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Abstract: To maintain adequate depth of commercial waterways, large quantities of earthen material
are dredged and stored on undeveloped placement areas adjacent to the waterway. As dredge
placement areas become overwhelmed, an environmental and financial sustainable solution for the
reuse of dredged soil is prioritized. In this study, locally dredged material from the Sabine-Neches
Waterway was used to explore the potential of dredged material in the production of compressed
stabilized earth bricks (CSEBs) for small-scale structures in the region. CSEB mixture designs
were developed containing fly ash (FA), Portland cement (PC), hydrated lime (HL), water (W),
dredged material (DM), and natural and synthetic fibers. Optimized mixtures designs reached the
recommended compressive strength of over 1200 psi. Results showed that that the addition of fibers
reduced the compressive and flexural strength of the bricks, with a maximum compressive strength
of 1394 psi with a corresponding flexural strength of 381 psi being obtained with fiberless dredge
bricks. Multiple coating systems were also tested to increase the resistance of the bricks to weathering
and erosion. Results showed that the use of coatings reduced water absorption and increased the
bricks resistance to erosion, making them more adept in regions commonly subjected to flooding and

heavy wind-driven rains.
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1. Introduction

Waterways have a constant need to dredge channels for maintenance and must deposit
the dredged material (DM) in placement areas making dredge waste management a burden
to port and waterway facilities with the potential to restrict expansion capabilities. Water-
way management were forced to use placement areas for dredge material storage as bans
on ocean dumping became widespread more than twenty years ago causing facilities across
the world to try to tackle this societal challenge [1-3]. Placement areas everywhere are over
stretched making the management of dredged material a significant problem. Dredged
soil has traditionally had very limited practical uses because of its undesirable material
properties, however because it is becoming a major concern, the reuse of dredged material
has been the object of some investigation by geotechnical and environmental professionals
in the industry, none resulting in a cost-effective solution [1-4]. Our research motivation is
therefore to find a novel potential commercial use for dredge material instead of simply
disposing of the soil in placement areas. The method we report on is based on different
suggestions found in the literature.

Using dredge material to produce earth fill has been proposed with some degree of
success [3,5], however, another more value-adding possibility is to use dredge material
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to develop compressed stabilized earth bricks (CSEB). CSEB are easy to manufacture
and are relatively uncomplicated to produce in bulk. CSEB can be manufactured using
readily available materials and using low energy since they do not need to be fired in a
high temperature kiln making them an economically viable alternative in the construction
industry. The potential positive impacts for developing viable bricks from dredge material
are numerous including the conservation of land that would otherwise be used as a dredge
landfill saving taxpayers money and preventing the displacement of local wildlife. In
fact, Hamer and Karius report an industrial scale experiment of the fabrication of dredge
material bricks [6]. If the dredge CSEB prove to be cheaper than typical concrete masonry
units (CMU), a positive implication is the reduction of cement use in local construction
projects. In fact, since the cement industry contributes 5% of worldwide emission of CO;,
the use of dredge bricks instead of typical CMUs would greatly benefit the environment
because of the reduction in carbon emissions that utilizing less cement entails [7].

The best quality CSEB use soil having optimum compaction and construction prop-
erties. In particular, the plasticity index should be between 15 and 30 while the dry unit
weight should be within the values of 102 1b/ ft® and 140 Ib/ft3 [8]. CSEB made from such
materials will increase in strength over a period of time, not only because the cementation
of the material increases the strength properties, but water evaporation will cause the
clay particles to move closer to one another due to an increase in capillary forces. This
decrease in water content also increases the modulus of elasticity of the soil along with its
compressive strength [9].

Wang et al. studied the most efficient and economical ways to recycle dredged sedi-
ment by designing partition blocks. These partition blocks were tested with mixtures of
Portland Cement, ground granulated blast-furnace slag, incinerated sewage sludge ash,
dredge sediment, and recycled fine and coarse aggregates. Each mixture design contained
20% binder. Compression tests were performed on each mixture and found that after 7 days
all mixtures achieved compressive strength of at least 1987 psi, which was well above the
standard for partition bricks. The mixture with the highest strength was 16% Portland Ce-
ment, 4% ground granulated blast-furnace slag, 16% dredge sediment, 16% fine aggregate,
and 48% coarse aggregate [10]. This study suggests that optimization of CSEB may require
a variety of stabilizing agents such a Portland cement (PC), fly ash (FA), and lime (L).
To create a stabilized dredged material brick with a compression strength greater than
1000 psi while minimizing the use of Portland cement, a recent study found an appropriate
combination of Portland cement, hydrated lime, and fly ash with dredged material. After
testing the various mixtures, using only 10% by weight of Portland cement was reported
to be the optimum ratio, as this mixture reached a compressive strength of approximately
1179 psi [11].

