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Abstract

In this paper, a dmiled experimental analysis is carried out of the strength and structural
performance of earthbag construction. An attempt at modelling the behaviour of earthbag arches
using masonry archlastic limit analysis imade, and conclusions drawn regardingapplicability to

this method of construction.

The relatively short history of earthbag construction is reviewsat particular reference made to a
planned earthbag dome project in the Namib Desert, Namibia. Constituent materials of
polypropylene bags andandy fill material are used to match expected conditions on this project,
and material properties are defined in a series of tests. The compression strength, stiffness and
friction coefficient of the earthbags are determined and used in further anatysithe structural
system.

Earthbag arches are tested, and it is shown that earthbag structures undergo large plastic
deformations before ultimate collapse, and that properties can be improved significantly through the
stabilisation of fill material. It i€oncluded that plastic limit analysis is appropriate only where
stabilised fill material is employed.
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1 Introduction

Sandbags (otherwise known as earthbags or soilbags, depending on the application) are hessian or
polypropylene bags that, since their inventiontire 17th century for fortifying military defences,

have become ubiquitous through their prolific use in a wide variety of fields, such as flood protection
and earth retaining systems. Their ability to be lifted by hand makes them versatile and manageable,
and they can be filled with any granular material suitable for the particular application. In the
geotechnical field they are usually known as soilbags, and are used in a nungpglicétions to

control settlementand increase soil strength (Matsuoka dnd, 2006) They have also been used in
smallscale structures, both as nestructural and structural components, where they are caladd

will be referred to in this dissertation asarthbags'.

Figurel.l: Earthbag constructioprojectin India(Anon, 2007)

This dissertation is concerned with the use of earthbags as a structural element in buildings formed
wholly of earthbags, in a building method known as flexible form rammed edtits work will
attempt to develop a greater understanding of the behaviour of earthbag structures and explore the
feasibilityand limits of this building method. Currently the main sourc&rafwledge on earthbag
structures is from trial and error and past experienceisMill build on the limited research carried

out in this field to date, and help inform design of future projects.

Particular reference will be made to a proposed project to build earthbag structures in the Namib
Desert by Feilden Clegg Bradley Studiimpected conditions on this project will be used to help
inform experimental parameters, due to the lack of precedent in this field of research, and to give
experimental findings relevance and comparability to real wddnarios. This project will be
disassed in more detaih Chapter3.

Testingof full 3 dimensional structures exceethe limits of time and resources available for this
project, therefore testing will be limitetb a 2 dimensional arch form. The structure Wil analysed
using amasonryarch plastic limit analysisodel, and experimental results will be compared with
model predictions, to explorthe applicability of the model to this building method.

This dissertation will gain information on the strength astiffness of earthbag structures, and
explore their overall behaviour and critical failure modes in a methodological way, which will build on
the existing practical knowledge of earthbag structures, and form a foundation for future academic
research on tk subject. Work by Vadgama (2010) compliments and builds on from this paper,
focusing particularly on material properties and variability.



2 Literature review
2.1 Description of Earthbag Structures

Flexible form rammed earth is a building method consistingllefifearthbags laid in courses like a
masonry structure, usually in a running bond. Barbed wire is laid between the courses tdeprovi
shear resistancerhis system has no tensile strengg structures must be built into compression
forms, such as domesnd arches, often resulting in a structure that resembles an jghsoseen in
Figurel.1l. By building in this way, the entire structure can be made from earthbags, with no need for
a separate roof structure to sim between walls. The shape of these structures means that they are
selfsupporting throughoutonstructionhencecan be built without centring. Formwork is required in
door and window voids, and earthbags can be laid to span across in an arch. Thealitiastiof
building an earthbag structure are dealt with in détay Hunter and Kiffmeyer (20Q4)

2.2 Development of Earthbag Structures

The use of earthbag structures has been explored in a number of situations, where their unique set
of attributes give thenthe potential to provide an efficient and fitting solution. Possibly the first
experimentation of the flexible form rammed earth building method was conducted by Gernot
Minke in 1977, in developing a low cost, earthquake resistant building method usingahauilding
materials in Guataala (Grasser and Minke, 1990 structural wall system was devised using
hessianor cotton tubes filled with crushed pumice stone, stacked between thin bamboo poles for
stability (seeFigure2.2). He also built a test dome in Kassel, Germany, using polyester hoses filled
with earth, shown below irFigure2.1 (Minke, 2006) This inverted catenary shape was achieved with
the aid of a rotatingarm mounted in the centre of the dome.

Figure2.1: Minke's earthbag dome, built in 1977, still standing in 1@87Fasse and Minke, 1990)

It was found thathe use of bags for packing and confining the enitl negated the need for binders

such as cement, resulting in significant savings in material costs. Compared to a similar house built
using cement blocks, the material cost was redubgdhalft Pumice was used in the Guatemalan
construction due to itsightweight and enhanced thermal insulation properties compared to other
bulk material. The cotton tubes were coated with lime paint to protect the material from rotting and

to stabilize and weerproof the surface The high ductility of the structure waspected to provide

very good earthquake resistan@@linke, 2006.



Figure2.2: Construction of structural earthbag wall system in Guatemala, {@rasser and Minke, 1990)

The figure that helped to populagzarthbag structures more than any other was Nader Khalili, who
first proposed their use for colonizing the moon, where the use of unprocessed, insitu materials
would minimise the costly transport of material and energy from earth (Khalili, 1989)}urther
refinedi KS ARSI Ayd2 I agkhiigndVidbref 1098)Rwhi¢hsindziri®riitesfoagd S Q
filled polyester tubes laid with barbed wire between the courses, tvjgle shear resistance and add
stability to the structure. Using continuousities can also give hoop strength to the dome, and
reduce the labour intensity of the construction process, as the tubes are filled insitu. He argued that
one of the benefits of earthbag domes is their ability to be-saffporting during construction,
minimising the amount of timber required.

Superadobe dome have been us# as emergency shelter in disaster situations, due to the
availability of constituent materials, short construction tisneand limited requirement for skilled
labour, which is always in st supply at such times (KhgliR00§. Because they oftenontain no
cement, there ifo delay to construction associated wihabilisation Sructures can be temporary,
or can be rendered to protect the polyester bags from UV degradation, whichnai#éase their
longevity. These structures were used in the rehtdtittn response to the Octobe2005 earthquake

in Pakistan (Trivedi, 2002) where their thermal mass helped to dampen the large diurnal
temperature range; something that the refugee tentypical of these situations are unable to do.

Other proponents of earthbag structures cite the sustainable credentfithe building method
(Hunter andKiffmeyer, 2004 The bulk of the material is simply earth which is taken from onsite, and
the domes & constructed entirely by hand, giving them extremely low embodied energy compared
to most other traditional building methods

Khalilifounded the California Institute of Earth Art and Architecture in 199frésearch, develop

and teach the technologiesf Ceramic Houses and Superadobe, by building, testing and designing
prototypes (CatEarth, 2010). They have held training courses to teach people how to build earthbag
structures, and provide information such as typical structural plans to prospeaiidebs, working

with the local council in Californigo gain building code approval for this method of construction.
They report to have conducted multiple experiments on test domes to verify the strength and
performance of earthbag structures above anegybnd Ameican building code requirementgut

have not to date published any articles on the subject.



2.3 Existing Research
2.3.1 CalEarth

Limited details of two tests on agarthbag dome are reported by Harp aRegner of Hesperia City

Council, Californigkhalii and Vittore, 1998). A static test and a dynamic test were carried out by
engineersto test the stuctures in relation to wind loadindive loading and earthquake loading.
Sandbags were placed on one third of the dome to a weight of 3.9kMming the $atic test, and
RSTftSOGA2Y 461 a Y2YyAU2NBR® LG Aa NBLR2NISR GKFG 6
& 0NUzOG dzNB & | NBadzZ § 2F (KS KgalliRidyvatoreR 88D NR 6 SR
During the dynamic test, a rig was set tg apply and relax loads over a short period of time
according to themost stringentseismic loading limits stipulatefor California Seismic Zone Bhe

magnitude of load applied is not specified, nor is the size of the dome tdstedt, is reported tha
requiredlimits were greatly exceeded until the testing apparatus began to fail, and that throughout

this experiment, no deflection or faile of the structure was noted.

