Small-scale model for investigating tunnel lining deformations
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ABSTRACT: Tunnel linings in situ are rarely truly circular in form. Shapes depend on
factors such as the nature of the lining, method of build, connections between segments, self-
weight deformations and ground stresses. A small-scale two-dimensional simplified tunnel
lining model comprising six segments was developed where the lining was loaded using a
reaction ring. The results provide insight into factors that control the lining response: e.g. the
deformed shape depends on the nature of the imposed loading, tightness of the bolts, number
of segments and joint flexibility. This small-scale model was developed as a precursor to a
sophisticated large-scale structural model used to assess the effect of tunnelling on existing
tunnels (Yu et al., 2017). In this respect it proved very instructive, especially for assessing
the method of loading the ring. An important message from the paper is how an inexpensive,
but carefully thought out, small-scale model can provide great insight to the development of
large-scale models that will involve orders of magnitude more time and expense. Many of
the findings from the small-scale study were verified by the more realistic large-scale model
which was able to provide details on deformations and stress changes in the segments and
bolts.

1 INTRODUCTION

1.1 Tunnel linings

Tunnel excavations in soft ground are supported using linings that can take various forms.
Mostly they are designed to be circular and traditionally were constructed as a series of
segments bolted together (cast iron, concrete) or brick masonry. The lining carries the
ground stresses bearing on it, primarily by circumferential stresses transmitted through the
circular arch of the lining (with a resultant line of thrust). In the case of cast iron segments
the circumferential stresses are mainly transmitted through the circumferential flanges and to
a lesser degree the web. Segments within a ring are connected together by bolts passing
through the longitudinal flanges and rings via circumferential flanges. If the tunnel were
perfectly circular there would be no bending moments within it, provided the ground stresses

normal to it were uniform.



In practice, the form of tunnel linings is rarely circular because of factors such as
deformations due to self-weight during lining erection, imperfect alignment of segments and
non-uniform ground stresses. The joints between the segments play an important role in the
response of a ring as they control the degree of articulation that can take place, although this
is also controlled by the magnitude of normal and shear stresses (hence hoop stresses) acting
on the extrados of the lining. As stress levels increase, the joints and bolt forces have less
influence. There is great uncertainty about what are acceptable deformations and the effect
they have on stresses and bending moments within the linings. In terms of deformations,
there are both serviceability considerations, which are often controlled by the kinematic
envelope required for trains to operate safely, and those that might lead to structural failure of
segments (e.g. within the flanges or web). The magnitude of deformations is a particular
concern when existing tunnels are influenced by nearby underground excavation (e.g. new
tunnel construction). In such situations in the past, when new tunnels have passed beneath
existing tunnels, on some occasions the bolts have been loosened or even removed so that
bending moments are reduced (e.g. Moss and Bowers, 2006) and in others they are tightened

to minimize deformations (e.g. Kimmance et al., 1996).

1.2 Physical modelling of tunnel linings

In order to investigate the response of tunnel linings under various loading or deformation
conditions, physical models have been used in the past. Full-scale lining tests are very costly
and rarely undertaken (e.g. Mashimo et al., 2001; Blom, 2002; Cao et al., 2008). More
frequently, small-scale models are used or individual or pairs of segments tested (e.g.
Thomas, 1977).

As part of a collaborative research project being run in conjunction with the construction of
Crossrail in London, structural testing of a half-scale grey cast iron segmental ring was
planned. The intention of the project was to investigate the effect of tunnelling on existing
tunnels (Standing et al., 2015). It was decided that the tests would be run without soil as this
has various advantages: (i) loads (and hence stresses) can be applied under either load or
displacement control; (ii) loads can be measured without ambiguity (compared with applying
stresses through a soil medium); (iii) there is no potential consolidation effect and so no
waiting for equilibration of pore water pressures; (iv) setting up the apparatus is much easier

and quicker.



