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ABSTRACT
Out-Of-Plane Properties Of Imiecking Compressed Earth Block Walls
NicholasAnthonyHerskedal

Interlocking compressed earth blocks (ICEBs)@®ment stabilized soil blocks
that allow for dry stacked construction. The incomplete understanding of the inelastic
performance of IEB building systems limits widgpread aceptance of this structural
systemin earthquake one areas. Thithesispresens results from an experimental
program designed to explore the behavior of ICEB whlldt according to cuant
design practice in Indonesia and Thailaswll subjected to outf-plane loading. A total
of five reinforced and groutelCEB walls were consuctedand tested.

Resultsfrom experimentation show the current masonry design, &de530,
adequately predisthe yield strength of these walls. Howew€l 530 grossly over
predicts thdCEB wall stiffness. All tests showed flexural behavior afallure, except
for one wall. Abrittle failure was observed in one wall before reaching the predicted
flexural strengthprompting asuggested maximushear tie spacinglhe testing results
provide useful data for developing analytical models pnatictsthe seismidehaviorof
ICEB walls under oubf-plane loading.

A momentcurvature relationship was developed that accuratelgticts the
behaviorof these wallsn the elastic range as well as the inelastic rafyecomparing
the data provided byvo walls of similar sizes, one including a pilaster and one without a
pilaster, insightnto stiffener &ements was gained. Analysistbese two walls provides
alimit on the lengtrand heighof ICEB walls without stiffener elements preven
significant structural damage during a seismic event. In all, conclusions based on
experimental data from ICEB ocof-plane loading tests are aimed to provide suggestions
for ICEB construction in areas of higieismicity.

Keywords: Outof-Plane, Interlocking/lasonry Compressed Ear@lock, Dry-Stack
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1.0 Introduction 1

1.0INTRODUCTION
Interlocking compressed earth block (ICEB) masonry has the potential to provide

affordable construction around the world. Comprised of basic, inexpensive materials,
such as soil, the blocks can provide homes and other fadditles/ cost. By creating
interlocking joints between layers of blocks, ICEBs allow for the blocks to be dry

stacked, without the need for mortar.

While dry stacked ICEBs areigently being used in structurditle is
understood about its behavior during an earthqu&kecethere are many different forms
of ICEBS, research done for one type is not directly applicable to andther.
incomplete understanding of the inelastic performance of ICEB building systems limits
the wide spread acceptance of this structural systemtimeake prone area3he
ICEBSs used for this thesis are dry stacked and allow for both transverse and longitudinal
reinforcement.The ICEBs used for this thesis axgrrently being used in Indonesia and

Thailand, where earthquakes have the potentightsesignificant damage

Outof-plane forces, created during an earthquakiey wind can cause
significant damage in to a structure. However, neafilane experimental research has
been completed on reinforced dry stacked ICEB wdllserefore, iis the intent of this
thesis to provide insight into the eof-plane behavior of drgtacked, reinforced ICEB

walls, constructed according to the curnergctices found in Indonesia and Thailand.

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



1.0 Introduction 2

1.1 Background
Soil has been used as a buildmgterialfor thousands of yearAdobe, rammed

earth, and compressed earth masonry are examples of this building traditiont o d ay 06 s
world. Using soilas the maimaterialcomponent of a buildingrovidesbenefitssuch as
theuse oflocal materials, high thermatass values, andcreased workability

(Maini,2010). The soil usedin earth buildings is taken from the surrounding areas or the
excavation for the foundations (Maini, 2010) cement stabilizedarth construction,
cement use isammonly kept to 510%by weight(Walker, 1999).In contrast, cocrete

and concrete masoncpnstruction use anywheff®m 10%- 15% by volumeof cement
(PortlandCement Association, 2012By eliminating the need for heating kilns and
reducing the amount of cement, compressethéblocksare energy efficient. ICEBs

require anywhere from 1/5 to 1/15 of energy to make when compared to fired bricks and
concrete masonry units (Maini, 2010)ll of these factabout earth construction

contribute to a decreased cost of construciiah an incresed availability irdeveloping

countries.

Dry stacked ICEB constructiatan lead to a faster construction time when
compared tother types of masoyr Dry stackingdoes not rely on skilled labsuch as
masons.Insteaddry stackingcan be done with little trainingnd in a shorter amount of
time than with traditional mortared masor{iMaini, 2010) Some researchers suggew
reduced need fakilled labor and the shorter construction time can reduce the cost of

labor by as muchsa80% (Anand and Ramamurthy 2005).

