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Abstract.

Recent occurrences of earthquakes in Korea have increased the importance of considering how horizontal loads

affect foundation structures as a result of wind and dynamic impact. However, to date, there are few studies on tunnelling-
induced behaviour of ground and pile structures simultaneously subjected to horizontal and vertical loads. In this research,
therefore, the behaviour of ground and single piles due to tunnelling were investigated through a laboratory model test. Three
cases of horizontal loads were applied to the top of the pile. In addition, a numerical analysis was carried out to analyse and

compare with the results from the laboratory model test.
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1. Introduction

As construction of high-rise buildings and occurrences
of earthquakes continue to increase, the importance of
horizontal loads is gaining more attention. The bearing
capacity of a single pile according to the horizontal loads is
determined by load test and analytical methods. A variety of
analytical methods have thus far been proposed. For
instance, Chang (1937) proposed an equation for the
bending deflection of piles supported on elastic foundations.
This method is only possible when the coefficient of
horizontal subgrade reaction is constant. Matlock and Reese
(1960) suggested the p-y curve of the relationship between
pile displacement and subgrade reaction. This method can
be considered as nonlinear in terms of ground behaviour.
Equations of the pile bending moment and ground stiffness
were put forward by Broms (1964) who proposed a design
method to calculate the stress-strain of the pile to assume
the failure mode, depending upon pile length and soil
conditions. Furthermore, Matlock (1970) assumed that the
subgrade reaction at a point occurs according to the
displacement of the pile at that point only. Aside from
above researches, theoretical approaches with respect to
behaviour of pile subjected lateral loaded attempted by
Broms (1965), Poulos (1971), etc., but also Ashour et al.
(1999, 2004), Ashour and Norris (2003) mentioned pile
behaviour characteristic of load-deformation due to lateral
load using wedge theory. Also, Wang and Reese (1999)
suggested equation to define ultimate lateral resistance
force of pile through wedge theory. The studies regarding
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interactive behaviour of pile-tunnelling have been
conducted as theoretical, numerical, model test including 1
g, centrifuge, field monitoring by many researchers
including Loganathan and Poulos (1988), Chen et al.
(1999), Loganathan et al. (2001), Lee (2004), Kitiyodom et
al. (2005), Selemetas (2005), Lee and Jacobsz (2006), Pang
(2006), Cheng et al. (2007), Huang et al. (2009), Lee et al.
(2010). However, the study considering horizontal load and
tunnelling at the same time have been rarely carried out, so
far. Therefore, the authors analysed the behaviours of pile
subjected to vertical and horizontal loads as well as ground
deformation induced by tunnelling. Tunnelling is very
useful and widely used to solve environmental and
transportation problems resulting from population growth in
urban areas. Tunnelling is represented by volume loss, as
suggested by Atkinson and Mair (1981). It is controlled
through water inflow and outflow for the model tunnel
device (Lee 2014), and 5% of volume loss is applied.
Allowable vertical and horizontal loads are estimated by the
static pile load test. Settlements of pile and ground surface,
as well as the pile axial force resulting from tunnelling in
the laboratory model test, are compared using finite element
analysis (FEA).

In these days, as matter of fact, it is getting important to
understand long-term behaviour of infra-structure including
pile foundation. In order to consider long-term behaviour of
steel girder due to corrosion and time varieties, Nowak and
Collins (2013), Ghasemi and Nowak (20173, b) suggested a
function with respect to reliability index for non-normal
distribution of limit state. However, those studies are for
steel structures, unlike condition of pile foundation assumed
in the present study. In this study, model pile is made with
aluminum material, in fact, the authors are considered as in-
site concrete pile which is generally used in urban areas, not
driven pile. A pile foundation in congested city is rarely
constructed by driven pile owing to noise and vibration
problem. In this study, thus, long-term behaviour of pile is
not considered.