As a precursor to developing this comprehensive apparatus, a small-scale model was made
and tests performed to check how well loads could be controlled using a reaction ring set-up
and to gain insight into controlling factors such as bolts forces, joint stiffness and number of
segments. Although the model was very simplified, the results and methodology proved very
instructive and contributed greatly to the design of the half-scale model set-up, providing
confidence in advance of embarking on the major project where a sophisticated half-scale set-
up was developed. Details concerning the first phase of the latter work are given by Yu et al.
(2017). The small-scale model set-up is described in this paper, along with its limitations, and

the primary results from the tests performed are summarized.

2 SMALL-SCALE MODEL

2.1 Form, materials and dimensions

The small-scale model tunnel lining was formed of six segments machined from brass as
shown in Figure 1. A key piece was not included to simplify the set-up. The intention was to
form a ‘plane-strain’ slice through a lining that included longitudinal but no circumferential
flanges. The lack of circumferential flanges was compensated to a degree by the fact that the
thickness of the web was proportionally much greater than that of the longitudinal flanges
compared with full-scale segments. For each segment, the thickness of the web was 2.37mm,
outer radius 47.29 mm and 13.25 mm in the out-of-plane direction. Flanges were of 14.99
mm depth and different thicknesses were used at either end of each segment to facilitate
bolting (3.95 mm and 6.21 mm). The thinner flange allowed the bolts (cap-head screws with
an Allen key socket) to pass through freely while the thicker flange was threaded. Thus the
bolt head was always in contact with the thinner flange. Two bolts were used at each
junction and no nuts were used. Each segment was marked (with punch holes) to ensure the

ring was always assembled in the same way.

Magnitudes of bolt force and joint stiffness were imposed in a standardized way to keep them
uniform at each junction. Three bolt configurations were used, referred to as: loose, tight and
very tight. For the tight configuration the bolts were done up by hand until the underside of
the head of each bolt was just in contact with the surface of the flange. In this way the bolt
head is in contact with the flange and provides some restraint. To achieve a very tight
condition, the bolts are done up ‘tight’ and then given an additional quarter turn with an Allen
key. The loose condition was achieved by inserting an o-ring (1.8 mm diameter and 6.4 mm
outer diameter) between the underside of the bolt head and the flange and doing up the bolt

until it was just touching the o-ring. Nominally the bolt force would be the same for the tight



and loose condition but the joint stiffness would be greatly reduced in the ‘loose’ condition.

A detail showing how the loose bolt configuration was achieved is shown in Figure 2.

2.2 Loading model ring

Loading of the ring was by a series of screws passing through a solid, relatively stiff reaction
ring, of much thicker dimension than the model ring, as shown in Figure 3. The ends of the
screws were flattened to avoid any uneven or point loading. Prior to performing tests on the
model ring, a compliance test was done to check how much the reaction ring might deform
under high load. A solid disc of brass of the same diameter as the model ring was placed
within the reaction ring and two sets of diametrically opposite bolts (e.g. @ & ® as shown in
Fig. 3) done up in sequence. They were tightened in the same way as the ‘very tight’
condition at the segment joints and then an additional quarter turn was attempted. This could
not be achieved and in fact one of the screw heads broke trying to achieve it. The average
change in diameter across the reaction ring was 0.033 mm. This is negligible compared with
the model ring deformations observed during the subsequent tests.

A set loading procedure was adhered to in all the tests performed on the model ring. Initially,
with the model lining and reaction ring concentric, all six sets of screws were set to be just
touching the extrados of the model lining. Compression forces were only applied via the
screws at positions @ & @, resulting in this diameter becoming the minor axis of an ellipse.
As this diameter is compressed, compression forces consequently develop in the screws at

positions @ & & and ® & (). These compression forces were released by loosening the
screws at @ & ® (until the screws were once more just touching the extrados) and followed
by the screws at ® & (6. These three steps are referred to as one ‘sequence’ of loading. For
each sequence, an equal displacement was applied to the screws at positions @ & @), by

rotating each by one quarter turn. Sequences are denoted with Roman numerals: I, 11, 111, IV
and within each, the three steps are denoted with Arabic numerals: 1, 2, 3. Four sequences of
loading were applied in each test and so with a total of twelve steps. The model lining was

then unloaded by unscrewing the screws at positions O & @, by a quarter turn, i.e. there

were four single step sequences in unloading.