(

The failure of the testing rig, lack of any deflection data regarding the doméaakdf any publicly
available results all brings into question the quality of tests carried out. Unfortunately, thigéy
representative of the quality of testing carried out to date on earthbag structufée. structural
system remains a niche matt, practiced by a small number of individuals on small scale projects,
with information shared informally within the community. Due to the nature of the typical project,
where lack of resources is they driver more emphasis is placed on the practi¢aditof building an
earthbag structure, and the knowledge of their strength and stability is predominantly achieved
through trial and error and prior experience.

2.3.2 Other Parties

Two independent bodies of rearch have been carried oupecifically related taletermining the
strength ofearthbag. A short study on the compressive strength of earthbags was carried out by
Dunbar (2005

The study investigated the compressive strength of polypropylene bags stacked 3 bags high, filled
GAGK WNXz0 6f SO ¢aK S/ RT [ AYTRIZNBRANINB Y 3G K 2F (GKS ot 3a
tearing of the bag material occurred, was reported as lRa, 0.3MPa and 2.1MPa respectively.

However, no tearing was observed in the dilied bag tests, as the capacity of thesting

equipment was reached before failure occurrethe sandilled specimens gained strength after

initial failure had occurred, reaching a peak strength of 0.66MPa, whereas the illdde

specimens lost all significant strength upon failure of blag material.

The exact composition of thellf material was not discussed, but it was suggested that coarser,
angular particles produce tearing of the bags at lower loddie failure mode observed was tearing
of the bag material in two parallel lines dhe top and bottom face of the middle bag, running
longitudinally the length of the fac&he material described as dirt presumably contained a certain
proportion of organic material, as the diiitled specimens experienced a stiffness approximately ten
times lower than that of the other materials. It was noted that deflection rather than strength may
be the more relevant limit state for earthbag structures.

This avenue foresearch was built on bRaigle (208), who conducted aompressive investigation
into the compressive strength of earthbag stacks under vertical load. The work considered the effect
of a variety of fill types, stack heights abpalg sizes.

Medium and small bag sizes were tested, with the small bag size of approximately 457mm x 762mm
when empty, corresponding to the most commonly used size in earthbag construction. Relative to
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their sizes, the small specimens were found to achieve a slightly higher strength, but the difference in
strengths was not great.

Bags were tested filled with coarsgranular material (gravel) and fine granular material (sand).
Strength recorded in the 3 bag tests most similar to those carried out by Dunbar, found higher failure
strengths of 1.10MPa to 2.98MPa for gravel filled specimens, and 2/@Pa to 2.98MPa br sand

filled specimens. It was found that stack heights of 3 bags could exaggerate strengths, due to the
confinement of the bag material caused by the plates above and below the spec@taks heights

of 3, 6 and 9 bags were testead strength was fand to be inversely proportional tstack height.

A number of limitations exist that affect the quality of results obtained from these tests. Significantly,

the upper strength values of 2.98MPa do not relate to the behaviour of the specimens, but represent

the capacity of the testing equipment. Therefore, failure of some of the specimens was not achieved.

The direct comparison of strength results to the work by Dunbar is perhaps inappropriate, as in

5 A3fSQa (SadGax T Af dzNBlting In ZeduBefl Eoknpré&ssive load bearing 2 & a
capacity ¢ KA& A& | NIGKSNI Y2NB 2ySNRdzA RSTFAYAUAZY (K
found were so much higher.

Fine grained material filled bags were found to be stronger stifter than gravel filledbags The
results suggested that earthbag wall ultimate strengtbf 122144kN/m for gravel filled bags, and
11231327kN/m for sand filled bags compares favourably witlother wall construction methods
Thisis partly due to their greater width, but is again suggested thatverall stability andstiffness,
rather than ultimate strength, may be the more critical factor in determining the suitability of
earthbag structures in construction.

5FA3tSQa ¢g2N] Ffaz2 | da4dSYLX a dalogies [foRtesting aaithbagk By f | O
wherever possible basing his methods on standards used for similar materials, such as masonry, and
where that is not possible by replicating as closely as possible the expected conditions observed on
earthbag constructiomprojects. Daigle notes that:

G! YyF2NIdzylGi6Stesx gKAES | ySOR2GFE (y2sfSR3IS 2y St
the past thirty years, this has not been matched by efforts to study the material in a quantitative
fashion consistent with othestructural engineering materials. As such, the practice of earthbag
O2yaiNHzOGAZ2Y Aada OdaNNByidfe oFaSR 2y Ylyeé GNdzZ Sa
GKAES Sttt YSIYyAy3as Yl @& y2i NBa&dz (Dagley2008)KS &l FSai

2.4 Research on earthbags in other fields

Research on earth filled bags has alserbcarried out in other fields, arbme of the findigs from
these studies mape applied usefully to earthbag structures.

In the field of soil reinforcement, somegearch has been conducted on the relatively receatidf
using earth filled bagsélled soilbagsto significantly increase the bearing capacity of soft soils and
reduce settlements (Xet al, 2008. Matsuoka and Li2006) lists some of the main benigs of using
soilbags as:

1 Bags are cheap and easily available.

1 Fill material can be a variety of construction waste material, thereby contributing to site
recycling.

No special construction equipment is requiredags can be manipulated by hand.

The use bcement and chemical agents is avoided, making soilbags a sustainable option.

= =
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permanent applications is thevulnerability to UV degradation.

Xu et al (2008) describe a method of earth reinforcement using soilbagsd investigate thig
strength properties using unconfined compression tests on bags filled with gravels or medium
grained sandsTesting shows that the compressive strength of soilbags is relatatietaensile
strength of bag materialand internal angle of friction of fill material. Compresssgength is high,

due to the mobilization of tensile forces in the bag material causing increasing confinement of the
soil. The tensile properties of a polgpylene bag material, equivalent to those used in earthbag
constructionare obtained. The average strength is measured as 23.7kN/m and maximum tensile
strain as 12.6%.

Compression tests are carried out on individual bags, filled with gravel or mediunedjsand, and
strengths are found to be 2.1MPa and 1.6MPa respectively. The bags were observed to tear at
contact points with the loading plates and along seams. Strain at failure was also measured as 45%
and 48% respectively, and the stiffness of the bags observed to increase as the test progressed,
suggesting that settlement of the fill material occurs initially at a lower stiffness, the subsequently
the confinement of the soil due to tension in the bag material increases, increasing stiffness.

The adhors conclude that gravel filled bags have a higher compressive strength due to their higher
internal angle of friction, but the comparison between the two fill typeads necessarily accurate,

as the gravel filled bags were significantly smaller, dratdfore achieved a lower failure load than

the sand specimens. It is not stated categorically in the paper, but is likely that failure of the bags was
defined as the load at which initial tearing of the bag material occurred. This puts the strengtls result
from these tests above those found by Dunbar, who used a similar definition of failure. However it
must be noted that tests were conducted on individual bags, which is expected by Daigle to
significantly increase compressive strength results due to thefimement from loading plates.
Daigle also noted that premature failing of gravel filled bags occurred through tearing of bag material
at interfaces between 2 bags, which could contribute to the discrepancy between values. Considering
the number of variates involved, such as exact composition of fill and bag material, and the difficulty
in controlling the material accurately, these strength results are of the samer of magnitudeas
Dunbar and Daigleand therefore demonstrate some consistency in testhodology.

Xu et al (2008)go on to describe the relationship between soilbag compressive strengthbag
material tensile strength, discussed in further detail in ChaptérThe theoretical values calculated

by this metha correlated very well witltheir experimental results. The strestrain relationship of
soilbags under axial compression was also modelled, again matching experimental data well. It was
found that the stressstrain relationship of soilbags differs frommatt of insitu soil.

