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ABSTRACT: The method of photo-elasticity was used qualitatively to investigate the behaviour of the effects
of piling on a tunnel. A perspex inclusion was used to resemble the tunnel and stress patterns developed in the
granular assembly surrounding it were observed during the piling process. For a pile installed at a horizontal
distance within one ‘tunnel’ diameter of the tunnel axis, bright lines of light were observed joining the base of
the pile to the inclusion. These lines of light, representing highly loaded chains of particles, developed as the
pile was driven in and became most dense at a specific pile toe depth, depending on its position relative to the
tunnel. The brightness of the images also increased as the stress level of the particles increased. At distances
further than one tunnel diameter the brightness and number of lines diminished. This observation correlates with
centrifuge studies investigating the effects of tunnelling on piles (Jacobsz et al., 2003).

1 INTRODUCTION

In recent years the technique of photo-elasticity has
been extended to investigate stress distributions within
geotechnical boundary value problems involving gran-
ular soil assemblies (Allersma, 1987). Examples of its
application include studies of the conditions within
silos (Dresher, 1976) and the shear box test (Dyer,
1985).

The study described in this paper was prompted by
small-scale physical model testing in the geotechnical
centrifuge to study the effects of tunnelling near jacked
piles in sand (Jacobsz et al., 2003). In that research
(which did not involve photo-elasticity) tunnelling-
induced volume losses were imposed in the soil sur-
rounding the tunnel. A triangular zone was identified
where jacked piles are most likely to be influenced by
tunnelling activities. If the bases of the piles were out-
side this zone, the tunnelling had little effect on them.

In the tests described in this paper, the reverse pro-
cess was studied. A photo-elasticity technique was
used to study the stresses developed around a tunnel
during piling. The results are considered with respect
to exclusion zone limitations commonly set. For exam-
ple London Underground Limited imposes minimum
3 m and 15 m limitations to the distance from the
side of an existing tunnel at which bored and driven
piles respectively can be constructed (Chudleigh et al.,
1999).

2 PHOTO-ELASTICITY TECHNIQUE

The technique of photo-elasticity for soil mechanics
applications, i.e. for granular assemblies, requires a
particulate material surrounded by a liquid medium
of the same refractive index. In this investigation, the
materials for the particles, solid inclusions (tunnel
and pile) and the liquid medium were pyrex (sodium
borate), perspex and paraffin respectively. As these
all have essentially the same refractive index, when
contained within a clear-sided chamber, they are trans-
parent. Light is largely blocked out when they are
viewed through fully polarised light. However, when
any of the elements are stressed, the light bifurcates
and bright regions (stripes or paths) become visible.
Light stripes coincident with lines of loaded chains of
particles were observed by means of a circular polar-
iscope in the tests when the optically isotropic particle
assembly was stressed.

According to Drescher (1976), the trajectories of
major principal compressive stress coincide with a
pronounced family of stripes seen within a loaded
assembly of particles. Thus, by tracing smooth and
continuous lines along the stripes visible in circularly-
polarized light, the trajectories of principal stresses can
be obtained directly. Moreover, the brightness of the
stripes increases with the level of applied stress.

Comprehensive details of the technique of photo-
elasticity are given by Holister (1967).
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Figure 1. Photo-elasticity components and test chamber.
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Figure 2. Schematic diagram showing test set-up for study-
ing the effect of piling on a nearby tunnel.

3 DETAILS OF THE EXPERIMENTS

3.1 Apparatus

Figure 1 shows the set-up of the apparatus with the
various photo-elasticity components. Details of the
individual components are given by Holister (1967).

The key components of the chamber in which the
experiments were performed (roughly plane-strain test
conditions) for studying the effect of piling on a tunnel
are shown in Figure 2. The dimensions varied in the
parametric study are also indicated (H = horizontal
offset from tunnel to pile axis; V = penetration dis-
tance of pile; y = vertical distance from toe of pile to
crown of tunnel).

3.2 Details of particles

The granular particles were obtained by manually
crushing off-cuts from plate pyrex, resulting in quite
angular grains. The particles were wet sieved and
the range of particle sizes used in the experiments is
given in Table 1. The minimum and maximum values
of void ratio for this grading were emin = 0.723 and
emax = 1.011 and the specific gravity, Gs = 2.20.

3.3 Experimental procedure

The chamber was laid on its side for positioning the
tunnel and placing the pyrex particles. Although a set

Table 1. Range of sizes of pyrex particles.

