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ABSTRACT

Modern construction materials must meet a myriad of requirements, including sustainability,
structural integrity, thermal efficiency, and acoustic performance. This study assesses the urgent
need for eco-friendly construction materials by investigating the potential of using a blend of lime
and water hyacinth ash (WHA) as binders in locally sourced soils from Mayenje ward, Busia
County. The primary objective was to fabricate Compressed Soil-Lime-Water Hyacinth Ash
(CSL-WHA) blocks with suitable acoustic absorption properties for sustainable building and
construction. The specific objectives of this study were as follows; (i) To fabricate compressed
earth blocks using a binder mixture of lime and water hyacinth ash, ensuring uniformity and
structural integrity (ii) To evaluate the acoustical properties of CSL-WHA blocks by recovering
key parameters through inverse modeling of transmission data (iii) To assess how binder ratios
(lime vs. WHA) influence acoustic properties of CSL-WHA blocks and (iv) To examine the effect
of compaction pressure on the acoustic properties of the blocks. The study delved into the
feasibility of acoustical modeling for parameter retrieval, ultimately evaluating the potential of
CSL-WHA blocks to meet specified acoustic requirements. A series of sixteen formulations were
evaluated across four compaction pressures (25—-100 bar) to assess the influence of binder
composition and key acoustic parameters, including porosity, airflow resistivity, tortuosity, and
viscous characteristic length. The results showed that moderate WHA (<5%) with high
compaction pressure (=75 bar) could yield balanced porosity (~0.30—0.36) while achieving ideal
air flow resistivity, tortuosity and viscous characteristic length ranges for sound absorption,
striking a balance between acoustic performance and strength. Inverse modeling using the
Johnson-Champoux-Allard-Lafarge (JCAL) framework enabled non-destructive recovery of
intrinsic acoustic parameters. These findings offer a design matrix for balancing acoustic
absorption and mechanical performance, supporting tailored applications in partition walls,
facade systems, and low-frequency noise control. Furthermore, the study pioneers the valorization
of invasive water hyacinth biomass for acoustic damping, providing a foundation for localized
standardization and contributing to circular economy goals. The integration of WHA as a partial
binder advances sustainable construction practices, reinforcing material innovation within

environmental and acoustic design frameworks.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the study

1.1.1 Introduction

Construction materials are increasingly expected to meet diverse requirements, including
sustainability, structural integrity, thermal efficiency, and acoustic performance. In response to
these demands, the versatility of a single material to meet all these criteria becomes crucial, as
it saves time, money, energy, and space. Additionally, as global interest in sustainable building
practices intensifies, the reduction of greenhouse gas emissions has emerged as a paramount
concern (Gle' et al.,, 2011). This has prompted a resurgence in the use of eco-friendly
compressed earth blocks (CEBs) for constructing affordable housing in both developed and
developing countries (Piattoni et al., 2011).

1.1.2 Rebirth of Eco-Friendly Compressed Earth Blocks

The growing emphasis on sustainability has led to a resurgence in the utilization of eco-friendly
compressed earth blocks (CEBs) for constructing affordable housing, addressing a challenge
faced by both developed and developing countries (Lenci et al., 2012). The principal driver in
this revival is the concern for the environment. The UN Climate Change Conference,
Copenhagen, December 2009, confirmed the need to decrease carbon dioxide (CO:) emissions
by reducing the use of fossil fuels. The need to reduce CO; emissions and to find more
sustainable construction materials has, for the time being, given earth construction a significant
environmental advantage over some forms of conventional masonry (Williams et. al, 2010).
The compressed earth blocks have the advantage of being constructed from local clays and
soils that may be found on or close to the construction site, which contributes to their
sustainability. For sustainable development, the Compressed Stabilized Earth Block (CSEB)
provides the possibility for natural, energy-efficient, environmentally friendly, and

agriculturally compatible building materials (Kamal, 2023).
1



The primary benefit of CSEB, especially for homes, is sustainability. CSEBs are an upgrade
since they are cozy, cooler in the summer, and warmer in the winter. They use less energy to
adjust the temperature when it has to be. They might easily adapt to exquisite, complex
patterns. You can do whatever you want with the walls because they are weight bearing, only
with some limitations (Powell, 2021).

CSEBs exhibit resistance to sound, fire, and insect damage, and they are durable when
adequately protected (Arumala and Gondal, 2007). However, to ensure their structural
integrity, optimization of material ingredients is crucial, especially concerning seismic events

(Ocola and Huaco, 2005).

1.1.3 The Role of Binders in CEB Production

Producing CEBs involves a combination of soil and binders. Binders play a crucial role in
enhancing the geotechnical properties of soil, including compressibility, strength, permeability,
and durability. This is accomplished through chemical reactions between soil binder
(cementitious material) and soil minerals (pozzolanic materials). Various types of binders, such
as cement, lime, rice husks, fly ash, and blast furnace slag, have been explored for this purpose.
Studies have indicated that addition of various stabilizing agents improved the workability of
soils (Per and Pollina, 2023). Cement, a commonly used binding agent, poses environmental
challenges due to its high carbon emissions and limited porosity. Sustainable alternatives, such
as water hyacinth ash (WHA) and lime, have gained attention for their potential to reduce costs
and emissions (Alavez-Ramirez et.al 2012, Philip and Rakendu, 2020). Lime application
results in an increase in strength due to cation exchange capacity rather than cementing effect
caused by pozzolanic reaction. WHA is a promising pozzolanic compound with its
mineralogical composition comparable to cement, hence can be used as a replacement for

cement (Das and Singh, 2016).



1.1.4 Cement’s Environmental Impact

While cement has traditionally been the go-to binding agent due to its versatility in various soil
types, its production, particularly the precursor clinker, contributes significantly to global carbon
dioxide (CO2) emissions. According to NASA (2020), one of the main greenhouse gas emitters
and a primary cause of global warming is CO». In 2017, the world's cement production generated
4.1 gigatons of CO> (USGS, 2018). Therefore, anthropogenic climate change may become
inevitable due to such high CO: levels. Furthermore, throughout the extraction, packaging, and
loading stages of the cement manufacturing process, particulate matter of diameters 2.5
micrometres (PM2.5) and 10 micrometers (PM10) is emitted (Mishra and Saddiqui, 2014). These
particles pose a serious health risk because they can penetrate deep into the lungs and even enter
the bloodstream. Consequently, one tonne of Portland cement generates approximately one tonne
of greenhouse gas (GHG), and 1.5 to 10 kg of Nitrogen Oxides (NOx) is released into the
atmosphere for every tonne of Portland cement clinker (Malhotra, 2004). NOx is a strong
greenhouse gas produced by burning biomass, nitric acid synthesis, and fossil fuels (NASA,
2020). Moreover, walls constructed with cement as a binder lack porosity, making them less
efficient in terms of thermal and acoustic insulation, consequently requiring more energy for
climate control. In this study, cement as a binder is replaced with an eco-friendly binder, the

hydrated lime, in the manufacture of construction blocks.

1.1.5 A Sustainable Alternative: Water Hyacinth Ash (WHA)

To address the challenges caused by cement production and use, there has been a growing trend in
recent decades of blending ordinary cement and lime with locally sourced materials possessing
pozzolanic properties, for the production of concrete and compressed soil blocks.

Water hyacinth is a free-floating aquatic plant that grows in still or slow-moving fresh water
bodies. Within two weeks, the number of water hyacinths doubles, and it grows quickly,
producing a considerable amount of biomass hence, it is a sustainable product (Shyam &

Murugesh, 2017). WHA has pozzolanic properties, and its production cost is low. Its
3



mineralogical composition includes reactive phases akin to those in cement, allowing it to act as
a sustainable binder in compressed soil blocks with added benefits of lower carbon emissions and

reduced energy input.

