studied in the past section. 

Results for box and pipe installation in stiff clay condition for deep installation (Green Park 

Tunnel) and shallow installation (Heathrow Express Trial Tunnel) as shown in Figures 5-

19 and 5-20 respectively. The result from former case study showed higher settlement in 

box than pipe according to Figure 5-19 and almost the same vertical settlement over the 

crown for both pipe and box. Results from finite element analysis for pipe had a good match 

with data obtained from field measurement (Attewell and Farmer, 1974). For the latter case 

study, surface ground settlement was underestimated by finite element analysis for both 
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pipe and box, but it showed more accurate results as the measurements approached 

tunnel crown. 

 

Figure 5-19 Subsurface Settlements above Centerline (Green Park Tunnel) 
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Figure 5-20 Subsurface Settlements above Centerline (Heathrow Express Trial Tunnel) 

Effect of Subsurface Settlement Trough 

 Similar to surface settlement, box with W≥ D showed higher subsurface settlement 

trough than pipe. Study was conducted based data from Heathrow Express Trial Tunnel. 

Figure 5-21 compares finite element results for subsurface settlement trough at depth 3 m 

(9.8 ft), 5 m (16.4 ft) and 10 m (32.8 ft). Compared to Gaussian Distribution Curve, FE 

analysis underestimated the maximum surface settlement. To overcome with the same 

volume loss, a larger settlement trough parameter was obtained from the numerical 

-20

-16

-12

-8

-4

0

-80 -70 -60 -50 -40 -30 -20 -10 0
D

ep
th

 t
o

 A
xi

s 
(m

)

Subsurface Settlement (mm)

Field (Deane and Bassett, 1995)

Analytical Method (Loganathan and Poulos, 1998)

Box (H/W=2.24)- FEM

Pipe- FEM

Box (H/W=1.9)- FEM

Empirical Method (Mair et al., 1993)



122 

analysis (13.8 versus 9.5). Table 5-6 compares settlement trough width between pipe and 

box. The trough width parameter for pipe is approximately in good fit with the slope of curve 

proposed by Mair et al., (1993) as shown in Table 3-3. 

Table 5-6 Calculated Settlement Trough Width for Pipe and box 

Tunnel Shape 

Settlement Trough Width, i, m (ft) 

di/dz 

Depth=0 m Depth=3 m Depth=5 m Depth=10 m 

Pipe 11.86 11.47 11.03 8.65 -0.321 

Box (H/W=2.24) 11.20 10.80 10.34 8.65 -0.255 

Box (H/W=1.9) 10.91 10.57 10.17 8.91 -0.2 
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Figure 5-21 Subsurface Settlement at Depth 3 m, 5 m and 10 m 
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Effect of Horizontal Displacement 

 Horizontal (lateral) displacement of soil for pipe at distances of 9 m (29.5 ft) and 6 

m (19.7 ft) from vertical centerline were presented in Figures 5-22 and 5-23 respectively. 

This study was carried out based data from Heathrow Express Trial Tunnel. The results 

from FEA were compared to analytical and field data measurements. The horizontal 

settlement analysis was continued 7 m (23 ft), after tunnel invert (depth= 30 m). Maximum 

lateral settlement occurred exactly at the tunnel springline. However, maximum horizontal 

displacement was overestimated at farther distances by the analytical method. There was 

a very good fit between field measurements and finite element analysis as shown in 

Figures 5-22 and 5-23.  

Below the tunnel invert, settlements calculated from analytical and numerical 

methods were observed to diminish at a rapid rate with depth. At depth below 30 m (100 

ft), FEA showed a horizontal heave, which was dissipated at the bottom of soil boundary 

at depth 40 m (130 ft), due to the boundary constrains. However, the heave existence 

cannot be confirmed because no field data was available below 30 m, so It may need 

deeper soil boundary (probably 50 m (160 ft)) until it can make sure that the boundary 

condition is not affecting the horizontal soil displacement. Appendix A provides more FE 

results for horizontal displacement based on Centrifuge Tests by Loganathan (2000). 
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Figure 5-22 Horizontal Soil Displacement vs. Depth at x= 9 m (29.5 ft) from Tunnel 
Centerline 