Particle size (mm) % of mixture

2.00–2.80 25
2.80–3.35 20
3.35–4.00 12
4.00–4.75 18
4.75–6.70 25

filling procedure was adopted, small variations in rel-
ative density, Dr , did occur. The particles were placed
in a dense state to increase the stress levels within the
chamber during pile penetration. The reason for this is
that with increased stress levels the brightness of the
images increases and patterns of stress are enhanced.
The penetration depth of the model pile was controlled
by force applied to it via pressure in the actuator. This
force was increased steadily in equal increments of
actuator pressure, which were recorded with the ver-
tical penetration of the pile at each stage. The stress
patterns developed at the base of the pile and the inclu-
sion were recorded using a digital camera. Tests were
repeated with the pile at different positions relative to
the tunnel (e.g. at horizontal offsets, H , of 0, 0.5D, D
and 1.5D, D being the tunnel diameter).

4 EXPERIMENTAL RESULTS AND
OBSERVATIONS

The model tunnel was of 100 mm diameter and was
positioned roughly one diameter away from the bound-
aries of the chamber. The model pile was tested at
four positions relative to the tunnel (H = 0, H = 45,
H = 100 and H = 145, see Figure 2).

4.1 Test 1 (H = 0 mm, Dr = 0.801)

In Test 1, the pile was positioned almost directly above
the axis of the tunnel. The brightness of the fringes
increased as the pile was jacked closer to the inclusion.
When the pile reached a distance of about y = 50 mm
from the inclusion, lines of light fringes connecting
between the pile and the inclusion, representing highly
loaded columns of particles, could be seen (Figure 3).
Bright spots, representing positions where the columns
of stressed particles were in contact with the ‘tunnel’
inclusion could also be observed at the upper surface
of its periphery. These points are where the ‘tunnel’
inclusion was most directly influenced by the pile.
They were also evident on the base of the pile. As the
pile was jacked further, the number of lines joining the
pile and the inclusion increased. These features can be
seen in Figure 4, where the pile had reached a distance
of y = 11 mm, no further lines developed beyond this
penetration, only the brightness continued to increase.

172

Copyright © 2006 Taylor & Francis Group plc, London, UK



Figure 3. Test 1 photo-elastic image at H = 0 mm, y =

52 mm.

Figure 4. Test 1 photo-elastic image at H = 0 mm, y =

11 mm.

Radial and circumferential stress lines became vis-
ible as they developed around the base of the inclusion
as can be seen in Figure 4. These patterns were more
obvious around the lowest part of the tunnel inclu-
sion and became brighter with deeper penetration of
the pile. This implies that the lower part of the inclu-
sion was being forced into the particle mass beneath
it. The radial and circumferential stresses indicate a
more uniform stress distribution, almost a form of

Figure 5. Test 2 photo-elastic image at H = 45 mm, y =

49 mm.

cavity expansion, compared with the upper part of the
inclusion where the stresses were very localised.

4.2 Test 2 (H = 45 mm, Dr = 0.773)

In Test 2, the pile was positioned at an offset, H , of
about half the diameter of the inclusion. The change
of patterns with respect to different penetration depths
of the pile was similar to those of Test 1. A series of
stress patterns recorded at different pile penetration
depths are shown in Figures 5 to 7. When the pile
reached a position of y = 49 mm (Figure 5), lines of
stress joining the inclusion and the pile in form of
light fringes were again observed. However, the stress
patterns observed beneath the pile were not as sym-
metrical as in Test 1. There were more light fringes
emerging from the left hand side of the pile and they
tended to be directed towards the inclusion, it being
relatively stiffer than the granular assembly. Highly
loaded chains of particles therefore tended to develop
between the inclusion and the pile on left hand side.
The number of lines stopped increasing at a depth of
y = 13 mm (see Figure 6), similar to Test 1. Angles to
the horizontal of light stripes emanating from the bot-
tom of the pile were almost the same throughout the
test unlike Test 1 where the angles were observed to
be increasing.

Radial and circumferential stress lines were again
visible at the base of the ‘tunnel’ inclusion, but were
concentrated on the left-hand side diametrically oppo-
site to where the pile was jacked in and were not as
bright as those observed in Test 1. This implies most
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Figure 6. Test 2 photo-elastic image at H = 45 mm, y =

13 mm.

Figure 7. Test 2 photo-elastic image at H = 45 mm, y =

−8 mm.

of the stresses imposed by the pile were being transmit-
ted to the bottom left-hand side of the tunnel inclusion.
Not only did the brightness of the fringes increase as
the pile was pushed in, but the extent of arching to the
periphery of the inclusion, surrounded by radial and
circumferential stress also increased. Bright spots on

Figure 8. Test 3 photo-elastic image at H = 100 mm, y =

5 mm.

the periphery representing points of contact of loaded
columns were again observed.