2.3 Diameter measurements

Measurements of the change of various diameters across the model ring were made using two
mini-micrometer sticks as shown in Figure 4. These were rods with an LVDT (linear
variable differential transformer) mounted at one end, the armature of which was lightly

spring loaded. The ends of the micrometer sticks were machined to fit snugly into dimples



punched into various positions within the intrados of the model lining (e.g. centre of webs,
ends of flanges, as can be seen in Fig. 4). In this way accurate and repeatable measurements
could be taken. Readings were taken to a micron (0.001 mm) although the accuracy was
probably an order of magnitude less.

In most of the experiments micrometer stick measurements were made across nine diameters
as shown in Figure 5. Diameters 1, 2 and 3 were across centre web positions (corresponding
to the loading direction (O & ® and unloading directions @ & (® and (3 & (® respectively).

Diameters 4, 5 and 6 were measured between thick flanges and diameters 7, 8 and 9 between

thin flanges.

2.4 Test permutations

Two sets of tests performed are presented and discussed in this paper. In the first set, three
tests were performed using the six segment elements with the bolts in a loose, tight or very
tight condition. In the second set the segments were separated by o-rings in different
configurations to model different numbers of segments. For example, with pairs of segment
elements done up ‘very tight” and o-rings between each pair, there are effectively three
segments as shown in Figure 6. Tests were performed in this way with rings with: six
segments (o-ring between each); three segments (as just described); two segments (the two
halves comprising three segment elements bolted together very tightly and separated by o-
rings and tight bolt joints); and ‘no segments’ (the same test as that in the first series with the
tight bolts).

3 TEST RESULTS

3.1 Presentation of test data

There are two forms of presentation of the data, both relating to the change in diameter
measurements. In the first, the change in each of the nine spans measured (shown in Fig. 5)
are plotted for each of the twelve steps (four sequences). Different combinations of common

spans are discussed. The manner in which the model ring was loaded across direction @ &
® and unloaded across directions @ & &) and 3 & (6 in each sequence caused it to be

deformed into the shape of an ellipse. The second form of presentation plots the change in
the minor axis (span 1 in Fig. 5) versus the change in major axis (the average of spans 5 and 9
in Fig. 5).

The results for the loose bolt test with no o-rings separating the segments are presented in

detail first, as this test produced the greatest changes in spans. Subsequently other tests are



contrasted to this one and the tests investigating the influence of number of segments are only

presented as changes in minor versus major axes.

3.2 Tests with six segments and bolts tightened to three different levels

Results from the ring with segments connected by loose bolts are described first. The bolt
was done up so that the underside of the screw head was just touching the o-ring (see Fig. 2).
The tightness was therefore nominally the same as for the ‘tight’ condition but the joint

stiffness was much lower.

Cumulative changes in span (diameter) during the four loading sequences and during
unloading are shown in Figure 7a and b. As would be expected, some spans increase and
others decrease. Small permanent plastic changes are evident in all the spans after unloading
(Fig. 7b). In most cases if the span increased in length, the permanent deformation was in the
same sense. However, this was not the case for spans 6 and 8 which had the smallest

deformations after the loading sequences.

The results are presented separately for different groups of measurements in Figure 8.
Changes in spans 1, 2 and 3, across the three web diameters, are shown in Figure 8a. Span 1
corresponds to the measurement between webs in the direction @O & @ where loading was
applied and so is the minor axis of the ellipse that developed. The four sequences of loading
are clearly visible (e.g. steps 1 to 3, 4 to 6 etc) with an initial reduction in diameter as the ring

is loaded in the direction @ & @ and then much smaller further reductions when it is
unloaded across directions @ & ® and ® & (®. Changes across spans 2 and 3 (see Fig. 5

and inset diagram in Fig. 8) would be expected to represent an increase in diameter from the
loading sequence and should be roughly the same because of the symmetry of the ring. There
are small differences between them because of the order of unloading (span 2 relaxes first as

direction @ & (® is unloaded before 3 & (®), i.e. span 3). By the end of the four sequences

the minor axis has reduced by about 1.4 mm and the major axis increased by 0.7 to 0.9 mm.

