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ABSTRACT: Large scale underground construction projects, including subway construction projects in six
major cities, have been ongoing in Korea, where residual and granite soils are the most common soil type.
Characteristics of decomposed granite soils are different from those of pure sand and/or clay. This paper presents
an overview of geotechnical aspects of underground construction in urban areas where mostly decomposed
residual soils are present, focusing on mechanical properties, apparent earth pressure, effect of groundwater,
and effect of spatial variability in geotechnical properties. Although several important aspects are theoreti-
cally, numerically, and experimentally discussed herein, it remains a challenge to fully understand residual
soils, particularly in relation to the practice of underground construction, because of their complexity and
richness.

1 INTRODUCTION

Large scale subway construction projects have been
ongoing in six major cities in Korean peninsular.
In particular, underground construction work of sub-
way line No.9 is being carried out under the Seoul
Metropolitan Government along with extension of
subway lines No.7 and No.3. Construction of a new
subway line (Line No.2) will be launched in Incheon
this year and will be finished before the Asian Games
are held in 2014.
Residual and granite soils are themost common soil

type in Korea. Characteristics of decomposed granite
soils are different from those of sand and/or clay.Their
mechanical properties and behaviors vary depending
on the parent rock types and weathering processes.
Moreover, the profile of the ground in Korea is gen-
erally not uniform, isotropic, or homogeneous; mul-
tilayered conditions are common, with ground being
composed of successive layers of fill and/or sedimen-
tary layers, weathered residual soils, and soft to hard
rock. Therefore, conventional/classic soil mechanics
cannot be directly applied to these ground conditions.
In order to provide data and methodologies to enhance
underground construction in areas characterized by the
predominant presence of decomposed residual soils,
this paper presents an overviewof geotechnical aspects
of underground construction in urban areas where
decomposed residual soils are the main ground com-
ponent, focusing on mechanical properties, apparent

earth pressure, effect of ground water, and effect of
spatial variability in geotechnical properties.

2 MECHANICAL PROPERTIES OF RESIDUAL
SOILS

2.1 General

We have intensively studied the characteristics of the
following two residual soils: Shinnae-dong and Poi-
dong soils. The characteristics of the two soils are
documented in Table 1 (i.e., the type of mineral, com-
paction properties, plasticity, and soil classification).
The parent rock of the Shinnae-dong soil is a gran-
ite while that of the Poi-dong soil is a banded biotite
gneiss.The Shinae-dong soil is closer to a cohesionless
soil, predominantly consisting of primary minerals,
with only about 10% of fine particles. On the other
hand, the Poi-dong soil shows clay-like characteristics
due to a large percentage of fine particles and sec-
ondary minerals. The particle size distributions of the
two soils are shown in Figure 1.
Lee (1991) studied the behavior of a Bulam soil

in his Ph.D. dissertation. The characteristics of the
Bulam soil are similar to those of the Shinna-dong
soil, since two areas are very close to each other and
share the same rock origin. Kim (1993) studied the
mechanical behavior of Andong and Kimchun soils.
These soils are classified as SM in the Unified Soil
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Table 1. Characteristics of two residual soils.

Characteristics Poi-dong Shinnae-dong

Primary minerals
Quartz (%) 17.7 33.3
Feldspar (%) 15.0 50.0
Mica (%) 9.8 9.0
Secondary minerals
Kaolinite (%) 23.5 6.0
Illite (%) 20.7
Vermiculite (%) 8.4 2.0
Chlorite (%) 4.5
Montmorilonite (%)
Porosity 0.409 0.358
Maximum dry density (kN/m3) 16.68 18.64
Percent passing #200 sieve (%) 47.36 10.05
Plasticity Nonplastic
LI 34.0
PL 19.84
PI 14.16
Specific gravity 2.74 2.65
USCS SC SW-SM

Note: LI= liquidity index; PL= plastic limit; PI= plasticity
index; USCS=Unified Soil Classification System.

Figure 1. Particle size distribution of two residual soils.

Classification System with the percent passing a #200
sieve being 14∼17%, and are also included in the
following discussion on mechanical characteristics of
residual soils.

2.2 Strength characteristics

Figure 2 presents a summary of the peak internal fric-
tion angle of each residual soil. The internal friction
angle decreases with an increase of fine contents.
Because of capillarity, partial saturation affects the

strength of residual soils. Lee et al. (2005) performed
triaxial tests to obtain the strength properties of unsat-
urated residual soils. Figure 3 presents typical results
of failure envelopes at different matric suctions. The
internal friction angle as well as the apparent cohesion
increase with an increase in the matric suction (i.e.,
when the soil is unsaturated).

Figure 2. Peak internal friction angle versus fine contents
passing the #200 sieve.

Figure 3. Failure envelopes at different matric suctions.

Lee et al. (2002) performed shear tests on unsat-
urated residual soils and found that the apparent
cohesion can increase from 20 kPa at a saturated con-
dition (i.e., matric suction= 0 kPa) up to 200 kPa at an
unsaturated condition (i.e., matric suction= 400 kPa).
As an unsaturated soil is re-saturated, its appar-

ent cohesion can be eliminated. Thus, during tunnel
construction, cohesion loss can be induced by re-
saturation (e.g., seepage hindrance, drainage clogging
and groundwater change), and may result in tunnel
face instability. Utilizing the limit equilibrium analy-
sis proposed by Leca &Dormieux (1990), as shown in
Figure 4, the required support pressure to stabilize the
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Figure 4. Collapse mechanism of a tunnel face with two
conical blocks.