Table 1.1: Chemical properties of cement and WHA (Source: Das and Singh, 2016)

Chemical composition Cement (%) WHA (%)
Silica 19.62 4.40
Alumina 5.62 2.20

Iron Oxide 5.33 1.27
Calcium Oxide 61.24 22.61
Magnesia 0.88 14.01
Sulphur Trioxide 2.60 3.09
Sodium Oxide - 0.35
Potassium Oxide - 14.82

1.1.6 The Carbon-Neutral Potential of Lime
The use of hydrated lime, although emitting carbon dioxide during the burning phase, has the

unique ability to reabsorb equivalent amounts of carbon dioxide from the atmosphere, resulting in
a carbon-neutral life cycle. The unstable calcium oxide allows a variety of lime- based products,
including wastes produced in different industries, to absorb some of the emitted CO2 and
subsequently sequester it throughout the lime cycle (carbonation) (Cizer et. al., 2012a, Campo, et

al., 2021).



A

o Ca(OH), Cao

Figure 1.1: Carbon neutral cycle of lime (Source: Campo, et al., 2021)

Renforth (2019) estimates that 34% of lime has the ability to absorb CO, throughout the use stage
and remove it from the atmosphere directly or indirectly. The following reactions can be used to
describe the carbonation process:

CaO+H,O —» Ca(OH) 1.1
Ca(OH),+CO, — CaCOs+ H;O 1.2
Carbonation is a mineralization process that is used for carbon capture, utilization, and storage
(CCUS) (Lai et al., 2021; Snaebjornsdottir et al., 2020). It happens gradually from the outside to
the inside of materials that contain lime due to the diffusion of CO> into particles and its reaction
with calcium oxide hydration products. Solid sorbents composed of materials derived from lime
have been suggested for application in direct air capture (DAC) technologies, which collect CO,
directly from the atmosphere, according to Samari et al. (2020). However, in reality,
approximately 70%—80% of the CaO in lime can be transformed into CaCO3 due to material and
environmental variables (Bhatia and Perlmutter, 1983). Prior studies have examined the
carbonation process, factors influencing its rate (Ma et al., 2019), and strategies for optimizing

carbon sequestration in controlled laboratory environments through the use of materials



containing lime (Pan et al., 2012; Baciocchi, 2017).

For example, Pan et al. (2020) examined the potential for CO; storage in solid wastes composed
of lime (such as lime mud, red mud, and iron and steel slags) and the CO> reduction potential of
these wastes in mineralization technologies. By using direct mineralization, these solid wastes
can carbonate up to a maximum of 310Mt of CO annually. Renforth (2019) estimated the global
potential of carbon dioxide uptake through the carbonation of lime and related alkaline minerals
up to the year 2100, (roughly 2.9-8.5Gt of CO; per year), and he found that this process can

significantly reduce CO; emissions during the production of the related materials.

1.1.7 The Path to Reduced Costs and Emissions

Fabrication of CSL-WHA blocks presents an opportunity for cost reduction in construction, a
decrease in greenhouse gas emissions, and reduced energy input, contributing to the fight against
global warming. Lime, in particular, offers the flexibility to work with a wider range of natural
soils, eliminating the need for sand or quarry dust blending, which is often associated with cement.
This transition is even more compelling when considering the significant energy consumption and

CO; emissions associated with cement and lime production, as highlighted in Table 1.2.

Table 1.2: Comparison of carbon dioxide emission and energy required for production of 1

tonne of cement and lime (Alireza & Mohsen, 2020 and EulLA, 2019.)

Material CO; emissions (tonnes) Energy emission (GJ)
Cement 0.99 34
Lime 0.751 3.18

The complete re-use and biodegradability of these blocks at the end of their useful life in the

earth’s structure is also very important. Unfired earth blocks offer a significantly more sustainable
alternative to fired bricks, requiring substantially less embodied energy during production and
releasing up to 80% less carbon dioxide into the atmosphere. Thus, the use of eco-friendly binders
like Lime and WHA in manufacture of compressed soil blocks (CSB) minimizes CO, emissions

6



and its associated negative environmental impacts (Nagaraj et. al, 2014). Furthermore, as opposed
to fired earth blocks, unfired earth blocks have low production costs. A comparison of energy and
CO2 emissions between various block types underscores the benefits of compressed soil blocks
(CSBs) with binders, which emit significantly less CO» and require lower embodied energy for

production (Table 1.3).

Table 1.3: Embodied Energy and CO2 emission for various types of earth blocks (Source:
www.earth-auroville.com)

Type [nitial embodied energy Pollution emission (kg of
CO2) per m? of wall
er m® of wall

CSB 631 MJ/m? 56.79 kg/m’
Kiln fired block 2356 MJ/m? 230.06 kg/m?
Country fired block 6358 MJ/m? 547.30 kg/m?

In contrast to concrete and steel structures, which are expensive and require skilled labor, CSBs
offer an economical choice for construction. Their production involves simplicity and

affordability.

1.1.8 The Emergence of Lime and WHA

In recent decades, the combination of lime and locally sourced materials with pozzolanic
properties has gained traction for making compressed soil blocks (Nagaraj H. B., et al., 2014,
2016). Lime offers flexibility in soil selection and exhibits carbon-neutral properties during its life
cycle (Alavez-Ramirez et al.,, 2012). WHA is a promising pozzolanic compound with its
mineralogical composition comprising of reactive phases akin to cement (Table 1.1) hence can be
used as a replacement for cement (Das and Singh, 2016). The context of using WHA is beneficial

in terms of cost- efficiency, reduced greenhouse gas emissions, and improved insulation.


http://www.earth-auroville.com/

1.1.8 Characterization of the soil

(a) Granulometric analysis using sieve test method

A sieve analysis is a practice or procedure used to assess the particle size distribution (also called
gradation) of a granular material by allowing the material to pass through a series of sieves of
progressively smaller mesh size and weighing the amount of material that is stopped by each sieve
as a fraction of the whole mass. A typical sieve analysis involves a nested column of sieves with

wire mesh cloth (screen). The column of sieves is used in a mechanical shaker.

J
J
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=
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Figure 1.2: Mechanical shaker with a column of sieves used for sieve analysis (Source:

https://newarkwire.com/how-to-choose-the-right-test-sieve-shakers)

Poured into the top sieve, which has the greatest screen opening, is a representative weighed
sample. The apertures in each column's lower sieve are smaller than those in the upper sieve. The
receiver is a circular pan located at the base. Usually, the column is set up in a mechanical shaker.
The column is shaken by the shaker, usually for a predetermined period of time. The material on
the sieve is weighed when the shaking is finished. The mass of the sample of each sieve is then
divided by the total mass of the soil sample to give the percentage retained on each sieve. The soil
is then characterized as gravels, sand, clay and silt, depending on the diameters of the particles as
retained on the respective sieves. The results of this test are used to describe the properties of the
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aggregate and to see if it is appropriate for various civil engineering purposes.

(b) Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy (AAS) is a well-established analytical technique used for the
quantitative determination of metal elements in various matrices, including soils, industrial waste,
and construction materials. Developed in the mid-20th century, AAS has become a cornerstone
in environmental monitoring, geochemical analysis, and materials characterization due to its
precision, sensitivity, and elemental specificity (Visser, D., 2024).

The fundamental principle of AAS is based on the absorption of light by free atoms in the ground
state. When a sample is atomized, typically using a flame or graphite furnace, the atoms absorb
radiation at wavelengths unique to each element. The extent of absorption is directly proportional
to the concentration of the element in the sample, enabling accurate quantification even at trace
levels (Malhotra, 2023).