ISSN: 2005-307X (Print), 2092-6219 (Online)



862 Dong-Wook Oh, Ho-Yeon Ahn and Yong-Joo Lee

- >  Unit: mm

[ESTEY | )

Lons (B} IR Roa (E)

L 1€} I Ry (¥}

75

1.80m

~
el |

unmel | 108 (D)

(a) Pile calibration test  (b) Strain gauges location and
dimension of model pile
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Fig. 3 Static pile load test (Pv-aiowed, Pr-attowed)

2. Laboratory model test
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(a) Scenario 1 (tunnelling directly below pile)

Pv-allowed
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(3steps)  —pm 1

(b) Scenario 2 (1.0D offset between tunnel and pile)
Fig. 4 Scenarios of laboratory model test

Table 1 Cases of laboratory model test

Allowed horizontal load (N)

34% 67% 100%
0.0D S1-C1 S1-C2 S1-C3

Horizontal offset
1.0D S2-C1 S2-C2 S2-C3

Vertical and horizontal loads are applied to the pile and
a tunnel is excavated under the pile. The behaviours of the
pile, the adjacent ground, and the pile axial force are
analysed for 6 cases according to various horizontal offsets
between the tunnel crown.

2.1 Pile calibration

Before the laboratory model test, the pile calibration is
performed using UTM (Fig. 1(a)).

In order to measure the load and strain, 6 strain gauges
are attached to the pile, located from top to bottom on the
left and right sides of the pile (Fig. 1(b)). The results of
each strain gauge from the calibration test are shown in Fig.
2.

2.2 Selection of the loads

The allowable vertical load is obtained from the load-
settlement relationship (Fig. 3) using the load control
method (LCM), defined as 300 N by ultimate vertical load
with safety factor 3.0, which gives the same load (Fig. 3(a)).
The ultimate and allowable horizontal loads are 105 N and
35 N, respectively (Fig. 3(b)).
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Fig. 5 Lateral displacement (V| =5%)

This is divided into 3 cases for horizontal loads viz,
34% (qlzPH—allowedxi)y 67% (qZZPH—allowedxg) and 100% of
the allowed horizontal load (gs). This horizontal load and

the horizontal offset between the pile and tunnel are
classified into 6 cases (Table 1, Fig. 4).

2.3 Results from the laboratory model test

As the horizontal load increases, displacement also
increases. Fig. 5 shows that as the offset between the pile
and tunnel centre increases, the pile becomes more
influenced by the horizontal load.

Fig. 5 shows the horizontal displacement of the pile
depending on different horizontal loads for each scenario
when the volume loss rate is 5%. In both scenarios, the
largest horizontal displacement occurred in the final
horizontal loading stage. In scenario 1, the horizontal
displacement of the pile is approximately 0.2 mm; however,
in scenario 2, it is approximately 0.5 mm, which is
approximately 2.5 times larger. It is assumed that the
horizontal displacement is relatively small in scenario 1
because of the settlement caused by the increase in volume
loss, and the settlement analysis will be explained in the
next chapter.

Settlements of the pile and ground surface due to
tunnelling (V=5%) are illustrated in Fig. 6. In the X-axis,
point a and b represent the locations of the pile for scenario
1, 2, respectively. O(zero) means tunnel centre line and other
numbers mean the distance of the measurement points for
the ground surface settlement.

Settlements of the pile and adjacent ground surface
exhibit a similar tendency to the Gaussian curve, which is
mentioned by Atkinson (2007) regarding the shape of
ground surface deformation due to tunnelling in greenfield
condition. The pile settlement for all cases of scenario 1 is
larger than in scenario 2.

Fig. 6 shows the amount of pile and adjacent ground
settlement for each scenario and volume loss ratio. In the
figures, ‘a’ and ‘b’ (circled) show the pile locations in
scenarios 1 and 2.

In case of volume loss 1.5% (Fig. 6(a)), the maximum
pile settlements occur while 100% allowed horizontal pile
load (03) is applied for both scenarios, 0.41 mm for scenario
1 and 0.29 mm for scenario 2. However, the amount and
tendency of adjacent ground surface settlements are almost
similar both scenarios.

Distance from tunnel centre (mm)
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0.0 N - .
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i
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(a) Volume loss 1.5%
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(b) Volume loss 3.0%
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(c) Volume loss 5.0%

Fig. 6 Settlements of pile and adjacent ground surface for
each case

The greatest pile settlement in both scenarios for 3.0%
of volume loss occur 1.27 mm (scenario 1) and 0.93 mm
(scenario 2).

For case of volume loss 5.0% (Fig. 6(c)), the pile
settlement increased from 2.1 mm to 2.3 mm in scenario 1,
while in scenario 2, it increased from 1.9 mm to 1.97 mm,
giving the rate of growth of 10% and 4%, respectively

Fig. 7 shows the normalised pile settlement due to the
horizontal load increase in each volume loss based on the
volume loss of 5% in each scenario. When the volume loss
is 3% % (Vipow/View=0.6), the two scenarios show the
greatest difference, and scenario 1 has a larger effect of
settlement than scenario 2.

