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Abstract:

This paper presents a parametric investigation into the influence of geometry on the compressive and
flexural strength of un-stabilised compressed earth blocks (CEBs). Three CEBs with dissimilar
geometric properties were manufactured and subjected to physical testing and Finite Element
Analysis (FEA) using ANSYS Workbench 19.1. The compressive and flexural strength of the CEBs
were shown to be dependent on their geometric properties and ranged from 3.74 — 6.73 MPa and 0.63
— 1.31 MPa respectively. A modified Solid65 element command was utilised within the FEA and was
shown to successfully replicate the non-linear elasto-plastic behaviour observed in physical testing.
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1.0 - Introduction:

Earth is recognised to be one of the first and most utilised building materials, with evidence
suggesting that humans have been shaping and compacting earth to form shelter since 8300 B.C. [1].
It is estimated that more than a third of all humanity lives in a home built of earth [2], with
particularly high proportions residing in low-income countries.

The modern-day application of earthen construction may be perceived as inferior to the typical fired
brick, concrete and steel construction that dominates much of current architecture. However, the
benefits of using earth in construction are widely researched and known to offer a low cost and
sustainable building solution with low environmental impact, excellent moisture control, good thermal
performance and good acoustic insulation [1-6] .

Unlike traditional methods, such as adobe or rammed earth, the compressed earth block (CEB) is a
relatively modern type of earthen construction [7]. The first known CEB machine was invented in the
18" century by French creator Francois Cointeraux, who adapted a wine-press to compact and form
earth building blocks [8].

In 1952 the invention of the hand-powered CINVA-RAM press, designed by engineer Raul Ramirez,
revolutionised CEB technology [9]. The development of this low-cost machine enabled small scale
production of relatively high-quality earth building blocks which led to an increase in the application
of CEB construction. Within the last 40 years, there has appeared a hew generation of manual,
mechanical and motor-driven CEB machines which has established a genuine market for the
production and application of the CEB as a modern building material. Despite the recent
developments, there is lack of technical details in the scientific domain as to how manual CEB presses
could be designed and operated to produce desired earth blocks, in particular for practitioners in
remote areas where mechanised production plants cannot be installed.

Due to the desirable mechanical properties and increased demand, extensive research and
development have been carried out to improve the material properties of CEBs. When comparing
data from twenty-three studies [10], the compressive strength of un-stabilised CEBs ranged from

0.09 MPato 5.15 MPa. In contrast, various studies have shown that CEBs can exceed a compressive
strength of 20.00 MPa when enhanced with chemical stabilisers such as cement or lime [11-13]. To
put this in perspective, the requirements of design strength of bricks and masonry units within the UK



are detailed in British Standard BS EN 1996-1-1:2005 [14,15] where the minimum compressive
strength of 10 MPa or 13 MPa is required for two or three-storey dwellings respectively.

The addition of cement or lime has proven successful in increasing the mechanical strength and
durability of CEBs. However, the incorporation and associated production of chemical stabilisers such
as Portland cement (PC) contributes significantly to anthropogenic CO; emissions in the atmosphere
[16] and has a significant impact on the cost of production. Therefore, the partial or total replacement
of PC is critical to the achievement of sustainable development of infrastructure. It is for this reason
that un-stabilised CEBs are the focus of this investigation.

The latest development of CEB machines has seen the incorporation of interchangeable inserts to
enable the production of bricks with various shapes and sizes, as shown in Fig. 1.

Fig. 1. Different Geometries of Compressed Earth Blocks. Figure derived from [17]

While the investigation into the material properties of CEBs have been extensive and well
documented, there has been little investigation into the influence of geometry on the mechanical
properties of CEBs. A previous study performed physical testing to investigate the influence of aspect
ratio (ratio of specimen height to width) on the compressive strength behaviour of CEBs [18]. The
aforementioned study found that the typical aspect ratio for a CEB (between 0.5 — 1.0) obtained the
greatest compressive strength, while the most significant reduction in strength was observed in blocks
with an aspect ratio between 1.0 - 2.0. In order to develop further understanding of the influence of
complex geometry such as those shown in Fig. 1, it is necessary to employ finite element analysis.