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



1.0 Introduction 3

The materials and tferming method used in dry stacked ICE8an have a very
low carbon footprint when compared to traditiomasonry timber,andconcrete.
Depending on the location of the ICEB buildinge impatation of construction products
is greatly reducedSinceindigenoussoil is the main ingredient FKCEBs, a majority of
supplies do not have to be shipped to the(btini, 2010) This reduction in
transportatiordecreases the fosfiel use ICEB structures also useery little to no
timber. Timber structures and the wooden forms usezbimcrete structures can lead to
significant deforestationEven other types of earth structures suctaasmwed eartland
adobe construction requitiee use of forms during constructjarsing lots of wood
members that eventually go to waltéheeler, 200p Depending on the surrounding
areas of the building, the wood products can end up being transported hundreds of miles
to reach the siteWithoutthe need for timbeor timber formscompressed earth block

construction helps to limit deforestatiaroundthe world (Maini, 2010).

In developed countriesesearchgesign and construction improvemeruas
masonry buildingsavelead to betteperfomance and safety afiasonrybuildings
during anearthquake. Howevélittle structural testing ofiry stackedCEB masonrjhas
been done, leaving the masonry forainerable to significant damage ailtire during a
seismic eventCalifornia PolytechniStateUniversity in San Luis ObispCal Poly)has
been involved in providing information for the use of ICEB massimge 2008 The
Engineers Without Borders chapter of Cal Poly has been working with ther @ante

Vocational Building Techology (CVBT) in Thailandon improving construction with

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



1.0 Introduction 4

ICEB technology Student$rom the mechanical engineering and civil engineering
departmentsave worked with CVBT to improviae ICEBstructuralbuilding degyn.

Mechanical engineering students have worked thighSoeng Thai BP6 block predsgt

Soeng Thai SP3 soil pulverizend a pocket penetrometekll of theseitemsare critical

tot he cr eat i ommakihgthe KdEBudiDrmanrstcength. Civil

engineering students have begun to provide inddion on thebasicpor oper t i es of

as well as the uplane shear wall capacitieti.is the combined goal of the student efforts

at Cal Poly to provide the research and ev

offer insight into a better designanual for all future ICEB buildings.

1.2 Objective
The objective of this theswoject isto test ICEB wallsn order to investigate the

out-of-plane properties, perfarance, and failure mechanisras,well as to use the

recordeddata to accurately paect the performance of each wall.

A total of five walls were tested in uadoutof-plane loading. Three, one meter
tall cantiever wallswere builtfirst. Thefirst cantilever vall was builtas areferenceo
predict the behavior of the full scale v&lhs well as provide the basis for comparison of
the other two cantilever wallsThe secondantilever wall waslesigned to investigate
theinfluence of asteel reinforcement lagplice The final cantilever wakxperiment
provided data used to determaithe change in performance duafalaster coatingThe
two full scde walls were constructed to investigate edaviorof ICEB walls loaded

out-of-plane By testing one full scale wall without a pilaster as well as one with a

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



1.0 Introduction 5

pilaster, a direct coparison inperformancevas also formed using the data from the two
full scale wall experimentsThe hysteretic behavior of each wall was recorded and
compared to the ACI 530 code predicted values. The results of this investigation will be

used to creata suitable structural design for ICEB structures.

The experimental data from tle@&perimental program also allowed for further
analysis of ICEB wall behaviorThe goal of the analysis portion of this thesis is to

determine the following items:

An accurate oubf-plane behavior analysis method for ICEB walls
Maximum wall heights for individuadeismicacceleration values
Maximum pilaster spacing using strength based calculations
Maximum pilaster spacing using displacement based calculations

= =4 =4 4

Furthermore, necessary recommendations for construction methods using ICEBs will be

made as seen fit through analysis of the experimental results.

1.3 Organization
Chapter 2 offers a literature review of topics relating to Compressed Earth Block

construcbn, testing, and results. Information regarding other types of masonry walls

tested for oubf-plane performancand the masonry code is also discussed.

Chapter 3 describébe manufacturingrocess fotCEBs and thendividual
components folCEB walls Experimental material strength results apeesented for

each component.

