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ABSTRACT 
 

Out-Of-Plane Properties Of Interlocking Compressed Earth Block Walls 

Nicholas Anthony Herskedal 

Interlocking compressed earth blocks (ICEBs) are cement stabilized soil blocks 

that allow for dry stacked construction.  The incomplete understanding of the inelastic 

performance of ICEB building systems limits widespread acceptance of this structural 

system in earthquake prone areas. This thesis presents results from an experimental 

program designed to explore the behavior of ICEB walls, built according to current 

design practice in Indonesia and Thailand, and subjected to out-of-plane loading. A total 

of five reinforced and grouted ICEB walls were constructed and tested. 

Results from experimentation show the current masonry design code, ACI 530, 

adequately predicts the yield strength of these walls.  However, ACI 530 grossly over-

predicts the ICEB wall stiffness.  All tests showed flexural behavior and failure, except 

for one wall.  A brittle failure was observed in one wall before reaching the predicted 

flexural strength, prompting a suggested maximum shear tie spacing.  The testing results 

provide useful data for developing analytical models that predicts the seismic behavior of 

ICEB walls under out-of-plane loading.   

A moment-curvature relationship was developed that accurately predicts the 

behavior of these walls in the elastic range as well as the inelastic range.  By comparing 

the data provided by two walls of similar sizes, one including a pilaster and one without a 

pilaster, insight into stiffener elements was gained.  Analysis of these two walls provides 

a limit on the length and height of ICEB walls without stiffener elements to prevent 

significant structural damage during a seismic event.  In all, conclusions based on 

experimental data from ICEB out-of-plane loading tests are aimed to provide suggestions 

for ICEB construction in areas of high-seismicity. 
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1.0 Introduction    1 

Out-of-Plane Properties of Interlocking Compressed Earth Block Walls 

1.0 INTRODUCTION  

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 facilities at low 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 are currently being used in structures, little is 

understood about its behavior during an earthquake.  Since there are many different forms 

of ICEBs, research done for one type is not directly applicable to another.  The 

incomplete understanding of the inelastic performance of ICEB building systems limits 

the wide spread acceptance of this structural system in earthquake prone areas.  The 

ICEBs used for this thesis are dry stacked and allow for both transverse and longitudinal 

reinforcement.  The ICEBs used for this thesis are currently being used in Indonesia and 

Thailand, where earthquakes have the potential to cause significant damage. 

Out-of-plane forces, created during an earthquake or by wind, can cause 

significant damage in to a structure.  However, no out-of-plane experimental research has 

been completed on reinforced dry stacked ICEB walls.  Therefore, it is the intent of this 

thesis to provide insight into the out-of-plane behavior of dry stacked, reinforced ICEB 

walls, constructed according to the current practices found in Indonesia and Thailand. 
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1.1 Background 

Soil has been used as a building material for thousands of years.  Adobe, rammed 

earth, and compressed earth masonry are examples of this building tradition in todayôs 

world.  Using soil as the main material component of a building provides benefits such as 

the use of local materials, high thermal mass values, and increased workability 

(Maini,2010).  The soil used in earth buildings is taken from the surrounding areas or the 

excavation for the foundations (Maini, 2010).  In cement stabilized earth construction, 

cement use is commonly kept to 5-10% by weight (Walker, 1999).  In contrast, concrete 

and concrete masonry construction use anywhere from 10%-15% by volume of cement 

(Portland Cement Association, 2012).  By eliminating the need for heating kilns and 

reducing the amount of cement, compressed earth blocks are 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).  All of these facts about earth construction 

contribute to a decreased cost of construction and an increased availability in developing 

countries. 

Dry stacked ICEB construction can lead to a faster construction time when 

compared to other types of masonry.  Dry stacking does not rely on skilled labor such as 

masons.  Instead, dry stacking can be done with little training and in a shorter amount of 

time than with traditional mortared masonry (Maini, 2010).  Some researchers suggest the 

reduced need for skilled labor and the shorter construction time can reduce the cost of 

labor by as much as 80% (Anand and Ramamurthy 2005).     
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The materials and the forming method used in dry stacked ICEBs can have a very 

low carbon footprint when compared to traditional masonry, timber, and concrete.  