 

Figure 5-23 Horizontal Soil Displacement vs. Depth at x= 6 m (19.7 ft) from Tunnel 
Centerline 
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COMPARISON OF HORIZONTAL DISPLACEMENT IN PIPE AND BOX 

The lateral settlement of soil at various distances of 6 m (19.7 ft), 9 m (29.5 ft), 15 

m (49.2 ft) and 30 m (98.4 ft), from the tunnel vertical centerline for Heathrow Express Trial 

Tunnel were presented in Figures 5-24 through 5-27. As mentioned before, two box tunnels 

with different sizes were considered for this study. Box with span (width) of 10 m (32.8 ft) 

and span to depth ratio of 1.9 m (6.2 ft), showed higher horizontal displacements at lateral 

distance of 6 m (19.7 ft). However, an immediate settlement reduction occurred at lateral 

distance of 9 m (29.5 ft) from tunnel centerline. However, it still showed greater settlements 

at the surface for all case studies. Horizontal soil displacement for box and pipe with same 

diameter showed almost the same trend for all cases. 

 

Figure 5-24 Horizontal Soil Displacement vs. Depth at x= 6 m (19.7 ft) from Tunnel 
Centerline 
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Figure 5-25 Horizontal Soil Displacement vs. Depth at x= 9 m (29.5 ft) from Tunnel 
Centerline 

 

Figure 5-26 Horizontal Soil Displacement vs. Depth at x= 15 m (49.2 ft) from Tunnel 
Centerline 
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Figure 5- Horizontal Soil Displacement vs. Depth at x= 30 m (98.4 ft) from Tunnel 
Centerline 

DISCUSSION ON EMPIRICAL GROUND SURFACE PREDICTION MODELS 

 As discussed in Chapter 3, various models are developed to increase the accuracy 
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5-32 compares between the performed numerical analysis in various soil conditions, tunnel 

shape and depth of installation as categorized from shallow installation to deep installation. 

Vorster (2005) suggested Modified Gaussian Curve to better fit the surface settlement for 

centrifuge test results as the Gaussian Curve was not satisfactory to accurately describe 
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(n=0.5) was selected for Modified Gaussian Curve and the results were compared to the 

results from current study. Figure 5-28 shows the results from Green Part Tunnel as a case 

study for deep tunnel construction in clayey soil. The field data fitted with Gaussian method 

while the FE curve agreed with the Modified Gaussian Curve. Yield Density model showed 

very narrow results while Jacobsz model showed wider curve at the far fields. 

 

Figure 5-27 Comparison of Empirical Ground Surface Models- Deep Pipe Installation 
(Green Park Tunnel) 
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 Vertical ground settlement for very deep box installation in stiff clay also showed 

good fit between Modified Gaussian Curve and numerical analysis while Jacobsz method 

still showed a wider curve in far fields as shown in Figure 5-29. 

 The trend in vertical surface settlement in shallow box installation in sandy soils 

was different from deep installation where the curve for numerical analysis agreed more 

with Gaussian Distribution Curve (see Figure 5-30 for data from Navarro box installation). 

Modified Gaussian Curve predicted the surface settlement very good from the centerline 

to near inflection point. For the box in deep installation in sandy soil as shown in Figure 5-

31 (Vernon Project for layered soil, B1), there was an agreement between Gaussian Curve 

and FEA from the centerline to the inflection point and then showed good fit between 

Modified Gaussian Curve and FEA from inflection point to the far field. This was exactly 

similar to deep pipe installation (Marshall, 1998). 