Figure 5. Ground condition for limit equilibrium analysis.

tunnel face can be calculated by replacing the specific
apparent cohesionwith a value of zero.As an example,
the ground condition of a site is shown in Figure 5.The
required support pressure στ increases from zero up to
στ = 9.0 kPa as the cohesion decreases from 120 kPa
to 0 kPa. The results show that the apparent cohesion
is a key factor in tunnel face stability.

2.3 Deformation characteristics

One of the most difficult tasks in geotechnical engi-
neering is estimating the deformation-related soil
properties properly. Typical material properties com-
monly used at the design stage in Korea are summa-
rized in Table 2.
Cho et al. (2006) proposed an analytical method

to estimate soil parameters from relative convergence
measurements. As an example, the ground conditions
of the Busan subway site are shown in Figure 6. Ini-
tial estimates are taken from Table 2. The crown and
sidewall convergence data measured by a tape exten-
someter, presented in Figure 7, are used as observed
values. Results obtained from back-analyses are sum-
marized in Table 3 along with initial estimates. There
is a large discrepancy between the initial input proper-
ties and the properties obtained from back-analyses.
In particular, the initial inputs of Young’s modulus
and earth pressure coefficient at rest of the residual

Table 2. Typical material properties.

E γ c φ

Layer (MPa) µ (kN/m3) K0 (kPa) (◦)

Filling 19.6 0.35 18.6 0.5 0 35
Residual soil 29.4 0.33 18.6 0.5 49.1 35
Weather rock 196 0.23 21.6 0.5 98.1 35
Soft rock 981 0.2 23.5 0.7 196 40

Notation: E=Young’s modulus,µ =Poisson’s ratio, γ = unit
weight of soil, K0 = lateral earth pressure coefficient,
c= apparent cohesion, and φ = internal friction angle.

Figure 6. Ground conditions of the Busan subway site.

Figure 7. Relative convergence behind tunnel face.

Table 3. Results of parameter estimation.

Properties Er (MPa) Ew (MPa) Kow

Initial input 29.4 196 0.5
Back-analysis 83.3 210 0.76

Notation: Er and Ew =Young’smoduli of the residual soil and
weathered rock, respectively; and Kow = the earth pressure
coefficient of the weathered rock.
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Figure 8. Apparent earth pressure distribution for braced
and anchored walls.

soil are too small. This example clearly demonstrates
the importance of the observational method in tunnel
engineering.

3 APPARENT EARTH PRESSURE

3.1 Apparent earth pressure in braced and
anchored walls

Design of an in situ wall system requires a lateral earth
pressure distribution behind the wall to estimate sup-
port loads and wall bendingmoments. One of the most
well-known apparent earth pressures is that proposed
by Peck (1969); however, his suggestion is only appli-
cable to either ground that is purely sand and/or clay,
and cannot be directly applied to cohesive soils that
have cohesion as well as an internal friction angle, or
to multilayered ground conditions.
Many Korean researchers have attempted to collect

field data to propose the earth pressure in multilayered
ground (for example, Lee & Jeon 1993, Yoo 2001).
Figure 8 presents a typical set of results, showing the
apparent earth pressure distribution of a 33m deep
excavation site along with the distribution proposed
by Peck (1969) (Yoo 2001). The actual (measured)
earth pressure is about 68 to 83% of Peak’s. Figure 9
shows the maximum earth pressures obtained from
62 excavation sites. In this data, the weighted aver-
age values of the internal friction angle and the unit
weight of soil are used for the multilayer ground. The
average value of the measured apparent pressures is
approximately 75% of Peck’s suggestion (i.e., earth
pressure= 0.65Ka γH).

Figure 9. Maximum apparent earth pressure versus Ka γH.

3.2 Apparent earth pressure in a vertical shaft

It is well known that the earth pressure acting on a ver-
tical shaft is less than that on a retaining wall, because
of the three dimensional arching effect. The existing
equations of earth pressures acting on vertical shafts
consider only either purely cohesionless or cohesive
soils. These solutions are not directly applicable to
estimation of earth pressures formulti-layered ground.
Lee et al. (2007) proposed an equation to estimate

earth pressures in multi-layered ground, assuming
that the failure shape is conical, as shown in Fig-
ure 10(a). For equilibrium of horizontal forces and
vertical forces, as shown in Figure 10(b), the earth
pressure (Pi) can be expressed as follows

and

where Kw = the coefficient of radial earth pres-
sure, λ = the coefficient of tangential earth pressure,
and δ = the wall friction angle. Figure 11 presents
schematic drawings of a construction site in multi-
layered ground and three vertical shafts along with the
locations of measuring instruments. Earth pressures
are measured at different shafts. The earth pressures
calculated from Eq. (1) are compared with the mea-
sured values, as shown in Figure 12. The measured
earth pressures are even smaller than those obtained
from the theoretical equation.
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Figure 10. Derivation of earth pressure in vertical shaft.