The change of pile axial force due to the development of
volume loss from 0%-5% are illustrated in Fig. 8. As shown
in this figure, the change in pile axial force becomes greater
because of increases in volume loss.
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The axial forces of the piles measured with increasing
volume loss in each scenario are shown in Fig. 8. A, B, and

C are the axial forces in the left side of the pile, i.e., the
loading direction of the horizontal loads, and D, E, and F
are the axial forces measured on the right side of the pile
(See Fig. 1(b).). As shown in Fig. 8, there is a relatively
large axial force change in scenario 2, compared to scenario
1, which is more affected by the upper part of the pile
because of the settlement caused by the increase in volume
loss. In scenario 1 (Fig. 8(a)), the tensile force increased
rapidly (gauge B, C) when the volume loss increased from
1.5% to 3.0%, while in scenario 2, the compressive force
increased dramatically (gauge A). Such tendency is due to
the fact that as the volume loss increases, the displacement
of the ground is concentrated at the centre of the tunnel; in
case 1 of scenario 1, where the pile is located directly above
the tunnel, it induces a land subsidence at the pile tip,
whereas in scenario 2, horizontal displacement occurs at the
pile tip, providing support to the pile as a consequence.

The axial force generated by the horizontal load is in the
opposite direction in A, B, and C and in the same direction
in D, E, and F, which generated a neutral axis changing the
direction of the force between the upper (A, D) and the
middle (B, E) parts.

(a) Scenario 1

(b) Scenario 2
Fig. 9 Modelling for FEA

Table 2 Material properties

Soil Pile
Value Unit Value Unit
Unit weight (y) 16.0 kN/m® 27.0 kN/m®
Void ratio (e) 0.851
Young’s modulus (E) 11,000 kPa 7.0e6 kPa
Poisson ratio (v) 03 0.35 -
Cohesion (c) 0.1 kN/m? - -
Shear resistance angle (4) 27 Deg. - -
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3. Finite element analysis
3.1 Material properties

The finite element analysis (FEA) method is simulated
under the same condition as the laboratory model test. The
properties of the soil are based on the result of the relative
density (loose sand) obtained from the laboratory model test
(Kim 2012). The pile is applied to have pure aluminium
properties and the interface strength reduction factor (Riner)
(Lee 2013). The tunnelling is simulated by ground volume
loss. The properties for numerical analysis are shown in
Table 2, and modelling for each case is illustrated in Fig. 9.

(a) Scenario 1

(b) Scenario 2
Fig. 10 Horizontal displacement contour

(a) Scenario 1

(b) Scenario 2
Fig. 11 Vertical displacement contour
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Fig. 12 Settlements of pile and adjacent ground surface
for each case (FEM)

3.2 Results from the FEA 3D

The results of numerical analysis are shown in Figs. 10-
15. In case 1, the effect of the horizontal load is smaller
than that of the tunnelling. Settlements and shear strain are
also concentrated near the tunnel crown. In case 2, however,
the further the offset between the pile and tunnel centre is,
the greater the horizontal displacement due to the horizontal
load is than in case 1. In addition, vertical displacement and
shear strain occur depending on the offset between the pile
and tunnel.

Fig. 10 shows the horizontal displacement of the
contour when 100% of the allowable horizontal load is
applied in each scenario. In both scenarios, the horizontal
displacement occurs in the direction of the horizontal load
before the tunnel excavation. However, after the tunnel
excavation, the displacements occurred in the (+) direction
in the left pile and in the (-) direction in the right pile. This
is mostly because of land subsidence caused by the tunnel
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excavation and pile settlement. In scenario 1 (Fig. 10 (a)),
the area where the horizontal displacement occurs more
than 0.25 mm in absolute value is approximately 320 mm in
Area 1; whereas in scenario 2, it is 450 mm in scenario 2
(Fig. 10(b)), which is approximately 150% higher. The right
side of the pile exhibits a different trend. In scenario 1, a
horizontal displacement of 0.25 mm occurs from the centre
of the tunnel to approximately 290 mm; whereas in scenario
2, it was in the range of approximately 250 mm, showing
that horizontal displacement occurs in the range of
approximately 14% smaller than scenario 1. This trend is
most likely to be caused by the horizontal earth pressure
from the horizontal load acting as the main force in Area 1,
but as a secondary force in Area 2.