Depending on the location of the ICEB building, the importation of construction products 

is greatly reduced.  Since indigenous soil is the main ingredient in ICEBs, a majority of 

supplies do not have to be shipped to the site (Maini, 2010).  This reduction in 

transportation decreases the fossil fuel use.  ICEB structures also use very little to no 

timber.   Timber structures and the wooden forms used in concrete structures can lead to 

significant deforestation.  Even other types of earth structures such as rammed earth and 

adobe construction require the use of forms during construction, using lots of wood 

members that eventually go to waste (Wheeler, 2005).  Depending on the surrounding 

areas of the building, the wood products can end up being transported hundreds of miles 

to reach the site.  Without the need for timber or timber forms, compressed earth block 

construction helps to limit deforestation around the world (Maini, 2010).   

In developed countries, research, design, and construction improvements of 

masonry buildings have lead to better performance and safety of masonry buildings 

during an earthquake.  However, little structural testing of dry stacked ICEB masonry has 

been done, leaving the masonry form vulnerable to significant damage or failure during a 

seismic event.  California Polytechnic State University in San Luis Obispo (Cal Poly) has 

been involved in providing information for the use of ICEB masonry since 2008.  The 

Engineers Without Borders chapter of Cal Poly has been working with the Center for 

Vocational Building Technology (CVBT) in Thailand on improving construction with 
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ICEB technology.  Students from the mechanical engineering and civil engineering 

departments have worked with CVBT to improve the ICEB structural building design.  

Mechanical engineering students have worked with the Soeng Thai BP6 block press, the 

Soeng Thai SP3 soil pulverizer, and a pocket penetrometer.  All of  these items are critical 

to the creation of ICEBôs and in making the blocks uniform in strength.  Civil 

engineering students have begun to provide information on the basic properties of ICEBôs 

as well as the in-plane shear wall capacities.  It is the combined goal of the student efforts 

at Cal Poly to provide the research and evaluation of ICEBôs as a structural system and 

offer insight into a better design manual for all future ICEB buildings. 

1.2 Objective 

The objective of this thesis project is to test ICEB walls in order to investigate the 

out-of-plane properties, performance, and failure mechanisms, as well as to use the 

recorded data to accurately predict the performance of each wall. 

A total of five walls were tested in under out-of-plane loading.  Three, one meter 

tall cantilever walls were built first.  The first cantilever wall was built as a reference to 

predict the behavior of the full scale walls, as well as provide the basis for comparison of 

the other two cantilever walls.  The second cantilever wall was designed to investigate 

the influence of a steel reinforcement lap-splice.  The final cantilever wall experiment 

provided data used to determine the change in performance due to a plaster coating.  The 

two full scale walls were constructed to investigate the behavior of ICEB walls loaded 

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



 

 

 

1.0 Introduction    5 

Out-of-Plane Properties of Interlocking Compressed Earth Block Walls 

pilaster, a direct comparison in performance was also formed using the data from the two 

full scale wall experiments.  The 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 create a suitable structural design for ICEB structures.  

The experimental data from the experimental program also allowed for further 

analysis of ICEB wall behavior.  The goal of the analysis portion of this thesis is to 

determine the following items: 

¶ An accurate out-of-plane behavior analysis method for ICEB walls 

¶ Maximum wall heights for individual seismic acceleration values 

¶ Maximum pilaster spacing using strength based calculations 

¶ Maximum pilaster spacing using displacement based calculations. 
 

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 

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

tested for out-of-plane performance and the masonry code is also discussed. 

 Chapter 3 describes the manufacturing process for ICEBs and the individual 

components for ICEB walls.  Experimental material strength results are presented for 

each component. 
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 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 

overall goal of this thesis.   

 Chapter 5 summarizes the results from the testing.  The observed behaviors from 

all experiments are discussed and compared against code predictions. 

 Chapter 6 details the process and findings for creating an advanced method for 

analyzing and designing ICEB walls for out-of-plane loading.  The experimental results 

are also used to develop design requirements for pilaster shear strength and spacing. 

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

advancement of the analytical process for designing ICEB walls. 
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2.0 LITERATURE REVIEW  

This section discusses relevant literature on the topics of compressed earth blocks, 

current masonry design guides, and experimentation on out-of-plane properties of walls. 