In the context of sustainable construction, particularly in the development and optimization of
compressed soil-lime blocks (CSL-WHA), AAS serves multiple critical function. It facilitates the
characterization of raw soil by identifying key metallic constituents, such as iron (Fe), calcium
(Ca), magnesium (Mg), and aluminum (Al), as well as aluminium oxide and silicon dioxide,
which influence pozzolanic reactions and binder performance. Additionally, AAS enables the
detection of potentially hazardous metals, including lead (Pb), cadmium (Cd), chromium (Cr),
and nickel (Ni), ensuring that materials meet environmental safety standards for residential and
public infrastructure applications.

The technique’s high sensitivity (often reaching parts per billion) and ability to selectively analyze
individual elements make it particularly suitable for evaluating the suitability of locally sourced
materials in resource-constrained settings. Moreover, AAS data can be integrated into broader
sustainability assessments, including life cycle analysis and carbon footprint evaluations, thereby

supporting evidence-based decision-making in eco-friendly construction practices.



Despite its advantages, AAS is limited to the analysis of metallic elements and requires careful
sample preparation, including acid digestion and calibration with certified standards. Nonetheless,
its robustness and reliability continue to make it a preferred method in both academic research
and industrial quality control.

In this study, AAS is employed to assess the elemental composition of soil samples intended for
use in CSL-WHA block production. The findings inform material selection, binder formulation,
and environmental compliance, contributing to the overarching goal of developing scalable,

carbon-neutral construction solutions.

1.1.9 Understanding the Acoustic Properties

CSL-WHA blocks are porous materials with specific acoustic parameters that govern sound
absorption and reduction indices. The primary factors influencing the sound absorption and sound
reduction indices are the viscous characteristic length, porosity, airflow resistivity, and tortuosity
(Allard and Atalla, 2009).

Air flow resistivity, (¢): The flow resistivity of porous material is defined as the ratio between the
pressure difference across a sample and the velocity of flow of air through that sample per unit
cube. Materials with low resistivity tend to transmit sound more easily, while those with higher
resistivity exhibit better sound absorption due to enhanced viscous damping. Understanding and
controlling airflow resistivity is therefore essential for designing multi- functional compressed
soil blocks that meet both structural and acoustic performance criteria. Studies by Ben Mansour
et al. (2016) and Ongwen & Alruqi (2023) have shown that airflow resistivity values between
15,000 and 35,000 Pa-s/m? strike a balance between acoustic damping and mechanical strength.
Porosity, (¢): Is a fraction of the volume of voids over the total volume (Allard and Atalla, 2009).
The acoustic porosity is the open porosity, meaning that only those pores that can be accessed
from the outside contribute to the porosity. Closed cells should not be taken into account, they

have only an effect on the apparent density and elasticity of the frame.
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=
where Vg is the volume of air saturating the material, excluding closed pores and V7 is the total
volume of the material.

Studies have consistently shown that the porosity range influences not only the airflow resistivity
and absorption coefficients but also the structural integrity of the blocks. Ben Mansour et al.
(2016) identified that CEBs fabricated under varying compaction pressures exhibit porosity
values between 0.25 and 0.35. Building on this, Ben Mansour et al. (2017) found that porosity
values between 0.26 and 0.34 yielded favorable acoustic absorption while ensuring a compressive
strength above 2 MPa. Earlier work by Adam and Jones (1995) corroborated this trend, observing
that stabilized blocks maintained effective thermal conductivity and structural performance at
porosity levels around 0.30. These findings highlight the importance of targeting a porosity range
of approximately 0.25 to 0.35 in sustainable construction applications, particularly where acoustic
absorption and structural performance must be optimized simultaneously.

Tortuosity, (): Is the ratio of actual flow path length to the straight distance between the ends of
the flow path. The classical tortuosity is given in equation 1.6 when the frame is saturated by an

1deal non viscous fluid.

o(ooz— 14

where p is the effective density of the porous medium, po is the density of air, and X« is the
classical tortuosity.

The micro geometry of the porous material determines the tortuosity. In engineered materials such
as compressed soil blocks, when stabilized with lime and cement a moderate tortuosity range has
been shown to support the dual objective of efficient sound attenuation and sufficient load bearing

capacity. Holtzer et. al 2023 observed that for simple microstructures, such as packed spheres and
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ellipsoids, the corresponding data points are in a narrow band close to and often slightly above the
Bruggeman trend line... typically <2.0, indicating that tortuosity values below 2 are characteristic
of well-structured porous systems. These findings substantiate the relevance of a target range
between 1.4 and 2.0, which aligns with empirical observations in stabilized CSBs and reflects an
optimal balance between acoustic permeability and material consolidation.

Viscous characteristic length, (A): Viscous characteristic length is a parameter related to the
effective density of the porous material and can be interpreted as representing viscous attenuation
caused by the movement of the air in narrow voids. Experimental studies have shown that CSBs
with A values between 80-150 um tend to strike a balance between acoustic absorption and
compressive strength (Brown et al., 1996). For example, Ben Mansour et al. (2016) recovered A
values in the range of 90—-130 um for blocks compacted at moderate pressure, correlating with
favorable transmission loss and structural integrity

Describing porous media acoustically necessitates consideration of 1 to 8 parameters, contingent
upon the material's microstructure. Among these, the static airflow resistivity (c) stands out as a
pivotal metric, particularly for acoustical porous materials characterized by high open porosities
(¢). Functioning as a key indicator of viscous losses and acoustic energy attenuation within the
low-frequency range, ¢ assumes paramount importance in this domain. Its significance lies in its
unique ability to encapsulate the delicate equilibrium between airflow and acoustic energy,

making it fundamental to understanding porous materials' behavior in acoustical contexts.

For acoustical porous materials boasting high open porosities ($), the static airflow resistivity (o)
takes precedence. It can be directly measured, with ISO 9053 (1991) providing a dedicated
standard for its assessment. Alternatively, it can be derived from the material's low-frequency
behavior, where viscous effects dominate all other influences.

In addition to porosity (¢), which can be directly measured, other acoustical parameters lack

standardized assessment methods. These parameters include the high-frequency limit of the
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dynamic tortuosity (the viscous characteristic length (A), the thermal characteristic length (A'),

the static thermal permeability (k) , and the low-frequency limits for the viscous and thermal
tortuosities (X, and o<’) Estimating the latter two parameters is particularly challenging, often
relying on model fitting to measurements (Panneton and Olny, 2006). In this study, we employed
methods based on the measuremgent of reflection and transmission coefficients at audible

frequencies in an impedance tube to estimate o, ¢, aw, k',, A, and A'.

1.1.10 Acoustical modelling in porous media

Within the realm of porous media studies, two primary scenarios often arise. When acoustic
attenuation stems from combined influences of the fluid and solid pgases, the Biot model serves as
the go-to framework for describing wave propagation within both mediums (Biot, 1956). This
model elucidates the emergence of two compressional waves and one rotational wave.

However, a more straightforward method using an equivalent fluid model is frequently used in
porous media saturated with air, where the solid structure can be thought of as inflexible and its
vibrations as insignificant. This model only considers the compressional wave propagation in the
fluid phase of the porous medium.

In order to faithfully represent the complex interaction between the solid and fluid structures
inside the pores, classical attributes such as compressibility and density are replaced with their
corresponding values. Visco-inertial and thermal fluid-structure interactions can be included with
this modification.