Other studies have identified various types of natural and synthetic fibers that could
improve the compressional strength [12-14]. Laborel-Preneron et al. reported on mixtures
of polyester fibers of 12 mm in length with soil at relative amounts of fiber ranging from
0-1% and showed that inclusion of polyester fibers increased the strength of the soil until
the ratio of fibers added was at 0.5%. After 0.5%, the strength would decrease if any more
fibers were added to the soil [12]. Kumar et al. tested the effects of lime, fly ash, and
polyester fibers being added to soil. The strength of the soil was tested with 0%, 0.5%, 1%,
1.5%, and 2% of polyester fibers added to it. The results showed that when adding 1.5% of
fibers, the tensile strength was 135% greater in comparison with the soil with no fibers.
The results for the compressive strength test closely related the results from the tensile
strength tests [15].

Park et al. found that poly(vinyl alcohol) (PVA) fibers are another type that can be used
in fiber-reinforced concrete. They reported that addition of 1% of PVA fiber and 4% cement
sand resulted in two times the increase in strength [16]. Good adhesive properties to cement
and high anti-alkali characteristics makes it interesting as a soil reinforcing material.

Other studies found that Kenaf, a natural fiber obtained from the Hibiscus cannabinus
plant found in Southern Asia, had an absorption of 307%, an elastic modulus of 136 GPa,
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and a tensile strength of 1000 MPa [12]. The study revealed that the addition of Kenaf
improved the flexural strength at higher lengths of fiber while it decreased the thermal
conductivity when longer fibers were used within CEB [12]. When fiber content ranging
from 0.2% to 0.8% by mass was added, Kenaf was also shown to reduce cracks within
CEB improving their mechanical properties and resulting in better building materials than
unreinforced blocks for masonry structures [17].

Despite these results, fibers were also found to decrease the compressive strength in
CEB making the compressive strength inversely proportional to the fiber content [12]. In
addition, the location dependent variations of the soil properties of the dredged material
also introduces a unique problem to DM reuse. For dredged material from different
waterways, or even from different parts of the same water system, consideration will have
to be made in the composition of the soil when utilizing any mixture design. Our team
recently tested the stabilization of local dredged materials using a tailored bio-enzyme
stabilizer, hydrated lime, quicklime, Portland cement, and fly ash, and found that adding
Portland cement increased the strength of the material most dramatically [18]. However, the
longevity of a DM stabilization was questioned, hence the need to improve the resistance to
erosion in a cost-effective manner. The addition of a coating to CSEB should be considered.

Multiple types of coatings for the purpose of improving the bricks’ resistance to weath-
ering and erosion can be studied [19,20]. For example, Eviro-Crete Series 156 produced by
Tnemec is a modified waterborne acrylate, typically used for concrete or standard masonry
units, that is used to fill in minor hairline cracks and provide protection against driving
rainfall. The concentration of Volatile Organic Compounds (VOCs) in the Enviro-Crete
measures in at 49 g/liter, significantly lower than the 250 g/liter limitation set by the
Environmental Protection Agency (EPA) for exterior coatings [21]. Another example of a
commercially available coating is a lime base coating. In this treatment, a base coat utilizes
the same clay matter that is used in the production of the bricks, and a finishing coat of a
thin layer of hydrated lime is applied which gains strength through the creation of Calcium
Silicates Hydrates (CSH) bonds from its reaction with water. As it cures, calcium hydroxide
reacts with carbon dioxide to form calcium carbonate and water [22]. This ability for lime
to react with carbon dioxide allows for free lime to selfheal cracks.