2.1 Compressed Earth Blocks: Rhino Blocks 

The Center for Vocational Building Technologies (CVBT) developed a manual of 

construction for ICEB buildings (Wheeler, 2005).  The manual provides insight into how 

the construction of ICEB buildings is currently being designed.  A rhino type block is 

used by the CVBT due to its ability to interlock and allow for steel reinforcement when 

necessary.  The blocks can be made into nine different shapes, including channel blocks 

and half blocks.  The rhino block dimensions in centimeters, as well as a diagram of each 

block type can be found in Figure A.  Foundations are prescribed for all seismic areas as 

concrete footings with vertical reinforcement extending from the footing.  Rebar splices 

are formed by one of three methods: a 15 cm weld, bend and hook, or a set of thin wire 

ties that are tightened around two overlapping bars.  All vertical 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 ICEB buildings, it is recommended by Wheeler that no wall span be 

more than 4.5 meters long without a perpendicular wall, pilaster, or other stiffening 

member.  This recommendation is based on knowledge that long, slender walls are 

vulnerable to collapse.  It is one of the goals this thesis to investigate the span limit 

recommendation of the CVBTôs manual. 
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Figure A - ICEB block and variations 

Source: (Wheeler, 2005) 
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Bales et al. (2009) experimentally determined the structural properties of 

compressed earth blocks.  The research aimed to create a consistent soil-to-water-to-

cement mixing ratio to provide sufficient strength and consistent blocks.  Blocks were 

made with various soil types and were allowed to cure under multiple conditions.  Curing 

methods included submersion in water, under a tarp, or sun dried.  Researchers viewed 

the effects to compressive strength, durability, and compactness. 

The authors tested the block compressive strength, as well as the grouted and un-

grouted prism strength.  These prisms were confined in a wooden form to simulate the 

effect of confinement the blocks would have in an actual building.  The average 

compressive strength of the fully grouted prisms was found to be 2.58 MPa.  The prism 

compressive strength was found to be 0.43 for grouted prisms and 0.37 for un-grouted 

prisms times the single block compressive strength to prism compressive strength.  The 

prisms failed by splitting down the grout plane.  This failure was attributed to the 

difference in compressive strength from compressed earth blocks to the grout being used 

to fill them.  Researchers provided detailed instructions for the forming of consistent 

ICEBôs, which were to be used in this thesis. 

Proto et al. (2010) wrote a construction manual that describes the manufacturing 

process for ICEBôs using the Rhino blocks made from the Soeng Thai BP6.  The Soeng 

Thai BP6 was used by Bales et al.  The goal of the manual was to provide a detailed 

procedure and guidelines for making rhino 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 

The most critical section of Proto et al.ôs manual is the description of the water to solids 

ratio for block making.  It was found that the optimal moisture content for ICEB making 

is 10-14%.  The easiest 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 once a ball 

of mixture is dropped one meter and breaks into about 4 ï 6 pieces.  This drop test is 

shown in chapter three of this thesis under Figure I.  The information presented in the 

manual will be used in the mixing and pressing of the ICEBôs for this thesis. 

Bland (2011) constructed walls of dry-stacking ICEBôs in order to determine the in-plane 

properties of shear dominated shear walls.  The same soil, press, and block properties 

determined by Bales et al. were used.  Three, 1.8 meter by 1.8 meter walls were 

constructed and subjected to cyclic lateral loading.  One wall was fully grouted without 

horizontal reinforcement, one was partially grouted without horizontal reinforcement, and 

one was fully grouted with horizontal reinforcement.  The goal was to determine the 

appropriateness of using current concrete masonry design standards for shear walls 

constructed with ICEBs.  In comparing the in-plane strength of the fully grouted wall 
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with the partially grouted wall, it was found that the partially grouted wall sustained 

about 50% of the strength of the fully grouted wall.  The study also determined that the 

ACI 530-08 code predicted a shear strength that by far exceeded the experimentally 

determined shear strength.  The third wall was designed to explore the shear strength 

contribution due to horizontal reinforcement. 

As a companion thesis of Bland (2011), research was simultaneously being 

conducted to determine 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, a 1800 mm by 1800 mm square wall with a 750mm wide flange at one end, 

and another 1800 mm by 1800 mm square wall with a 900mm square opening in the 

center.  Stirling found that these three walls failed in flexure with tensile yielding of the 

vertical rebar.  This is unlike the brittle failures found by Bland (2011).  All walls showed 

significant differences in ductility due to varying dimensions and reinforcement. 

Further analysis was performed of flexural dominated walls 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 model were made.  Stirling 

determined that the current masonry code (ACI 530-08) was able to predict the flexural 

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 

comparable to the experimental results. 
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2.2 Masonry Wall  Design 

The design of masonry structures in the United States of America follows the 

Building Code Requirements and Specifications for Masonry Structures (TMS 402/ACI 

530/ASCE 5, 2008), with lateral force design procedures from Minimum Design Loads 

for Buildings and Other Structures by the American Society of Civil Engineers (ASCE-

7).  These building codes prescribe loading, analysis, design, and detailing for masonry 

construction.   