Various models have been developed to describe these exchanges comprehensively. Here, we
explore the intricacies of the most sophisticated models, delving deeper into their mechanisms and
implications.

a. The model of Johnson et al. for the dynamic tortuosity

Johnson et al. (1987) proposed a simple model describing the function a(w), which is the dynamic
tortuosity, when the porous structure is saturated with a Newtonian viscous fluid. This model can

be applied to the case of our porous structures saturated with air.
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Two model parameters, the tortuosity a. and the viscous characteristic length A are involved in

a high- frequency limit:

X () =K, <1 —%(L> 1/2> w — o 1.5

jwpg
wherej2 = —1, n is the dynamic viscosity of the fluid, w the angular frequency, ps the density of
the fluid. In the low frequency limit, the expression of the dynamic tortuosity in the frequency

domain is given by (Johnson et al., 1987):

ne

— w-0 1.6
prkojw

X (w) =—

where k, is the viscous permeability given by: k, = g (with the dimension of a surface), o is

the specific resistance passage of the fluid. The meaning of the quantities &, A, k, have been
given previously. Johnson et al. 1987 imply that these three geometric parameters provide
sufficient information about the microgeometry. The proposed general expression for < (w) is

then that of the simplest analytic function verifying these limits:

_ _ i _ M . _ WXepf __ 8koxXeo
X (w) =X, (1 T ’1 2]x> where x = o and M = e 1.7

b. The dynamic compressibility equivalent model

Given the importance of the solid part's heat capacity, a model akin to the prior one has been
established for the frequency dependence of thermal exchanges between the fluid and the
structure. The final result is a two-parameter model, referred to as A" and k' 0/¢, where A and kO
stand for the respective roles that viscous and thermal effects play. According to Allard and

Champoux (1991), B(w) behaves as follows in a high-frequency limit:

pw) =1- 2G50 1, W = o 1.8

where vy is the adiabatic constant and Pr is the number of Prandtl. As previously mentioned, this

trend suggests that the thickness of the thermal boundary layer decreases in relation to any
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characteristic radius of curvature of the interface. It is evident that the tortuosity &« for thermal
effects has no equivalent; at very high frequencies, B(®) tends to 1 as o(w) goes to the tortuosity
XKoo,

Lafarge et al. (1996) demonstrated that, at the low frequency limit:

flw) =y + —(y_rli:]z(opr, whenw —» 0 1.9

here k|, is a parameter similar to k,, but tailored to the thermal problem, has the same size (area)
0

as the Darcy permeability of ko. The general formula for f(®) that has been suggested is one of
the most basic analytic function that satisfies the limits of 1.8 and 1.9.

wpszl)Pr 8kl

e

B(w) =y —ly;llehere x' = and M' = 1.10

=512 I*

the parameter k/, introduced by Lafarge et. al 1997 termed, by analogy with viscous permeability,

thermal permeability.

¢. Model extensions by Pride and Lafarge

Johnson et al. 1987 development in high frequency for the tortuosity dynamics ends with the

term L, A second correction term ]lw , was presented by Pride et al. in 1993. The dynamic

Ny

tortuosity’s asymptotic expansion is currently expressed as follows:

oc(w)=°<oo<1—%< 9 )—mu_‘o));w—wo 111

jwpy Jwpfy

The Pride parameter, £, is a dimensionless geometrical parameter that is linked to a correction

term, o, which functions as the fluid's inertia at low frequencies;

M _ 8kopXoo
p - 4(&_1) - ¢A2
Xoo

Below is the expansion of dynamic tortuosity at low frequency;

___ne
* (@) = ==~ + %, w-0 1.12
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The updated formulation of the analytic function, which incorporates the advancements of (1.13)

and (1.14), is as follows:

oc(w):ocoo(1—jix(1—go+go 1—;”?jx)) 1.13
The value of g is dependent on the geometry of the pores; for instance, it can be demonstrated
that o = 3 / 4 in the case of circular-section cylindrical pores. For rectangular parts, values near

3 / 4 are obtained.

Similar formulation for the dynamic thermal compressibility was presented by Lafarge (1996),
who corrected the Allard and Champoux model for higher frequencies and included a

dimensionless parameter . Subsequently, the dynamic compressibility expression is provided by:

Blw)=1—-(—1) I’%<\/”I”f>< jiw>+(pfljw).((1‘,fz')¢—%)l w- o 114

The fluid’s low-frequency thermal inertia is described by ;, , the thermal equivalent of «, and

is related to the parameter 0":

The dynamic compressibility’s general expression is given by:

ﬁ(w)=y—(y—1>/[1—j%(1—so'+so' /1—;;fzjx'>] BE

It can be observed that when o = 1 and ' = 1, the Pride and Lafarge models are narrowed down

to those of Johnson and Allard.
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1.1.11 Knowledge gap
Despite the rising interest in utilizing Water Hyacinth Ash (WHA) as an alternative to Ordinary

Portland Cement (OPC), the existing literature lacks evidence regarding its effectiveness as a
binder when combined with lime to create Compressed Soil Blocks (CSBs) meeting the necessary
acoustical standards in construction practices.

Moreover, while lime can be used in conjunction with cement, it is crucial to acknowledge that
cement, from an environmental perspective, is unsustainable. Therefore, exploring the potential of
lime in combination with a locally available eco-friendly cementitious material like WHA for the
production of construction blocks is not only pertinent but also aligns with sustainable practices.
This research avenue holds promise for both environmental conservation and the development of

acoustically viable construction materials.

1.2 Statement of the problem

In the face of escalating global concerns about sustainable construction practices, the urgent need
to curtail greenhouse gas emissions has taken center stage. Cement, as the predominant
construction material, not only incurs high production costs but also poses severe environmental
challenges. Its production, notorious for emitting significant amounts of CO, exacerbates the
menace of global warming. A staggering 0.99 tonnes of CO, are generated per tonne of cement
produced; a fact underscored by the high-temperature processes required for clinker formation.
The consequence is a substantial release of CO; into the atmosphere, contributing significantly
to climate change.

The environmental quandary is compounded by the inherent inefficiency of cement-based walls.
Lacking porosity, these walls fail to offer optimal thermal and acoustic insulation, demanding
higher energy consumption for climate control. To mitigate construction costs, energy usage, and
COz emissions, a growing trend involves mixing of Portland cement (OPC) with pozzolanic

elements that can be found locally, like Water Hyacinth Ash (WHA), or replacing it entirely with
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more energy-efficient binders like hydrated lime. This has led to the development of Compressed
Stabilized Lime-Water Hyacinth Ash (CSL-WHA) blocks, representing a promising eco-friendly
alternative.

However, the challenge lies in ensuring these innovative construction materials meet the trifecta
of requirements: structural integrity, thermal efficiency, and acoustic performance. While
numerous studies have delved into the mechanical and thermal properties of these blocks; the
acoustical aspects have been significantly overlooked. This gap in research emphasizes the
pressing need to delve into the intrinsic acoustic parameters, particularly focusing on sound
absorption and sound reduction index, of the compressed CSL-WHA blocks. By identifying and
understanding these acoustic properties, we can bridge the existing knowledge gap, paving the
way for the development of construction materials that are not only cost-effective and eco-friendly
but also proficient in meeting the essential acoustical standards, thus ensuring a comprehensive
solution for sustainable construction practices.

1.3 Objectives of the study

1.3.1 General Objective

To comprehensively investigate the acoustical properties of compressed soil blocks with a

binder mixture of lime and water hyacinth ash (CSL-WHA blocks).

1.3.2 Specific Objectives

i. To fabricate compressed earth blocks using a binder mixture of lime and water hyacinth ash,
ensuring uniformity and structural integrity.

ii. To evaluate the acoustical properties of CSL-WHA blocks by recovering key
parameters, porosity, through inverse modeling of transmission data.

iii. To assess how binder ratios (lime vs. WHA) influence acoustic properties of CSL- WHA
blocks.

iv. To examine effect of compaction pressure on the acoustic properties of the blocks.

