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ABSTRACT: This paper outlines preliminary research into reinforcing adobe buildings with strips cut
from used car tyres. The proposed approach has the potential to both reduce seismic vulnerability and
help solve the ecological problem of vehicle tyre disposal. Tyre strips, spiral-cut from the tread area,
have been tested both statically and dynamically to ascertain their strength and stiffness capabilities.
The two layers of fine steel wires that form the steel belt greatly enhance these two engineering
properties which prove to be quite adequate for the proposed use. Simple, albeit carefully detailed
nailed connections that can develop most of the strength of strips, enable them to be placed
horizontally within an adobe wall. Where laid so that their shape in plan approximates that of a
catenary, they are able to resist significant out-of-plane loads, as well as act as shear reinforcement for
in-plane loads. A full-scale face-load test on a three metre length of dry stacked masonry wall has
confirmed the potential of the proposed system.
1 INTRODUCTION
Over one third of the world’s population lives in adobe or earthen buildings, the subject of this paper
(Larkin and Romero 1994). Although there are many different types of earthen and related
construction, including stone and mud brick construction, the proposals presented in this paper are
expected to be applicable to most earthen and unreinforced masonry construction. As tragically
witnessed after every damaging earthquake in developing countries, due to their high mass and lack of
tensile resistance, the seismic performance of these forms of construction, and in fact any buildings
lacking tensile strength, is very poor.
Typical earthquake damage patterns of adobe housing include:•

Poor connections between the different elements of the building that lead to walls separating
at corners and falling outwards

•

Falling of gable and ordinary walls due to out-of-plane loads, that leads to collapse of the roof

•

Delamination and bulging of walls built from essentially two vertical layers of stones

•

Diagonal tension shear cracking due to in-plane wall loads. This weakens walls and leaves
them very vulnerable to out-of-plane loads.

Figure 1 Damaged houses after the January 26, 2001, Bhuj Earthquake, India (EERI 2002 )
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Typical damaged buildings are shown in Figure 1. Where the damage is more severe, buildings are
reduced to little more than mounds of rubble.
The challenge therefore is to find or develop low-cost tension-resistant materials that can be used to
reinforce such vulnerable construction. It must be assumed that due to economic realities, adobe
buildings utilizing readily obtained and naturally occurring materials, will continue to be built. One
possible solution to this challenge is to use material from used vehicle tyres. At least in the so-called
developed countries, used car tyres create a huge environmental problem by accumulating at
approximately the rate of one used tyre per head of population per year. Each year, up to four million
tyres require disposal in New Zealand alone (Trow 2004). In Wellington, commercial operators are
charged $300 per tonne, or approximately $2.50 per car tyre at the Southern Landfill. A $3.00 cost per
tyre applies in Hawkes Bay.
2 THE CONCEPT
2.1 Overview
The technical concept this paper explores is to spiral cut strips from the treads of used car tyres to
provide tension resistance and therefore seismic safety to otherwise completely vulnerable adobe
construction. The initial focus is upon single-storey residential buildings. Figure 2 provides a pictorial
summary of the concept. Although cutting of the tyres and separating them into three components,
tread, walls and beads will eventually require automation, the process sequence is outlined. After
approximately five metre-long continuous strips have been cut from the tread, they are connected on
site by a specially developed yet simple nailed joint. The strips are then laid within the wall, both
horizontally and vertically, providing in-plane and out-of-plane resistance. The tyre beads are also
used to provide confinement to the adobe elements in specific locations and to reinforce selected
connection details.

Figure 2 Pictorial summary of strip formation and application.