Results of multiple tests on simply supported walls were used to calculate strength 

and deflection formulas for out-of-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 walls. ACI 530-08 presents the 

following assumptions for the design of reinforced masonry: 

1. There is strain compatibility between the reinforcement, grout, and 

masonry so that loads are resisted in a composite manner. 

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

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 shall be taken constant as 0.8 fôm over a length of 0.8 

times the length from the extreme most compression fibers to the neutral 

axis at the strength limit state. 

The ACI 530-08 code predictions will be a reference for comparison to the 

experimental behavior of the ICEB walls.   

Brandow, Ekwueme, and Hart (2006) provide a detailed design guide for 

reinforced masonry structures.  The guide outlines the process and equations needed for 

proper design of concrete masonry walls under out-of-plane loading, citing the ACI 530-

08 code as the basis for design.  Using the equations included in the design guide 

example, estimations of wall strength, stiffness, and cracking behavior can be made.  The 

process for estimating deflections under a given loading includes P-delta effects from 

both self weight and additional axial loads.  The out-of-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 spanning, slender ICEB walls. 

The design guide for masonry structures also provides detailed guide to the use of 

moment-curvature analysis for flexurally dominated masonry members.  By defining a 

cross-section and the material properties, a procedure can be followed to determine the 

curvature and moment at each stage of the beamôs response to loads.  By defining a 

stress-strain relationship for the reinforcement and the masonry and by applying the law 

of static equilibrium, a moment and corresponding curvature can be calculated.  The 
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memberôs behavior is defined by three limit states; cracking, yield, and ultimate.  The 

ultimate limit state is defined to be equal to the moment when the extreme compression 

fibers of the member fail due to crushing.  Moment-curvature analysis and numerous 

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

2.3 Out-of-Plane Wall Testing 

Amrhein and Lee (1984) performed experimental testing on load-bearing, 

reinforced, tall, slender masonry walls.  The walls were tested for their out-of-plane 

performance.  The intent was to test concrete and masonry walls that exceeded the code 

limitations of height to thickness ratio.  A total of 32 panels were constructed for testing.  

The test set up, including the application of the vertical loads and airbag is shown in 

Figure B.   

Vertical loading was applied using a simple loading technique using a lever arm 

and a barrel of water.  The horizontal load was applied using an airbag in order to 

simulate the uniform loading assumed in out-of-plane loading.  The end connections were 

chosen to be pin-pin in order to reduce the variables and unknown factors.  The 

parameters for design were imposed by the Structural Engineers Association of Southern 

California (SEAOSC) and the American Concrete Institute ï Southern California Chapter 

(ACI-SC).  An initial serviceability limit was imposed where the lateral deflection in a 

slender wall could not be greater 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. 

 

Figure B - Amrhein and Lee Test Set-up 

Source: (Amrhein and Lee, 1984) 

Ismail et. al. (2011) performed out-of-plane experimentation on an unreinforced 

masonry (URM) wall to study the retrofit technique of introducing post-tensioned 

tendons to the core of the URM walls.  A wall was built using standard clay brick and 

mortar construction, 11 feet tall and 3 feet 6 inches wide.  A single post-tensioning 

tendon was inserted down the middle of the wall.  Special consideration was taken in 

determining the effective height to be used in this out-of-plane experimental research.  
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Figure C (a) shows the traditional simply supported beam model for out-of-plane 

analysis.  Figure C (b-d) illustrates the change in moment diagram and the effective 

height between the inflection points.  It was decided that most URM walls had little fixity 

at the base due to the nature of the masonry to rock on its foundation.  Therefore, the 

experiment would be a simply supported wall with an effective height just short of the 

average story height of URM buildings.  In order to simplify the uniform load 

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

spreader.   

 

Figure C - Moment Diagrams of Walls with Various End Restraints 

Source: (Lazzarini, 2009) 
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The testing was completed in the Architectural Engineering facilities at California 

Polytechnic University at San Luis Obispo, using a test setup that will be adopted for use 

in this thesis.   