Our objective is to find an environmentally and economically friendly use for dredged
material in order to reduce or completely eliminate the use of dredge landfills. Building on
previous work, the viability and reliability of CSEB was evaluated by developing stabilized
dredged bricks composed of dredge material (DM), fly ash (FA), Portland cement (PC),
lime (L) and natural and synthetic fibers to evaluate the changes in strength properties and
resistance to erosion of the bricks.

2. Materials and Methods
2.1. Sample Collection

Dredge material was locally sourced from the Sabine-Neches Waterway in Texas, USA.
This dredge was collected from Placement Area 9, shown in Figure 1, along the Sabine-
Neches Waterway and stored in multiple 5-gallon buckets. Prior to any testing or mixing,
samples were completely dried in an oven held at 200 °C for about seven days. Samples
were subsequently pulverizedbefore testing or brick fabrication.

2.2. Dredge Material Property Test

Before fabricating the bricks, the DM was tested for consistency. Several analytical tests
were performed on the dredge material and compared to previous analysis of materials
from the same placement area. Specific gravity, Proctor compaction test, organic content
test, Atterberg limits tests, along with grain size analysis was performed. The specific
gravity of the dredge material is a critical part in determining the weight and volume
relationships in the mix design process. The specific gravity was determined in accordance
with ASTM D854 standards. A second analysis determined the optimum moisture content
for the maximum dry density by using the Proctor compaction Test following ASTM D698
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standards. An organic content test was performed in accordance with ASTM D2974 to
find the percentage of organics within the dredged material. This information was needed
to ensure that the reactions that occur during cementation will not be impeded by an
excess amount of organics. The liquid and plastic limits of the dredge material were found
in order to classify the dredge material. This testing was done following ASTM D4318
guidelines. Finally, the grain size distribution was evaluated to help classify the dredge
material. A standard minus 200 test was used in order to determine the amount of material
that passes the #200 sieve. This test was performed by following the standards listed in
ASTM D1140. A hydrometer test was also performed in order to measure the grain size
analysis of particles that pass through the #200 sieve. This test was done in accordance with
ASTM D422 standards.

Chevron Phillipshe
Chemical

Figure 1. Sabine-Neches Waterway Placement Area 9 (Latitude: 29.82821, Longitude: —93.97543) [23].

2.3. Brick Mixture Combinations

Different mixture combinations were developed using the information gathered from
the previous research and dredge material testing. These combinations were used to
fabricate bricks with consistent dimensions in order to test the compressive and flexural
strength along with the absorption and erosion properties of each mix. Compressive
strength testing and erosion testing were performed to evaluate the effectiveness of each
fiber used. Each brick was based upon the previously researched mix design using 10% PC
with 35 parts hydrated lime and 80.5 parts fly ash as a percent, based on 100 g of dredge
material [11] with the inclusion of fibers. Based on the rate of success reported in the
literature, three types of fibers were selected, PVA, polyester and kenaf.

2.4. Mixing Dredged Materials with Agents

As previously mentioned, the mixture design developed by our previous work and
containing 10% cement, was utilized in the creation of the bricks used for this study. Tradi-
tionally, the mixing process was done in a standard stand-mixer. For more homogenous
mixing, the materials were batched in a 5-gallon bucket and mixed using a power drill
equipped with a mixing bit. This mixing method generated larger batches and reduced the
mixing time.

2.5. Equipment for Dredge Brick Production

An Impact 2001A press was used to produce the CSEB. This hydraulic brick press
weighs 640 pounds, and measure 81 inches long by 68 inches wide by 51 inches high.
Its power is generated by a 7.0 HP Yanmar diesel engine. This press is equipment with
Worldwide hydraulics and has 19.5-gallon tank capacity. The hopper capacity is 8-9 Blocks,
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depending on block thickness. The production rate is approximately 300 blocks per hour,
or equivalently 5 bricks per minute. Following the completion of the brick making process,
the bricks were cured while air dried to allow for the water to evaporate and cause suction
between the clay particles [9].

2.6. Brick Property Tests

Once the bricks had cured under room temperature, unconfined compression tests
were performed to determine the compressive strength of each mix. Each brick was
tested after curing periods of 7 and 28 days. In addition to the compression testing a
flexural strength test was performed after 28 days in order to test the fibers effectiveness in
tension. The absorption properties of each brick were tested in accordance with ASTM C140
standards and the resistance to erosion was also tested. However, since there is currently
no ASTM testing procedure for this, a modified version of the bulletin 5 spray test [24] was
used to measure the bricks resistance to erosion. The required erosion spray parameters
were determined determining kinetic energy from the local annual rainfall.