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



1.0 Introduction 6

Chapter 4 explains the wall construction and testing setup for each type of wall.
The layout and purpose of instrumentation for each wall is discussed in relation to the

overallgoal of this thesis.

Chapter Bsummarizes the results from the testifigne observed behaviors from

all experiments are discussed and compagainst code predictions

Chapter &letails the process and findings for creating an advanced method for
andyzing and designing ICEB wallls for cof-plane loading.The experimental results

are also used to develdpsignrequirementgor pilaster shear strength and spacing.

Chapter 7rovides a conclusion of all the findings from experimentation and

advancerant of the analytical process for designing ICEB walls.

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



2.0 Literature Review 7

2.0LITERATURE REVIEW
This section discusses relevant literature on the topics of comprestteblecks,

current masonry design guidesd experimentation on eat-plane properties of walls.

2.1 Compressed Earth Blocks Rhino Blocks
The Center for Vocational Building Technologies (CVBT) developethnual of

construction folCEB buildings(Wheeler, 2005) The manual provides insigmto how

the constructiof ICEB buildings is currently beindesigned. Ahinotypeblock is

used by the CVBTue to its ability to interlock and allow for steel reinforcement when
necessary. The blocks can be made into niferent stapes, includinghannéblocks

and half blocks. Théhio block dimensions centimetersas well as a diagram of each
block type can & found inFigureA. Foundations are prescribéat all seismic areaas
concrete footingsvith verticalreinforcemenextending from the footingRebar splices

are formed by one of three methodst5 cmweld, bend and hook, arset of thirwire

ties that are tightened around two overlapping .b&dsvertical rebar is placed inside the
large reinforcement holes in the rhino blocks, and grout is poured in every hole. Wheeler

recommends no more than 10 layers of blocks be stacked before a grout pour takes place.

In designing ICEBouildings it isrecommendetdy Wheeletthat no wall span be
more than 4.5 meters longthout a perpendicular walbilaster or other stiffening
member This recommendation is based on knowledge that long, slender walls are
vulnerable tacollapse. It is one of the godtss thesis tonvesigate thespan limit

recommendation of the CVBTO6s manual

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



2.0 Literature Review 8
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Figure A - ICEB block and variations

Source(Wheeler, 2005)

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



2.0 Literature Review 9

Bales et al. (2009) experimentally determinedstnecturalpropertiesof
compressed earth block$heresearch ainteto create consistent scilo-waterto-
cement mixing ratio to prxade sufficient strengthnd consistent blockBlocks were
made with various soil types and were allowed to cure under mudopigitions Curing
methods included submeosiin water, under a tarp, or sun dried. Researchevged

the effecs to compressive strength, durabilitgind compactness.

Theauthors tested the block compressive strength, as well as the grouted and un
grouted prism strength. These prisms were oedfin a wooden form to simulate the
effect of confinement the blocks would have in an actual buildirfige average
compressive strength of the fully grouted prisms was found to be 2.58 Mie@rism
compressive strength was found to b&30for groutegrisms and.37 for unrgrouted
prismstimes thesingle blockcompressive strength to prism camgsive strengthThe
prisms failed bysplitting down the grout plane. This failure was attributed to the
difference incompressive strengfilom compressedagth blocks to the grout being used
to fill them. Researchers provided detailed instructions for the formingmgistent

| CEBO6 s, wh i usdd inthis thesis.t o b e

Proto et al. (2010)rote a construction manual tragscribeshe manufacturing
process for | CEBG6s wusing t hleiBR6 iThe&oebgl oc k s
Thai BP6 was used by Bales et dlhe goal of the manual was to provide a detailed

procedure and guidelines for makirigno blocks First, the soil selection process was
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established for consistent blocks. Next a block making procedure was given, involving

Six steps:

Soil Preparation
Measuring
Mixing

Pressing

Curing

Testing

= =4 =4 -4 -8 -9

The most <critical section of Proto et al .o
ratio for block making. It was found that the optimal moisture cdrfeeniCEB making

is 1014%. Theeasiest way to determine the moisture content during the block forming
process was with a simple drop test. The soil mixture is ready to be pressed dhce a ba

of mixture is dropped one meter and breaks into aboug gieces.This drop test is

shownin chapter three of this thesiaderFigurel. Theinformation presented in the

manu al wi || be used in the mixing and pres

Bland(2011) constructed walls of distacking ICE® & order to determine the-plane
properties ohear dominateshear walls. The same soiteps, and loick properties
determined byBaleset al. weraused. Tree 1.8 meter by 1.8 meter walls were
constructed and subjected to cyclic lateral loading. One wall was fully gneittexit
horizontal reinforcemenbnewas partially groutedithout horizantal reinforcement, and
onewas fully grouted with horizontal reinforcementhe goal wa to determine the
appropriatenessf usingcurrentconcrete masonry design standards feashvalls

constructed with ICEB. In comparing the iplane strengtlof the fully grouted wall
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with the partially grouted wall, it was found that fpertially grouted wall sustained
about 50%of the strength athe fully grouted wall. The studyalso determined that the
ACI 530-08 codepredicteda shear strengtimatby far exceedethe experimentally
determinedshear strengthThe third wall was designed &xplorethe shear strength

contribution de to horizontal reinforcement.

As a companion thesis 8land (2011), research wasnultaneouslyeing
conducted to deterime the behavior of flexural dominated ICEB shear walls under in
plane loads (Stirling, 2011)Stirling tested three walls: a slender wall, 1800 mm tall and
900mm wide, 4800 mm by 1800 mrequare wall with a 750mm wide flange at one end,
and anothet800mm by 1800 mnsquare wall with a 900mm square opening in the
center. Stirling found that these three walls faifetlexurewith tensile yielding of the
vertical rebar. This is unlike the brittle failures found by Bland (2011). All walls showed
significant dfferences in ductility due to varying dimensions aeishforcement

Further analysis was performetiflexuraldominatedvalls in order to more
accurately predict the behavior of these types of walls during an earthquake: A non
linear lumped plasticity model and a plastic analysis madeémade. Stirling
determined that the current masonry cOdi€l 530-08) was able to predit¢heflexural
strength of the ICEB walls within an acceptable margin. The lumped plasticity model
was found to predict the strength accurately but did not provide a stiffness that was

comparake to the experimental results.
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2.2 MasonryWall Design
Thedesgn of masonry structuras the United States dfmericafollows the

Building Code Requirements and Specifications for Masonry Strugiis 402/ACI
530/ASCE 52009, with lateralforce design proceduré&®m Minimum Design Loads
for Buildings andOther Structured®y the American Society da@ivil EngineeryASCE
7). Thesebuilding codes prescrideading, analysis, design, andtdilingfor masonry

construction.

Results of multiple tests on simply supported wakse usedo calculate strength
and deflectionformulasfor outof-plane masonry walls. The code allows the use of the
principles of mechanics to determine the actual moments and deflections under different
support conditions than those found in simply supported wells 530-08 presens the

following assumptiongor the design ofeinforced masonry:

1. There is strain compatibilitpetween the reinforcement, grout, and

masonry so that loads are resisted in a composite manner.

2. Strain in reinforcement and masonry shall be assumed to béydirec

proportional to the distance from the neutral axis.

3. The tensile strength of masonry shall be neglected in calculating flexural

strength but shall be considered in calculating deflection.
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4. The masonry stress s hlelalentpof0.& ken co
times the length from the extreme most comgesfibers to the neutral

axis at the strength limit state.

The ACI 53008 codepredictionswill be a referencéor comparison to the

experimentabehavior of the ICEB walls.

Brandow, Ekwueme, andart (2006)providea detailed design guide for
reinforced masonry structure$he guide outlines the process and equations needed for
proper design of concrete masonry walls underodytiane loadingciting the ACI 530
08 code as the basis for desigdsing the equations included in the design guide
example, estimations of waltrength, stiffness, and cracking behawan be madeThe
process for estimating deflections under a given loading includett® effects from
both self weight anddditioral axial loads. The odf-plane lateral loads for pilaster
design are shown to include the effect of the wall area tributary to the pilaster. This
design assumption will be critical in developing the maximum spacing of stiffener

elements in long spanmgnslender ICEB walls.

The design guide for masonry structures also provides detailed guseuse of
momentcurvature analysis for flexurally dominatedhsonry membersBy defining a
crosssection and the material properties, a procedure can bevéallto determine the
curvature and moment at each stage of the
stressstrain relationship for the reinforcement and the masonry and by applying the law

of static equilibrium, a moment and corresponding curvaturdeamalculated. The
Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls
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membeds behavior i s de;fciackiegdyield,yandultmateTee | i mi t s
ultimate limit state is defined to be equal to the moment when the extreme compression
fibers of the member fail due to crushing.omentcurvatureanalysis and numerous

design examples will be used in this thesis for analysis of the experiments.