Once the technical adequacy of the concept has been fully developed and rigorously tested both
theoretically and experimentally, the vision is for tyre strips and beads to be mass-produced in
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developed countries and then transported to developing countries. Hopefully, at no or minimal cost,
villagers will incorporate them into their new buildings and use them to retrofit existing construction.
Two very desirable outcomes eventuate. First, these strengthened dwellings will be resistant to
collapse during an damaging earthquake, and secondly, the environmental challenge posed by millions
of used tyre casings is, at least partially, addressed.
2.2 Structural description
The embedded tyre strips and beads are intended to provide the tension strength necessary to resist all
earthquake induced loads acting on a building, as discussed below.
2.2.1 Out-of-plane loads or face-loads
At regular intervals up the height of a wall, say every 600 mm, strips are positioned in catenary so as
to resist face-loads from both directions and transfer them to cross-walls. As there are no external
buttresses to resist the strip tension forces that arise under face-loads, it is necessary to develop beam
action within the wall. The composite system, which can be thought of as the opposite of a tied-arch,
can be described as a strutted-catenary. Tension force in a tyre strip is equilibrated by a horizontal
compression strut along the face of the wall (Figure 3). Particularly in buildings with light-weight
roofs that lack any effective diaphragm action, most face-loads will be transferred horizontally to
cross-walls. However, free-standing elements like short walls and piers surrounded by openings might
require vertical strips to facilitate vertical transfer of face-loads to composite horizontal ‘tyre stripbeams’ at eaves and lintel levels. Where a reliable roof diaphragm can be achieved, vertical face-load
transfer will become more significant. Since these vertical strips might be embedded in the middle of
walls and will need to be vertical to keep the construction techniques as practical and as easy as
possible, they will be structurally half as effective as a horizontal strip whose internal lever-arm
capable of resisting bending moments approximates the total wall thickness.

Figure 3 Plan of an adobe wall reinforced with car tyre strips showing internal tensions and compression areas.

2.2.2 In-plane loads
Diagonal-tension shear failure, indicated by in-plane diagonal cracks, is commonly observed in
earthquake damaged unreinforced masonry and adobe construction. Regularly spaced horizontal
tension bands have the potential to create a rational strut-and-tie shear force resisting mechanism to
prevent collapse. They work together with vertical reinforcement that facilitates the formation of in–
plane shear force resisting diagonal compression struts by equilibrating the vertical component of the
inclined struts (Figure 4). The horizontal tyre strips, therefore, act in the same way that horizontal
shear wall reinforcement resists shear forces in reinforced concrete shear walls.
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Figure 4 Seismic loads acting in-plane on a wall, and the internal forces of resistance.

2.2.3 Vertical loads
Gravity loads, particularly from heavy roofs that compress adobe or stone walls, can lead to their
delamination and eventual collapse. This mode of failure can be prevented by placing tyre beads
horizontally within these walls (Figure 5).

Figure 5 Wall delamination (IAEE 1980) and a plan view of a wall where delamination is prevented by a
horizontally laid tyre bead.

2.2.4 Roof diaphragm loads
Heavy layers of dried mud, between 150 mm and 300 mm thick, often overlay timber rafters. Where
desirable, tyre strips can be laid horizontally, in catenary within the thickness of the earth, to transfer
face-loads back to cross-walls by creating dependable diaphragm action.
3 TYRE STRIP TENSILE TESTING
All the tensile tests reported in this paper were conducted on steel-belted radial car tyres. These tyres,
which are replacing the previously common cross-ply tyres, have their strength and axial stiffness
greatly enhanced by the presence of two layers of steel wires or fibres that are orientated at
approximately 23 degrees to the length of a spirally cut strip. The fibres reinforce the rubber and
inhibit conventional tensile elongation and failure, increasing axial stiffness by a factor of between
five and ten. Tensile failure occurs when the slither of rubber several millimetres thick between the
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two layers of wires, fails by in-plane shearing action and de-bonding from the steel fibres (Figure 6).

Figure 6 Typical failure of tyre strips - internal shearing between the rubber and steel fibres.

In an initial feasibility study, a set of tensile tests on 30 mm wide strips from four used tyres confirmed
that the strips possessed enough strength to consider using them as structural engineering components.
Their average tensile strength was 12.3 kN with a standard deviation of 2.3 kN, and an average tensile
strain at failure of 0.18.
The next series of tests investigated the relationship between tensile strength and strip width. The
results of tests on strips 10, 20, 30, and 50 mm wide, cut from a single tyre are shown in Figure 7.
They indicate a non-linear relationship between strength and width, and rule out the likelihood of
strips narrow enough to be located within the depth of a mortar bed having sufficient strength to be
useful structurally. After considering these results a decision was made to use 40 mm wide strips in all
remaining tests. This width is suitable when envisaging how strips might be placed in walls, when
considering the length of strip that can be cut from a single tyre to minimise the number of on-site
tension connections and in the light of other construction practicalities. Strips of this width possess
useful strength and stiffness, and can be laid and passed over each other within the depth of a single
brick course.