2.5 Analysis of masonry or stone block structures

Asstated above, the behaviour of earth filled bags can share similarities with soil behaviour, i.e. the
fill material in the bag. But earthbags can also possess similarities to masorky, llecause of their
similar blocKkike nature. Compression strength tests will tend to make them exhibit -lial
behaviour, as the shape of the bag is being deformed, and earth pressures are mobilized. However,
in an earthbag structure, stresses are fikely to become high enough to achieve this level of
deformation, and therefore earthbags may act relatively like a rigid block, such as masonry. In this
case, it is shear strength of bag interfaces, and geometrical effects that are likely to govegiltstre

and stability. It is therefore sensible to consider how similar masonry structures are analysed, in
order to determine how best to analyse earthbag structures.

12



Unsurprisingly due to the number of masonry structures currently in use throughout thel yweny
much greater study has been directed towarttiem than to earthbag. Many traditional masonry
buildingsconsist of arches, vaults and domes, and it is these forms that are adydartinterest

2.5.1 Masonry Arches

Heyman (1995) first developed the useof plastic analysis for masonry arches, which has since
becane widespread He described the stability of a masonry arch as a purely geometrical problem,
and statedthat stability was dependent on the line of thrust of the arch lying wholly within the ldept

of the voussoirs.There may be more than one equilibrium solution for a given problem, but
according to the safe theorem of plasticity, if one theoretical condition can be found that is safe,
then the actual condition is also safe (Sinopoli, 1998). Hewists the initial assumption used in this
method of analysis:

Masonry has no tensile strength.

Masonry has infinite compressive strength
Blocks are rigid.

Sliding failure does not occur.

=a =4 -4 -9

Further assumptions ha also been stated by Gilbert aMElbourne(1994):

T Strains are small, and therefore cause negligible changes to the geometry of the arch.
9 Blocks initially fit perfectly together.

Clearly some of these assumptions correspond well to the expected behaviour of earthbag
structures, and some may not baccurate One point to consider is that the plastic method of
analysis does not consider material propertafsthe masonry or stone other than the selkight,

and can therefore be applied to any material for which material properties may not be weikdefi
such as earthbags. The application of earthbags to this method of analysis @itiinéned in further
detail in Chapteb.1

Some of the assumptions stated above have been considered in more detail by subsequent studies.
For instance, Livesl€$978)and others have introduced finite frictional resistance between thefa

blocks enabling sliding failure to be considered. Commercial software packages, such as Ring 2.0
(LimitState, 2009) allow analysis of arch structuresbé computerised, taking into consideration
sliding failure, and crushing failure of voussoirs.

13



3 Earthbag Domes in Namibia

The nature of earthbags such that with each new project, the unique conditions presented by the
site are likely to create a levef uncertainty at the design stage asttee material properties of the
earthbags, and performance of the earthbag structures built using the particular set of constituent
materials presentThe limited body of knowledge surrounding earthbag structureamadhat these
questions can be difficult to answer to a great degree of certainty from existing research and past
experience aloneln contrast carrying out research in the field of earthbag structures, it can be
difficult to decide exactly how tests shtal be carried out, and what materials should be used, due to
the lack of guidelines and the individual nature of earthbag projects.

Therefore, by carrying out research in tandem wattieveloping real world project, the research can
be informed by the paicular conditions found on the project, and can then inform the project
turn. This investigation make®ference to a project to design and build an earthbag ukhe
Namib Desert, Namibiat is hoped that this will help to inform testing procedusemd give relevance
to the results and conclusions from this work.

3.1 Project Description

Figure3.1: A halfbuilt timber framed Topnaar dwelling, surrounded by desert sand.

Feilden Clegg Bradley Studios arerking in Collaboration with the Bastos Foundation based in
Namibia, toempower a local community, through knowledge transterd providing skills and
resourcesto improve their built environment by considering a new and alternative building method.

The Dpnaar community are an indigenous people living on the banks of the Kiigehin northern
Namib Desert, Namibia. Being descended originally from nomadic tribes, they have nacuan
architecture to draw on (du Pisanie, 2009), and currently liveriftmebod framed houses, clad in
corrugated iron sheeting. The houses are all-balft over a period of a few years, as the driftwood
must be sourced from thephemeral Kuisebii®er each rainy season. The corrugated iron is then
sourced from Walvis Bayt a distance of 2 hours drive and a cost of around $40/sha#tile these
dwellings follow the western convention of being rectilinear, they do not respond to the local
environment of the Namib Desert, and can provide very uncomfortable living condiitiese is a
very high diurnal temperature rangef 20-30° (von Willert, 1998 and with total lack of thermal
control afforded by the iron sheet claddinigiernal temperature have been found to t&e7° hotter
than the external temperature during the heat the day (du Pisanie, 20§%nd cold at night

14



3.1.1 Response

A proposalhas beenput forward by Feilden Clegg to demonstrate to the Topnaar an alternative
building method that wilimprove their built environment and living conditions by responding to the
local climate, and being appropriate for the resources availaBlerthbag structures have been
singled out as being particularly applicable to the situation for a number of reasons, many of which
have been describeéarlier.

1 Thermal performanceg A large mas and thick walls prevent heat from travelling quickly
across the thickness of the Wadamping the large diurnal temperature fluctuations. The
interior remainscooler during the day as the building fabric absorbs haaty warmer at
night as hat heat isre-emitted.

1 Availability of materialsg The fill material used in earthbag structures can be taken literally
from the ground beneath your feet. Being so sparsely populated, earth is in no short supply
in the NamibDesert. Sandbags and barbed wire are uiiiously available across the globe.

1 Buildability ¢ Earthbag structures do not require specialist toolseepeciallyskilled labour,
so can be built by the Topnaar with simple tools and a minimal amount of instruction.

1 Affordability ¢ Because the earth ahlabour are effectively free, the main cost is that
required for materials such as barbed wire, sandbags and timber to be used as formwork, all
of which are relatively cheap, and the timber formwork can be reused multiple times.

9 Durability ¢ Once renderedthe sandbag material is protected from UV degradation, and the
large mass and high plasticity of the overall structure provides a high level of durability and
ability to withstand impact loading.

A demonstration build will be conducted as a communityj@e involving volunteers from each of

the local Topnaar villages. The resulting earthbag hub will act as a showcase for the building method,
and the construction programme will provide the knowledge and skills transfer to allow the local
people to contime building earthbag structures for themselves, should the project prove a success
and earthbag structures be accepted by the local community as something thdamgaove their

quality of life

3.2 Local Conditions

Test parameters will be chosen to match egigel local site conditions as closely as possible, to give
realworld relevance to the results, to help inform project design and reduce the large number of
variables involved in earthbag structures for the purpose of simplifying the experimental programme

3.2.1 Fill Material

The fill material used throughout the testing programme is medium grained sand, with particle
distribution chosen to match that of the Namibian sand that will be used on this project. The particle
distributions of the two soils are shown iRigure3.2. Earthbag structures are more commonly
constructed using a fill material with at least 10% fines, to aid compaction (Hunter and Kiffmeyer,
2004). Clays are not preserih significant quantities on sitetherefore the analysis of the
performance of the proposed structures is vital.
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Figure3.2: Grapts comparingarticle size distribution dlamibian sand andand used in experimental
programme.

3.2.2 Bag Size

The more widely available polypropylene bags will be sourced over hessian, for their increased use
ability and durability. The ideal bag weight has been identified by the project team as 20kg, which
allows for individual handling. The conditions willbe matched in thisinvestigation, and bag
dimensions after tamping have beemeasured and approximated as shown belovrigure3.3. Due

to the natural variation and irregularity in earthbag shapes, average, approxidiatensions were
required for use in analysis and calculations. The small curvatures at the bag edges were ignored, and
bag length was taken as the average lenggtween the edges and the centre of the bag.

B =230 mm
L =450 mm
H =105 mm

Figure3.3: Approximation of earthbag dimensions.
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4 Material Properties

In order to analyse earthbag structures, it is necessary to determine their constituent material
properties, and to gain an understanding of how these properties contribute to teeathbehaviour

of the earthbag. The behaviour of an earthbag is determined by the properties of both the bag
material and the fill materiallt is most likely that these constituent material properties are going to

be unique for each individual earthbagoject, because the soil used as fill material can vary widely,
and is usually specific to the project site. The bags themselves are also likely to come from whichever
manufacturer can supply locally, and there are no specific requirements for the bagriahat
properties, not least because they are not usually used for structural purposes. There can therefore
be no established standard earthbag behaviour, and should the material properties be desired, they
must be determined experimentally.