2.3 Out-of-PlaneWall Testing
Amrhein and Lee (1984)erformed experimental testing on lelagaring,

reinforced, tall, slender masonry walls. The wallsentested for their otaf-plane
performance. The intenvasto test concrete and masonry walls that exceeded the code
limitations of height to thickness rati@\ total of 32 panels were constructed for testing
The test set up, includirte applicatiorof the vertical loads and airbag is shown in

FigureB.

Vertical loading was applied using a simple loading technique using a lever arm
and a barrel of water. Thwrizontal load was applied using an airbag in order to
simul&ge the uniform loadingssumed in owbf-plane loading.Theend connections were
chosen to be pipin in order to reduce the variables and unknown factors. The
parameters for design were impdsby the Structural Engineers Association of Southern
California (SEAOSC) and the American Concrete InstituB®uthern California Chapter
(ACI-SC). An initial serviceability limit was imposed where the lateral deflection in a
slender wall could not bgreater than 1% of the story height. A stricter limit of 0.7% of
the story height was approved by the International Conference of Building Officials

(ICBO) after code officials and structural engineers decided the permissible deflection
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should be reduced=Examples of design for slender walls under these limits are plentiful
in the report. These limits and design examples will be applied to the ICEB walls

considered for this research program.

-
{ — | Vertical load
L on Lo
1 T ; ledger I!l.gle_
'5|E

Alr bag

= i =5 -

Vestical load

* Test specimen

Figure B - Amrhein and Lee TestSetup
Source: (Amrhein and Lee, 1984)

Ismail et. al.(2011) performed oubf-plane experimentation anunreinforced
masonry (URM) walto study the retrofitechnique of introducing pos¢nsioned
tendondo the core of the URM wallsA wall wasbuilt using standard clay brick and
mortar constructionl 1 feet tall an@® feet 6inches wide.A single posttensioning
tendon was inserted down the middle of the w&pecial consideration was taken in

determining the effective height to be used in thisaftglane experimental research.
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FigureC (a) shows the traditional simply supported beam model feobplane
analysis.FigureC (b-d) illustrates the change in moment diagram ttwedeffective

height between the inflection points. It was decided that most URM walls had little fixity
at the base due to the nature of the magstmrock on its foundation. Therefore, the
experiment would be a simply supportedll with an effective height just short of the
average story height of URM buildings order to simplify the uniform load

experienced during an earthquake, four plmatls were applied to the wall using a load

spreader.

e e
5 i = :
i < E
H hw
i &— by
i & i i
h Y SN SN
it (a) (b) ©) (d)
A Traditional Rotational Rotational Rotational
Pin-Pin Restraint at Restraint at Restraint at
Wall Section and Out-of-Plane Modeling Roof Floor Both
Loading Assumption Diaphragm Diaphragm Diaphragms

Figure C - Moment Diagrams ofWalls with Various End Restraints
Source: Lazzarinj 2009
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The esting was completed in the Architectural Engineering facilities at California
PolytechnidJniversity at San Luis Obispo, using a test setup that will be adopted for use

in this thesis.

The outof-plane behavior afinreinforceddry-stack masonry was stied by
Vaculik, Griffith, Hogarth, and Todd (2004). A series of experiments were set up to
study the failure modes of various vgalthen subjected to cof-plane loading, as well
as to quantify the behavior using airbag tests. All walls were simplyosieplpat top and
bottom, and hadmall wall returns oeach side, creating the existence of double
bending. It was concluded that the strength of these walls was directly proportional to the
amount of axial load applied to the wall. The cracking occurredfairly predictable
manner for double bending. The most regular wall was able to withstand loading
equivalent taan acceleration d@¥ . 4 2 Thg 6racking pattern will be used in this thesis
to demonstrate the cracking patterns dutimgrway bendilg. Theload-displacement
behavior was studied imalls with three different aspect ratios. Each aspect ratio was
tested under three different levels of axial compression. These walls showed-that dry
stacked masonry walls all exhibited duetidehaviorwhere the wall gradually lost
strength once the maximum load was apphgtiout a sudden drop in stiffnes3he
ultimate strength and the amount of axial compression were found to be directly