2.7. Control Coatings to Minimize Erosion

Since bricks composed of soils are highly susceptible to erosion, coating systems
were compared to evaluate absorption of the bricks and increase the resistance to erosion.
Two commercially available and regularly used coatings were selected because of their use
in the regional industry: Enviro-Crete series 156, and a lime stabilized sand mortar.

3. Results and Discussion
3.1. Soil Characteristics and Classification

The first step in classifying the type of dredged soil involves the minus 200 wash
which showed that only 3.1% of the material was retained on the No. 200 sieve. Therefore,
96.9% of the dredge material was either clay or silt. A hydrometer test revealed that of
the material passing the #200 sieve, approximately 37% was clay and 63% was silt while a
separate organic content test demonstrated that dredged soil contained 5.4% organic matter.

To evaluate the optimum moisture content of the samples a standard Proctor test
was performed which revealed that an optimum moisture content of 19.7% would yield
a maximum dry density of approximately 91.9 Ib/ft>. The specific gravity of the soil was
determined to have a relatively low value of 2.27. Finally, Atterberg Limit tests were
performed, from which we concluded that the dredged material could be classified as a fat
clay (CH) with a relatively high plastic index (PI) of 46.

3.2. Brick Mechanical Tests

Two mechanical strength tests were performed on the untreated bricks and those mixed
with different fibers. Unconfined compressive strength (UCS) tests were first performed to
evaluate the overall strength of the bricks followed by 3-point bending moment tests on
samples cured for 28 days to confirm the UCS tests and determine the effect of the inclusion
of fibers on the flexural strength of the bricks.

Table 1 compares the strength test results for the bricks containing different types of
fiber and ratios of fiber inclusion. UCS tests were performed 7 and 28 days after brick
fabrication while the 3-point bending moment tests were performed on 28 days old bricks
only. Strength tests show that unconfined compressive strength of the proposed mixture
designs at 7 and 28 days, respectively, was 1070 psi and 1394 psi with a flexural strength of
381 psi. The New Mexico code [25], states that the average compressive strength of a brick
shall be a minimum of 300 psi. The proposed mix design used in this study appears to
meet the requirements. Increasing the brick age from 7 to 28 days led to an increase in UCS
between 30 and 60%. Adding fibers resulted in a decrease in UCS and in flexural strength.
The addition of PVA, regardless of amount, caused significant decreases in mechanical
strength while the addition of polyester or kenaf fibers caused only moderate decreases.
This result supports the findings of Gowda that the increase in fibers inversely affects the
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compressive strength of the bricks [26]. It can be noted however, that even with lower
flexural strengths, the bricks with fiber inclusion failed after a longer loading period than
bricks without fibers. To better understand the cause of the effect of the fibers on the
mechanical properties of the bricks, scanning electron microscopy was used to determine
the interactions, if any between the soil and fibers.

Table 1. Comparison of the strength tests for CSEB containing different fiber inclusions.