The out-of-plane behavior of unreinforced dry-stack masonry was studied by 

Vaculik, Griffith, Hogarth, and Todd (2004).  A series of experiments were set up to 

study the failure modes of various walls when subjected to out-of-plane loading, as well 

as to quantify the behavior using airbag tests.  All walls were simply supported at top and 

bottom, and had small wall returns on each 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 occurred in a fairly predictable 

manner for double bending.  The most regular wall was able to withstand loading 

equivalent to an acceleration of 0.42 gôs.  The cracking pattern will be used in this thesis 

to demonstrate the cracking patterns during two-way bending.  The load-displacement 

behavior was studied in walls 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 ductile behavior, where the wall gradually lost 

strength once the maximum load was applied without a sudden drop in stiffness.  The 

ultimate strength and the amount of axial compression were found to be directly 

proportional, where the strength would increase with more load. 
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Jayasinghe and Mallawaarachchi conducted 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 earth.  With 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 

Figure D.  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.  None of the walls contained reinforcement.  

Small wall samples were tested as shown in Figure E.  The walls were able to 

reach 0.262 N/mm
2 
as their average flexural resultant stress parallel to bed joints and 

0.261 N/mm
2 
perpendicular to bed joints.  Thusly, both flexural resultant stresses were 

found to be about equal.  The failure was brittle in nature and occurred when tension 

cracks started to form on the back side of the walls.  The results of these tests provide 

insight into the flexural behavior relationship between earth block walls loaded in each 

out of plane direction. 
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Figure D - Compressed Stabilized Earth Block 

(Source: Jayasinghe and Mallawaarachchi, 2009) 

 

Figure E - Jayasinghe and Mallawaarachchi Testing Directions 

(Source: Jayasinghe and Mallawaarachchi, 2009) 
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The Hydraform dry-stack block system was tested by 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 joint.  The blocks form a shape that is pictured in 

Figure F, where two edges of the blocks are lowered, to form a dry-stacked, interlocking 

pattern.  The tested compressive strength of a single Hydraform block, with a 5% cement 

content was found to be 3.0 MPa.  The masonry compressive strength, as determined by 

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

 

Figure F ï Hydraform Blocks 

(Source: Pave, 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 to the bed joints of the blocks, meaning the beams were tested 

across their minor axis (see Figure G).  The tests showed that the concrete-masonry 
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beams were able to behave with composite action under flexural loading.  A beam was 

tested without concrete, as shown in Figure G, and showed excessive deflections in the 

masonry.  It should be noted that the Hydraform system does not have vertical grout 

holes or wide horizontal grout channels to resist this out-of-plane loading.  Three out of 

the four beams tested did not meet the theoretical load capacity during experimentation.  

However, there were instances in shear cracks that could not be investigated completely 

at that time. The researchers recommended that the shear resistance of the dry-stack 

system should be heavily investigated.   

 

Figure G ï Example of Cracking Pattern and Loading 

(Source: Pave, 2007) 
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3.0 MATERIALS  

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

discussion of relevant materials will include specifications, methods 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 based from the experiments of Bland 

(2011) and Stirling (2011).  The material properties, process of manufacturing, and 

quality assurance of ICEBôs will be discussed in this section. 

3.1.1 Soil 

 The soil used in the manufacturing of the ICEB blocks was obtained from a local 

site and is identical to the soil used by Bland (2011) and Stirling (2011).  ASTM testing 

procedures were used to determine the grain size distribution and soil plasticity.  Results 

of ASTM D422-63 for grain size distribution showed the soil consists of approximately 

21% clay particles finer than 0.002 mm (Bland, 2011).  The plasticity of the soil was 

found using ASTM D4318-05 (Bland, 2011).  Results are shown in the table below. 

Table 1 - Soil Plasticity 

Source: Bland 2011 
 

Liquid Limit (%) Plastic Limit (%) PI (%) 

36 15 21 
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Figure H - Soeng Thai SP3 

Pulverizer 

3.1.2 Sand 

 Sand used in the ICEB mixture was a medium-fine sand for use in concrete.  A 

screening was used to remove any particles larger than 6 mm.  Screened sand was stored 

dry in a bin until ready for use. 

3.1.3 Cement 

 Type I/II common portland cement was used in the ICEB and grout mixtures. 

3.1.4 Material Preparation and Mixing 

 Soil was air dried and pulverized using a Soeng Thai Model SP3soil pulverizer, 

pictured below.  The pulverizer hammers the dried soil into grains that may only pass a 

screen in the machine when smaller than 4 mm.   The pulverized soil was then stored in 

dry bins. 
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 Soil, sand, and cement were mixed in batches to form eight ICEBôs at a time.  The 

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 kg to the mass specified in Table 2.  A variation in the 

amount of water to each batch was necessary due to the difference in consistency of 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 

 

Weighed amounts of soil, sand, and cement were first dry mixed in a portable 

cement mixer.  The materials were mixed until a uniform mixture had been 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 blend.  Since 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 cautiously in between ñDrop Testsò to check the 

performance of the batch.  The details of the ñDrop Testò are shown in Figure I. 