Soil shearboxetsts, bag material tensile tests and earthisgpartests were carried out in order to
determine what are considered to be the most critical material genties for the behaviour of
earthbagstructures

4.1 Soil Shearbox Test

The shear strength and frictiomgle of soil samples was determined by direct shear in the small
shearbox apparatus, in accordance with clause 4 of BS-18¥990) The samples tested were dry;
although moisture content of soil used varied throughout the testing programme, a draindgsana
of effective sheastrength is appropriate fosand.

Sample dimensions were 100mm x 100m x 47mm, and applied normal loadapgied of314N,

804N and 1295N, corresponding to normal stresses of 31.4kNa®.4kN/nf and 129.5kN/m.

Samples were alsprepared with three different levels of p@2 Y LI OG A 2 y 3 ¢ lgosd, Wi | Y LI
semitamped and tamped.This was to determine how the soil properties may be affected by

tamping of the bags.

The test proceeded at a shear displacement of 1mm/min, and shesplagement, normal
displacement and shear force were measured at a rate of ten times per second.

4.1.1 Results

Table4.1: Soil Shearbox Friction Angle.

Precompaction Average Bulk Unit Weight (kNAn Cohesion (kN/rf)  Friction Angle (°)

Loose 13.80 1.67 25.87
Semitamped 15.49 6.00 25.78
Tamped 15.9 15.9 26.43
Average: 26.03
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Figue 4.1 shows the peak shear stress achieved for each sample, with linear trends for eglcbf lev
tamping indicated. The angle of the gradient of each linear trend is the friction angle of the samples,
and the yintercept is the effective cohesion; both shownTiable4.1. Table4.1 shows that increased
tamping increased the density of the sampés is to be expected. The friction angle of the soil is
independent of density.

Figure 4.2 shows the variation of shear stresgith shear displacement of the three samples
undertaken at 7kN applied normal load. This shows the higher peak stress achieved by the tamped
specimen, and that all specimens reach the same residual shear stress after the shear plane is
established.

Soil Small Shearbox Test

80 ’
o 70 @ Loose
£ . "
Z 60 B Semitamped P
5 50 Tamped - ]
(]
@ 40 =
3
230 //
(%]
20 ’/’
a
10
0
0 20 40 60 80 100 120 140
Normal stress (KN/m2)
Figue 4.1: Graph showing peakhsar stress against normal sg®
7kN Applied Load
60
50
~—~~ —.\
AN e ——
2 30 -
[
g 20 Loose —
2 / — Semitamped
P 10 + |
Tamped
0 |
0.000 2.000 4.000 6.000 8.000 10.000

Shear displacement (mm)

Figure4.2: Graph showing shear stress varying with shear displacement for samples with 7khl faach
applied.
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4.2 Tensile Test

The tensile strength anthilure strainof the polypropylene bag material were determined by tensile
tests in a Dartec 20T testinfgame. Three similar tests were conductealccording to B939341
(1999) on 30mm wide samplesonsisting of 12 longitudinal fibres. Testing proceeded at 5mm/min
and applied load and extension were measured at 1 second intervals.

4.2.1 Results

Table4.2: Bag Material Tensile Test Results.

Repeat Tensile Stregth (kN/m) Failure Strain (%

1 18.61 15.0
2 16.67 10.9
3 20.94 16.3
Average 18.74 14.0

Table4.2 shows the tensile strength of each sample, and the average strength of 18.74kN/m length
of bag material. Peakensile force was reached before the first fibore was snapped, and initial
specimen width was used calculate tensile strength per unit bag length.

4.3 Earthbag Shearbox Test

The friction coefficient of the earthbag interfaces wagetmined by direct shear ialarge shearbox
apparatus, using a procedure similar to that described in clawdeB 13747 (1990). The procedure
was adjusted for using filled earthbags rather than soil samples.

Bags were filled sufficiently to be tamped in place, inside the sleartm form a flat rectangular

area of contact of 230mm x 300mrinsitu tamping was given to the bags to replicate earthbag
structure conditions. Short 6mm diameter bars were placed between the shear boxes to act as
rollers, reducing the friction caused liye apparatus and creating enough separation between each
shearbox for the bag interface to shear.

Figure4.3: Earthbag shearbox test setup.
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The test was set up as shownFigure4.3, with a constant normal load applied to each sample, and
shear displacementpplied by means of a 5T hydraulic jack operated by hand piimg direction of
shear wadongitudinal with respect to the bags, parallel to the barbed winarstls. Normal and
shear forces and displacementgre measured at a rate of 10 readings per second.

18 shearbox tests were carried out on polypropylene bags in this programme. Tests on bag interfaces
without barbed wire were repeated 3 times and carried auith applied normal loads of 2kN, 7kN,
12kN and 17kN. The following tests were also carried out on bag interfaces with two longitudinal
strands of fourpointed barbed wirel test at 2kN normal load, 3 tests at 7kN normal load, 1 test at
12kN normal loadAn additional test on a bag and barbed wire interface, with the shearbox rotated
90 degrees to the direction of shear, in order to establish whether the direction of shear was
significant. This test was also carried out with an applied normal forceki{.12

4.3.1 Results

It was found that the peak shear strength of the bag interfaces was reached after a period of
mobilisation, and then remained constant over large values of shear displacemadie4.3 shows

the resuts obtained from the earthbag shearbox tests, including displacenefull mobilisation. As

the actual applied normal load varied slightly with time, the values of average normalised shear force
were obtained by taking a large number of data points andgtiplying by the proportion of actual
normal force to desired normal force:

£

1o s n CEBOCHIEET G GBI C0
‘E—mmu @1 o ; (4.1)

O TXNEET ¢ (NG 6

These vales, shown iTable4.3, were used irFigure4.4 to find the friction coefficient and adhesion
of the interfacesjndicatedin Table4.4.

Table4.3: Earthbag shearbox test results.

Normal brce Average normalised sheasrte (kN)  Mobilisation

(kN) Repeat 1 Repeat 2 Repeat 3 Average (mm)

No barbed wire 2 1.13 0.91 1.21 1.08 1

7 3.19 2.94 2.93 3.02 1

12 5.51 5.03 5.35 5.30 2

17 7.22 7.31 7.40 7.31 2

Barbed wire 2 1.85 - - 1.85 20
7 3.64 4.97 7.00 5.20 5-20

12 8.47 - - 8.47 20

Barbed wire 12 8.82 - - 8.82 20

(transverse shear)
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Table4.3 shows good repeatability for tests on earthbag interfaces without barbed wire, but much
poorer repeatability for those with barbed wire. This is most likely due to the inevitable variability
that barbed wire will bring to the bag interface. The dig@ment to full mobilisation is also much
greater for barbed wire interface3.he behaviour of barbed wire in the interface between earthbags
is considered in greater detail by Vadga(@a10)

Polypropylene Bag Friction Coefficient

10 |

9 No barbed wire
~ 8 W Barbed wire
é 7 //
3 6 A Barbed wire /
2 sideways shear ./'
g ° 7
-
g 3 <
o

2 /

1 3

0 |

0 2 4 6 8 10 12 14 16 18

Normal Force (kN)

Figure4.4: Graph showing shear force against normal force for bag interfaces.

Figure4.4 shows the linear relationship of applied normal force against peak shear force for tested
samples. The gradient of the trend line is finetion coefficient, and the yntercept is the adhesion,
both shown inTable4.4. The samples without barbed wire have no adhesion, so the trend line was
forced through the origin. Earthbag interfaces without lxea wire were found to have a friction
coefficient of 0.43, and interfaces with barbed wire were found to have a friction coefficient of 0.66
and 8.15kNm? adhesion.The graph shows that direction of shear appears to be independent of
shear strength for bded wire interfaces.

Table4.4: Friction coefficient of polypropylene bag interface.