The utilisation of finite element analysis (FEA) to study the properties of CEBs has been very limited.
Of the few studies that have utilised FEA, there has been success in modelling the mechanical
behaviour of earthen construction and various approaches have been taken to do so [5,19-24]. A
previous study utilised FEA to investigate the interaction between individual interlocking CEB’s
stacked on top of one another, and was shown to successfully replicate the cracking pattern observed
within physical testing [20]. Further studies have utilised FEA to model structural elements such as
walls to determine the behaviour of traditional adobe masonry and CEBs under static and seismic
loading [19,24]. Generally, the application of FEA has proven successful in determining accurate
load-displacement curves, crack patterns, local stresses and deformations.

Until now, the influence of complex block geometry on mechanical properties such as compressive
and flexural strength has not been investigated. The purpose of this investigation is to determine the
influence of geometry on un-stabilised compressed earth building blocks using a parametric approach
that considers both physical testing and finite element analysis. This will be achieved by comparison
of three common block types with varying geometry. It is assumed that three shapes studied in this
investigation should provide an insight into the effects of geometry on the durability and overall
performance of various shapes of CEBs.



2.0 - Materials and Methods:

2.1 — Design and Manufacture of Compressed Earth Block Machine

To facilitate the study, a University of Portsmouth Compressed Earth Block Machine (UoP-CEB
machine) was designed and manufactured, as shown in Fig. 2. The UoP-CEB has the capability of
creating different blocks with interchangeable moulds. During the design development of the UoP-
CEB machineg, the design of current manual CEB machines, such as the CINVA-Ram, CETA-Ram
and Tek-Block [9] were reviewed and developed as described below.

Unlike any other manual CEB machine found in existing literature, the design incorporates a
hydraulic ram positioned beneath the baseplate to measure the amount of compaction pressure being
applied to the block during compression. Previous studies have shown that the greater compaction
pressure during the manufacture, the greater mechanical properties achieved [6]. Due to the
importance of compaction pressure [25,26], it is crucial for the operator of the UoP-CEB machine to
know the amount of pressure applied to the block so that quality and consistency within the
manufacturing process is maintained.
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Fig. 2. Drawing of UoP-CEB Machine (50% Transparency to Show Hidden Critical Elements) Drawn in AutoCAD 2019
[27]



The UoP-CEB machine was manufactured out of minimum grade S275 steel and was designed
produce a CEB with dimensions 300mm (L) x 150mm (W) x 90-110mm (H). Different inserts can be
secured to the baseplate and lid of the main box assembly to form different compressed earth blocks,
such as interlocking blocks. The guidance pins in the main box assembly are interchangeable to
enable the production of solid blocks or hollow blocks. Hollow blocks feature two 38mm diameter
holes passing through the height of the block at 150mm centres. When constructing a wall, hollow
blocks to enable vertical reinforcement to be passed through the wall to increase lateral stability and
resistance against wind or seismic loading.

Fig. 3. Design Development of the UoP-CEB Machine

2.2 — Testing and Calibration of Compressed Earth Block Machine

Following the manufacture of the UoP-CEB machine, it was subjected to a series of quantitative and
qualitative tests to determine the optimum compaction pressure, safe working limits and optimum
material dosage.

2.2.1 — Optimum Compaction Pressure and Safe Working Limits

The hydraulic ram and pressure gauge were calibrated using a known load applied by a Zwick/Roell
Z250 250kN Universal testing machine. Equation (1) shows the conversion from the amount of
pressure measured on the pressure gauge in PSI (A) to the amount of pressure applied to the block in
MPa. This equation considers the calibrated behaviour of the hydraulic ram and pressure gauge.