4.3 Test 3 (H = 100 mm, Dr = 0.804)

In Test 3, the pile was positioned at an offset of one
diameter of the tunnel inclusion. The general change
of patterns with respect to different penetration depths
of the pile was similar to those of Test 2. When the
pile had reached a penetration of y = 20 mm, lines
of stress joining the inclusion and the pile could be
seen and reached a maximum at y = 5 mm (see Fig-
ure 8). The brightness of the light fringes was stronger
on the left-hand side of the pile and they tended to
curve towards the tunnel.The number of these connect-
ing lines started to decrease with penetration below
y = 5 mm.The stress distribution when the pile toe was
at tunnel axis level is shown in Figure 9. The tunnel
does not seem to be visibly stressed by the pile.

These observations correlate well with the results
of Jacobsz et al. (2003), investigating the converse
problem of the influence of tunnelling on a piled foun-
dation. In their study, a triangular zone was mapped out
above the tunnel as shown in Figure 10. Piles which
have their bases founded within this region are likely
to suffer potentially large settlements under the effect
of tunnelling.

The photo-elasticity experiments described in this
paper investigated the reverse effect. It appears that
if piling were carried out in the same region estab-
lished by Jacobsz et al., the effect on the tunnel is
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Figure 9. Test 3 photo-elastic image at H = 100 mm, y =

−50 mm.

45o
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Figure 10. Summary plot showing zone of influence
(shaded) where large tunnelling-induced pile settlements
would be expected (after Jacobsz et al., 2003), with position
of pile tests from this photo-elasticity study marked.

likely to be significant. Equally at the pile position
of H = 100 mm, the point of intersection with the tri-
angular zone is at z = 180 mm (for the dimensions of
the experimental set-up used). Any pile with its base
founded deeper than 180 mm, should experience only
a negligible effect from the tunnelling activities. This
was roughly the depth beyond which it was observed
that the number of lines joining the pile and the inclu-
sion, representing direct stresses transferred from the
pile to the tunnel inclusion, started to decrease. It might
therefore be tentatively suggested that piles driven

Figure 11. Test 4 photo-elastic image at H = 145 mm, y =

−5 mm.

outside this triangular zone are likely to have less
influence on the tunnel.

Radial and circumferential stress lines could still
just about be observed although they were not as dis-
tinct as in Tests 1 and 2. This is explained by the fact
that the pile was now further away from the tunnel,
the direct impact of piling was not as strong as for the
previous closer cases.

4.4 Test 4 (H = 145 mm, e = 0.794)

In Test 4, the pile was positioned at an offset of about
1.5 times the inclusion diameter. Curved light fringes
in the direction towards the tunnel were evident but
continuous loaded chains of particles joining the pile
and the inclusion were not observed at any stage
throughout the test (see Figure 11) as the impact of the
effect of piling was weaker compared with the previous
tests.

Faint lines of stress around the tunnel inclusion were
observed at a higher stress level when the pile had
penetrated a greater depth.

4.5 Effect of pile position on the stress patterns

It has been observed that paths of light connect
between the pile and the tunnel inclusion depending
on the relative position of the pile tip to the inclusion.
These bright paths represent stresses passing along
chains of particles, transmitting the load directly from
the base of the pile to the inclusion. As would be
expected, the influence of piling became weaker as
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Table 2. Summary of values of y at which pile had an
influence on the tunnel inclusion.

Test 1 Test 2 Test 3 Test 4

H (mm) 0 45 100 145
y1 (mm) 52 49 20 –
y2 (mm) 11 13 5 –

y1 = value of y when connecting lines start to emerge.
y2 = value of y when connecting lines reached a maximum.

the pile offset from the inclusion increased. As the
distance from the tunnel axis to the pile increased, the
appearance of direct stresses imposed on the tunnel
by the pile, evidenced by the bright paths joining the
pile and the inclusion, occurred after greater degrees
of pile penetration. In the test series described here the
limiting pile offset, H , beyond which the pile did not
have a visible influence on the tunnel inclusion was
about one tunnel diameter. The relative distances at
which the light paths emerged and when they became
most dense are summarised in Table 2.