 In conclusion, the Jacobsz method and yield Density Method do not predict the 

surface settlement well enough but both Gaussian and Modified Gaussian Curves are able 

to predict the vertical soil settlement for both pipe and box in different soil conditions.  
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Figure 5-28 Comparison of Empirical Ground Surface Models- Deep Box Installation in 
Clay (Green Park Tunnel) 

 

Figure 5-29 Comparison of Empirical Ground Surface Models- Shallow Box Installation in 
Sand (Navarro County Project) 
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Figure 5-30 Comparison of Empirical Ground Surface Models- Deep Box Installation in 
Sand 
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Figure 5-31 Comparison of Empirical Ground Surface Models- Deep Pipe Installation in 
Layered Clayey Soil (Marshall, 1998) 

DISCUSSION ON EFFECT OF VERTICAL STRESS ABOVE PIPE AND BOX 

 Figures 5-33 and 5-34 present effect of vertical stress over pipe and box for models 

generated form data obtained from Heathrow Express Trial Tunnel at depth 5 m (16.4 ft) 
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vertical stresses for pipe at both cases are less than that for box. This means for the same 

overcut, less stress distribution occurs over the pipes than box. In addition, effect of box 

span (width) can be seen in Figure 5-33. Vertical stress above box with smaller span is 

higher so less stress distribution occurs, and less ground settlement can be predicted. 

Figure 5-35 shows vertical stress contour above box from numerical analysis in Abaqus. 
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Figure 5-32 Vertical Stress above Pipe and box at Depth 5 m 

 

Figure 5-33 Vertical Stress above Pipe and box at Depth 10 m 
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Figure 5-34 Vertical Stress Contour above Box 

CHAPTER SUMMARY 

 This chapter presented results from finite element for pipe and box jacking in 

various soil conditions, depths and pipe/box sizes. Effect of overcut excavation in box 

jacking and volume loss in fine soils were also discussed. Results showed that box with 

same cross-sectional area and its width equal to pipe diameter, had greater surface, 

subsurface and horizontal soil displacement than pipes. It was also observed that empirical 

and analytical predictive methods could be applied for box with the same cross-sectional 

area as pipe. Other empirical methods such as Modified Gaussian Curve were fitted to the 

curves obtained from numerical analysis.  
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

CONCLUSIONS 

 The advances in trenchless construction technology have brought many new 

tunnel installation methods in recent years. For example, box installations with high span 

sizes are carried out successfully in the world. A method of excavation is being developed 

where rectangular TBMs are reducing the size of the overcut and vertical surface 

settlements. Circular tunnels are still popular where the excavation methods are from hand 

excavation and microtunneling for the small to medium tunnel sizes and tunnel boring 

machines for large size tunnels. Various methods of underground pipe installation such as 

pipe jacking or segmental linings are selected based on the soil conditions, tunnel size, 

above surface conditions and project conditions.  

 In this dissertation, tunneling, pipe/box jacking, and ground conditions were 

simulated using finite element method and soil settlement was applied to the tunnel by 

applying step-by-step stress reduction method. Since the ground settlement is a rapid 

settlement, total stress condition was chosen for all soil types to consider the effect of 

undrained soil condition. The following summarizes the parameters considered in this 

study: 

 Methods of tunnel construction with emphasis on hand mining and open shield 

tunneling, 

 Soil condition from coarse materials to fine materials (sand and clay), 

 Tunnel shape (circular or rectangular), 

 Depth of installation, 

 Volume loss or overcut size, 

 Tunnel size, 

 Surface and subsurface ground settlement, and 
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 Comparison of empirical, analytical and numerical methods for settlement 

prediction. 

 Simulated results from numerical analysis were compared to real-life case 

histories, empirical and analytical methods. Ground settlement pattern induced by pipe or 

box installations showed similarity between all methods. However, the magnitude of 

settlement was a function of overcut size (volume loss), soil conditions, tunnel shape, and 

tunnel depth from the ground surface. Various real-life case histories were selected from 

the literature to determine the effects of such parameters on vertical and horizontal ground 

displacements over the box and pipe. The most important findings of this research can be 

summarized as below: 

 Boxes with the same cross-sectional areas and same overcut sizes with pipes 

show higher surface ground settlements than pipes in almost all soil 

conditions. 

 Size of overcut excavation has a direct impact on vertical surface settlement. 

However, in sandy soils it presents a nonlinear relationship between size of 

overcut and surface settlement. In clayey soils, findings agree reasonably well 

with empirical method. 

 Depth to axis to box width (span) ratio can be used as a surface settlement 

indicator. In other words, the less ratio, the higher surface and subsurface 

ground settlement and vice versa. 