Sample Friction Coefficient Adhesion (kN/r)
No barbed wire 0.43 0
Barbed wire 0.66 8.15
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Earthbag structural behaviour

The material properties determined in Chapt#ican contribute to the prediction of the structural
performanceof an earthbag systenTwo sets of test were carriedubin order to characterise their
behaviour Unconfined compession tests of bag stacks of varying height, and goexed arch

tests. Both tests were carried out on stabilised and unstabilised earthbags. These tests will provide
an understanding of the ultimate compressive strength of an earthbag wall, and abditst of an
earthbag structure.

5 Compression Tests

A soil under vertical load exerts a horizontal pressure. If there is no force to resist this pressure, the
a2Af oAttt FLEff Ayid2 | Y2dzyR 6A0GK &ARSian laén2 LAYy 3
earthbag, this horizontal pressure is resisted by the bag material, which confines the soil, keeping it

in shape and giving the overall unit strength. Compression tests on bag stacks, such as those carried
out by Daigle(2008)and Xuet al (2008, allow the compressive strength of the earthbags to be
determined.Theoretically quantifying the compressive strength of an earthbag was a task considered

by Xuet al:

5.1 Theory

511 Xuetal

Xuet al (2008)consideedthat in an unconfined compression test suahthose they carried out, the
stress experienced by the soil particles is due to the sum of the externally applied stresses and the
stresses induced by tension in the bag material:

Total \ertical stress, ¢, = , gao + » oo 5.1
Total rorizontal stress, ¢, = , ayan + »ao (5.2)
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Figureb.1: Bag cross section showing stressesnactin bag and soil particles.

The test is unconfinedherefore; , 4yq, = 0. The stress due to the tension force in the bag material
can be determined by examining a bag in cresstion(seeFigure5.1):

2°Y

nwo = (’T (5.9
2°Y

” (hb = _O (5‘4)
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The loading plate moving against the soilbag mobilizes passive pressure in the soil, ggusing
increase until a state of plastic equilibrium is reached. Under these conditions, the vertical stress is
the major principal stress, and the horizontal the minor principal stress. The relationship between
principal stresses at this point, representing theximum inherent resistance of the soil to lateral
compression, can be written (Craig, 2004):

wl — 0f]!!3 + 2(:) E (55)
Where: Oy = L+ sin- 5.6
' "7 1 sine (56)

Considering a soil particle of sand or gravel with no cohesion, Eu@t5) becomes:

) wér= Ui (5.7)
Coaart nao= Vinao (5.8)
.2y 2y
Coam= g & (5.9)

Now considering the soilbag itself as the particle, the externally applied stresses become the only
stresses to consider, and we have established there is no external horizontal, stressfore
equation(5.9) becomes:

wa® = Upnayan + 20 Uy

s 5.10
2w Ly 510

By substituting these two equations, the apparent cohesion of the soilbag can be found, as shown in
equation (5.12). From this the authors conclude that a frictional material can be considered as a
cohesivefrictional material simply by wrapping it up with a bag (Xu et al, 2007).

. —_2Y, 2
20 U,‘]"— —,,Quh 5 (5.11)
. Y Up 1
W= —= 5 7%
=70 3 (5.12)

-

Equation(5.10) gives the applied vertical stress, which when multiplied by the bag area at failure,
gives a predictiorof the compression strength of the earthbaghis analysis goes a long way to
describing the behaviour of an earthbag under vertical compression, and the results obtained by Xu
et al (2008)had only slight variation to the experimental results, which thegigned to inevitable
inaccuracies in eartflag measurement

In order for the tension force in the bag material to be uniform around its entire perimeter, the
friction force betweenthe bag materiabnd fill material must be zerd his assumption is necesy

for the simplicity of the model to be retained, but reality of course, this friction will restrain the
bag, vhich under vertical deformatiorwill cause the top and bottom surface of the bag to
experience greater tension, and the sides bk tbag toexperience less. It matherefore be
inaccurateto consider vertical tension of the bag materi@he noted irregularity of the earthbag
dimensions could also alter particularly the vertical component of tension.

The above analysis also neglects frictlmetween the soilbag and the loading platégansfer of

tension from the bag material into the loading plate via frictioyuld allow greater copressive
forces to be resisted. It is unclear how this disparity was addressed during the experiments.
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5.1.2 Infinite Sack Height Analysis
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Figureb.2: Infinite stack height analysis.

A simplification of this analysis can be achieved by considering an earthbag stack of infinite height
shown inFigureb.2, which therefore neglects the loading plates. Ignoring the-aelight of the bags,
(whichin a real stack igsignificant in comparison to the applied force) the applied vertical 16ad,
which fully mobilises the soil within tHeags, generates a vertical stress, gfand a horizontal stress

of Q,, . The confining force is met by the bag material, such that:

. 2°Y
O¢mep = 6 (5.13
1 sine
Where: Uw = m (5.19)

Equation(5.13) considers unit length of bag, similarly to the analysis oéXal (2008), and equates
the horizontal compression of the soil to the tension of the bag matepar bag height, H
Considering the bag length, and width,B, we can then use the tensile strength of the bag material
found in Chapte# to predict the ultimate failure load of the stack:

O= m:l)o (5.15)

5.1.3 Bag Geometry at Failure

Both precedingmethods of analysisare clearly highly dependent on the bag geometry at failure, and
since large deflections are expected to occur befaltimate failure is reach, this geometry must be
defined.Since tearing of the bag material is predicted to occur longitudinally on the top and bottom
bag facesit follows that atfailure load, the horizontal bag material will have deformed to theistra

at failure determined in the tensile tests in Chap#r Considering plane strain conditions, and
constant volume of the earthbags, the geometry failure can then be determinedising bag
dimensions found in Chapt&2:

0g=06 1+ -q = 0.26m (5.16)
0g= 0= 045m (5.17)
6
= "Oi),d— = 0.093m (5.18)
o
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Alternatively, the experimental results for lateral deflections can be used to calculate the failure
geometry of the bags. This method allows for consideration of deformations in three dimensions, but
relies on experimental informain and is therefore serrempirical.

5.1.4 Predictions

Table 5.1 shows the predicted failure loads from each of the previously discussed methods of
analysing an earthbag stackder vertical compressiorilhe values for &g dimensiongalculated
above are usedalong with the angle of friction of the fill material determined in Chagtér

Xuet alQ @008)analysis is moreonservative than the Infinite stack heiglmalysis, as it takes into
account the component of vertical stress imparted on the fill materiahleytension in the bagit is

the justification of the lattermethod that due to the friction between the bag and fill materials, the
settlement of the fill with increasing appliddad, and the irregular geometry of the bags, this force is
unlikely to occur in reality.

Table5.1: Predictedearthbagcompressive strength.

Analysis method Ultimate failure load Failure Stress Failure strain

(kN) (N/mm?) (%)
Xu et al 103.8 0.89 114
Infinite stack height 134.0 1.15 114

5.2 Method

5 compres#on tests were carried out on Bartec200Ttesting frame using the polypropylene bags
and fill material describedn Chapter3.2. Bags were filled with 20kg of sand and tests were
conducted m stack heights of 1, 3, 5 and 8n 8bag stack was also tested with stabilised fill
material.

5.2.1 Sample Preparation

Bags were fillegand placed on the testing rig with their open etwdsted and folded underneath the
bag (seeFigure5.3). Daigle 2008 noted that although this is the way bag ends are treated in
earthbag structures, the lack of adjoining bags could cause the ends to come loose amiint@t

fall out. However, it was found that the friction due to the applied loads was more than sufficient to
keep the bags tied securely and in place.

Figureb.3: Earthbag on testing rig before and aftamping.
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The bags were then tamped in place with a large, 20kg steel tamper, becoming block shaped and firm
to touch, as shown ifrigure5.3. Each bag was tamped until the upper surface was relatively flat and
level, the bag was no longer deforming visibly from further tamping, and the noise of impact changed
FNRY | Rdzf GKdzR (2 I WNAY3IQd -3DtEApE, arfd gondtiitedd@id A OS
noticeable change in the appearance of the earthbadfer which they were very firm to the touch

and would even retain their solidity and form when lifted by hand.