18



1.4 Research questions

i.  How accurately does acoustic modeling retrieve the intrinsic acoustical parameters of
CSL-WHA blocks?

ii.  To what extent do CSL-WHA blocks meet established acoustical requirements for
construction materials?"

iii.  What is the impact of variations in compaction pressure on the acoustic behavior of CSL-

WHA blocks?

1.5 Justification of the study

The imperatives of sustainable construction and the burgeoning environmental concerns
associated with the construction industry highlight the critical need for innovative solutions.
Compressed Soil Blocks (CSBs) stabilized by lime and WHA represent a significant stride in the
direction of sustainable construction practices. However, optimizing their acoustic properties is a
crucial frontier. By comprehensively understanding and enhancing the acoustical attributes of
CSBs, we not only bolster energy efficiency but also foster environmentally friendly construction

methodologies.

1. Advancing Energy Efficiency
A profound comprehension of the acoustic properties of CSBs equips us with the knowledge to
enhance their energy efficiency. By optimizing sound absorption and sound reduction capabilities,
these blocks can contribute to an environment that demands reduced energy consumption for

climate control and create spaces characterized by acoustic comfort.

i1. Environmentally Friendly Construction
The study serves as a pivotal bridge between construction innovation and environmental
preservation. By refining the acoustical properties of CSBs, we pave the way for construction
practices that are not just eco-conscious but also technologically sophisticated. Such

advancements align construction methodologies with the urgent global need for sustainable,
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environmentally friendly practices.

1. Reduction in Greenhouse Gas Emissions

A holistic understanding of the acoustical nuances of CSBs offers a unique opportunity to reduce
greenhouse gas emissions. By creating more efficient sound absorption materials, there is a
direct impact on the demand for insulation, potentially leading to a decrease in the production
and utilization of high-emission materials. This, in turn, aids in reducing the carbon footprint
associated with traditional construction methods.

il. Lowering Construction Costs

Beyond its environmental implications, optimizing the acoustic properties of CSBs has profound
economic ramifications. Construction costs can be significantly lowered by developing materials
that offer superior acoustic insulation, potentially reducing the need for additional soundproofing
measures. This economic efficiency ensures that sustainable construction practices are not just
environmentally viable but also financially practical.

iil. Mitigating the Impact of Water Hyacinth:

The study’s findings extend beyond construction efficiency; they hold the potential to mitigate the
environmental impact of water hyacinth. By harnessing this abundant yet challenging resource,
we not only develop sustainable construction materials but also contribute to the mitigation of
water hyacinth proliferation, addressing a pressing ecological concern at the same time.

iv. Enhancing Multi-Capable Materials:

The study contributes to the development of multi-capable materials crucial for modern
construction demands. Acoustic optimization of CSBs enhances their versatility, making them
invaluable in various construction scenarios. This adaptability is pivotal in addressing the diverse
needs of contemporary architectural designs and construction projects.

In essence, this study is not merely an academic pursuit; it's a proactive step towards reshaping

the future of construction. By delving into the intricate acoustical properties of CSBs, we forge a
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path toward construction practices that are not only technologically advanced but also deeply
considerate of the environment, paving the way for a sustainable and harmonious coexistence with

our surroundings.

1.6 Significance of the study

The implications of this study extend far beyond the realms of construction; they resonate with
crucial global concerns and have the potential to drive transformative change.

1. Environmental Impact and Greenhouse Gas Reduction:

The findings of this study stand as a beacon of hope in the battle against greenhouse gases. Cement
production, notorious for its significant carbon dioxide emissions, can be mitigated through the
adoption of CSL-WHA blocks. By justifying the replacement of cement with lime and WHA, this
research paves the way for a significant reduction in CO, emissions, aligning construction
practices with environmental preservation efforts.

ii. Energy Efficiency and Climate Control:

CSL-WHA blocks, with their low thermal conductivity, act as natural insulators, creating spaces
that are naturally warmer in winter and cooler in summer. This intrinsic property reduces the
energy demand for internal climate control systems. The study’s insights not only contribute to
energy efficiency but also promote sustainable living environments, fostering a balance between
human comfort and ecological responsibility.

1il. Sustainable and Economic Construction Solutions

By showcasing the viability of construction blocks made from soil, lime, and WHA, this study
offers a sustainable alternative. The abundant availability of soil, coupled with the energy-efficient
production of lime and WHA, translates into economically friendly construction solutions. The
study's outcomes empower the construction industry to embrace materials that are not only cost-
effective but also environmentally sound, setting a new standard for sustainable building

practices.
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v. Mitigating Water Hyacinth Challenges:

Water hyacinth, a persistent ecological problem, finds an unexpected solution in CSL-WHA
blocks. By utilizing water hyacinth as a core component of construction materials, this study
provides a tangible way to mitigate its multifaceted challenges. From preserving biodiversity to
ensuring human and aquatic species' safety, the integration of water hyacinth in construction
materials promises a holistic approach to reducing its adverse effects.

V. Resistance and Versatility

CSL-WHA blocks exhibit exceptional resistance. They are mold, insect, fire, and rodent-resistant,
enhancing the longevity of constructions and reducing maintenance costs. Furthermore, their
versatility allows them to be adapted to diverse architectural designs and construction needs,
opening the door for innovative and resilient building solutions.

In essence, this study transcends the boundaries of conventional research. It emerges as a catalyst
for a sustainable future, where construction practices are not just economically viable but also
environmentally conscious. By addressing climate change, promoting energy efficiency,
providing economical alternatives, and mitigating ecological challenges, the findings of this study
usher in a new era of construction, one where harmony with nature is not just an ideal but a
tangible reality.

1.7 Assumptions of the study

In delineating the scope of this study, several foundational assumptions are made to structure the
research methodologies and analyses. These assumptions serve as essential guidelines while
recognizing the complexities inherent in acoustical studies:

1. Material Homogeneity

The study assumes a consistent material composition within the specimens, considering CSL-
WHA blocks as porous mediums. Acknowledging real-world material complexities, this

assumption provides a fundamental framework for analysis, allowing for focused investigations

into the acoustical behaviors of the porous structure.
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1. Constant Sound Intensity

The study operates under the premise of a consistent sound intensity throughout the
experimentation, a necessary simplification for controlled analysis. While recognizing the
dynamic nature of real-world sound scenarios, this assumption establishes a foundational
baseline. Future research endeavors may explore nuanced variations in sound intensity, enhancing
our understanding of diverse acoustic environments.

iii. Wave Propagation in Fluid and Porous Medium

The study considers wave propagation both in the fluid medium and within the porous structure
of CSL-WHA blocks. The propagation model employed adopts an equivalent fluid medium
approach, incorporating the Johnson-Champouc-Allard- Lafarge models to account for viscous
and thermal effects. This assumption allows for in-depth exploration of acoustical interactions
within the complex fluid-porous medium system, offering insights into the interplay of waves in
diverse mediums.

By embracing these assumptions, the study navigates the intricate landscape of acoustical
phenomena within porous mediums. However, it remains vital to critically assess these
assumptions, encouraging ongoing research to refine models, incorporate real-world

complexities, and deepen our understanding of acoustical behaviors in multifaceted environments.