Fig. 11 shows the vertical displacement in scenarios 1
and 2 as a contour when the volume loss is -5.0%. In both
scenarios, 100% of the allowable horizontal load is applied.
In scenario 1, however, because the effect of tunnel
excavation is greater than that of the horizontal load, the
settlement appears almost symmetrically. However, in
scenario 2, its effect is asymmetrical as shown by the
contour.

Fig. 12 is a graph of pile settlement and subsidence of
adjacent piles with increasing volume loss when the
horizontal load acting on the pile is 1/3 (q4), 2/3 (qy), and
3/3 (gg) of the allowable horizontal load.

Comparing the settlement amount with increasing
volume loss to the horizontal load of 1/3 (q;) of the
allowable horizontal load (Fig. 12(a)), there is no significant
difference between scenario 1 and scenario 2 at a volume
loss of 1.5%. However, when the volume loss increased

from 3.0% to 5.0%, the settlement of pile and adjacent
grounds increases sharply in scenario 2, and a somewhat
larger settlement occurs when compared to scenario 1. This
tendency is shown in Fig. 12(b) and 12(c), which is similar
to that obtained through the indoor model test.

As a result, the horizontal load and volume loss increase
for scenario 2, settlement is getting great at left side of pile
(negative in x-axis).

The shear strain obtained by numerical analysis is
shown in Fig. 13.

In scenario 1, the maximum shear strain occurs at the
pile tip, and the value was 0.11; however, in scenario 2, the
maximum shear strain appeared on the left side of the
tunnel, and its value was 0.07. In scenario 2, the shear strain
at the pile tip was 0.012, which was approximately 1/10 of
that of scenario 1. This is equivalent to the tendency in
settlement and horizontal displacement obtained from the
model test and numerical analysis.
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4. Comparison of results

The results from the laboratory model test and
numerical analysis are compared. Comparisons of
settlements and pile axial force are displayed in Figs. 14-17.
All the results from the laboratory model test are higher
than those from the numerical analysis. In Fig. 14, it can be
seen that the greater horizontal load is, the bigger horizontal
displacement is.

The settlement of piles and adjacent grounds obtained
from the numerical analysis was compared with the indoor
model test results (Fig. 15). Here, the numerical analysis
results were smaller than those of the indoor model test,
though the tendency for pile settlement, which means
settlement at point a, b in Fig. 15, in both scenarios, while
being similar, was higher in scenario 1 than scenario 2.
Additionally, settlement amount the pile locations in both
scenarios were also similar.

When the pile is located above the tunnel, settlement
occurs and decreases towards the ground surface.

Additionally, the further the offset between the pile and
tunnel centre is, the higher the horizontal displacement gets;
however, settlement does not increase.

Figs. 16 and 17 show the axial force of the pile, which
are measured according to the location of the strain gauges.
The figures on the left are for FEA 3D, with (-) and (+)
representing compression and tension, respectively. The
graphs on the right display the value of the laboratory
model test. Here, (-) shows tension and (+) represents
compression. The results exhibit a similar tendency.

5. Conclusions

In this study, tunnelling under the pile was subjected to
both the vertical and the horizontal loads. The behaviour of
the pile and adjacent ground was analysed using laboratory
model test and FEA. In general, the results exhibited a
similar tendency, which are itemised below.

» The further the offset between the pile and tunnel
centre was, the greater the effect of horizontal loads on the
pile were. Thus, the effect of tunnelling was large when the
pile was located directly above the tunnel (scenario 1).

« The larger the horizonal loads applied to the pile was,
the higher the horizontal displacement of the pile was, and
the lower the amounts of settlement of the pile and ground

surface were.

« When the horizontal load was applied to the pile and
tunnelling, compression occurred above the pile, and
tension took place under the pile. When the horizontal load
was small (34%), the settlement of the pile was large
because the area under the pile was subjected to tension due
to the tunnelling.

It can therefore be concluded from the above that the
load applied to the pile and the horizontal offset between
the pile and tunnel are important factors in tunnelling.

In this study, pile and ground behaviour tunnelling-
induced after lateral pile load are investigated. The authors
have plan study regarding grouped pile subjected vertical
and lateral load at the same time with tunnelling, and results
from this study will be compared to further research.
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