proportional, where the strength wouldtiease with more load
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Jayasinghe and Mallawaarachaunducted flexural strength tests of compressed
stabilized earth masonry materials. The tests were designed to measure the flexural
strength, both parallel and perpendicular to bed joints of compressed stabilized earth
bricks, blocks and rammed earthVith relevance to this thesis, the blocks used were 290
mm long x 145 mm wide x 100 mm tall. An image of the blocks used can be found in
FigureD. The blocks were bonded with a cement soil paste, meaning that there is some
bond between courses of blocks. The voids in the block were also completely filled with

a cement soil mix. Nwue of thewalls contained reinforcement.

Small wall samples were tested as showRigureE. The walls were able to
reach 0.262 N/mfras their average flexure¢sultant stresgarallel to bed joints and
0.261 N/mnf perpendicular to bed jointsThusly, both flexuratesultant stressagere
found to be about equalhe failure was brittle in nature and occurred when tension
cracks started to form on the back side of the walls. ré@dts of these testsguide
insight into the flexural behavior relationship between earth block walls loaded in each

out of plane direction.

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



2.0 Literature Review 19

Figure D - Compressed Stabilized Earth Block
(Source: Jayasinghe and Mallawaarachchi, 2009)

Figure E - Jayasinghe andMallawaarachchi Testing Directions
(Source: Jayasinghe and Mallawaarachchi, 2009)
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The Hydraform drystack block system was testeyl Pave (2007) A complete
testing program achieved values for compressive strength and flexural strength for the
Hydraform blocks.Hydraform blocks are solid, compressed earth blocks that do allow
for reinforcement parallel to the bed joirnthe blocks form a shapbkat is pictured in
FigureF, where two edges of the blocks are lowered, to form &t@dgked, interlocking
pattern. The tested compressive strength ©ihgleHydraform block, with a 5% cement
content was found to be 3.0 MP&he masonry compressive strength, as determined by

prism testing was found to be 1.1 MPa for blocks with 5% cement content.

Figure F T Hydraform Blocks
(SourcePave, 2007)

For the flexural strength tests, Pave decided to use composite beams made of
reinforced concrete and dry stacked masonry. Multiple beams with 6 mm steel bar
reinforcing were tested with different sizes and cross sections. Each beam was tested
with loading perpendicular tine bed joints of the blocks, meanithg beams were tested

across their minor axiseeFigureG). The tests showed that the concratesonry
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beams were abl® behave with composite actionder flexural loadingA beam was

tested without concretas shown irFigureG, and showed excessive defliens in the
masonry. It should be noted that the Hydraform system does not have vertical grout
holes or wide horizontal grout channels to resist thisopylane loading. Three out of

the four beams tested did not meet the theoretical load capagityg éxperimentation.
However, there were instances in shear cracks that could not be investigated completely
at that time. The researchers recommended that the shear resistance efthekdry

systemshould be heavily investigated.

Figure G 1 Example of Cracking Pattern and Loading
(Source: Pave, 2007)

Out-of-PlanePropertieof Interlocking Compressed Earth Block Walls



3.0 Materials 22

3.0 MATERIALS
This section discusses the materials used in the creation of the ICEB walls. The

discussion of relevant materials will include specificationshoug of construction, and

measured structural properties.

3.1 Interlocking Compressed Earth Blocks
Interlocking Compressed Earth Blocks used in this experimentation program were

formed using a predetermined mixture of materials basedthe experimentsf Bland
(2011) and StirlingZ011). Thematerial properties, process of manufacturing, and

gual ity assurance of | CEB6s wil/l be discus

3.1.1 Soill
The soil used in the manufacturing of the ICEB blosks obtained from a local

siteandis identical to the soil used Bland (2011) and Stirlin@R011). ASTM testing
proceduresvere used to determiriee grain size dtgbution and soil plasticity Results
of ASTM D42263 for grain size distribution showed the soil consists of approglynat
21% clay particles finer than 0.002 n§{Bland, 2011) The plasticity of the soil was

found using ASTM D43185 (Bland, 2011) Results are shown the table below.