1.8 Limitations of the study

In the pursuit of scientific rigor, this study recognizes several inherent limitations that shape the
scope and interpretation of the research findings:

1. Low-Frequency Testing Accuracy

The waveguide's effective frequency range (18.8-2467.4 Hz) constrained data acquisition below
18.8 Hz, hence diminishing the precision of acoustic characterization in the low-frequency
spectrum, particularly for viscous and thermal interactions. The effect of this constraint was
decreased by the use of enhanced multi-taper spectral estimation to better resolve low-frequency

behavior.
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il. Waveguide Vibrations

The study acknowledges the potential influence of vibrations within the waveguide structure.
Whether stemming from external sources or internal mechanisms, these vibrations can introduce
noise and distortions in the data. To minimize these effects, the experiment was carried out in a
quiet environment to isolate external acoustic noise. In addition, a stiffer waveguide was used to
help minimize self-noise.

iil. Boundary Conditions

The study operates within defined boundary conditions, essential for controlled experimentation.
However, these boundaries inherently limit the applicability of the findings to specific contexts.
Variations in real-world scenarios might introduce additional complexities not accounted for
within the study's confined boundaries, necessitating cautious extrapolation of the results. To
minimize this, a finite element acoustic model was used to simulate the acoustic environment.

1v. Signal degradation at high compaction pressures.

Highly compressed blocks produce weak acoustic signals, complicating the reliable retrieval of
high-frequency parameters. This effect was minimized by the use of a highly sensitive
microphone, applying a pre-amplification technique. The compaction regime was also adjusted to
remain within optimal acoustic ranges for reliable parameter identification.

By transparently acknowledging these limitations, the study maintains scientific integrity and
provides a foundation for future research. These constraints, while posing challenges, also serve
as catalysts for innovative solutions, urging the scientific community to explore methodologies

that surmount these limitations and expand the horizons of acoustical research.
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1.9 Scope of the study

This study explored and analyzed the acoustic performance of compressed earth blocks made with

a binder mixture of lime and water hyacinth ash (CSL-WHA blocks). The scope includes:

1.

ii.

iii.

1v.

Development and Manufacturing: The study encompassed the creation of CSL-WHA
blocks, focusing on achieving uniformity and structural integrity in the blocks through the
use of a binder mixture of lime and water hyacinth ash.

Evaluation of Acoustical Properties: The research involved a thorough evaluation of the
acoustical properties of CSL-WHA blocks. Key characteristics such as porosity, tortuosity,
viscous characteristic length, and airflow resistivity were assessed to understand the
acoustic performance of the blocks.

Binder Concentration Effects: The impact of varying concentrations of lime and water

hyacinth ash on the acoustical properties was investigated.

Compaction Pressure Analysis: The study analyzed the effects of different compaction

pressures on the acoustic properties of CSL-WHA blocks.

Generally, the study provides insights into how the formulation and production parameters of

CSL-WHA blocks influence their acoustic performance, contributing to the optimization of these

blocks for construction applications.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This chapter highlights various issues and research relevant to the study. It entails: water hyacinth
ash as a pozzolanic material, lime as a binder in compressed soil blocks, acoustic damping and

characterization of air-saturated materials, and the inverse identification of acoustic parameters.

2.2 Water Hyacinth as a pozzolanic material

The growing consciousness surrounding sustainable construction practices has spurred the
adoption of environmentally and economically sound materials. This trend is driven not only by
a desire to preserve natural resources but also by the imperative to mitigate the environmental
impact of traditional construction materials such as cement. Cement production, notorious for its
heavy consumption of natural resources and emission of toxic gases, is a significant contributor
to global carbon dioxide emissions, accounting for approximately 7% of human-induced CO,
emissions annually (Langaroudi & Mohammadi, 2018). In response, researchers are actively
seeking alternative materials with pozzolanic properties to substitute for cement in concrete and
soil block production, aiming to reduce the carbon footprint of construction activities.

Among these alternatives, water hyacinth ash (WHA) has attracted attention due to its abundance,
low cost, and promising pozzolanic properties, characterized by high silica and calcium oxide
content. Its potential to partially replace cement has been explored by Roychand et al. (2021), who
demonstrated that WHA-enhanced concrete mixes offered improvements in environmental
sustainability and reductions in embodied energy, paving the way for eco-friendly construction
technologies.

Abana et al. (2021) delved into the potential of pulverized water hyacinth as an admixture for
concrete, focusing on its impact on setting time and compressive strength. By manually
pulverizing dried water hyacinth and incorporating it into concrete mixtures at varying

percentages, they observed intriguing effects on both setting time and compressive strength. Notably, their
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findings align with previous research indicating that WHA can alter the water absorption characteristics
of concrete, thereby influencing setting time (Goel and Kalamdhad, 2018). Furthermore, the study revealed
that the addition of pulverized WH can either accelerate or retard setting time depending on the
concentration employed, underscoring the need for further investigation into optimal blending ratios.
While these studies evaluate mechanical properties, they do not extend their scope to acoustic
characterization, leaving a gap in understanding how binder concentration affects sound transmission and
absorption, one of the core objectives of this study.

Similarly, studies by Murugesh and Balasundaran (2017) and Das and Singh (2016) have explored
the use of WHA as a partial replacement for cement in concrete formulations. These investigations
have highlighted the potential of WHA to enhance compressive strength while offering insights
into its effects on workability and setting time. Additionally, Das and Singh (2016) conducted
comprehensive analyses of WHA properties, including chemical composition, particle size, and
water absorption, to assess its pozzolanic activity and compatibility with cementitious materials.

Water absorption was calculated as a percentage of initial mass;
Water absorption (%) = BA%A %X 100, 2.1

where A is the dry weight of the mortars and B is the wet weight of the mortars taken having
submerged them in water for twenty-four hours. In order to gauge the mortar cubes' capillary
suction when they come into contact with water, sorptivity was used. An electronic balance

was used to take masses every 120 minutes at a height of approximately 5 mm above the base of

the cubes. The sorptivity coefficient was calculated from the equation:

Q _
= SVt 22

where t is the elapsed time, A is the specimen's surface area through which water penetrated, S is

its sorptivity coefficient, p is the density of water, and Q is the amount of water absorbed. Their
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findings revealed that WHA reduces sorptivity and moisture ingress, enhancing resistance in
aggressive environments. These features, lower water uptake and increased porosity, may also
hold implications for acoustic damping. However, WHA’s behavior in terms of sound
transmission, particularly in porous media like compressed soil blocks, remains largely
unexamined.

Moreover, existing literature focuses almost exclusively on WHA paired with cement. The
combination of WHA and lime, which offers carbon neutrality and compatibility with natural
soils, has not been explored in acoustic contexts. This thesis addresses that gap by developing
compressed soil blocks stabilized with WHA-lime binders and recovering intrinsic acoustical
parameters such as porosity, tortuosity, airflow resistivity, and characteristic lengths through
inverse modeling.

Another critical dimension absent from previous work is the influence of compaction pressure on
WHA-modified blocks. Since pore structure and density directly affect acoustic performance,
evaluating compaction regimes is essential. This study examines how varying compaction
pressure interacts with binder concentration to steer the microgeometry of the porous matrix and
tailor sound transmission characteristics.

In summary, WHA stands out as a renewable binder with ecological and structural promise. Yet,
its role in acoustically viable and sustainable construction remains underexplored, particularly
when combined with lime and optimized through controlled compaction. This

research, therefore, contributes new knowledge by characterizing the acoustical behavior of CSL-

WHA blocks and guiding material design for low-carbon, sound-efficient housing.
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2.3 Lime as a binder in compressed soil blocks (CSBs)

Lime has long served as an effective stabilizer in compressed soil blocks (CSBs), enhancing
durability, plasticity control, and compressive strength. According to Bell (1996), lime initiates
cation exchange with clay particles, neutralizing surface charges and causing flocculation—a
process that binds soil minerals into larger aggregates. This transformation decreases plasticity,
improves workability, and alters pore structures critical to both mechanical and acoustic behavior.
Multiple studies have explored optimal lime concentrations across diverse soil profiles. Alavez-
Ramirez et al. (2012) achieved 16.5 MPa compressive strength with 10% lime in sandy soils, while
Guettala et al. (2002) reached up to 15 MPa in clay-sand mixtures. Raheem et al. (2010) and
Akpokodje (1985) proposed ideal lime ranges from 6% to 12%, confirming lime’s versatility
across soil types. Bogas et al. (2018) further supported this concentration band for optimal long-
term performance.