4 EFFECT OF GROUNDWATER

4.1 Effect of seepage pressure

Unexpected groundwater inflow and seepage forces
often cause tunnel failures during construction. Shin
et al. (2006) presented and reviewed five cave-in col-
lapses that occurred while constructing Line No.5 of
the Seoul Metropolitan subway. Figure 13 shows the
general features of the collapses and failure details
are summarized in Table 4. A comprehensive review

Figure 11. Schematic drawings of a construction site in
multi layered ground – Three shafts with locations of mea-
suring instruments.

on such collapse mechanisms reveals the following
common features:

1. Thin soil/rock cover and/or mixed faced ground
conditions including decomposed granite soils;

2. Collapse initiated at the tunnel shoulder during
excavation of the upper half of the tunnel section;
and

3. A considerable amount of groundwater inflow with
soil.

In particular, it is observed in these sites that tun-
nel face collapses always occurred along with seepage
ahead of the tunnel face.
Lee et al. (2003) modified the upper bound solu-

tion originally proposed by Leca & Dormieux (1990),
taking into account seepage forces in a stability assess-
ment of a tunnel face (refer to Figure 4).The horizontal
components of seepage pressures acting on the tunnel
face, σS.F, can be simply considered as an external load
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Figure 12. Earth pressures measured at vertical shafts.

Figure 13. Cave-in collapses in the Seoul Subway Line
No.5.

in the opposite direction of the support pressure σT.
A modified upper bound solution with consideration
of seepage forces becomes

where P is the surcharge, σc is the unconfined com-
pressive strength of the soil, σT is the required support
pressure applied to the tunnel face, σS.F is the seep-
age pressure acting on the tunnel face, Kpis Rankine’s
earth pressure coefficient for passive failure, γ is the
unit weight of soil, D is the tunnel diameter, and Ns
and Nγ are the weighting coefficients, respectively.
When tunnel excavation is performed below the

groundwater level, the stress condition in front of the
tunnel face becomes the summation of the effective
stress and the seepage pressure. The effective stress
can be calculated by the upper bound solutionwhile the
seepage pressure can be obtained fromnumerical anal-
yses. The effective support pressure at the tunnel face
can be obtained by Eq. (4) with use of the submerged
unit weight γsub instead of γ .
As an example analysis, consider a virtual tun-

nel with a diameter D driven horizontally under a
depth C, as shown in Figure 14. Ground material
properties used for the analysis are c= 0, φ′

= 35◦,
and γsub = 5.4KN/m3. Figure 15 shows the total head
distribution around the tunnel face, determined by
seepage analyses, and the failure zone, estimated from
a limit equilibrium analysis. The seepage pressure is
calculated by using J= iγwA, where i is the hydraulic
gradient and A is the area. The total support pressure
is then obtained by summing up the effective support
pressure and the seepage pressure. Figure 16 shows the
support pressure changewith variation of theH/D ratio
(For the case of a dry condition, the dry unit weight
γd = 15.2KN/m3 is used for the analysis). The results
suggest that the total support pressure is little affected
by the tunnel depth and increases significantly with
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Table 4. Collapse mechanisms, damage, and remedial work.

Case Failure mechanism Damage Remedial work

A • 17 Nov 1991, 18:50 : blasting • no human casualties • soil dumping immediately after
– 21:05: total collapse (1,000m3) • 2-1ane road collapsed collapse

• thin weathered rock cover • stop of gas supply • face shotcrete and invert Close
• inflow of soil and groundwater (5,000 households) (t= 1.5∼ 2.0m)
• weathered granite (WG) at the face • damage to lighting poles • cement milk grouting and curtain
• very close to an existing stream and traffic light poles wall grouting

B • 27 Nov 1991, 10:40: blasting • no human casualties • grouting: cement mortal→ cement
– 16:00 :rock falls at the face • 80 households evacuated milk→ chemical grout
– 22:00: soil and water inflow (D= 25m) • electricity and water • lowering of groundwater

• 28 Nov 1991, main collapsed level(3m/day)
– 03:20 :additional collapse (D= 20m) • (3-story bldg) slipped • pumping/fore poling for

•WG at the face into crater re-excavation
• permeability: (1.0× 10−4

∼ • remedial cost: $4.5million
2.0× 10−5 cm/sec)

C • 11 Feb 1992, road header excavation • no human casualties • dumping soils into collapsed
– 04:30: raveling • 4-lane road collapsed area (240 tons)

• significant inflow of ground • service culvert (6m× 3m) • dumping ready-mixed-
water (100–130 ℓ/min exposed (including 154 kv concrete (105 tons)

• about 4.5 ton of soil flew into electricity cable) • grouting
face: D= 10m • passengers delay

• heavily WG at the face

D • 7 Jan 1993, 03:30: blasting • no human casualties • grouting: cement mortal, cement
– collapse after removing materials • 2-lane road collapsed milk and LW(160 holes)
collapse size: 0.7m× 1.2m • supply stop of water • mortal injection beneath sewer culvert
– started at the left side of crown main(� = 200mm) • reduce inflow of groundwater
– soil inflow: 900m3, groundwater: • sewer culverts were broken using chemical grouting
300 ℓ/min • 40 households evacuated

•WG & DGS at the face

E • 1 Feb 1993, ring cut • no human casualties • soil dumping into collapsed
– 08:30 : rock fall and collapse • 6 items of excavation area (5,500m3)
(oval shape D= 10–30m) equipment were buried • chemical grouting (76 holes)
– inflow of soil with groundwater • compaction grouting (300 holes)

• alluvium & DGS at the face • remedial cost: $1.7 million
• beneath an existing stream

Figure 14. Dimensional condition for seepage analysis.

an increase in the groundwater level ratio. As the total
support pressure is related to the tunnel face stabil-
ity, the seepage force seriously affects the tunnel face
stability. While the effective overburden pressure is
reduced slightly by the arching effect during tunnel
excavation, the seepage pressure remains at the same
level during tunnel excavation. This explains why the

Figure 15. Hydraulic head distribution and failure zone.

effect of seepage plays an important role in tunnel face
stability problems.