Fiber Application Rate (%) 7-Day UCS 28-Day UCS Flexural Strength

None - 1070 1394 381
0.25 724 907 201

PVA 0.50 354 666 108
0.75 240 497 108

Polyester 0.05 740 1123 195
Kenaf 0.10 872 1151 260

3.3. SEM Images

Scanning electron microscopy (SEM) images were taken on four specimens, each
containing different fibers, to obtain visual representation of the bonding of cementitious
material and fibers. Figure 2 shows the typical images of the inside of a fabricated brick
without fibers (panel A), with PVA fibers (panel B), with polyester fibers (panel C) and
with kenaf fibers (panel D). The bricks without fibers show that the DM particles and
additives, following a series of chemical reactions known as pozzolanic reactions, have
merged together to form a denser and grainy structure known as cementation. Cementation
refers to the pozzolanic reactions between calcium hydroxide (from lime, cement, and fly
ash) and oxides broken down from the clay minerals such as silica and alumina [27]. The
presence of calcium hydroxide provides a high-pH environment which is crucial for the
completion of pozzolanic reactions [28]. Since fly ash requires an extended period of time
to completely react, visible lumps of fly ash (sphere particles) can be observed in panel A
confirming our previous report [29]. When adding PVA, the fibers do not interact with the
soil but separate and assemble with each other more, which produces larger voids/gaps
between the PVA and the stabilized DM. This results in large defects in the structure
without proper inter-bonding between the fibers and the stabilized DM which leads to
significantly lower mechanical properties as shown in Table 1. When added to the soil
material, fibers of either polyester of kenaf disperse more readily throughout resulting in
a more homogenous material. However, while the sample seems more closely packed,
the presence of the fibers may act as mechanical defects causing some decrease in the
mechanical strength. As discussed previously, this disadvantage may be compensated by
an increase in the resistance to erosion of the bricks.

3.4. Erosion Tests

To evaluate the effect of erosion on the bricks, two tests were performed. A control test
consisting of a 24 h percent absorption following ASTM C140 and an erosion from rainfall
simulation test. The absorption test was performed on bricks without coating and with
two coatings used in the industry, i.e., Enviro-Crete and lime-sand mortar. Figure 3 presents
the results of the absorption test for these three samples. The percentage absorption is
defined as 100 x (saturated weight-oven dry weight)/oven dry weight. As shown in the
figure, uncoated bricks have significant absorption of about 13.6% while the lime stabilized
sand coated was somewhat better with an absorption of 9.4%. The Enviro-Crete performed
significantly better with an absorption of only 0.8%. Although the brick coated with lime
stabilized sand shows better performance with 31% improvement than the brick without
coating, the high absorption rate of 9.4% is not expected and it is still much higher than
the maximum of 2.5% requirement. The high absorption rate of the brick coated with lime
stabilized sand may be due to lacking good bonding between the coating and the brick
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surface and therefore, forming uneven shrinkage and tiny hairline cracks in the surface
during the curing process. With these results in mind the erosion from rainfall simulation
test was performed on bricks with different types of fibers.

Figure 2. SEM images of four types of CSEB: without fibers (A), with PVA (B), with polyester (C) and
with kenaf fibers (D).

16

14

12

-
o

Absorption (%)
-]

0 |
No Coating Enviro-Crete Lime Stabilized Sand
Brick Coating

Figure 3. Water absorption tests of uncoated and coated bricks.

3.5. Rainfall Simulation Tests

The rainfall simulation test consisted in spraying a quantity of water on the material’s
surface and measuring the amount of wear. Figure 4 illustrates the erosion testing using a
custom designed rig. To simulate erosion from rainfall, the erosion testing time was deter-
mined by estimating the kinetic energy produced by the annual rainfall in the Beaumont,
Texas, USA area and generating the same kinetic energy using water exiting the nozzle on
the erosion rig. The National Oceanic and Atmospheric Administration (NOAA) estimated
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that the average annual rainfall of Beaumont, TX was 60 inches [30]. The kinetic energy of
annual rainfall was calculated using the equation: Ek = K x Pa, with K = 24]/m?/mm. The
equivalent kinetic energy of annual rainfall was found to be 36.6 kJ/m?. Based on industrial
recommendations regarding external surface wear, a 15-year life span was chosen that
included a 150% safety factor. The Bernoulli’s equation was used to determine the velocity
of the water leaving the nozzle and using this value and that of the calculated kinetic
energy, the mass of water needed was calculated using the equation: Ek = % mv?. The
solved mass was divided by the unit weight to find a total volume, and this was divided
by the measured flow rate to time of spraying. The flow from the nozzle was adjusted and
the previous steps were repeated until the required spray time was 3 h.

Figure 4. Modified Water Erosion setup. A specific flow of water impacts the brick for three hours
simulating 15 years of rainfall erosion.