For the 3 and 5 bag stack tests, two rows of fpainted barbed wire were placed at the interface
between bags, similarly to the earthbag shieax test described in Chapter.3. The addition of
barbed wire was in order to most closely replicate real project conditions. However, they were
omitted for the 8bag stack tests, because it was realised that the high magnitddrertical load
applied would be unlikely to occur in an earthbag structure, and the greater concern was to
eliminate variables from the test.

Figureb5.4: 8-bag earthbag stackwith displacement transdw@e locations indicated.

Four percent cement was added to the fill material for the stabiliséd® stack testNo water was
added to the fill;the moisture content of the soil was sufficient to set the material. The bags were
left to harden for 21days, ad were then stacked on the testing frame. They were therefore not
tamped in place, like the other samples.

5.2.2 Test Procedure

The vertical displacement was logged at one second intervals along with the vertical load. Testing
proceeded at 5mm displacement perinute for the single bag tests, and 10mm/min ®and 5bag
stacks 15mm/min for 8bag stacks.

In the case of the Bag stack test, lateral displacements were also measured. Displacement
transducersjndicatedin Figure5.4 were placed to measure horizontal deformation on one side and
one end ofbag 4, and on one side of bagTransducers were located on a wooden tab attached to
each relevant point, in order to account for the large vertical deformations expected
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5.3 Results

Figure5.5 to Figure5.7 showthe plotted results for the 5 compression tests carried out on stacks of
sandfilled polypropylene bags.sfexpected, large disgiaments were observed of up to 50% strain
by test completion. In general, load increased #ioearly with vertical displacement until tearing of
the bag material occurred. Upon initial tearing, the load capacity decreased and failure was defined.

2500 Single Bag Test

2000

1500 / ,_I
~

1000 ] l

500 — — /
— /

0 — _

Vertical applied load (kN)

0 10 20 30 40 50
Per bag vertical displacement (mm

Figure5.5: Force against vertial displacement for single bagmpression test.

The single bag stack, plotted kigure5.5, did not achieve tearing failure. Instead thppdied load
increased until exceeding the capacity of the testing rig at approximately 40% strain. This was due to
the low heightto-width ratio of the stack, and significant conclusions cannot be drawn from this test.

3-Bag and 5-Bag Stack Tests
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Figureb.6: Force-displacemenper bagresponse oB-bagand 5bagstack compression test

The compression tests ofl#ag and Sbag stacks were continued significantly further thiaaring
failure of the bagso observe posfailure behaviouyas shown irfrigure5.6. Upon initial bag tearing,

load capacity was slightly reduced. With further displacement, bag tearing continued and applied
load peaked slightly higher than failure load. After further defation which was largely plastic, bag
tears were large enough that substantial portions of fill material began to fall out of the specimens.
The 5bag stack deformed plastically a substantial amount, until both test specimens underwent a
renewedincreasen load capacity due to the decreasing ratio of stack heigiwidth.

Figure5.6 shows that 3bag and Sbag stacks failed upon initial bag material tearing at similar values

of applied load and per bag displacemer approximately 8mmlt was this behaviour up to failure
that was focused on for-Bag stack compression tests.
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8-Bag Stack Compression Tests
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Figureb.7: Sabilised and unstabilised-Bag stack compression test

The loaddisplacemen behaviour up to bag failure of the stabilised and unstabiliSdohg stack
compression tests ishown inFigure5.7. The unstabilised test was paused for a short period at
12mm per bag displacement, which causedmall load drop off that was mostly recovered upon
continuation of the test. The figures comparedTiable5.2 show that the stabilised stack achieved a
37% higher failure load, at a lower value of per bag digpteent. The load dropoff of the stabilised
stack was more considerable and immediate.

The loaddisplacement response of the sandbag stacks was similar in all cases: Stiffness started very
low, as the irregular shape of the sandbags came into contactthétlupper loading plate. Stiffness

then increased as the sandbags conformed to the applied load; the contact area between bags
increased as the interfaces flattened and the bag material straightened. Upon reaching peak load,
bag tearing was heard within ¢hspecimen and the applied load decreased.

Figureb.8: Bag tearing of unstabilisedt8ag stack compression test.

Among all of the tests where failure occurred, the initial bag tears formed longitudinatlyeampper

and lower faces of the earthbags. These tears occurred in all faces, except for those in contact with
the loading plates, where friction withhe stiff loading platgrevented tearing. Where barbed wire

was included in the 3 andBag stack test, two paralletears formed along the line of the barbed

wire strands. In the ®ag stack tests, where barbed wire was omitted, only one tear was present in
each bag face, as shownkigure5.8.
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5.3.1 Lateral Displacements

Lateral deformations of the-Bag stacks were measured at certain pointgeoord to changing bag
area The accuracy of the lateral displacement measurements was affectatiebjarge vertical
deformations initial settling and rotatingof the stacks However, a linear relationship between
vertical and lateral displacements was observed for the unstabilised stack up to the point of failure
(seeFigureb.9). As mentioned, data from the transducer measuring dispment at the side of the
middle back was disturbed by the overall rotations of the stack, therefore the lateral displacements
were assumed to be uniform across all bags, and data from the bottom bag used instead.

Figure5.9 shows that at bag failure of 11.9mm vertical per bag displacenf@mthe unstabilised
stack lateral displacements were 7.1mm each side and 15.4mm eachFemdhe $abilised sack
Figure5.10 showslateral displacements of 5.7mm each side and 8.9mm each Bigjhlacement
transducer locations are indicated kigure5.4.

Table5.2: Compressive failure load ahoonfined bag stacks.

Stack height Failure load Per bag displacemer Failure Stress Failure Strain

(no. bags) (kN) at failure (mm) (N/mm?) (%)
3 190.70 9.3 - 8.9

5 130.34 6.7 - 6.4

8 114.33 11.9 0.97 11.3

8 (stabilised) 157.06 9.8 1.37 9.3

Unstabilised Bag Displacements
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Figure5.9: Graph showing lateral displacements of unstabilisdzh§ earthbag stack.

Stabilised Bag Lateral Displacments
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Figure5.10: Graph showing lateral displacements of stabilisdohg earthbag stack
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5.4 Analysis
5.4.1 Effect of Increasing Sack Height

As has been observed by Daigle (2007), increasing the stack height dedfeassompressive
strength of the earthbag stack. This is due to the confinement caused by the loading plates having a
lesser impact athe overall height of the stack increases. For this reason thagBstack results are

the most relevant, as they best represent the expected behaviour of a real earthbag structure.

5.4.2 Failure M ode

It can be observed iRigure5.8 that the fill material has experienced relative vertical displacements
across the bag tear line to the order of up to 5cm. This was the case for all earthbags in both
stabilised and unstabilisedi#&g stack tests. Another notable observatisrthat the location of the

tear line progressed diagonally across the bag faces throughout the height of the stack. These factors
are indicative of a shear plane having formed in the earthbag stack, and this is the failure mode that
has occurred for botl8-bag tests.

This finding helps to explain why the measured lateral deformations were larger than those
calculated using a constant volume assurmoptof the earthbags. Due tamping of the earthbags,
the fill material was dense and therefore expanded dgrshear failure.

This shows that at ultimate limit state, earthbag structures could be considered as cohesive, dense
soils.

5.4.3 Model Accuracy

As mentioned above, the results of theb@g tests are the most representative and will be used for
comparison withtheoretical predictionsThe prediction of failure strains was not entirely accurate,
but the impact on failure load is less than 1aberefore will be ignored. A greater understanding of
the failure mode of earthbags under compression has now been aatieo future models could
use knowledge of the density of the soil to better predict strains.

Table5.3 shows that, for the unstabilised stack, &alQ @008)method is slightly oveconservative

and thereforea more appropriatemodel to use than the undezonservativeinfinite stack height
model devised earlier. No account was made for the effect of stabilisation on the strength of the
earthbags, however. This could be addressed by considering the effectiesianhthat the fill
material gains from tabilisation, and adding thio the effective bag cohesion found in equation
(5.12).

Table5.3: Predicted and recorded values of compresdaiture load (kN).