(1) UoP-CEB Machine Pressure Gauge Conversion:

Ay

X X K
(A, X 145.038)

Pressure Applied to Block (MPa) = P

Pressure Gauge Reading = P (PSI)

Effective Area of Hydraulic Ram, A; = 3,318mm?
Surface Area of Base Plate, A, = 45,000mm?

PSI to MPa Conversion Factor = 145.038
Calibration Constant, K = 0.94



A target pressure was determined following a qualitative assessment of the CEBs produced at
different pressures. This assessment was performed through observation such as size of block, number
of surface cracks and regularity of compaction. The observations of the Solid Block, Solid Block with
Frogs and Hollow block are summarised in Table 1 and are consistent with previous studies [6].

Table 1
Determination of Optimum Compaction Pressure Through Qualitative Analysis

Pressure Applied to Block (MPa)

Observation:
0.00 - 0.50 0.50 - 1.00 1.00-1.50 1.50-2.00
= Smooth surface
= Excessive finish on sides of Smooth surface
Surface surface cracks, block. Few e
) finish on all faces
Appearance fissures and surface cracks
; of block.
voids. observed on top
and bottom. ]
Machine
= Obvious signs = Slight signs of = Good operator is
Uniformity of of incomplete incomplete uniformity unable to
Com act%:)n compaction compaction observed across manually lower
P across the length,  across the depth  the length, width  the lever arm
width and depth.  of block. and depth. without
Ed d difficulty.
" £00Es an = Edges and = Edges and
vertices are . - .
. vertices exhibit vertices are well
Geometric poorly formed

Imperfections

and easily broken

with pressure
applied by hand.

some geometric
imperfections at
the extremities.

formed and have
few geometric
imperfections.

To ensure consistency in the manufacture of the blocks, a target pressure of 1.25 MPa was
determined, with an acceptable tolerance of +/-10%. At +1.5 MPa, the physical limitation of the UoP-
CEB machine was observed as the operator is unable to lower the lever arm without applying

excessive force.

2.2.2 — Optimum Material Dosage

During the manufacture of blocks, the amount of soil was carefully calculated to ensure that the
optimum pressure was achieved. The dosage into the UoP-CEB Machine was calculated based on
density of the material at optimum moisture content, obtained from the proctor test, as shown in

equation (2).

(2) UoP-CEB Machine Optimum Material Dosage:

Dosage (kg) = Density at OMC (kg/m3) X Volume of Compressed Block (m3)



As a force is applied to the lever, the position of the roller mechanism is transferred over the top dead
centre of the main box assembly. The two arms that connect the roller mechanism to the base plate

cause the base plate to rise by 75mm and consequently the volume within main box assembly is
reduced from 7.65x10° mm®to 4.5x10° mm?as illustrated in Fig. 4.

Fig. 4. A diagram showing reduction in volume of main box assembly during compression drawn in AutoCAD [27].



2.3 — Manufacture of Blocks
2.3.1 - Properties of the Material

For this study, a loessic soil, also known as brickearth found in Kent (south east of England) was
used. Kent Brick Earth (KBE) can be described as an orangey-brown slightly sandy very silty
CLAY with occasional gravel fragments. A particle size distribution test was performed using a
Mastersizer 3000 particle size analyser [28] and the KBE was shown to have approximately 22%
clay, 56% silt and 22% sand content.

Approximately 20% additional non-uniform particle size marine sand by weight was incorporated
into the CEB mix to conform with the recommended sand content of between 25-50% [29]. The
additional sand content prevents the formation of shrinkage cracks as the blocks lose moisture
content during the drying phase. The material properties of the KBE and KBE with marine sand,
including the particle size distribution to BS1377-2:1990 [30], can be seen in Table 2.