 

Figure I  - Drop Test  

Source: (Proto et. al., 2010) 
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3.1.5 Pressing Procedure 

 Once an optimal mixture was obtained, the mixture was separated and weighed 

into containers, each with enough mixture to make one ICEB. Depending on which type 

of ICEB was desired, different amounts of mixture were weighed per block.  Block types 

and weights of wet mixture per block for each can be found in the table below. 

Table 3 - ICEB Types and Weights per Block 
 

Block Type Description 
Mixture Weight 

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, 3 holes- two end inserts were 

removed, and changed bottom press plate 
8.2 

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 the Soeng Thai Model BP6.  This press has the 

ability to construct each of the blocks needed for this thesis.  For each block, the mixture 

was added to the BP6 press in two stages.  Pouring half the mixture into the press at a 

time allowed for compaction of the mixture 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 was completely pulled down, it was held there at 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 the solid block out from the press, as shown in 

Figure J. 

 

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 penetrometer (see Figure K).  The test took place before ejecting the 

block from out of the press.  The penetrometer tests the compactness of the block 

immediately after pressing.  This test helped to immediately assure the quality 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 least three 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. 



 

 

 

3.0 Materials    29 

Out-of-Plane Properties of Interlocking Compressed Earth Block Walls 

3.2 Grout 

 Grout mixtures for ICEB construction must 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 that would closely match 

the compressive strength of the ICEBs.  Previous testing has shown that brittle failures 

occur in prisms where the grout has a significantly higher compressive strength when 

compared to ICEBs (Bales et al., 2009).  For this thesis, the grout mixture was 

determined by the previous work of Bland, 2011.  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 the grout 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 was to be applied 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 was deemed to be the best 

option for this experiment.  Iterations of different plasters were made in order to find a 

mixture that would not crack once dried, and had a compressive strength that would 
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significantly affect the stiffness of the ICEB wall.  One of the poor plaster mix is shown 

in  

Figure L (a).   

 

 

Figure L - Insufficient Plaster Mixture Results 
 

The final mixture, shown in  

Figure L (b) consisted of 1:6:0.25 parts of soil to sand to portland cement.  The 

pulverized soil and sand were identical to that used in the pressing of 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 

a)            b) 
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from plastic forms, and soil-cement plaster cylinders.  Table 4 summarizes the average 

compressive strengths of each material. 

Table 4 - Material Compressive Strengths 
 

Material Type 
Number of 

Samples 
Compressive Strength, MPa 

Coefficient of 

Variation  

Individual ICEB 22 7.76 13.5 % 

Grouted ICEB Prisms 12 2.81 10.7 % 

Porous Grout 

Cylinders 
19 9.19 16.4 % 

Non-Porous Grout 

Cylinders 
15 5.10 10.5 % 

Soil-Cement Plaster 

Cylinders 
3 0.85 13.3 % 

 

3.3.1 ICEB Compressive Strength 

 Individual ICEB compressive strength was determined by using a universal 

compressive testing machine.  The compressive strength of individual blocks is not used 

in design of ICEB walls, but does insure the uniformity of each batch of blocks.  The BP6 

press was 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 was conducted on 

standard and pilaster block types, their net areas being 39320 mm
2 
and 40570 mm

2
, 

respectively.   
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Failure of the individual ICEBs was a conical failure, shown in Figure M.  This 

failure is identical to those found in the previous experiments of Bland, 2011 and Bales et 

al., 2009. 

 

Figure M - ICEB Compressive Failure 
 

3.3.2 Grout Compressive Strength 

 Grout samples were tested for each batch of grout poured.  Due to the ICEBôs 

inherent water absorbing properties, it was required to test grout samples that had been 

poured into the blocks.  Grout cylinders were carefully removed from the blocks before 

testing.  These samples formed in the blocks are titled porous grout cylinders.  The 

dimensions of the porous grout cylinders were 45 mm in diameter, and 100 mm tall, with 

an area of 1590 mm
2
.  Grout samples were also formed in plastic molds in order to test 

the relative strength between these non-porous samples and the porous samples.  The 

dimensions of the non-porous cylinders were 76.2 mm in diameter and 152.4 mm tall, 

with an area of 4560 mm
2
.  All types of cylinders were capped with a gypsum-cement 

capping agent before testing.  Figure N shows a non-porous grout cylinder test. 


































































































































































