Strength to Width Test
30000

Load (N)

25000
20000
15000
10000
5000
0
0

10

20

30

40

50

60

Width (mm)

Figure 7 Graph illustrating relationship of strip width to strength.

During these tensile tests conducted on the School of Architecture’s Avery Tensile Testing machine at
a relatively slow strain-rate of less than 3 mm/sec, the specimens exhibited significant creep,
especially at high loads, which reduced strength and increased the elongation at failure. Therefore a
series of dynamic tests were undertaken at Industrial Research Ltd, Gracefield to investigate this
phenomenon.
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In the first set of tests, specimens 550 mm long were tested at strain rates of 2.5, 10, 100, 1000, and
2000 mm/sec. If the face-loaded wall reported on in Section 5 below is taken as an example, its
theoretical natural period of vibration is approximately 1.5 sec. For a maximum out-of-plane dynamic
deflection of 300 mm, the total elongation of the tension strip is 100 mm, resulting in an average strain
rate of 130 mm/sec. Three specimens were tested at each strain rate, and although it was impossible to
cut them all from one tyre, they were obtained from several tyres of the same type and size. Figure 8
shows how strength generally increases with strain-rate except for an inexplicable reduction in the
trend at the highest strain rate of 2000 mm/sec. On the basis of these results it seems reasonable to
factor low strain-rate test values by approximately 1.20 to allow for dynamic enhancement of tension
strength. The percentage measured decrease in elongation with increased strain-rate matched the
increase in strength over the same range of strain-rates.
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Figure 8 Graph of maximum loads verses strain-rates for 40 mm wide strips

A final set of fast strain-rate tests, at 1000 mm/sec, was performed on four different brands of tyre.
Due to one brand having a very slippery interior surface which required excessive test jaw pressure
resulting in damage to the specimen, only three results were obtained. The average maximum strength
was 14.5 kN with a standard deviation (SDA) of 2.9, while the average elongation was 3.0 mm/kN
with a SDA of 0.7 mm/kN over a 350 mm gauge length. Clearly, additional testing is required to
refine the statistical values of tyre strip strength and stiffness.
4 DEVELOPMENT OF STRIP CONNECTION DETAILS
The length of 40 mm wide strip that can be cut from car tyre treads depends on the tyre diameter and
the width of a tyre tread. Developed countries with specialised equipment could reliably vulcanise
these 4-6m lengths to form a continuous strip. However, there is still a need for a reliable and
straightforward on-site connection. Two connection options were investigated— bolts and nailing.
Nailing was the preferred option, but in initial tests where tyre strips were simply off-set lapped and
nailed, the eccentricity between the centres of the strips caused the joint region to rotate and the nails
pulled through the strip at relatively low loads. This failure mechanism suggested that bolts might be
more successful if their washers prevented pull-through. However, when 8 mm diameter bolts were
trialled, their holes removed too much material from the strip cross-sectional area to achieve
satisfactory strength.
Since even the rougher shafts of galvanized and spiral nails pulled through strips connected with offset joints, it became clear that joint eccentricity needed to be reduced. The two strips were then butted
together and connected via two short lengths of strip on each side of the butt joint that overlapped a
sufficient distance to form a nailed joint. Even then this almost concentric joint rotated under load and
the failure mode was again nail pull-through. Various methods to inhibit this behaviour were tried, and
eventually a method where the nails on each side of the joint were bent carefully in certain directions

6

proved to yield the highest tension load, even though pull-though still occurred (Figure 9). Nails had to
be bent both parallel to and normal to the strip length for optimum performance. This connection
failed at 11.8 kN with four 3.15 mm diameter by 70 mm long nails through each strip. Further testing
is necessary to confirm the dependability of this detail.

Figure 9 A nailed connection with the recommended nail bending pattern, and typical pull-through failure mode.