Table 2
Properties of Kent Brick Earth

Soil Type
Properties - H with
Kent Brick Earth Kentl\l/l?);:’(;neEs;’;[] d wit

Proctor Test

Optimum Moisture Content (%) 13.0 125

Maximum Dry Density (Mg/m®) 1.95 2.16
Atterberg Limits

Liquid Limit LL (%) 34.1 26.3

Plastic Limit PL (%) 16.6 15.3

Plastic Index PI 17.5 10.9
Soil Classification

Unified Soil Classification System CL CL
Particle Size Distribution

Gravel (> 2.0mm) (%) 0.0 0.00

Sand (2.0 — 0.063mm) (%) 22.1 38.8

Silt (0.063 — 0.002mm) (%) 55.9 50.1

Clay (<0.002mm) (%) 22.0 11.1

During the manufacture of the blocks, the KBE and marine sand was mixed for 5 minutes at 50
revolutions per minute using a CreteAngle LE standard duty forced action pan mixer [31]. After
this time, a consistent mix was observed and the calculated dosage was measured and placed into
the CEB machine for compaction.



2.3.2 — Compressed Earth Block Geometry

To investigate the influence of geometry, three different block types were manufactured using the
UoP-CEB machine. As outlined in Table 3, Six specimens of each block type were manufactured;
three replicates of each geometry were tested in compression and 3-point bending respectively.

Table 3
Block Geometry

Target
Block Sample Diagram Target Mass (9) Moisture
Geometry  Reference 9 Content
Wet Block Dry Block (%)
1A
R
1B 300 0
Solid 1C
Block 9200 8215 12
1D
e P
1F
2A |
2B
Solid 2C
Block 8400 7500 12
with Frogs 2D
2E
2F
3A
3B
Hollow 3C
Block 8750 7815 12
3D
3E
3F

Samples A-C were tested in compression and samples D — F were tested in 3-point bending.

2.3.3 - Block Drying

The compressed earth blocks were dried at 30 °C in a Genlab MINO/100 oven [32] to replicate sun-
drying conditions experienced within tropical regions. The blocks were re-weighed throughout the
week following the procedure detailed in BS 1377-2: 1990 [30] until a consistent weight was
observed +/- 0.01 g indicating that the block was fully dry. Once dried, the compressed earth block
exhibited a brittle nature, similar to that of a low strength concrete or breeze block. Prior to testing,
the dried blocks were re-weighed and measured.



2.4 — Physical Testing
2.4.1 — Compressive Strength Test

Three replicates of each block type were tested in compression using a Losenhausen 1000 kN
universal testing machine.

The compressive strength tests were conducted in accordance with BS EN 772-1 [33]. As per BS EN
772-1, part 7.2.3, masonry units with frogs are to be tested without removing or filling the frogs on
the condition that they are assessed to have a net loaded area of more than 35 % of the bed face. The
net loaded area of the Solid Block with Frogs was calculated to be 78%, so the frogs were not
removed or filled. A 10mm steel plate was positioned on top and beneath the sample to ensure that the
load was distributed evenly across the sample.

The load was applied at a rate of 0.05 MPa/s, as per table 02 of BS EN 772-1, until the block failed.
The deformation was measured and recorded by gauges built into the Losenhausen 1000 kN universal
testing machine. The load at which the block failed was recorded and maximum compressive stress
was calculated.

O\ A

Fig. 5. Compressive Testing of Block Type 1 Before (LHS) and After (RHS) Failure



2.4.2 — 3-Point Bending Test

The deformation was measured and recorded by gauges built into the Zwick/Roell Z250. The use of
an external strain gauge on the underside of the slab was not applied due to the risk of the sample
failing and causing damage to the gauge. The load at which the block failed was recorded and flexural
strength calculated as per BS EN 12390-5 Formula A.2. By obtaining the flexural strength, it was

possible to determine the uniaxial tensile stress from existing empirical relationships observed within
low strength concrete [41].

Fig. 6. 3-Point Bending Tests of Block Type 2 (LHS) and Type 3 (RHS)

2.4.3 — Statistical Analysis

To assess the statistical significance of the results obtained from physical testing, statistical analysis
(ANOVA with Tukey pairwise comparison) was undertaken with Minitab 17.3.1 [34]. Within the

results, statistically significant differences are indicated by different letters (A, B, C) at p-value <
0.005.