4.2 Particle transport characteristics of granite
residual soils

A soil is said to be internally stable if it is self-filtering
and if its fine particles do not move/migrate through
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Figure 16. Change of support pressure with variation of the
H/D Ratio.

Figure 17. Schematic drawings of experimental set-up.

the pores of its own coarser fraction. Previous inves-
tigations into the internal stability of cohesionless
soils suggest that soils with a uniformity coefficient
(Cu)> 20 and with concave upward grain size distri-
butions tend to be internally unstable (Lee et al. 2002).
Most residual soils in Korea, including those listed
in Table 1, have uniformity coefficients much greater
than 20, suggesting that they are internally unstable.
Lee et al. (2002) studied the nature of particle

transport and erosion in residual soils. Two types
of residual soils introduced in Section 2 are used:
Shinnae-dong soil andPoi-dong soil.The experimental
setup is shown in Figure 17. In selected experiments,
a cylindrical hole 7mm in diameter is drilled into the
compacted specimens to induce erosion only in the
hole and simulate surface erosion of the soils.An elec-
tronic pump is used to achieve a constant flow rate of
the influent from the water tank. The effluent from

Figure 18. Cumulative mass versus (a) time and (b) pore
volume for Shinnae-dong soil.

the cell is characterized with respect to its turbidity
(in terms of nephelometric turbidity units, NTUs) and
particle size distribution.
The cumulative mass of particles in the effluent

eroded from the base soils is plotted with respect to
time in Figures 18(a) & 19(a) for the two residual soil
types. Some important differences can be observed in
the internal erosion behavior of the two soil types. The
Shinnae-dong soil exhibits almost the same rate of ero-
sion during the initial stages of the experiment for the
three different flow rates used (Figure 18a). Particle
redeposition in the soil sample appears to compensate
for the increased erodibility at higher flow rates.This is
even more apparent when the cumulative mass is plot-
ted in terms of pore volume (Figure 18b). It is seen that
at low flow rates the erosion rates are higher, because
of the reduced particle deposition. There appears to be
a maximum limit for the cumulative mass of internal
erosion for each flow rate, beyond which the soil “pro-
tected” itself from further erosion, perhaps through the
formation of a filter bridge. For the relatively cohesive
Poi-dong soil (Figure 19a & 19b), “self-protection”
due to particle redeposition is not apparent. There is
no cap on the maximum eroded quantities during the
period of testing.
In contrast to the internal erosion behavior, the sur-

face erosion from the two samples (as observed in
experiments where erosion is induced in a cylindri-
cal hole) follows almost linear trends, with the rates
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Figure 19. Cumulative mass versus (a) time, and (b) pore
volumes, for Poi-dong soils.

of erosion increasing as the flow rate increases. The
rates of erosion are also considerably higher than those
obtained in the internal erosion experiments discussed
above.
Particle transport characteristics of residual soils

might be among the factors that result in the instability
of underground structures.

4.3 Difficulties in penetration grouting

Tunnelling works in soft ground frequently require
grouting technology, either to prevent groundwater
or to improve mechanical properties of the ground.
However, grouting is not available in many cases in
decomposed residual soils due to lowgroutability.Bur-
well defines the groutability (N ) of suspension grouts
by the following simple equation (Kim et al. 2007):

where D15 is the particle size of base soils corre-
sponding to 15% finer and d85 is the particle size
of grouts corresponding to 85% finer. If N is larger
than 25, grout can be successfully injected into the
soil formation. However, Burwell notes that even in

Figure 20. Grain-size distribution of soils and grouts.

Table 5. Soil and grout properties used in chamber injection
tests.

D10 D15 d85 d95
Material (mm) (mm) (µm) (µm) N

Soil A 0.60 0.64 – – 32
Soil B 2.10 2.22 – – 111
Fine cement – – 16 27 –
Quick setting agent – – 37 70 –
Fine cement+Quick – – 20 39 –
setting agent

case of N > 25, the following requirement should be
additionally satisfied for the soil to be groutable:

where D10 is the particle size of base soils corre-
sponding to 10% finer and d95 is the particle size of
grouts corresponding to 95% finer. Kim et al. (2007)
performed pilot-scale chamber injection tests to inves-
tigate the groutability of two granular soils that satisfy
the groutability criteria proposed by Burwell.
The grain-size distributions of soils and grouts are

shown in Figure 20 and their properties are summa-
rized inTable 5.The experimental set-up for pilot-scale
chamber injection tests is shown in Figure 21. Typi-
cal results of the experiments are shown in Figure 22.
Although the N value of the soil A (N= 32) is greater
than25, the grout could not be sufficiently injected into
soilA.Meanwhile, groutability is fairly good for soil B
(N= 111).These results suggest that the consideration
of filtration phenomena is indispensable to reason-
ably evaluating the potential of grout penetration. The
N value of the Shinnae-dong soil shown in Figure 1 is
2.6 and that of the Poi-dong soil is 0.2. These values
mean that penetration grouting in these soils is almost
impossible. Therefore, finding an appropriate grout-
ing method has presented a considerable challenge in
granite residual soils.
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Figure 21. Experimental set-up for pilot-scale chamber
injection test.

Figure 22. Maximum injection volume with injection
pressure.