Spans 5 and 9 (see Fig. 5 and inset diagram in Fig. 8) are perpendicular to the loading
direction @ & ® and would be expected to increase during the test (similar to spans 2 and

3). This is evident from Figure 8b. Changes in span are almost identical as the two flanges

where measurements were made are bolted together.



Changes in spans 1, 2, 4 and 8 (4 and 8 being across the flanges between web spans 1 and 2)
are shown in Figure 8c. The overall change in the flange span measurements is a reduction,

implying that they are largely controlled by the loading across direction @ & ®. The

thickness of the flange does not seem to have much influence as span 4, between thicker
flanges, reduces more than span 8. A very similar overall pattern of behaviour is observed
when viewing the changes between spans 1, 3, 6 and 7 shown in Figure 8d. In this case the
thinner flange span, which is closer to the loading direction, reduces more than the thicker
flange span 6, confirming that it is the proximity to the loading direction that controls the
span deformations. The different changes between spans 4 & 8 and 6 & 7 indicate that there
are small degrees of slip between adjacent flanges. This is perhaps not surprising given the
‘loose’ nature of the connection. The significance of the orientation of the joints relative to
the loading direction is clearly evident when contrasting the response of pairs of spans 4 & 8,
6 & 7and5 & 9. There is negligible slip between the bolted flanges corresponding to spans 5
& 9 which are perpendicular to the direction of loading and so would have greater normal
stresses between them than the bolted flanges corresponding to spans 4 & 8 and 6 & 7. The

increased normal stress has inhibited slip between the flanges.

Deformations associated with groups of spans 1,4 & 7; 2,5 & 8 and 3, 6, & 9 across
opposing individual segments are shown in Figures 8e to g. All spans relating to the
segments that are loaded (direction (O & @) reduce during the sequences, as might be
expected (spans 1, 4 & 7 in Fig. 8e). In the unloading directions @ & ® and ® & ® the
centres of the webs increase (spans 2 and 3) and so do the spans closer to the perpendicular

direction to loading (spans 5 and 9) as seen in Figures 8f and g. Spans 6 and 8 show the

smallest overall changes throughout the loading (span 8 in particular, Fig. 8f).

Changes in minor and major axes for the loose bolt test are plotted in Figure 9a. The four
loading sequences are clearly visible with three steps in each. The first step (I-1) causes a
large change (reduction) in the minor axis as the screws are tightened in direction @ & .
The gradient of the line is steep as there is a much smaller corresponding increase in the
major axis direction because of the restraint from the screws in directions @ & & and ® &
(® (see Fig. 3). As these are unloaded, one at a time (I-2 and 1-3), the major axis dimension
increases and there are also continued small reductions in the minor axis due to the relief of
the restraining forces. By the end of sequence | the magnitude of the reduction in the minor

axis is slightly greater than the increase in the major axis. This pattern of behaviour
continues for the next three sequences but by the end of sequence IV the magnitude of the



reduction in the minor axis is slightly less than the increase in the major axis. Both have a
cumulative magnitude of about 1.4 mm. The gradient of the line corresponding to the first
step in each sequence becomes progressively steeper (i.e. 1-1, I1-1, I11-1 and IV-1) as can be
seen in Figure 10.

On unloading the ring, the minor and major axes both change by similar amounts, following a
roughly linear path, as it reverts back towards a circular form. Small permanent deformations
remain as discussed earlier. These could have been caused by (i) slip between segments (at
the flanges), (ii) plastic deformations of individual segments and/or (iii) rotation of the ring.

For the case of the loose bolts the first scenario is probably the primary cause.

All of the results presented and discussed so far have related to the test performed with the
bolts in a loose condition. The test results for the tests performed with tight and very tight
bolt conditions, expressed in terms of cumulative changes in span during loading (c.f. Fig. 8),
exhibited exactly the same trends but the magnitudes of deformation progressively decreased
with increasing bolt tightness (the full results are given and discussed by Lau, 2009).
Differences in Span 1 were much more similar as this was controlled by the loading steps in
the direction © & ®.