2.5 — Numerical Modelling

ANSYS Workbench 19.1 [35] was utilised to investigate the failure mechanism of the CEBs and
provide a comparison with the results obtained from physical testing.

Following a rigorous review of existing material models, it was apparent that a non-linear material
model for compressed earth was not available. Therefore, the Mechanical ANSYS Parametric Design
Language (APDL) was utilised to create a modified element command that could be used to model
compressed earth based on the results obtained from physical testing. During physical testing, the
CEBs exhibited brittle behaviour similar to that of low strength concrete which influenced the
decision to utilise a Solid65 element as the basis of the Mechanical APDL command. The Solid65
element has proven successful in modelling both reinforced and unreinforced concrete, as well as
various permutations of masonry construction and individual masonry units [36—41]. The Solid 65
element is defined by eight nodes and has three degrees of freedom at each node; translations in the
nodal x, y, and z directions. The Solid65 element is capable of non-linear analysis and demonstrates
both cracking in tension and crushing in compression.

The average compressive stress/strain relationship obtained from physical testing of the solid block
specimens (1A, 1B and 1C) is shown in Fig 7. The results were condensed into five data points, as
highlighted in red, from which tabulated data was entered into the Solid65 element command to
define the material property. This material property was utilised to model all three types of block.
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Fig. 7. Data Inputted into Solidé5 Command

As the relationship between compressive and flexural strength was known, it was possible to
determine the uniaxial tensile stress from existing empirical relationships observed within low
strength concrete [42]. A value of 0.70 MPa was considered as the uniaxial tensile stress and was
included in the modified Solid65 element command. A summary of the material properties considered
within the FEA are detailed in Table 4 and are within the range of values used within previous studies



[5,20,24,36,45]. The boundary conditions and rate of loading were modelled to replicate the
conditions applied in physical testing, as detailed in section 2.4.1 and 2.4.2. The mesh size and step
control were determined following an iterative and thorough sequence of sensitivity analysis.

Table 4
Mechanical Properties of Compressed Earth Blocks applied to FEA Model

Mechanical Properties Value
Young’s modulus, E (MPa) 328
Poisson’s ratio, v 0.2
Uniaxial crushing stress, oc (MPa) 6.85
Uniaxial tensile cracking stress, ot (MPa) 0.7
Shear transfer coefficients for an open crack, Bt 0.1
Shear transfer coefficients for a closed crack, B¢ 0.1
Multilinear isotropic hardening See figure 7

2.5.1 — Sensitivity Analysis (Mesh Size)

Due to the numerical size limitations associated with the academic license of ANSYS Workbench
19.1, the size of the mesh was often restricted. As shown in Fig. 8 a sensitivity analysis was
performed to determine the influence of the mesh size to ensure that the numerical limitation did not
adversely affect the results of the analysis. A mesh size of 5.0mm x 5.0mm was utilised throughout
the modelling to ensure acceptable accuracy.
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Fig. 8. ANSYS Sensitivity Analysis to Determine Optimum Mesh Size



2.5.2 — Sensitivity Analysis (Damage)

During the manufacture of the blocks, geometric imperfections were observed on the edges and
vertices of each block. A sensitivity analysis was performed to determine the influence of damage on
the numerical model. As shown in Fig. 9 the influence of damage was modelled using a 2.5 — 10mm
chamfer applied to each edge along the length of the block. The compression and 3-point bending
tests were simulated with each of the damage scenarios to determine the influence on compressive and
flexural strength. It was observed that damage had a greater influence on flexural strength, with over a
10% reduction in strength with a 10.0mm chamfer.
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3.0 - Results:
3.1 — Physical Characteristics of CEBs

The pressure applied during manufacture, mean dry density and mean dry mass of the three block
types are presented in Table 5.