 There is no logical relationship between box height (rise) and surface ground 

settlement.  

 Box with width equal to height (W=H1) almost is an ideal box size because, in 

most cases, in has almost the minimum surface ground settlement as 

compared to other box shapes with the same cross section area. 
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 Total volume loss in clayey soil was transferred to the surface compared with 

40% to 50% in sandy soil conditions.  

 In general, Gaussian distribution curve was not able to estimate surface 

ground settlement accurately. This method overestimated maximum vertical 

surface settlement and underestimated settlement trough width. 

 Other empirical methods such as Modified Gaussian distribution curves were 

able to accurately predict surface ground settlement. 

 Vertical stress on top of box was minimum on the box centerline and increased 

until it reached its maximum on the edge of box. Then, it decreases away from 

the edge of box to reach expected value (e.g., 𝛾H). 

 Higher soil stress disturbance above box than pipe was the most important 

factor causing higher surface settlement in boxes. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

 Based on the conclusions and findings of this study, the following 

recommendations for future study of ground settlement induced by trenchless technology 

constructions are provided: 

 Consider the effects of live load on vertical surface and subsurface settlement 

 Consider the effects of above ground structures on surface ground settlement 

induced by box and pipe installation. 

 Study the effects of other trenchless technologies such as HDD, Pipe Bursting 

or Pipe Ramming on surface and subsurface ground settlement. 

 Take into account effects of face loss on surface settlement with an emphasis 

on box with different installation depths. 

 Develop the current study with 3-D modelling and compare the results with 2-

D analyzes. 
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 Consider the effects of grouting on short-term and long-term surface 

settlements.  
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APPENDIX A – CENTRIFUGE TEST RESULTS 

 (Loganathan et al., 2000) 
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Figure A-1 Surface Settlement Results (Centrifuge Test 1) 

 

Figure A-2 Subsurface Settlement Results (Centrifuge Test 1) 
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Figure A-3 Horizontal Displacement 5.5 m from Tunnel Centerline (Centrifuge Test 1) 

 

Figure A-4 Subsurface Settlement Results (Centrifuge Test 2) 
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Figure A-5 Horizontal Displacement 5.5 m from Tunnel Centerline (Centrifuge Test 2) 

 

Figure A-6 Surface Settlement Results (Centrifuge Test 2) 
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Figure A-7 Subsurface Settlement Results (Centrifuge Test 3) 

 

Figure A-8 Horizontal Displacement 5.5 m from Tunnel Centerline (Centrifuge Test 3) 
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Figure A-9 Surface Settlement Results (Centrifuge Test 3) 

  

Figure A-10 Subsurface Settlement Results for Pipe (Depth to axis= 25 m) 
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Figure A-11 Horizontal Displacement 5.5 m from Tunnel Centerline (Depth to axis= 25 m) 

 

Figure A-12 Surface Settlement Results (Depth to axis= 25 m) 
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Figure A-13 Relationship between Maximum Surface Settlement and Depth
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APPENDIX B – COMPARISON OF PIPE AND BOX (FINITE ELEMENT RESULTS) 

(Based on data obtained from Loganathan et al., 2000) 
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Figure B-1 Surface Settlement Results (Depth to Axis= 15 m) 

 

Figure B-2 Subsurface Settlement Results (Depth to axis= 15 m) 
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Figure B-3 Horizontal Displacement 5.5 m from Tunnel Centerline (Depth to axis= 15 m) 

 

Figure B-4 Surface Settlement Results (Depth to Axis= 18 m) 
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Figure B-5 Subsurface Settlement Results (Depth to axis= 18 m) 

 

Figure B-6 Horizontal Displacement 5.5 m from Tunnel Centerline (Depth to axis= 18 m) 
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Figure B-7 Surface Settlement Results (Depth to Axis= 21 m) 

 

Figure B-8 Subsurface Settlement Results (Depth to axis= 21 m) 
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Figure B-9 Horizontal Displacement 5.5 m from Tunnel Centerline (Depth to axis= 21 m) 

 

Figure B-10 Surface Settlement Results (Depth to Axis= 25 m) 
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Figure B-11 Subsurface Settlement Results (Depth to axis= 25 m) 