Summary plots showing changes of minor versus changes in major axes for the tight and very
tight bolt tests are given in Figures 9b and c¢. The loading gradients for the first step of each
sequence reduce with increasing bolt tightness as can also be seen in Figure 10. For the very
tight condition, after the first load application there is no change in gradient. The magnitude
of increase of the length of the major axis with loading reduces with bolt tightness, with
negligible relaxation for the very tight case (Fig. 9¢). Permanent deformations on unloading
reduce with increasing bolt tightness in the major axis direction (with full recovery in the
very tight condition).

3.3 Tests with differing numbers of segments

This series of tests, described briefly in Section 2.4, was to investigate how different numbers
of segments influenced the deformed shape of the ring. Each ‘segment’ was formed of
segment elements done up in the very tight condition and separated by an o-ring with the
bolts done up so that the underside of the cap-headed screw was just touching the adjacent
flange. An example is shown in Figure 6 of the three-segment ring where pairs of segment

elements are very tightly connected and then the three segments are connected with o-rings



between them. Results are only shown in terms of changes in minor and major axes plotted

against each other, as shown in Figures 9c to f.

The result shown Figure 9c are used again within this series of tests, representing the case
where there are ‘no segments’ as all the bolts are in a very tight condition. The response is
very stiff as would be expected. The orientation of the segments in relation to the applied
load plays a key role in the response of the ring. This is not an issue for the test with no
segments and that with six segments (o-rings between each segmental element) where these

tests were performed in the same configuration as the first series of tests.

In the case of the two-segment test, the joint between the two segments was set to be

perpendicular to applied load direction (O & ®. The response is shown in Figure 9d and is

clearly much more flexible than that of the test with no segments (bolts done up very tight).
Although slightly larger changes in the minor axis occurred at the start of each sequence, the
final deformation is not much greater than that for the test with no segments. However, much
greater increases in the major axis occurred during the unloading steps (12, 13 etc) with the
final cumulative increase being about 1.7 mm compared with 1.0 mm for the no-segment test,

indicating that slip between the o-ring joints can occur much more readily.

The response of the three-segment test, shown in Figure 9e, indicates smaller deformations in
the major axis direction, even compared with the no-segment test. In this test the segment

joints were at positions @, ® & & and so loading in the direction @ & ® was onto a joint.

In all other tests there was a segment in this position. The effect illustrates the influence of
loading position. As might be expected, the test with all six segments separated by o-rings
resulted in the greatest deformations (Fig. 9f). After fully unloading the rings, there were
always permanent deformations. These were smallest in the no-segment test and greatest for
the six-segment test. In the two-segment test, the minor axis deformations were fully
recovered. These permanent deformations, as mentioned earlier, are directly related to the
orientation of the joints and their relation to the direction of loading, as this influences the
magnitude of the normal force acting across the joint, and also to the tightness of the joint,
the looser the joint the greater the scope for slip and hence permanent movement. The angle
of interface shearing resistance between the joints should be the same and so slip is controlled

primarily by the magnitude of normal force.



3.4 Assessment of deformed shapes with reference to an ellipse
In most cases, the small-scale model tunnel ring is expected to deform as an ellipse and this is
investigated here using a combination of geometry and measurements. By using the final major

and minor axes measured at the end of the loading stages, the ellipse radii in the @ to ® and
(® to (® directions are calculated using the equation of an ellipse given below and compared

with the results from the tests.

XZ 2
—+ =1
a b2

where a and b are the major and minor axis radii respectively.

The orientation of the two radii are shown schematically in Figure 11. They are both inclined
at 30°to the major axis and so y = x.tan30° and it is assumed that any changes in this angle
during the test are negligible. Inserting this into the equation of an ellipse given above along
with the values of a and b from the experiments allows a value of x to be determined and
thence y. If the ellipse is assumed to be symmetrical, the two radii, r, are the same and can be
calculated using Pythagoras theorem (r2 = x2 + y?). This value can be compared with the
radii values in the @ to ® and ® to (® directions measured after the final loading stage in
the tests. The values are given in Table 1, along with differences between measured and
calculated values and what they represent as a percentage of the measured value. In general,

the model ring deforms as an ellipse to within 1% of the calculated values.