In the case of the experiments with the greater
pile offsets (i.e. Tests 3 and 4), the bright paths were
observed to have an increase in curvature. The lines of
loaded columns were in the form of an arch, curved
towards the inclusion instead of straight lines as in
Tests 1 and 2. These asymmetric stress patterns arise
because the presence of the solid inclusion tunnel
which acts as a rigid body within the granular mass
with a much greater relative stiffness, thus attracting
the stress lines towards it.

5 COMMENTS ON TESTS AND TECHNIQUE

The photo-elasticity technique clearly has some use-
ful application to understanding the stress conditions
within some soil mechanics boundary value problems.
However, there are a number of limitations for the sit-
uation described in this paper, some of which are now
discussed.

5.1 Apparatus limitations

Modelling the tunnel as a solid inclusion rather than an
open lining (which could be simulated using a perspex
ring) means that it has a much greater overall stiffness.
A ring would experience greater deformations with
associated bending moments, more closely simulating
a real tunnel lining.

Quite high stress levels are necessary to produce
clear light patterns. Former studies had used perspex
particles much less effectively as they deform more
readily on loading with larger contact areas between
particles and hence lower stress levels for a given

applied force. The net effect is to reduce the brightness
and clarity of the images.

Equally a similar effect results when using small
particle sizes as the applied load is more evenly dis-
tributed. For this reason, larger grain sizes were used to
produce fewer and more highly stressed chains of parti-
cles. However, granular assemblies composed of larger
particles are much more prone to phenomena such as
arching which might not be realistic at prototype scale.

A series of tests were performed to study directly
the problem described by Jacobsz et al. (2003), i.e.
of the effect of tunnelling on piled foundations. In
these tests the pile was positioned at various offsets
to the tunnel and loaded. The tunnel was modelled
using a water-filled pressurised circular membrane in
which the pressure of the water could be measured
and small quantities could be extracted to simulate
tunnelling volume loss. These tests were not very suc-
cessful because even though the membrane was fully
desired, it was readily deformable and sufficiently high
stress levels could not be imposed around it. Leung
(2001) describes these tests and others performed in
the same apparatus.

The piles used in the experiments appeared to be
essentially end-bearing as no bright or stressed regions
adjacent to the pile shaft are evident. With some pile
types the effects on a tunnel lining of a higher shaft
friction component might be significant.

Stress levels within apparatus are likely to be arti-
ficially elevated because of the confining effects the
boundaries of the chamber (both in-plane and out-of-
plane). These are difficult to quantify.

5.2 Technique limitations

In order to quantify the magnitude of the principal
stresses observed in the apparatus it is necessary to
measure the intensity of the light. This was not pos-
sible with the facilities available during the course
of the experiments described in this paper. However,
Allersma (2003) has developed a comprehensive appa-
ratus with a sensing device able to measure the light
intensity that systematically moves in steps across the
photo-elastic image to map out stresses.

6 CONCLUSIONS

The photo-elasticity method has been applied to inves-
tigate the boundary value problem involving con-
structing piles in the vicinity of existing tunnels. The
technique and apparatus used have some limitations
and these have been discussed. The main points are
that quite high stress levels are required to achieve
clear visual images of the stresses within the apparatus
and that it is necessary to measure the level of bright-
ness of the light in order to quantify the magnitude of
the stresses.
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With the boundary conditions used, the experiments
show that for piles having an offset from the centre of
the tunnel inclusion less than a diameter of the inclu-
sion, considerable transfer of stress from the pile toe to
the tunnel periphery takes place. This was indicated by
lines of bright light joining the base of the pile to the
inclusion, representing highly loaded chains of parti-
cles. The number of lines increased as the penetration
depth of the pile increased, and reached a maximum at
a specific depth of penetration of the pile depending
on its lateral position.

The observations can be corroborated with those
of Jacobsz et al. (2003) who investigated a converse
problem of the effects of tunnelling on piled founda-
tions. They established that piles that have their toes
within a triangular zone above the tunnel are most
prone to being adversely affected by tunnel construc-
tion. The results from the photo-elasticity study also
indicate that a similar zone can be defined such that
piles being jacked (or driven) into the ground will have
the strongest influence on the existing tunnel when
their toes are located within a similar triangular zone.

The observations also suggest that the limits
imposed by tunnel owners on minimum distances at
which piles can be constructed near to existing tun-
nels are sensible. With increasing urban development,
often involving pile construction close to existing tun-
nels, there is a need for a better understanding of
the mechanisms taking place between piles and tun-
nels. This can be approached using numerical analysis
(e.g. Schroeder, 2001), by monitoring (e.g. Schroeder,
2002) or by small-scale model testing as described in
this paper.
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