After spraying, the deepest indentations in the bricks were measured and a dry post-
erosion weight was measured to evaluate material loss. This erosion test was performed
at three-hour intervals on three bricks for CSEB without the inclusion of fibers, uncoated,
and coated. Following the erosion test, each brick was oven dried for 36 h at 200 °C and air
dried for another 48 h to bring each brick to its pre-test moisture level. We note that since
Enviro-Crete coated brick were uncoated on one side, the moisture did not evaporate at the
same rate as it did with others. The erosion testing was then repeated on uncoated bricks
that contained fibers. Figure 5 shows images of the bricks following the erosion test. The
control represents uncoated bricks before and after the test. Numerous indentations can
be observed. When uncoated bricks were mixed with fibers, some indentations are also
clearly visible. In particular the samples containing PVA eroded more which is probably
the result of larger voids/gaps between PVA and the stabilized DM that were observed
in Figure 2B and associated with lower USC strength as reported in Table 1. The bricks
containing either polyester or kenaf fibers seem to have experienced smaller but more
numerous indentations which is expected and consistent with the USC strength as shown
in Table 1. To quantify the effect, the average size of the indentations and of the change of
mass following the test were measured and are reported in Table 2.
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No Fibers No Fibers
Before After

With Kenaf
After

With PVA With Polyester
After After

Figure 5. CSEB before and after erosion test.

Table 2. Results from erosion test on uncoated and coated bricks.

Brick Average Pit ~ Maximum Pit =~ Mass Before Mass after Mass Loss ~ Mass Loss
Depth (mm) Depth (mm)  Spray Test (Ib) Spray Test (Ib) (Ib) (%)
No Coating/No Fiber 3.1 5.0 7.061 6.952 0.109 1.544
Enviro-Crete 0.0 0.0 6.840 6.916 —0.076 —1.111
Lime-Sand Mortar N/A N/A N/A N/A N/A N/A
No Coating/Kenaf Fiber 21 3.3 6.534 6.344 0.190 2.908
No Coating/PVA Fiber 7.2 10.0 5.617 5.357 0.260 4.629
No Coating/Polyester Fiber 2.2 2.8 6.582 6.378 0.204 3.099

The data for the lime-sand mortar coating is not reported because the coating failed.
The lime-sand mortar coating failed within 15 min of the spray test most likely because
of a lack of bonding between the coating and the brick surface as discussed earlier for
higher-than-expected water absorption. For optimal application this coating requires a
greater sand and cement ratio as opposed to the more clayey soil of the dredge material.
Table 2 indicates that bricks with no coating/PVA fiber have the highest maximum pit
depth and mass loss, followed by bricks with no coating/kenaf and polyester fibers which
share similar results, followed by bricks with no coating/no fiber, and finally bricks with
the Enviro-Crete coating. The values reported in Table 2 confirm the visual observations
that bricks with the Enviro-Crete coating had a significant resistance to erosion compared
to uncoated bricks. We note that the mass of the brick coated with Enviro-Crete increased
during the test, probably because of water absorption on the uncoated, top surface of the
brick. Of more interest is the impact of fibers of polyester and kenaf on resistance to erosion.
The bricks containing either of these fibers had more shallow indentations and less average
pit depth than that of the uncoated bricks. However, their mass loss was about twice that
of regular bricks. This suggests that the presence of these fibers could help distribute the
load and hence reduce damage from weathering if fibers/soils can be mixed thoroughly.

4. Conclusions

In an effort to alleviate the burden placed on ports and waterways in managing
dredged waste, we explored the potential of utilizing dredged material as the principal
component in the production of compressed stabilized earth bricks. Dredge material was
mixed in different compositions with classic stabilizing agents such as Portland cement,
hydrated lime, and synthetic and natural fibers. The novelty of our approach is the
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possibility of using about 80% DM in the brick composition. Strength tests showed that
the unconfined compressive strength of the proposed mixed design at 7 and 28 days,
respectively, was 1070 psi and 1394 psi which meet the minimum strength requirement
of 300 psi by the New Mexico Code for compressed earth block production. The strength
behavior was negatively impacted by the addition of any type of fibers although fibers of
polyester and kenaf did not significantly decrease the flexural strength of the bricks. Erosion
tests revealed that these two types of fiber could help reduce damage from weathering
if mixed thoroughly. Uncoated bricks have significant absorption of about 13.6% while
the lime stabilized sand coated was somewhat better with an absorption of 9.4%. The
Enviro-Crete performed significantly better with an absorption of only 0.8%. Only bricks
with Enviro-Crete coating meet the maximum of 2.5% requirement. Erosion test results
also show no indentation (zero pit depth) for bricks with Enviro-Crete coating.
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