4.4 Ground reaction curve with consideration of
seepage forces and grouting

Theoretical analyses of seepage around tunnels sug-
gest that a loss in hydraulic heads occurs at the
shotcrete lining and concentration of seepage force
at the shotcrete lining in the radial direction induces
unfavorable ground reaction (Shin, 2007). Thus, when
seepage problems are anticipated during tunnel con-
struction, proper grouting around tunnels can provide
effective reduction of seepage force acting on the
shotcrete lining and also increases the stiffness and
strength of the surrounding ground. When grouting

Figure 23. Hydraulic head at soil-grouting interface
depending on the permeability ratio.

is applied around the tunnel, a loss of hydraulic
heads occurs in the grouting zone around the tunnel;
this reduces the seepage force acting on the shotcrete
lining, and results in a favorable ground reaction.
FollowingDarcy’s continuity equation, the hydraulic

head acting on the soil-grouting interface can be
written as

whereHI is the total head at the soil-grouting interface,
HT is the total head of a site, Lg is the thickness of the
grouting, Ls is the length across which water travels
through the soil media, and α is the permeability ratio
between the soil and grouting area (i.e., α =Kg/Ks).
Figure 23 shows the variation of the hydraulic head at
the soil-grouting interface with different permeabil-
ity ratios. As the permeability ratio decreases and the
grouting thickness increases, the hydraulic head acting
on the interface increases.
Finite element analyses were performed in order to

explore the effect of grouting on the ground reaction
with consideration of seepage. Seepage force acting
on the grouting-soil interface can be modeled by fully
coupled mechanical-hydraulic analyses, as shown in
Figure 24. Material properties used in this analysis are
summarized in Table 6. It was assumed that shotcrete
is not applied, the groundwater flow is in a steady-state
condition, the grouting thickness is 1m, and the per-
meability ratio is α = 0.1. Four cases were simulated
numerically: 1) Grouting with seepage; 2) Grouting
without seepage; 3) No grouting with seepage; and
4) No grouting without seepage. Figure 25 presents
the effect of grouting and seepage force on the ground
reaction curve as given by the numerical analysis
results. The case of seepage force without grouting
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Figure 24. Finite element model for seepage force analysis
with consideration of grouting.

Table 6. Material properties used in numerical simulation.

E γ c φ

(MPa) µ (kN/m3) K0 (kPa) (◦)

Weathered soil 50 0.35 18.64 0.5 10 35
Grouted zone 500 0.33 18.64 0.5 100 35

Figure 25. Effect of grouting and seepage force on ground
reaction curve (i.e., α = 0.1).

yields a very unfavorable ground reaction curve,which
induces a large deformation and requires substantial
internal support. However, if the seepage force is not
considered, the ground reacts almost elastically even

though grouting is not applied. This means that the
seepage force significantly affects the ground reac-
tion behavior. In the case where grouting is applied,
unfavorable ground reactions induced by the seepage
force could be considerably reduced.

5 CHARACTERIZATIONAND MODELING OF
GROUTED RESIDUAL SOIL

5.1 Experimental study on time-dependent
characteristics of grouted residual soil

In Korea, in conventional tunnelling in residual soils,
pre-reinforcement (grout injection) is typically applied
ahead of the tunnel face to enhance the construc-
tion safety. In addition, a 1 to 2 day time interval
is given between one face and the next face. Dur-
ing this time interval, it is known that changes in
the material properties occur due to effects of the
curing of the grouting material. However, the stiff-
ness and strength at 28 curing days after the grout
injection are generally applied as the material prop-
erties for pre-reinforced zones in the design stage
without considering the effect of the time-dependent
behavior of the injected grout material. Thus, this
paper present a new method to characterize the time-
dependent behavior of pre-reinforced zones around
a large-section tunnel in residual soil using elastic
waves and to consider time-dependent characteristics
in numerical modeling for tunnel design (Song, 2007).
Figure 26 presents schematic drawings of the exper-

imental setup for investigation of the time-dependent
characteristics of grouted residual soils: (a) Setup
for elastic wave measurements; (b) Setup for shear
strength parameter measurements. Bimorph bender
elements were installed in the testing device and used
to send and receive P- and S-waves (Figure 26a). The
specimenswere preparedbymixing a residual soilwith
5% cement (by weight; the cement-water ratio is the
same as that used in the field).
Figure 27 shows typical results for the elastic wave

velocity according to the curing time when the nor-
mal stress is σn = 160 kPa. The results show that the
wave velocity increases drastically according to the
curing time and is almost constant after 7 days. P-wave
velocity is faster than S-wave velocity and Poisson’s
ratio can be readily determined from the two wave
velocities.
Figure 28 shows the time-dependent characteris-

tics of shear strength parameters obtained from the
direct shear test. As shown in Figure 28(a), the fric-
tion angle does not change in accordance with the
curing time. On the other hand, it is apparent that the
cohesion increases with the curing time; after a cer-
tain amount of curing time the cohesion converges, as
shown in Figure 28(b). It is deduced that the bond-
ing of cement increases the cohesion and, after with
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Figure 26. Experimental setup for investigation of
time-dependent characteristics of grouted residual soils.
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Figure 27. Elastic wave velocity according to curing time
(σn = 160 kPa).

the elapse of time, the cohesion maintains a uniform
value with the end of cementation. The early stage of
this phenomenon is controlled by the normal stress,
but as curing time increases the cementation controls
the friction angle and cohesion.
The wave velocity and cohesion of grouted residual

soils can be respectively correlated with the curing
time as follows:
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Figure 28. Time-dependent characteristics of shear strength
parameters.

where α,β,A, and B are the fitting parameters and
t is the curing time. These fitting parameters can
be determined by best-fitting the experimental data
with Eq. (8) and Eq. (9). Also, the shear strength
and strength parameters (i.e., the cohesion and fric-
tion angle) can be uniquely correlated to the elastic
wave velocities.