The nailed butted and lapped joints were also subject to dynamic tests. Using four nails per joint, and
before developing the optimum nail bending configuration, two joints were tested at the default speed
of 2.5 mm /sec and two at 1000 mm/sec. Joint strength at the higher strain rate was 34% greater than
for the slower rate of loading.
5 SYSTEM TESTING FOR OUT-OF-PLANE LOADS
The next stage in the investigation was to construct two brick walls and apply face-loads. To eliminate
the possibility of the tension strength of the mortar contributing to the wall shear and bending strength,
all the bricks were dry stacked, without mortar or any other levelling compound. This most basic
method of construction replicates that of many buildings in developing countries and provides the best
opportunity for the proposed reinforcing system to prove itself.
The nominally 200 mm thick test wall was 3.4 m long, with two 200 mm thick returns at each end,
tied to timber reaction frames. Recycled old red bricks comprised the 600 mm high walls that were
constructed on five equally spaced and well-lubricated load-skates placed on steel plates to allow
virtually unrestrained movement normal to the wall length. The walls were then loaded horizontally at
four points by buckets filled with sand bags whose weights were transferred to timber load-spreaders
on the rear face of the wall by a simple pulley and steel cable arrangement (Figure 10). Due to an
absence of additional (and beneficial) vertical load applied to the wall, the test walls can be considered
to represent the top 600 mm of full-height single-storey walls supporting light-weight roofs.

Figure 10 Test set-up for wall face loads.
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The wall in Test 1was completely unreinforced. It was loaded towards the reaction frames in
increments of 20 kg until it formed a mechanism at 70 kg when it was assessed to have collapsed.
Figure 11 shows the wall at this stage and a sketch illustrates the three major cracks. The 70 kg failure
load is equivalent to the load arising from a 0.13g horizontal acceleration.

Figure 11 The unreinforced wall at failure and a plan if the wall showing major crack positions and widths.

The set-up for Test 2 was identical to that of Test 1 except that the wall was reinforced by two 40 mm
wide strips, nailed together to form a continuous strip, located at half wall-height (Figure 3). The wall
was first loaded in the stronger direction towards the reaction frames, with a clear span of 3.0 m.
Reasonable linear-elastic behaviour was observed up to a load of 220 kg (0.42g) and a lateral
deflection of 250 mm. The load was then removed and applied in the opposite direction. The wall
collapsed suddenly at a load of 185 kg (0.36g) (Figure 12).
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Figure 12 Wall at its point of collapse and its load deflection graph

The maximum calculated tension in the strip was only 3.8 kN, well under its approximate 12 kN
tensile capacity and that of its nailed joint. These elements showed no signs of distress. In fact,
premature failure occurred due to the vertical eccentricity between the straps in the wall return and the
main wall (Figure 13). A moment couple about a horizontal axis parallel to the wall length caused the
corner bricks, laid vertically to facilitate load transfer between the strips, to rotate clockwise due to
insufficient equilibrating forces. Methods to reduce this premature failure mode and to increase the
face-load capacity of the reinforced wall are under investigation.
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Figure 13 Vertical eccentricity between straps in orthogonal wall lengths led to premature failure. Note the
vertically orientated bricks at the corner to ensure load transfer between strips.

6 DYNAMIC CHARACTERISTICS
The unconventional dynamic behaviour of the face-loaded wall became apparent during Test 2. When
loads were suddenly released the wall responded ‘floppily’. Calculations indicate that the wall has an
out-of-plane natural period of vibration of approximately 1.5 seconds. This results in a relatively low
seismic acceleration response. The wall dynamic response will be further reduced by increased
damping due to sliding friction between bricks that is generated by the relatively large displacements.
Unfortunately, the building fabric will suffer considerable damage in the process.
Even if the expected increase in damping is neglected, the long-period reduction in response enables
the reinforced wall to meet the basic strength requirements (not treating the wall as a ‘Part’) of the
Loadings Standard (Standards New Zealand 1992)
A disadvantage of such a flexible system is the magnitude of lateral displacements that occur. P-∆
effects will need to be accounted for in subsequent detailed designs.
7 FURTHER DEVELOPMENTS
Before adobe buildings can be pre-engineered using this system of tyre strip reinforcement, further
research is required, including:•

Face-load testing to prove that premature failure from strap eccentricity is preventable

•

In-plane testing of adobe walls where tyre strips function as horizontal shear reinforcement

•

Face-load testing of free-standing abobe piers

•

Diaphragm behaviour of tyre strip reinforced earthen roofs

•

Development of connection details between vertical tyre strips, foundations and roof structure

•

Full-scale dynamic shaking-table testing of a reinforced house.

8 CONCLUSIONS
The preliminary tests reported in this paper give grounds for optimism that the proposed system of
reinforcing adobe walls with used car tyre strips can prevent building collapse during code level
design earthquakes. Further research is required before the system can be designed and implemented
in full-scale construction.
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