Table 1 - Soil Plasticity
Source: Bland 2011

Liquid Limit (%) | Plastic Limit (%) | PI (%)
36 | 15 | 21
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3.1.2 Sand
Sand used in the ICEB mixture wasnediumfine sand for use in concrete. A

screening was used to remove any particles largertinam. Screened sand was stored

dry in a bin until ready for use.

3.1.3Cement
Type I/l commonportland cemenivas used in the ICEB and grout mixtures.

3.1.4 MaterialPreparationand Mixing
Soil wasair dried and pulverized using aédg Thai Model SP3soil pulverizer,

pictured below.The pulverizer hammetke driedsoil into grainghat may only pass a
screen in the machine whemaller than 4 mm.The pulverized soil was then stored in

dry bins.

Figure H - Soeng Thai SP3
Pulverizer
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Soil, sand, and cement were mixedamtbboc hes t o f or m eThght | CI
size of batches was selected in order to provide enough time for pressing between the
addition of water and the mixture being dried out. The proportions of each material were
weighed out to the nearest 0.1 kghe mass specified ifiable2. A variation in the
amount of vaterto each batclwasnecessargueto the difference in consistenoy each

batch.

Table 2 - ICEB Mixture Material Weights

Weight (kg) % of Total
Soil 50.0 74.3
Sand 6.7 10.0
Cement 4.2 6.2
Water ~6.4 9.5
Total 67.3 100.0

Weighedamounts of soil, sandnd cementvere first dry mixed in a portable
cement mixer. The materials weréed until a uniform mixture hadeen achieved.
After mixing, the materials were placed on the concrete floor and spread out evenly for

wet mixing.

Water was added slowly to the mixture while being blended with shovels. The
cement mixer was not used due to the fact that the water saturated soil sticks to the sides
of the mixer and does not allow for a uniform bleigince previous testing has shown

water content of each batch to vary depending on clay content, cement content, and the
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temperature of the air, water was added cautioudbgiweeri Dr o p td obeck tiseo

performance of the batciThe details®6 t he A Dr op THgar¢elo ar e show

Drop Test

1. Take a handfull of moistened soil and shape
it into a ball using a moderate amount of
pressure.

2. Drop the ball of soil onto a hard surface from
a height of 1 m.

3. Observe the reaction of the ball.

Observed Result Conclusion

Ball shattered or broke
] . Soil is too dry
into more than 7 pieces

. ] Water content suitable
Ball broke into 4-6 pieces ]
for compression

Ball broke into 3 or less
pieces, or didn't break at |Soil is too wet
all

4. Repeat Drop Test at least 3 times to get an
average result,

Figure | - Drop Test
Source: Proto et. al., 2010)
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3.1.5 Pressing B cedure
Once an optimal mixture was obtained, the mixture waamtecindweighed

into containers, each with enough mixture to make one ICERending on which type
of ICEB was desired, different amounts of mixture were weighed per block. Block types

and weightof wet mixture per blockor each can be found inghable below.

Table 3- ICEB Types and Weights per Block

L Mixture Weight
Block Type Description per Block (kg)
Standard Full size, all 5 holes 8.0
Channel Full size, all 5 holes, and channel insert 7.3
Pilaster Full size, 3nholes two end inserts were 8.2

removed, and changed bottom press plate '

Half-Standard Standard block with standard divider plate 8.0
Half-Channel Channel block with channel divider plate 7.3

The press used for each block was thert§ Thai Model BP6. This press has the
ability to construct each of the blocks needed for this thégis.each block, the mixture
was added to thBP6 pressn two stages. Pouring half the mixture into the press at a
time allowed for compaction of thmixture into the press at two stages. Without this
separation, the mixture would overflow in the press, and the lid would not completely
close. Once the mixture was in the press, the lid was closed, and the lever was pulled.

After the lever wasompletdy pulled down, it was held thesg maximum compression
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for a minimum of three seconds. The lever was then released and pulled down in the
opposite direction, effectively ejecting thelid block out from the press, as shown in

Figured.

Figure J - Soeng BP6 with Finished ICEB

At least once per batch, blocks were tested for quality of mixture and density by
the use of a pocket penetretar(seeFigureK). The test took place before ejecting the
block from out of the press. The penetrometer testsdimpactnesef the block
immediately after pressing. This test helped to immediatelyasdseiquality of the

mixture and block.
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Figure K - Penetrometer Test

3.1.6 Curing
After pressing, each ICEB was carefully moved indoors to an initial curing rack.

Each ICEB was allowed to cure on this rack for at Idase days and watered at least
four times. This initial cure time was used to allow each block to harden enough to

significantly reduce the damage to the blocks by stacking.