 

Figure B-12 Horizontal Displacement 5.5 m from Tunnel Centerline (Depth to axis= 25 m) 
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LIST OF ACRONYMS 

 

2-D  Two Dimensional 

3-D  Three Dimensional 

AASHTO American Association of State Highway and Transportation 

ANN  Artificial Neural Network 

ASTM  American Society for Testing and Materials 

BJ  Box Jacking 

EPBM  Earth Pressure Balance Machine 

FEA  Finite Element Analysis 

FEM  Finite Element Method 

H  Depth to Axis 

H/W  Depth to Box Width Ratio 

H1  Box Height (Rise) 

HDD  Horizontal Directional Drilling 

HDPE   High Density Polyethylene Pipe  

HEB  Horizontal Earth Boring 

i  Settlement Trough Width 

LRFD  Load and Resistance Factor Design 

MT  Microtunneling 

MTBM  Microtunneling-Boring Machine 

OC  Overcut 

PJ  Pipe Jacking 

PVC  Polyvinyl Chloride  

RTBM  Rectangular Tunnel Boring Machine 

https://en.wikipedia.org/wiki/American_Association_of_State_Highway_and_Transportation_Officials
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TBM  Tunnel Boring Machine 

TCM  Trenchless Construction Method 

TRM  Trenchless Renewal Method 

TT  Trenchless Technology 

TxDOT  Texas Department of Transportation  

UCS   Unconfined Compressive Strength  

USCS   Unified Soil Classification System 

VL  Volume Loss  

W  Box Width (Span) 
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LIST OF DEFINITIONS 

 

Earth pressure balance (EPB) machine: Type of microtunneling or tunneling machine in 

which mechanical pressure is applied to the material at the face and controlled to provide 

the correct counterbalance to earth pressures to prevent heave or subsidence. The term 

is usually not applied to those machines where the pressure originates from the main pipe 

jacking rig in the drive shaft/pit or to systems in which the primary counterbalance of earth 

pressures is supplied by pressurized drilling fluid (Najafi, 2010). 

 

Heaving: A process in which the ground in front of a tunneling or pipe jacking operation 

may be displaced forward and upward, causing an uplifting of the ground surface (Najafi, 

2010). 

 

Jacking: The actual pushing of pipe or casing in an excavated hole. This is usually done 

with hydraulic cylinders (jacks) but has been done with mechanical jacks and air jacks 

(Najafi, 2010). 

 

Lubrication or Drilling fluid: A mixture of water and usually bentonite and/or polymer 

continuously pumped to the cutting head to facilitate cutting, reduce required torque, 

facilitate the removal of cuttings, stabilize the borehole, cool the head, and lubricate the 

installation of the product pipe. In suitable soil conditions water alone may be used (Najafi, 

2010). 
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Microtunneling: A trenchless construction method for installing pipelines. Microtunneling 

uses all of the following features during construction: (1) Remote controlled, (2) Guided, 

(3) Pipe jacked, (4) Continuously supported (Najafi, 2010). 

 

Pipe jacking: A system of directly installing pipes behind a shield machine by hydraulic 

jacking from a drive shaft, such that the pipes form a continuous string in the ground (Najafi, 

2010). 

 

Trenchless Technology: Also, NO-DIG, techniques for underground pipeline and utility 

construction and replacement, rehabilitation, renovation (collectively called renewal), 

repair, inspection, and leak detection, etc., with minimum or no excavation from the ground 

surface (Najafi, 2010). 

 

Tunnel boring machine (TBM): (1) a full-face circular mechanized shield machine, usually 

of worker-entry diameter, steerable, and with a rotary cutting head. For pipe jacking 

installation, it leads a string of pipes. It may be controlled from within the shield or remotely 

such as in microtunneling. (2) A mechanical excavator used in a tunnel to excavate the 

front face of the tunnel (Najafi, 2010). 

 

Tunnel: An underground conduit, often deep and expensive to construct, which provides 

conveyance and/or storage volumes for wastewater, often involving minimal surface 

disruption (Najafi, 2010). 
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