Bolt tightness tests (Figure 9a to c): loose tight very tight
Measured major axis, a (mm) 46.792 46.644 46.607
Measured minor axis, b (mm) 45.424 45.400 45.450
Calculated radius in -5 and (3)-(6) directions (mm) 46.439 46.323 46.309
Measured radius in (2)-(5) direction (mm) 47.002 46.721 46.720
Measured radius in (3)-(6) direction (mm) 46.819 46.675 46.733
Difference in in (2)-(5) direction (mm) 0.563 0.398 0.410
Difference in (3-(6) direction (mm) 0.380 0.352 0.424
Difference in (2)-(5) direction (%) 1.21 0.86 0.89
Difference in ®-(6) direction (%) 0.82 0.76 0.91

Table 1. Comparisons of the deformation to perfect ellipse

3.5 Potential for back-analysing the test results

Given the fact that the small-scale model was two-dimensional, a logical step might be to

back-analyse the conditions of the test to gain more information concerning deformations and
stresses in the segments and forces in the bolts. However, this was not done for two reasons.
First, the primary difficulty with such an analysis is assigning a suitable joint stiffness: this is

particularly difficult given the manner in which the joints were physically modelled by



varying the bolt tightness and the use of o-rings. Secondly the model achieved its purpose, to
provide insight into the method of loading and the key factors controlling the deformation of
a segmental ring with a view to designing a large-scale set-up (as discussed in the next
section), without the need for more detailed information on forces and stresses within its
elements. Additionally, the small-scale model was very simplistic in its form and the results
could not readily be extrapolated to three-dimensional segmental rings encountered in

practice.

In the large-scale model discussed in the next section, there was also uncertainty about the
joint stiffness. In order to investigate this, two-segment tests were performed and detailed
numerical analyses of these were performed in order to establish the joint stiffness under
different bolt forces (which were measured) and stress distributions within the segments. The
results from the two-segment tests and associated numerical modelling are given by
Tsiampousi et al. (2017).

4 APPLICATION OF FINDINGS TO A LARGE-SCALE SET-UP

The model tests described in this paper acted as a precursor to tests performed on a half-scale
grey cast iron segmental tunnel ring of about 2 m diameter, as shown in Figure 12. Several
lessons learnt during this preliminary study helped greatly with the decision making and
focus of attention during the design and development of the half-scale set-up. Overall the
small-scale model provided evidence that the loading methodology planned for the large-
scale model tests worked, greatly increasing confidence before embarking on the design and

manufacture of the rig and test set-up.

In the small-scale tests the loads applied through the bolts passing through the reaction ring
were not measured. In reality this is an important quantity to measure. Attempts were made
to determine these loading bolt forces using the stiffness of the bolts and their shortening
between the model lining and the reaction ring but it was not possible to do this with
sufficient accuracy. However, the method of applying radial forces to the model test ring was
consistent between tests. In the large-scale set-up a sufficiently wide annular gap was left
between the extrados of the test ring and the reaction ring to incorporate load cells. Loads
were applied using pneumatic actuators. Similar to the small-scale model, there were three
loading points on each segment and each load was applied via stiff composite spreader pads
comprising a steel plate, a timber former machined to the same shape as the extrados of the
segment and a neoprene sheet to achieve uniformly distributed loads. In the small-scale



model some evidence of pitting where the screws bore onto the back of the model ring were

observed after several tests which clearly would not be acceptable in the cast iron segments.

It was not practicable to take frequent diameter measurements for the large-scale ring and so
the overall ring deformation was determined from displacement transducers placed in line
with the load application points. The influence of the magnitude of bolt forces connecting the
segments together on the degree of ring articulation was very similar at both scales. Some of
these bolts were instrumented to measure changes in bolt force during loading. In order to
assess whether there was slip between segments and / or plastic deformations within them,
numerous strain gauges were installed in some of the segments and displacement transducers

were positioned across the joints.

This work has formed part of an extensive research project investigating the influence of
tunnelling on existing tunnels, involving structural laboratory testing, field monitoring and

numerical analysis (Standing et al., 2015).

5 CONCLUSIONS
A series of tests using a small-scale model, simulating a slice through a tunnel lining (without
circumferential flanges) have been performed to investigate effects such as bolt tightness and

number of segments on model ring deformations from loading across a diameter of the ring.