Once the initial cure was completed, the blocks were moved outside and stacked
closely together 8 blocks high. The ICEB stacks were then covered with plastic tarp and
watered once a day for a minimum of 4 days. After this humid curing, the blocks were

transported to the testing lab.
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3.2 Grout
Grout mixtures for ICEB constructionust be workable enough to pour into the

small holes of the ICEB block. Therefore, a grout mixture with fine sands and a very
high slump was used. An effort was also made to create a grout thatohasg@ly match

the compressive strength of the ICEBsewous testing has shown that brittle failures
occur in prisms where the grout has a significantly higher compressive strength when
compared to ICEBSBaleset al., 2009). For this thesis, the grout mixture was
determined by the previous work of Blan@12. This mixture consisted of

approximately 1:0.4:2.6:4.2 portions of portland cement to lime to water to sand; all
measured by dry volume. The sand used in grout preparation was identical to the sand

used in the ICEB construction.

Preparation of thergut consisted of dry mixing the ingredients in 15 liter
batches. The dry mixture was then added slowly to a portion of the water and mixed until
a homogeneous mixture was obtained. Water was then slowly added until a highly

workable grout was achieved.

3.3 Soil-Cement Plaster
A plaster wago beapplied to one wall for testing. A sustainable and cost

effective mixture was desired using the materials that would already be on site during
construction. A suitable mixture of soil, sand, and cement waseathie be the best
option for this experiment. Iterations of different plasters were made in order & find

mixture that would not crack once dried, and had a compressive sttieaigitould
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significantly affect the stiffness of the ICEB walDneof the poor plaster mix is shown

in

FigureL (a).

Figure L - Insufficient Plaster Mixture Results

The final mixture shown in

FigureL (b) consisted of 1:6:0.25 parts of soil to sand to portland ceniédd.

pulverized soil and sandexeidentical to that used itne pressingof ICEBs.

3.4 Material Testing and Results
Compressive strength testing was performed on samples of individual ICEBs,

fully grouted prisms, grout cylinders extracted from the inside of blocks, grout cylinders
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from plastic forms, andoil-cement plastecylinders. Table4 summarizes the average

compressive strengths of each material.

Table 4 - Material Compressive Strengths

) Number of . Coefficient of
Material Type Samples Compressive Strength, MPa Variation
Individual ICEB 22 7.76 13.5%
Grouted ICEB Prisms 12 2.81 10.7%
Porous Grout 19 9.19 16.4%
Cylinders
Nor_rPorous Grout 15 510 10.5%
Cylinders
Sm!-Cement Plaster 3 0.85 13.3%
Cylinders

3.3.1 ICEB Compressive Strength
Individual ICEB compressive strength was determined by wsingversal

compressive testing machin€he compressive strength of individual blocks is not used

in design of ICEB walls, but does insure the uniformity of each batch of blddlesBP6
presswas dismantled for use of its top and bottom plates. Using these plates in the
compressive testing of individual ICEBs was determined to be the most effective method
of testing by previous experiments (Bales et al., 2009). Testing wdsaedon

standirdand pilaster block typesheirnet areabeing3932 mnfand40570 mm,

respectively.
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Failure of the individual ICEBs was a conical failure, showRigureM. This

failure is identical to those found the previous experimentsf Bland, 2011 and Bales et

al., 2009.

Figure M - ICEB Compressive Failure

3.3.2 Grout Compressive Strength
Grout samples were tested for each batchrobgut pour ed. Due to

inherent water absorbing properties, it was required to test grout samples that had been
poured into the blocksGrout cylinders were carefully removed from the blocks before
testing. These samples formed in the blockstéted porous grout cylinders. The
dimensions of the porous grout cylinders were 45 mm in diameter, and 100 mm tall, with
an area of 159Mn?. Groutsamples were also formed in plastic molds in order to test

the relative strength between these-ponows samples and the porous samples. The
dimensions of the neporous cylinders were 7Z8mm in diameter and 152mm tall,

with an area of 486mm?. All types of cylinders were capped with a gypsoement

capping agent before testingigureN shows a noiporous grout cylinder test.
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