Hybrid formulations combining cement and lime have demonstrated structural advantages.
Nagaraj et al. (2014) and Malkanthi et al. (2020) reported increased strength when lime (5— 10%)
was partially replaced with cement (3—7%), surpassing minimum standards (SLS 1382) that
neither binder alone could achieve. These results suggest a synergistic interaction where lime
reinforces clay fractions and cement secures sandy matrices.

However, despite widespread investigation into compressive behavior, lime’s influence on
acoustical properties, especially in porous media, is sparsely documented. The chemical reactions
it initiates (e.g. formation of calcium silicate and aluminate hydrates) affect pore connectivity and
density, which are intimately tied to airflow resistivity, tortuosity, and sound

absorption. Yet no studies evaluate how lime concentration or compaction pressure alters these
intrinsic acoustic parameters.

From an environmental standpoint, lime presents compelling advantages over cement. Its

production yields less CO- (0.75 tonnes vs. cement’s 0.99 per tonne) and requires lower energy
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input (EuLA, 2019). Moreover, carbonation reactions with atmospheric CO. offer partial
sequestration benefits, contributing to a more carbon-neutral lifecycle.

In summary, the existing studies focused almost entirely on mechanical outcomes, leaving lime’s
influence on acoustical properties and microstructure underexplored, especially when paired with
WHA and subjected to varying compaction pressure. This thesis extends the conversation by
investigating lime’s pairing with WHA, a bio-based pozzolan with promising ecological
credentials, and evaluating how compaction pressure steers microstructural acoustical behavior.
By retrieving acoustic coefficients via inverse modeling, the study offers new insights into
optimizing sustainable CSBs that are not only structurally sound but also acoustically efficient

for low-energy, climate-responsive housing.

2.4 Acoustic energy attenuation and characterization of air-saturated materials

The propagation and attenuation of sound in porous materials are governed by complex
interactions between the saturating fluid (usually air) and the solid frame of the medium. These
interactions, primarily inertial, viscous, and thermal, occur over varying relaxation times
depending on the frequency and temporal characteristics of the acoustic excitation (Johnson,
Koplik, & Dashen, 1987). In high-frequency regimes, they are modeled using causal integro-
differential operators that behave as fractional derivatives in the time domain (Fellah & Depollier,
2000), while in low-frequency domains, parameters such as tortuosity, viscous permeability,
thermal permeability, and porosity dominate the response (Lafarge, 1993). Among these,
porosity stands out as a key descriptor influencing all forms of energy dissipation and is central to
understanding both acoustic and mechanical behavior in porous blocks.

To capture these properties, contemporary studies employ inverse modeling frameworks that
recover acoustic parameters from experimental wave transmission data. A seminal example is
Mansour et al. (2016), who characterized compressed earth blocks (CEBs) using guided low-
frequency acoustic waves (60-6000 Hz) in a 22-meter waveguide. Their approach involved

solving an inverse problem where the transmission coefficients recorded across samples were
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compared against simulations using the Johnson-Champoux-Allard-Lafarge (JCAL) model—
assuming the soil matrix behaved as a rigid frame. Retrieved parameters included porosity,
airflow resistivity, tortuosity, and both viscous and thermal characteristic lengths.

Mansour et al.'s 2016 findings revealed that compaction pressure significantly influenced acoustic
transmission, with higher pressure resulting in reduced porosity and increased airflow resistivity.
However, at very high compaction levels, signal degradation occurred due to excessive material
density and low permeability, leading to poor signal-to-noise ratios that made some acoustic
parameters difficult to retrieve accurately. Their study was limited to cement-stabilized blocks
and maintained fixed binder concentrations, offering minimal insight into binder variability or
alternative stabilizers. Despite its methodological rigor, the study leaves several critical gaps that
this thesis addresses. First, it does not consider eco-friendly binders like lime or water hyacinth
ash (WHA), whose chemical and structural behaviors differ markedly from cement. Secondly, it
fails to investigate how varying binder concentrations influence microstructure and acoustic
attenuation. Lastly, while compaction pressure is treated as a variable, its interaction with binder
type and content remains unexamined.

Building on Mansour et al.'s 2016 framework, this study applies equivalent fluid models to CSL-
WHA blocks, investigating how binder ratios and compaction pressure jointly shape the acoustic
transmission behavior of compressed blocks. Using custom inverse modeling algorithms
developed in Julia, the transmission coefficient data are fitted against simulated outcomes to
recover intrinsic parameters such as tortuosity, viscous characteristic length, and thermal
permeability. By doing so, this thesis contributes new knowledge on how sustainable binder
systems affect both the physical and acoustical viability of compressed earth blocks, enhancing

their potential for climate-resilient, low-emission housing.

2.5 The inverse identification

Inverse identification refers to the process of matching experimental measurements, such as

transmission coefficients, with the output of an acoustic model to recover intrinsic material
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parameters. This approach is particularly effective for porous media, where direct measurement of
certain properties is either destructive, complex, or unreliable. Following standards established
by Bolton and Hong (2009), inverse characterization techniques typically employ impedance
tubes or waveguides to extract acoustical properties from porous samples.

The Johnson—Champoux—Allard—Lafarge (JCAL) model provides a robust framework for
characterizing air-saturated porous materials. It defines six key parameters: porosity (¢), airflow
resistivity (o), tortuosity (aoo), viscous characteristic length (A), thermal characteristic length (A”),
and thermal permeability (ko). While porosity and resistivity can be measured directly, the
remaining parameters are best retrieved through inverse modeling. Zielinski (2015) proposed a
method using surface impedance measurements with varying air gaps, enabling simultaneous
recovery of these parameters through optimization algorithms (Lafarge et al., 2018).

In this study, inverse identification was applied to Soil-Lime—WHA blocks, using an equivalent
fluid model to simulate wave propagation in the porous medium. The assumption of a light
saturating fluid (air) is valid given the open-pore structure of compressed soil blocks. Transmission
coefficients were measured using an impedance tube, and the Julia programming language was
employed to simulate the model and perform parameter optimization. The cost function,
representing the discrepancy between measured and simulated transmission data, was minimized
to extract the optimal values of the six acoustic parameters.

This approach allows for the non-destructive recovery of tortuosity, characteristic lengths, and
permeability, which are critical for modeling sound absorption and transmission in sustainable
construction materials. By applying this method to CSL-WHA blocks, the study extends existing
inverse modeling frameworks to eco-friendly binders and explores how binder concentration and
compaction pressure influence acoustic behavior, an area previously not addressed in the

literature.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Introduction

This chapter outlines the research design, testing methodology for analyzing the soil, processing
of the WHA, mix proportions, production of test blocks, and acoustic characterization of the
obtained blocks. It is a systematic series of procedures which ended up with the retrieval of the
six-acoustic parameters ( ¢, 0, @w, A, k', A") from the measured transmyission coefficient using an
equivalent fluid material model of a porous CSL-WHA slab in an impedance tube. Because a light
fluid is saturated in the porous compressed CSL-WHA blocks, the fluid model which is an

approximation is justified in this case.