Table 5
Properties of Compressed Earth Blocks

Pressure Applied Mean Dry Density Mean Dry Mass

Block Geometry During (II\\/I/I?Dr;t;facture (kg/m?®) @
Solid Block 1.22+0.04° 1911.49 +3.73 8 8171.63 £15.93 4
Solid Block with Frog 1.29+0.024 1919.83 +2.914 7439.33 +11.27°8
Hollow Block 1.21+0.02° 1912.46 +6.08 B 777443 £24.70 ¢

Values represent mean + standard deviation (o). Results with different letters (A, B, C) indicate values are significantly different from each
other at p-value < 0.005.

As shown Table 5, in the pressure applied during manufacture was within the target range of

1.25 MPa +/- 10%. As highlighted by the Tukey pairwise comparison, the solid block with frogs was
subjected to a slighter higher compaction pressure which resulted in a slightly higher dry density
when compared to the solid block and hollow block. The correlation between higher compaction
pressure resulting in higher density is consistent with previous studies [6,25,26].

The mean dry density of samples range between 1911.49— 1919.83kg/m?® which represents a
percentage difference of 0.43%. The relatively consistent density can be attributed to the precise
method of determining the material dosage and reduces the influence of density on the mechanical
properties of the samples. The dry mass of each block is significantly different due to the variation in
volume of each geometry type.

As can be seen from Fig. 10 (a), when tested in compression, the samples exhibited a stress strain
relationship similar to that observed in low strength concrete [42]. A region of linear elastic behaviour
was present within each of the samples at a deformation of between 0.00 — 2.00mm, or 0.00 — 2.11%
strain. The initial linear region transitioned through a parabolic curve into a crushing region where the
load remained constant but the deformation continued for approximately 0.50mm or 0.53% strain.
During the crushing region, significant cracking was observed on the external faces of the blocks. Due
to the brittle nature of the CEB, once the block had reached its failure load it did not demonstrate any
residual strength, with a sudden and significant reduction in load capacity.

The specimens also displayed concrete-like behaviour when subjected to the 3-point bending test. As
shown in Fig. 10 (b), the samples demonstrated a linear elastic behaviour until failure which occurred
suddenly. Prior to the failure, there was no evidence of cracking on the outer surfaces of the blocks.
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Fig. 10. Results from Physical Testing: Compression (a), 3-Point Bending (b)

The observed relationship between flexural strength and compressive strength of the CEB is
consistent with the relationship found within low strength concrete [42]. On average, the compressive
strength was approximately 5 times greater than the flexural strength of corresponding block type.

Table 6 summarises the results obtained from physical testing. The solid block exhibited the greatest
compressive and flexural strength, followed by the hollow block and lastly the solid block with frog
achieved the lowest compressive and flexural strength. The solid block exhibited a 66% greater
compressive strength and 48% greater flexural strength in comparison with the hollow block.
Similarly, the solid block exhibited an 80% greater compressive strength and 109% greater flexural
strength in comparison to the solid block with frogs.

Table 6
Results from Physical Testing

Experimental Results

Block

Geometry Test Mean Failure Mean Failure Mean Failure Mean Failure
Load (kN) Deformation Stress (MPa) Strain (%)
(mm)

Solid Compression ~ 302.96 + 3.36 3.20 £0.05 6.73+0.07 3.36 +0.05

Block 3 point Bending ~ 5.93+0.35 0.54 + 0.05 1.31+0.08 0.56 + 0.05

Solid Compression 168.42 + 5.67 2.46 +0.04 3.74+0.13 2.59 +0.04
Block with

Frogs 3-Point Bending 2.83+0.09 0.33+0.03 0.63 +£0.02 0.34 +£0.03

Hollow Compression  182.42 +6.49 2.74 0.07 4.05+0.14 2.88+0.07

Block 3 point Bending ~ 3.98 +0.34 0.40+0.03 0.88+0.08 0.43+0.03

Values represent mean + standard deviation (o).