A very careful repeatable loading procedure was implemented for all tests to maintain
consistency between tests. Great care was also taken in the deformation measurements. A
number of conclusions can be drawn from the test results.

- For the six bolted segment tests, deformations reduced as bolt tightness increased. In the
case of the loose bolts condition, the joint stiffness was much lower than the tight and very
tight configurations. In practice, a corollary of this would be that bending moments increase
as ring deformations reduced, however it was not possible to measure this.

- The small-scale model ring deformed essentially as an ellipse, measured shapes generally
being within 1% of calculated values for a perfect ellipse.

- Relative slip between segments was more likely to occur as the bolts became looser.
However, the amount of slip depended on the position of the joint relative to the direction of
applied loading. Much less slip occurred across the joint perpendicular to the loading

direction because of the larger component of normal force at this orientation.



- For the tests performed to investigate the influence of the number of segments, generally
the more segments, the greater the deformations. However, the orientation of the segments
relative to the loading direction again had an important influence on the response of the ring.
- On fully unloading the ring there were always permanent deformations. These reduced
with increasing bolt tightness and reducing number of segments.

- Permanent deformations could result from (i) slip between joints, (ii) plastic deformations
of the individual segments and (iii) rotation of the model ring. The first is thought to be the
most likely cause for the tests performed in this study and is controlled by the magnitude of
normal force acting across the joint (interface friction angles should be constant between

joints and tests).

Findings and lessons learnt from the small-scale study were invaluable in developing a large-
scale test set-up used to investigate the response of cast iron segmental tunnel linings when
deformed in situ by ground movements, for example from the construction of a new nearby
tunnel (details are given by Yu, 2014 and Yu et al., 2017). An important message from the
research and results described in this paper is that great insight can be gained from a very
simple, but carefully thought out, cost-effective small-scale model in advance of developing a

more sophisticated set-up involving orders of magnitude more time and expense.
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Small-scale model for investigating tunnel lining deformations
J.R. Standing & C. Lau

Figure 1. Components of small-scale model lining.

Figure 2. Joint arrangement used in ‘loose’ bolt tests.

Figure 3. Model set-up with segmental test ring, reaction ring and loading screws (primary
load positions also marked).

Figure 4. Model set-up showing mini micrometer sticks used.

Figure 5. Model set-up showing positions at which changes in diameter were measured (nine
locations).

Figure 6. Arrangement for ‘three-segment’ test (note o-rings between pairs of very tightly
bolted segments).

Figure 7. Cumulative changes in span during (a) loading and (b) unloading of the model ring
(see inset sketch for span positions).

Figure 8. Cumulative changes in span during loading for various combinations of spans (see
inset sketch for span positions).

Figure 9. Changes in minor axis versus changes in major axis for: (a) loose, (b) tight, & (c)
very tight bolts; and for different numbers of segments (c) no segment, (d) to (f) 2, 3and 6
segment tests.

Figure 10. Gradient of changes in minor axis over changes in major axis for loose, tight and
very tight bolt configurations.

Figure 11. Comparison of deformed shape of model tunnel ring with an ellipse.

Figure 12. Schematic of half-scale (2-m diameter) grey cast iron segmental tunnel lining test
(Yuetal., 2017).
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Figure 1. Components of small-scale model lining.

Figure 2. Joint arrangement used in ‘loose’ bolt tests.



Figure 3. Model set-up with segmental test ring, reaction ring and loading screws (primary
load positions also marked).

Figure 4. Model set-up showing mini micrometer sticks used.



Figure 5. Model set-up showing positions at which changes in diameter were measured (nine
locations).

Figure 6. Arrangement for ‘three-segment’ test (note o-rings between pairs of very tightly
bolted segments).
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Figure 9. Changes in minor axis versus changes in major axis for: (a) loose, (b) tight, & (c)
very tight bolts; and for different numbers of segments (c) no segment, (d) to (f) 2, 3and 6
segment tests.
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Figure 11. Comparison of deformed shape of model tunnel ring with an ellipse.
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Figure 12. Schematic of half-scale (~2-m diameter) grey cast iron segmental tunnel lining test
(Yuetal., 2017).