Theory Experiment
Xu et al Infinite stack height Unstabilised Stabilised
103.8 134.0 114.33 157.06
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6 Arch Tests

The most accurate and comprehensive way of gathering information on the behaviour of a structure
is to build and test flHscale models of the entire structure. However, this is very rarely possible in
practice, and the limitations of this investigation make tdimensional tests more appropriate.
Earthbag structures built using the flexible form rammed earth method invigriabnsist of one
single or multiple intersecting domes. An arch could be considered as aditaensional
representation of a domeAlthoughit lacks the structurally beneficial thredimensioral effects such

as hoop stress, these effects are often ignodedting designArches also occur as elements within
earthbag structures, such as to span across door and window openings, and at the intersection of
two domes. This makes the arch form highly appropriate for studying the behaviour of earthbag
structures.

There are unfortunately no experimental precedents to draw information and experience from for
these tests, so test conditions will be designed to replicate project conditions, particularly with
respect to the Namibian project discussed in ChafePlastic theory will also be drawn upon to
predict the behaviour of the arches.

6.1 Theory

Plastic limit state analysis was discussed in Chapteras an analysis method often applied to
masonry structures. In its simplest formproposed by Heyman (1959it makes an appropriate
starting point for the analysis of earthbag structurfes a number of reasons that will be explored
here.

Firstly, a plastic method of analysis is appropriate for earthbag strugtbesause their behaviour

will not be elastic and may be nelnear. Furthermore| S & Y Imétiadl does not rely on or
consider any material properties other than density. This is convenient for a material such as
earthbags where material properties are letr unknown or variable. Lastly, the stresses expected in
an earthbag structure are low in relation to the compressive strength of earthbags, therefore the
assumption of infinite comssive strength is permissible, as compression failure of bags islynlike
to occur in an earthbag structure.

Depending on the failure modes found to dominate earthbag structuhesinitial assumption made
by Heyman of no sliding failure may also be permissible. However, if sliding failure is found to be
significant, the platic limit state analysis method can be further developed to take this into account.

The method also assumes that blocks are rigid. It has been shown in Chapsdrearthbags can
undergo significant plastic deformations, evet low loads, therefore this assumption may not
reflect the reality of earthbag structures. However, stabilised earthbags are stiffer and it may be
found that deformations are small enough that geometry is unaffected.

6.1.1 Thrust Line Analysis
With the aboveassumptions in place, it is identified bleyman(1982)that the analysis of a rigid
block arch is a purely geometrical matt&ailure of the arch will occur by the formation of sufficient

hinges to turn the structure into a mechanism. The challesgde identify the locations of the hinges
that will occur for the lowest possible load factor.
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A simple program was developed to calculate the ultimate load required to achieve mechanism
failure of the arches to be tested in this experimental programme. THeesaobtained will be
compared to commercial software and actual results.

The program follows a number of steps to define the ultimate lwad purely geometrical manner,
by calculating the possible location of the thrust line within the arch.

i) Define arch geometry:

Figure6.1: Segmental arclygeometry.

Givena segmental arclof known spanS and midspan riseY, the radius of curvatureR andarc
central angleh, can be found from the equation of the dieqseeFigure6.1):

n? I3

Y= ot %’ (6.1)
. 1 “Y

| =sin g (6.2)

The arch is divided into n segnts, each representing an earthbag and having a mas$he centre
of mass of each segment is approximaiaid-depth of thearch.

1)) Assign hinge locations:

Figure6.2: Arch four hinge mechanism.

The arch carbe analysed as statically determinate once four hinges are defined along its arc. Each
hinge occurs at the interface between segments at the intrados or extrados. For the case of the
guarter span point load, engineering knowledge can be used to idehgfyocation of 3 hinges, and

the location of the fourth can be approximated and then iterated.
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iii) Solve the simultaneous equations:

Four equations can now be set up to find the four unknowns\s, H and PThis can be done by
creating free body diagrams ah consider the arch clockwise of each of the hinge locations and
taking moments about the origin for the three distinct cases. Vertical equilibrium forms the fourth
equation

iv) Find the location of the thrust line:
Moments can now be taken about the origififree body diagrams at each bag interface, X, given in

equation(6.3). This allows the location of the thrust line at each interface to be determined by the
variable'y;,, the radius to thrust line.

0Yy 1z8IN—= w(Yssin—  "YpsSin—)

+0'Ys cos— Y COS— 6.3
+ 50(Yysin— Yy Sin—)
0 < =
Where: Toe 4 e (6.4)
, 0
V) Iterate the fourth hinge location:

The initially calculated thrust line may pass outside the width of the arch. The fourth hinge location
can be moved to the location of maximunveigence of the thrust line outside the arch, and the
calculations repeated until the thrust line runs entirely within the thickness of the arch.

This method of analysis has been developed into a spreadsheet in order to calculate predicted peak
load of the arch experiments. The results from this spreadsheet can also be compared to a
commercially available software package, Ring (RifhitState, 2009)which uses the same plastic

limit state analysis method, and is also more powerful and customisalalele to include other

failure modes than mechanism failure.

6.1.2 Predictions

Table6.1: Predicted ultimate load of arch tests.

Analysis Mthod  FailureMode Ultimate Load
Arch2 Arch3 Arch4 Arch5
Thrust LineAnalysis Mechanism 11.18 LOCKEL 11.18 11.18
Ring 2.0 Mechanism 14.34 LOCKEL 14.34 14.34
Sliding 8.01 4177 8.01 13.73
Crushing 11.02 395 11.18 11.02
All 3 731 39.5 749 9.32

The predictions ifMable6.1 show that the thrust line analysigives a lower value of failure load than

Ring 2.0 for mechanism failur€hesevalues correspondo the assumptions of infinite compressive

strength and infinite friction. Thehrust line analysi O2 y Of dzZRSa G&]J SIR Qi K&y R S\ND Kl
condition of midspan applied load. In practice, this means that when the load is applied atpait

straight lines can be drawn between the point of application of load and the abutments. This
corresponds to an infinite load, and mearst a mechanism failure mode would not occur for the

particular load case.
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The commercial software is able to develop the plastic limit state analysis méihbeér by taking

into consideration block crushing and slidiffi@ble6.1 shows that for both quartespan and mie

span applied load cases, sliding failure is thedjzted critical failure modeThe effect of stabilising

the fill material or introducing barbed wire to the bag interfaces can also be considBegtded wire
increases the friction coefficient of the bag interfaces, which suggests block crushing will then
become the critical failure mode. For the case of stabilising the fill material, the model predicts the
ultimate load to cause crushing failuwll increase, but that the critical failure will still be sliding
failure.

The most significant assumption that this model relies on in relation to earthbag structures is that
deformations of the blocks are insignificant and will not affect the overalhggry of the arch. In

this respect, the model does not differentiate between unstabilised and stabilised arches. For this
reason, these predictions are likely @ more accurate for the stabilised arch, where deformations
will indeed be smaller.

6.2 Method

Fve earthbag arches were constructed and tested in this experimental program:

Arch 1: Preliminary experiment to develop methodology. Arch loaded at quarter
span. Displacements not logged.

Arch 2: Unstabilised arch loaded at quartepan.

Arch 3: Unstabilised arch loaded at migban.

Arch 4. Stabilised arch loaded at quartepan.

Arch 5: Unstabilised arch loaded at quartepan. Barbed wire included at bagerfaces.

Point load

Figure6.3: Setup of arch tests.

The arches were built on a plywood formworkiatn created an intrados with span lengtt2é and
mid-span rise 0.5m. Concrete abutments were setup on bridge bearings to support the arches and
transfer all lateral loads into a load cell between them which measured horizontal reactions. The
vertical loadwasapplied by means of a 5T hydraijlck, with load cell attached to measure applied
load. Displacement ransducers were placed at mghan and quartespans to measure vertical
deflection of the arche¢seeFigure6.3). The vertical load was applied across two bags to prevent an
over-concentration of stresses occurring towards the applied load, which could result in severe local
deformation of the lags. This spreading of the applied load is of the same ordmiaghitude of the

area loaded by a person stood on the structure.
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The first arch was built to verify and improve the test methodology. Since there are no precedents
for earthbag arch tests, it was necessary to carry out a preliminary investigation infeaieility of

the test. The arch was loaded by point load at the quarter span until failure, but no displacements
were recorded. As a result of this trial, the concrete abutments were separated by approximately
200mm in order to fit the earthbags more @gately, and initial tamping of the earthbags was
carried out on the ground before placement within the arch.