5.2 Numerical simulation of time-dependent
characteristics of grouted residual soil

The construction of underground space in residual
soil entails many risk factors such as difficulties in
predicting arching effects and determination of var-
ious uncertain underground properties. Researchers
have suggested various techniques for auxiliary sup-
port systems such as the reinforced protective umbrella
method (RPUM), which has the advantage of com-
bining a modern forepoling system with a grouting
injection method (Barisone, 1982). This method is
used for pre-reinforcement design before the under-
ground excavation: not only for small section tunnel-
ing within weathered and crashed zones, but also for
large underground spaces. In addition, to decrease the
risk of a collapse or failure in large excavation caverns,
researchers have developed various techniques and
construction methods. Some examples include: a tun-
neling method using an advanced reinforcing system
where a double steel pipe is used for water-proofing
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Figure 29. 3D tunnel model and time-dependent material
properties of the pre-reinforced zone after 12m excavation.

and a urethane injection is used for reinforcement; the
Trevi jet method, which involves constructing an arch-
shell structure around a tunnel crown with cement
grout; and steel pipe reinforced multi-step grouting,
where a beam arch is constructed around the tunnel
crown with large diameter steel pipes, and multilayer
cement grouting injection is employed.
Three dimensional FE analyses were performed to

examine the time-dependent behavior of the grouted
zone. The results obtained from laboratory tests were
applied to a numerical simulation of a tunnel, taking
into account its construction sequence. Figure 29(a)
shows a simulated 3D four-lane tunnel model, where
the same stress state and stress level as used in the
experiment were assumed. Figure 29(b) shows the
time-dependent elastic modulus and cohesion values
obtained from the experimental study as well as those
used in the numerical analysis.
The time-dependent behavior of a pre-reinforced

zone can be modeled using the following procedure.
The material properties (i.e., stiffness and strength) of
the pre-reinforced zone are considered as the boundary
conditions from Day 1 to Day 28. The registered ini-
tial boundary conditions are applied to a pre-assigned
mesh in pre-reinforcement construction. The bound-
ary conditions are then updated according to the field
construction sequence.
For a quantitative analysis, the displacements of

each case are normalized with the results of a pipe-
only case. Figure 30(a) shows the normalized vertical

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30

Excavation Length (m)

N
o
rm

al
iz

ed
 V

er
ti

ca
l 

D
is

p
la

ce
m

en
t

1D Stiffness and Strength
2D Stiffness and Strength
3D Stiffness and Strength
28D Stiffness and Strength
Time-Dependent Stiffness and Strength

(a) Vertical displacement on a tunnel portal

0.80

0.85

0.90

0.95

1.00

0 5 10 15 20 25

Excavation Length (m)

N
o
rm

al
iz

ed
 H

o
ri

zo
n
ta

l 
D

is
p
la

ce
m

en
t

1D Stiffness and Strength
2D Stiffness and Strength
3D Stiffness and Strength
28D Stiffness and Strength
Time-Dependent Stiffness and Strength

(b) Horizontal displacement on a tunnel face 

Figure 30. Variation of normalized displacement.

displacement at the portal.The trend of the normalized
vertical displacement curve for the time-dependent
condition is similar to that of the one day curing
case within the initial excavation section (<8m). As
the excavation continues, the results of the time-
dependent condition become similar to those of the
2∼ 3 days curing case, until vertical displacement
eventually converges. The stiffness and strength of the
pre-reinforced zone for the 1∼ 2 days curing case are
roughly 30∼ 50% of those of the 28 days curing case.
In otherwords, a reduction of thematerial properties of
the pre-reinforced zone makes it possible to model the
time-dependent effect of the pre-reinforced zoneon the
global tunnel behavior upon initial tunnel excavation.
Figure 30(b) shows the normalized horizon-

tal displacement at the tunnel face. It is found
that the normalized horizontal displacement for the
time-dependent condition varies within a range of
0.94∼ 0.98, which is very similar to that of other cases
during excavation. Therefore, pre-reinforcement can
be considered for prevention of collapse rather than
as a means of displacement reduction control at the
tunnel face. Thus, it can be concluded that grouting
reduces the horizontal displacement by approximately
2∼ 6% at the tunnel face with the pre-reinforcement
method.
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Figure 31. Diagram of simplified pre-reinforced zone.

An analysis method combining experimental
and numerical procedures that consider the time-
dependent effect on the pre-reinforced zone on tunnel
behavior will provide a reliable and practical design
basis and means of analysis for tunnels in soft ground.

5.3 Determination of equivalent design parameters
for the pre-reinforced zone in residual soil

The design and analysis of pre-reinforcement tech-
niques require design assumptions that are problematic
at best, resulting in increased uncertainty in tunnel
design. The pre-reinforcement effect is typically mod-
eled by simulating the construction sequence of setting
the reinforced zone and then increasing the stiffness,
thereby obviating the need for complex modeling of
each bulb and steel pipe. However, this approach has
been found to be unsuitable when the center-to-center
distance between pipes is larger than the expansion of
the grout bulb.This approach assumes that the stiffness
of the pre-reinforced zone is the same as the stiffness
of the grout bulb, which may be either completely
hardened or arbitrary, and that the pre-reinforced
zone becomes two to four times stronger than before
reinforcement. Therefore, this study presents a new
technique for determining a reasonable equivalent
parameter of the pre-reinforced zone.
A pre-reinforced zone consists of ground, grout

bulbs, and steel pipes. Itmay be simplified, as shown in
Figure 31, to a condition where the space between the
pipes is wider than the grout expansion range. In sandy
soil and weathered soil, the bulb may be cylindrical.
We assessed five cases comprising various conditions
to model the pre-reinforced zone, as summarized in
Table 7.
For the strengthening of the grout bulb reinforce-

ment, we followed themethod of Kikuchi et al. (1995).
The grout injection consequently produced a tenfold
increase in the stiffness of the weathered soil. Table 8
shows the equivalent design parameters for the var-
ious compositions of the ground, the bulb, and the
steel pipes. A precisely-simulated model (Figure 32a)

Table 7. Summary of equivalent design methods.