Fig. 11 illustrates the results from physical testing and highlights significant differences within the
data at p value < 0.005. As shown, when compared to the other block types, the solid block
demonstrates significantly higher values of stress and strain when tested in compression and 3-point
bending. There are partial significant differences between the solid block with frogs and hollow block,
with the hollow block achieving a higher average stress and strain when testing in compression and 3-
point bending. This variance can only be attributed to the geometric differences between the blocks as
the material, density and manufacture processes are considered equivalent.

It is recognised that the compressive strength of the solid block is relatively high, with the average
compressive strength achieving 6.73 MPa. By comparison, a quantitative assessment of existing
literature found that the compressive strength of un-stabilised CEBs ranged from 0.09 MPato
5.15 MPa[10]. The relatively high compressive strength achieved may be attributed to a series of
control measures considered in the manufacture of the blocks, such as mix design, water content,
material dosage and compaction pressure, all of which were based on guidance obtained within
existing literature [6,10,18,25,26,43,44].
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Fig. 11. Box Plot showing (a) compressive strength failure stress, (b) compression testing failure strain, (c) flexural testing

failure stress and (d) flexural testing failure strain.



When considering the geometric properties of the blocks, it is reasonable to forecast the outcome of
the physical testing. As shown in Fig. 12 When considering compressive strength, it can be seen that
the solid block has 29% and 25% greater surface area that is effective in transferring the load through
the sample when compared to the solid block with frog and hollow block respectively. Furthermore,
the solid block has a 39% and 34% greater cross-sectional area that is effective in providing resistance
to flexural stress when compared to the solid block with frog and hollow block respectively. In order
to develop further understanding, it was necessary to employ a FEA to predict the failure mechanism
of each type of block.

Solid Block Solid Block with Frog Hollow Block
Plan View Plan View Plan View
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Fig. 12. Cross Sectional Geometric Properties of Blocks

3.2 — Numerical Modelling

The FEA successfully modelled the elasto-plastic nonlinear behaviour of the three block types and the
failure point was clearly identified by a sudden large deflection, typical of an elasto-plastic model.
The results of the finite element analysis are plotted against the average results from physical testing
in Fig. 13. As shown, the behaviour of each block type relative to one another is represented in both
the physical testing and the numerical modelling.
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Fig. 13. Results from ANSY'S Finite Element Analysis vs Physical Testing: Compression (a), 3-Point Bending (b).

Average results represent mean + standard error of the mean (n = 3).



As highlighted in Table 7, when subjected to compressive strength testing, the numerical model was
shown to overestimate the calculated stress by an average of 13.2% and overestimate the calculated
strain by an average of 8.2% at point of failure. The most accurate result was obtained for the Solid
Block, which calculated the maximum stress within 2.32% of the result obtained from physical
testing. The relative accuracy of this analysis was anticipated due to the use of the physical testing
data of the solid block for the modified Solid65 element command.

When subjected to the 3-point bending test the numerical model was shown to overestimate the
calculated stress by an average of 20.7% and overestimate the calculated strain by an average of
17.2% at point of failure. The finite element analysis successfully determined the relative difference
in compressive and flexural strength between the samples.

Table 7
Summary of Results, Physical Testing vs Numerical Modelling

Experimental Numerical Experimental vs Numerical
Results Results b
Block Test
Geometry FM_ean Mean Failure  Failure  Failure Stress  Failure Strain
ailure Failure .
Stress Strain Stress Storaln _Percentagg _Percentagg
(MPa) (%) (MPa) (%) Difference (%) Difference (%)
Solid Compression 6.73 3.36 6.89 3.80 +2.32 +12.93
Block 3 pgintBending 131 056 148  0.68 +13.05 +21.23
Solid Compression 3.74 2.59 4.47 2.74 +19.35 +5.76
Block with
Frogs 3-Point Bending 0.63 0.34 0.85 0.40 +36.19 + 16.65
Hollow Compression 4.05 2.88 4,78 3.05 +17.86 +6.02
Block 3 pgintBending 088 043  1.00 048 +12.93 +13.82