6.2.1 Construction of the Arches

In the same way as during thebg stack compression tests, earthbags were initially tamped on the
ground, then placeé into the arch and tamped into position. The initiainping was carried out with

alarge metal tamperand finaltamping with a sledgehammer and a piece of timber to distribute the
force of impact across the bag face. This method allowed the maximumirignap the bags to be
achieved, and ensured they ended up well positioned within the arch, with large areas of contact
between each bag. In a real earthbag structure, the arch would be tamped from above and further
earthbags would be placed onto the arah form the roof of the structureKeystones were given a

more defined wedge shape during initial tamping so that they could be placed easily into the arch.
tKSe8 ¢gSNB GKSy GFYLISR FNRBY | 020S G2 wasSlItqQ GKS

6.2.2 Application of Load

The vertical load was appti manually with ahydraulic hand pumpand force and displacement
readings were measured at 1 second intervals. Photographs were also taken at intervals to observe
the overall arch deformation. The load was removed at least twice during each test tal relestic
recovery and permanent deflection. The loading jack was operated until total failure of the arch
occurred.

6.3 Results

The loaddeflection plot for each of the four displacememeasured arch tests is shown on the same
set of axes ifrigure Al in Apgndix A allowing for visual comparison of the arch behaviotach of

the four measured arches is discussed in turn, Witpure6.5 to Figure6.8 showing the individual
load-deflection plot of each arckcharacteristigphotographs and a supémposed plotrelative arch
displacements The plots are generated directly from the photographs to give a clearer visual
demonstration of the relative movements of the arches.

Table6.2 shows thekey values of applied load and displacement recorded from each of the four
measured arch tests.

Table6.2: Arch test results.

Arch Peakload Peaklad displacement Collapse displacement Percentage recovery

(kN) (mm) (mm) (%0)

2 4.12 41.8 147.4 22.8

3 7.69 64.3 96.8 21.1

4 7.26 8.8 54.2 57.4

5 3.8 40.4 xE 26.7*
NOTE: *Value obtained from second unload cycle only.

**Large displacement. Could not beemsured.
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6.3.1 Arch1l

The lack of initial bag tamping on the ground before placement within the arch meant that the bags
were less compact than for the other arch tests. The positioning of the abutments meant that the
lower bags did not rest entirely on the awents, as shown ifrigure6.4. This allowed hinges to
form at the base of the arch in the middle of the earthbag rather than at the extrados, essentially
halving the effective depth of the arch. This greatly dasel the load carrying capacity of the arch,
which withstood an ultimate load afnly 1.3kN.

Figure6.4: Arch 1 (left) before loading and (right) just before collapse.

6.3.2 Arch?2

As can be seen from comparifiggure 6.4 and Figure6.5, the improved methodology employed
during the construction of the second arch created a more uniform appearance and stronger looking
arch. lIritial tamping on the ground enabled more energy to ibgarted into each bag, making the

bag thickness smaller, meaning therer& 5 more bags in Arch 2 than imchA 1. The arch depth is

also larger because of this increased tamping of the bags. Unlike tharfits the full area of the
bags at the springirgare in contact with the abutments, greatly increasing the overall stability of the
arch, and allowing theeffective depth to extend thefull depth of the arch. This method of
constructing the arches waslfowed for the duration of the experimental programme.

The behaviour of i8h 2 can be loosely characterised into three distinct modes, whictur as the

test progresses: Linear response, large deformation and slithitgally, the arch exhibita linea
load-deflection response, with relatively stiff behaviour and small displacemé&gsire6.5 shows

that initial deformation of the arch is small and smoothly distributed along the length of the arch,
similar tothe behaviour that would be expected from a rigid block arch such as masbmmards
reaching peak load, the plastic deformations of the arch begin to increase significantly. Once peak
load is achieved, the load carrying capacity of the arch decreasggcatinues to decrease, as large
deformations and rotations of the bags destabilise the arch. This continues for large values of
displacement, until the deformation of the arch has reduced the normal compression at certain bag
interfaces sufficiently to llow significant sliding to occur between bags. The arch then collapses with
a combination of sliding and rotation of bags.

Figure6.5 showsthe stiffness of the unloading/reloading cycle is consistent through3teycles.
22.8% of the deformation is recovered each cyslgwing the predominantly plastic behaviour of

the arch. There are, however, no visibly defined hinge locations during the large rotations and
deformation of the arch. Instead, all of the bagsatat a small amount relative to each other,
distributing the rotations throughout the arch. The left hand side of the arch, under the applied load,
gradually rotates into a flat beam, pushing the right hand side of the arch up. Sliding then occurred at

A
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6.3.3 Arch3

The behaviour of the centrally loaded arch 3 followed a similar pattern, in that it began exhibiting a
linear loaddeflection response, and then became highliagtic, with large deformations and
rotations occurring along the length of the arch. In particular, a similar beam developed, as shown in
Figure6.6, this time under the load in the middle half of the arch, pughip both of the springings.

Due to the more structurally favourable location of the load, less displacement occurred for a given
load, and higher peak strength was achieved. The relative plasticity of the arch was similar, with
21.1% of displacements bgmecovered upon unloading/reloading cycles.

The loading jack became fully extended during the test around 40mm central displacement,
necessitating an unloading of the arch to insert a spacer under the load. This destabilised the arch
due to the large defomations and rotations that had already occurred, and may have prevented a
higher peak load from being achieved. The load was again removed at around 100mm central
displacement, which caused the arch to collapse. This meant there was not an opportunity to
observe the sliding failure seen in Arch 2.

6.3.4 Arch4

The stabilised arch exhibited the most diverse behaviour of the four measured arches. The initial
stiffness of arch 4 is much higher, and a significantly higher peak load was achieved, as is especially
apparent in Figure Al. Similarly to Arch 2, there is initially a lineardedl@ction response. The large
plastic deformations did not occur in the same way. Instead, upon reaching peak load, the arch
suddenly changes behaviour to a linear applied loadrisalg proportional to displacement. The load
continued to decrease at a constant rate until collapse.

The stabilised arch recovered a much larger proportion of displacement upon unloading, at 57.4%.
This demonstrates the increased elasticity of the steddliarch. Also unlike the unstabilised arches,
Arch 4 developed defined hinge locations, visiblé€-igure6.7. The most defined hinges are under

the applied load at the extrados, and at the opposite quarter spathe intrados. There are also
significant rotations of the end bags about the abutments, but the hinges are not as apparent. It is
possible that the rest of the rotation required to form the arch into a mechanism was distributed
about a number of bag intéaces, with particularly large rotations at the base of the arch.

6.3.5 Arch5

The variable explored with Arch 5 is the inclusion of barbed wire. The results can be seéigiuoan
6.8 to be similar to the equivalent r@h without barbed wire; Arch 2, with the barbed wire causing
slight variations in the behaviour of the structure, that were not necessarily as expected.

The initial stiffness of the arch and the displacement recovery upon unloading are both similar,
although the low overall displacement of the arch upon first unloading made the results unreliable,

meaning there was only one unload/reload cycle to draw data from. However, a lower peak load was
achieved by Arch 5, and at a slightly lower value of displaceniéiis suggests that the barbed wire

did not improve the structural strength of the arch.

Figure Alalso suggests that Arch 2 sustained higher overall deformations and rotations before finally
collapsing. This is in fact untraghe deformations becameosgreat towards the end of testing Arch

5, and the arch was so unstable that measurements of the displacements could no longer be made.
The barbed wire seemingly contributed towards holding the arch together long after the other
arches would have collapsed
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Figure6.5: Load-displacementesponseof Arch 2, and nhumbered photographs
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Vertical applied load (kN)
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Figure6.6: Loaddisplacementesponseof Arch 3, and numberedhmtographs.
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Vertical applied load (kN)
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