Table 8. Equivalent design properties used for numerical
modeling.

Equivalent design properties Eeq (MPa) Ceq (kPa)

Case 1 1748.21 1065.04
Case 2 107.35 91.21
Case 3 117.81 141.22
Case 4 315.22 216.73
Case 5 490.35 588.42

is compared with various equivalent stiffness models
(Figure 32b).
Figure 33 shows the vertical displacement at the

tunnel crown, the horizontal displacement at the
springline, and ground surface settlement. To obtain
these values, we averaged the five nodes located at the
center and left areas of the tunnel crown at a depth of
4.5m from the portal. The DRM/DEM parameter is
herein defined as the fraction of the displacement of
the referential model (DRM) to the displacement of
the equivalent model (DEM):

The precisely-simulated model is represented by a
value of 0%.
From the vertical displacement results, case 1 and

case 2 give the closest result to the precisely-simulated
model in weathered soil. However, general methods
tend to overestimate the effect of pre-reinforcement.
Although there is only a slight difference between
Case 2 and Case 3, Case 2 predicts a similar
horizontal displacement at the springline relative to the
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Figure 32. 3D FE analysis model for comparison of equiv-
alent model and precisely modeled.

precisely-simulated model and the design is rather
safe. The equivalent model offers a satisfactory pre-
diction of the ground surface settlement, as the
DRM/DEM value ranges from 0.55% to 0.7% in Case
1 and Case 2.
Case 1 exemplifies a proper equivalent modeling

technique for simulating the pre-reinforcing mecha-
nism in residual soils. Case 2, a SPSS in which the
stiffness of the bulb and steel pipes are coupled in par-
allel and then connected to the stiffness of the ground
in series, exemplifies a simple equivalent modeling
technique that predicts the vertical displacement at
the tunnel crown, the horizontal displacement at the
springline, and the ground surface settlement.
When the ground, grout bulbs, and steel pipes are

regarded as an individual support system, the pre-
reinforced zone is not a series or parallel stiffness
system but a series-parallel compound stiffness sys-
tem. Thus, a small degree of stiffness support receives
the largest stress; moreover, a linear combination of
large stiffness supports resists ground displacement.
The SPSS explains the failure mechanism of the

Figure 33. Comparison between equivalent cases.

pre-reinforced zone: namely, the rupture of the steel
pipes and the grout bulb follows the yielding of the
ground. The SPSS should be used in various studies
related to the analysis of pre-reinforced tunnels.
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6 EFFECT OF SPATIAL VARIABILITY

The mean value of the measurements is often used
for design parameters even if there is a noticeable
variation. The effect of the variation of geotechnical
parameters on tunnel safety or deformation is rarely
studied or considered using a statistical concept.There
are two kinds of sources for variation in the design
parameters: spatial distribution and uncertainty.
Uncertainty means that the material property of

the soil/rock has a characteristic unreliability. In
reliability-based designs, the uncertainty of the geo-
material is significant for a specific site character-
ization. There are three major geotechnical uncer-
tainties governing the variability of geoproperties:
inherent soil characteristics, measurement errors, and
transformation fallacies (Phoon & Kulhawy, 1999).
The spatial distribution of soil has been consid-

ered for ecological and environmental modeling (Jury,
1985) and various characterization methods have been
suggested by Cho et al. (2004). Likewise, the spa-
tial distribution of the geoproperties is important
for the mechanical behavior of underground struc-
tures surrounded by variable soils. The soil itself
is not an isotropic material, but an anisotropic and
non-homogenous material. These characteristics are
induced by the formation process and ground stress.
Spatial distribution takes themacro scale into the range
of interest. Thus, it is expected that, among other soils,
weathered residual soils have high spatial variability of
their geoproperties due to their origin and weathering
process.
The effect of the spatial distribution on the geotech-

nical parameters of tunnel deformation is studied
through numerical analyses based on statistical con-
cepts as shown in Figure 34. The geotechnical param-
eters that cause the largest deformation of tunnels
when the ground material follows the Mohr-Coulomb
model and the expected displacement variation char-
acteristics for each geotechnical design parameter are
presented in this study.
The coefficient of variation (COV) has long been

commonly used to quantify the variability of soil and
rock properties (Harr, 1987). The COV is defined as
the standard deviation (σ) divided by the mean (µ) of
the parameter:

Each material property of the residual soil can be
regarded as a normal random variable that has a cer-
tain probabilistic error. In particular, it has been shown
that the spatial distribution of the friction angle and
unit weight follows a normal distribution parameter-
ized with the mean and COV (Lumb, 1966; Hoeg
& Murarka, 1974; Lacasse & Nadim, 1996; Low &

Figure 34. Numerical model of spatial distribution of geo-
property (cohesion, Range= 3R, COV= 40%).

Table 9. Representative coefficient of variation (COV) of
the geotechnical parameters.