Previous studies that utilised FEA to investigate the properties of earthen construction have reported
qualitative comparisons between experimental and numerical results, such as “satisfactory agreement
or “good correspondence” [5,20,24,36,45]. However, there are limited studies that have reported the
percentage variation in the experimental and numerical modelling results. Moreover, there is a lack of
justification for the variation in the findings.

t3

There are a number of factors that are considered to influence the marginal variation between the
experimental and numerical results. The sensitivity analysis demonstrated the influence of damage on
a sample. It is recognised that a 10mm chamfer, equivalent to a 1.83% loss of volume can reduce the
compressive and flexural strength as much as 5% and 11% respectively. Considering the potential for
imperfection within the physical testing and the expected variation of the natural material, the results
obtained from computer modelling may be considered as a theoretical maximum based on perfect
conditions.

The failure mechanism of each specimen was examined using various stress tools as illustrated in Fig.
14. The stress tools enabled the models to be probed to identify regions of high stress concentration
and proved successful in identifying regions of failure which were observed in physical testing.



Fig. 14. Stress Distribution during 3-point bending test of Solid Block with Frog (a) and Hollow Block (b) shown in cross
section.

The deformation of each sample was also analysed utilising capped isosurfaces, which hide elements
that are below or above a specific value of stress, indicating the physical damage within a sample.

Fig. 15 displays the capped isosurfaces for the Solid block following the compressive strength test. As
can be seen, the regions of failure are clearly identifiable and correspond to the observations made
during physical testing. These findings are similar to previous studies which have utilised ABAQUS
[20], DIANA [45] and LY-DYNA [24,46] FEA software packages to successfully replicate stress
concentrations and cracking pattern within earth construction. This demonstrates the successful
application of a modified Solid65 element command within ANSYS Workbench 19.1 [35] to model
the elasto-plastic nonlinear behaviour of un-stabilised CEBs.

Fig. 15. Total Deformation (Capped Isosurface)



4.0 - Conclusions:

The results obtained from the physical testing and numerical modelling demonstrate the influence of
geometry on the compressive strength and flexural strength of un-stabilised compressed earth building
blocks. The important conclusions emerging from this study are:

The geometry of un-stabilised CEBs has a significant influence on its compressive and
flexural strength and should be a primary consideration when selecting or developing new
compressed earth blocks.

The Solid Block exhibited the greatest compressive and flexural strength at 6.73 MPa and
1.31 MPa respectively, whilst the Solid Block with Frogs exhibited the lowest compressive
and flexural strength at 3.74 MPa and 0.63 MPa respectively.

Finite Element Analysis within ANSYS Workbench 19.1 can be utilised in conjunction with a
modified Solid65 element command to successfully modelled the non-linear elasto-plastic
behaviour observed in physical testing.

Finite Element Analysis within ANSYS Workbench 19.1 can be utilised in conjunction with a
modified Solid65 element command to successfully identifies regions of stress
concentrations.

Robust/controlled production methods for un-stabilised CEB using a manual press can lead to
superior building blocks.

Influence of damage on un-stabilised CEBs is significant and must be considered when
developing a finite element analysis to model the properties of compressed earth.

Following the successful development of a Solid65 element code to model un-stabilised CEBs, further
investigation into the influence of damage and localised defects is required to reduce the variation
between physical testing and numerical modelling. Moreover, the application of FEA to assess the
influence of stabilisers, admixtures and a variety of fibre reinforcement is recommended to promote
further development of the mechanical properties of CEBs to provide a superior low-cost building
material.

List of Abbreviations:

APDL — ANSYS Parametric Design Language

CEB(s) — Compressed Earth Block(s)

FEA — Finite Element Analysis

KBE — Kent Brick Earth

OMC - Optimum Moisture Content

PC — Portland Cement

UoP-CEB machine — University of Portsmouth Compressed Earth Block Machine
USCS - Unified Soil Classicisation System
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