Properties COV(%) Reference

Elastic Modulus 15∼ 45 Harr, 1987; Phoon and
Kul-hawy,1999

Friction Angle 24∼ 32 Schultze, 1972
Cohesion 40∼ 68 Schultze, 1972; Tan

et al. 2000

Tang, 1997; Phoon & Kulhawy, 1999; Tanit et al.,
2004). Thus, it is assumed herein that all geotechni-
cal parameters, i.e., constitutive components of the
Mohr-Coulombmodel, have normal distribution char-
acteristics.The representativeCOVof the geotechnical
parameters is summarized in Table 9.
The bulk modulus (B) and shear modulus (G) are

important material parameters and can be alternatively
changed by the elasticmodulus (E) and Poisson’s ratio,
respectively. The normally distributed elastic modulus
generated with a specific COV is converted to a bulk
modulus and shearmodulus to simulate the spatial dis-
tribution effect of the elastic modulus on the tunnel
deformation.
The numerical analysis results are shown in Figure

35(a). A COV of 20% should be considered a critical
variation of the elastic modulus effect on the tunnel
deformation, as a COV of more than 30% causes a rel-
atively significant deformation variation. The elastic
modulus is an influential geoproperty in tunnel defor-
mation. The largest NDVR is more than 0.075 when
COV = 40% and range = 3R. The displacement vari-
ation induced by the elastic modulus variation can be
predicted from Figure 35(a), depending on the range
from the tunnel center.
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Figure 35. Effect of spatially distributed geoproperties on
tunnel deformation.

The effect of spatial distribution in the friction angle
on tunnel deformation is shown in Figure 35(b). The
NDVR at the tunnel crown and springline reaches
0.077∼0.078 when the variation range is 3R and the
COV of the friction angle is 40%. Therefore, the fric-
tion angle variability is the most high-ranking factor

for the calculation of deformation in the tunnel com-
pared with other geotechnical parameters when the
Mohr-Coulomb material model is used. The general
COV of the friction angle is small at 12% (Schultze,
1972). Therefore, a range of 10%∼20% variation of
the friction angle is critical for tunnel deformation
characteristics. It can be seen that as the variation range
increases, the slope of the curvature increases.
The COV of cohesion is near 40% (Fredlund &

Dahlman, 1972).As shown in Figure 35(c), the NDVR
enlarges in all cases as the COV increases. However,
it can be observed that the variation of cohesion has a
minor effect on deformation in the tunnel. The maxi-
mumNDVR induced by the cohesion variation is lower
than 0.00006 when the variation range is 3R and the
COV is 40%. From the analysis results, the spatial dis-
tribution effect of cohesion on tunnel deformation is
smaller than that of the elastic modulus and friction
angle. Therefore, the spatial distribution of cohesion
is not a critical parameter for the characterization of
tunnel behavior.

7 CONCLUSIONS

We presented an overview of geotechnical aspects of
underground construction in urban areas wheremostly
decomposed residual soils are present, focusing on
mechanical properties, apparent earth pressure, effect
of ground water, and effect of spatial variability in
geotechnical properties.
The strength and deformation characteristics of

residual soils are affected by particle/pore size, fines
content, mineralogy, and unsaturation, among others:
The internal friction angle decreases with an increase
of fine content and partial saturation increases the
strength of unsaturated residual soils due to capillarity.
Results of back analyses from actual measurements
show that geotechnical properties of residual soils,
which are commonly used for design and modeling
in Korea, are inappropriate in this regard, thus demon-
strating the importance of the observational method in
tunnel engineering.
As an unsaturated soil is re-saturated, its appar-

ent cohesion can be eliminated. Thus, during tunnel
construction, cohesion loss can be induced by re-
saturation (e.g., seepage hindrance, drainage clogging
and groundwater change) andmay result in tunnel face
instability.
The lateral earth pressure coefficient of residual

soils is smaller than the coefficient commonly sug-
gested in the literature (e.g., 70∼ 80% of Peck’s
suggestion).
Unexpected groundwater inflow and seepage forces

often cause tunnel failures during construction.
Several case histories suggest that tunnel face col-
lapses always occur along with seepage ahead of the
tunnel face. Analytical results suggest that the total
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support pressure is little affected by the tunnel depth
and increases significantly with an increase in the
groundwater level ratio. As the total support pressure
is related to the tunnel face stability, the seepage force
seriously affects the tunnel face stability.
Particle transport characteristics of residual soils

might be among the factors that result in the instability
of underground structures. Their phenomena are com-
plicated and are involved in erosion versus self-healing
(redeposition) processes.
While groutability is affected by the pore size of the

residual soils, proper selection of a grouting method
has proved a difficult task in granite residual soils.
When seepage problems are anticipated during tun-
nel construction, proper grouting around tunnels can
achieve effective reduction of seepage force acting on
the shotcrete lining and can increase the stiffness and
strength of the surrounding ground.
An analysis method combining experimental

and numerical procedures that consider the time-
dependent effect on the pre-reinforced zone on tunnel
behavior will provide a reliable and practical de-sign
basis and means of analysis for tunnels in soft ground.
It is expected that, among other soils, weathered

residual soils have high spatial variability of geoprop-
erties, because of their origin and weathering process.
The numerical results show that tunnel deformation
increases with an increase in the spatial variability of
geotechnical design parameters and is acceleratedwith
an increase in tunnel size.
Research on decomposed residual soils has been

conducted throughout the last few decades. Nonethe-
less, the current increase of underground construction
projects in urban areas requires better understanding
of residual soils for safer underground use.
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