3.2 Research design

The study for potential use of a mixture of lime and WHA as a binder in the fabrication of CSBs

was conducted systematically through a series of experiments as shown in figure 3.1.

RESEARCH PROJECT
Y
Y
Y Obtaining soil and sieving
Processing WHA Obtaining lime | | to remove foreign material

and air drying
Y

Performing sieve test and AAS to
determine suitability for
stabilization

Y

Mixing the soil, lime, WHA, water in their respective ratios

Y
Making the CSL-WHA cylindrical

blocks and curing
Y

Performing acoustical characterization

Figure 3.1: Research framework for fabrication and acoustic characterization of CSL-WHA
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3.3 Raw materials

The materials used in making of the blocks are: natural site soil, lime, WHA and water.

The soil was obtained from Mayenje Ward, Matayos Sub- County in Busia County (Kenya) and
then air-dried. A sieve test (ASTM D422-63, 2007) was performed on the soil sample in order to
determine its grain size distribution. Using the information obtained from the sieve test, the soil
was classified using the process provided by Unified Soil Classification System- USCS (ASTM
D2487, 2000). A typical commercial class A lime that complies with the requirements of the
specification (ASTM C110-20, 2020) was used as testing lime. The soil was further subjected to
atomic absorption spectroscopy (AAS) to determine whether its elemental composition supports
stabilization.

Water hyacinth (WH) used was collected from Dunga Beach (Kisumu) in Kisumu County. Fresh
WH stems were thoroughly washed with clean water to get rid of debris and impurities, cut into
2-inch pieces using a sharp table knife and sundried for two weeks. The dried WH stem were
thereafter incinerated in an incinerator at 800°C for six hours in order to convert the organic matter
into inorganic substance, and then ground using a laboratory scale ball mill for 30 minutes (Das
& Singh, 2016). The ground WHA were finally passed through a 150-micron sieve as per IS:
1727-1967 to obtain the final WHA with fineness similar to that of OPC (Murugesh &

Balasundaram, 2017).
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@
Figure 3.2: (a) Fresh cut WH stems (b) The final WHA, ready for use; (¢) The final sieved

soil, ready for use; and (d) The prepared lime

3.4 Mix-proportions for soil, lime, WHA and water

A total of 16 mixtures designated M-1 to M-16, were prepared for fabrication of the CSL-WHA

blocks. The material proportions used in the design mixes were as in Table 3.1;

Table 3.1: Mix-proportions for soil, lime, WHA and water

Constituent Water (% mass of Replicates

Mix- Pressure Material constituent

designation (Bars) (% by mass) material

Soil [Lime WHA

M-1 25 90 |10 0 30 4
M-2 25 90 [7 3 25 4
M-3 25 90 |5 5 40 4
M-4 25 90 3 7 30 4
M-5 50 90 |10 0 30 4
M-6 50 90 |7 3 25 4
M-7 50 90 |5 5 40 4
M-8 50 90 3 7 30 4
M-9 75 90 |10 0 30 4
M-10 75 00 |7 3 25 4
M-11 75 90 |5 S 30 4
M-12 75 90 3 7 30 4
M-13 100 90 |10 0 25 4
M-14 100 90 [7 3 40 4
M-15 100 90 |5 5 30 4
M-16 100 90 3 7 30 4
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Blocks with 10% lime and 0% WHA served as the control mix. This allowed benchmarking on
how WHA additions affected acoustic transmission and microstructure. Studies have shown that
10% lime yields optimal mechanical performance across soil types (Bogas et al., 2018; Guettala
et al., 2002) and that mixes above 10% reduce workability (Nagaraj et al., 2014).

The use of 90% soil was a strategic choice rooted in sustainability, structural adequacy, and
acoustic enhancement. Soil serves as the primary matrix, offering low embodied energy and local
availability. The 90:10 ratio of soil to binder ensures optimal material synergy, balancing

mechanical performance with eco-efficiency, as supported by studies such as Alavez-Ramirez et al. (2012)
and Nagaraj et al. (2014), which confirm that low lime content can yield durable, sustainable construction

materials.

3.5 Preparation of the CSL-WHA blocks

The soil was sieved through an 8 mm aperture size sieve prior to the manufacture of the CSBs so
as to retain particles whose sizes were less than 8 mm. The sieved soil was then oven-heated at 105
C for 24 hours. The dried soil was then mechanically mixed with lime and WHA in various
designated ratios, after which water was added and the mixing continued until the mixture became
homogeneous (Mansour et. al., 2016). The volume of water added was determined using the drop
test (Ipinge,2012).

The mixture was then compacted in a cylindrical mold of internal diameter 76mm so that it just fits
exactly across the cross-section of the waveguide and a height of 20mm for them to be easily
characterized in a low frequency regime. The pressing was done using a hydraulic press
(Hydraform, model number M7TWIND, South Africa). Four replicates for each mix proportion
designated M-1 to M-16 were made (Table 3.1). After compaction, the CSL-WHA blocks were
cured for a period of 28 days under plastic sheeting for them to gain adequate mechanical

strength for use in acoustic characterization. Figure 3.3c shows the prepared CSL-WHA samples.
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©
Figure 3.3: (a) Mobile hydra-form block making machine (image taken at Busia County,

department of housing); (b) Fabricated cylindrical mould for making CSL-WHA sample
slabs; (c) The prepared CSL-WHA sample slabs for tests.

3.6 Acoustic characterization of the CSL-WHA block

The measurement of the acoustic transmission coefficient was performed using a waveguide of
length 18 m and an internal diameter of 0.076 m. The cylindrical CSB-WHA samples made to fit
exactly into the cross-section of the waveguide were inserted 3 m downstream of the acoustic
source, one at a time. The edges of the samples were sealed using a black tape. An omnidirectional
microphone with an integrated preamplifier was placed 12 m downstream of the pipe from the
acoustic source (9 m from the CSB-WHA sample) in order to capture both the incident and the
transmitted signals. The useful frequency range of the waveguide was 18.8 - 2,467.4 Hz, which

was calculated according to the formula (Ogam, et. al, 2021):

v 1.8412v
=i fu= 3.1

2nr

where v is the speed of sound in the fluid (air in this case, which was taken as 320 m/s), 1 is the
length of the pipe, r is the radius of the pipe, f1 is the low cut-off frequency of the waveguide and

fu is the high cut-off frequency of the waveguide. A transient sound wave was then
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generated in the waveguide by a ribbon loud speaker (VIAWAVE SRT-7, SN 32237,
Petrozavodsk, Russia), which was in turn connected to a signal generator (Thurlby Thandar TG
210 function generator, Huntingdon. Cambs UK). The generator was programmed to produce a
Heaviside signal (step function). The acoustic leakage between the edges of the samples and the
pipe walls due to the sample not being perfectly circular was prevented using putty (brand and
address). The incident signal was captured before inserting the specimen (sample CSL-WHA
blocks), while the transmitted signal was captured with the specimen fitted into the waveguide. The
response signals obtained was then digitized using a digital storage oscilloscope from pico
technology (picoscope 4262, United Kingdom), with a maximum frequency of 5 MHz and a bit

rate of 16 bits, connected to the microphone (Figure 3.4).
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Figure 3.4: The experimental set up for the acoustic measurement of transmission coefficient

of the samples

Exploitation of the data and simulation of the model was realized using the Julia programming
language (Bezanson, Karpinski, Shah, and Edelman (2012). The transmission coefficient was
obtained through the computation of the transfer function between the incident and transmitted
signals. The transfer function Tr(f) is computed from the quotient of cross power spectral density
St of the incident (Pi(t)) and transmitted (Pr(t)) acoustic pressure and the power

spectral density (Si7 of Pi(t)) (Ogam, Fellah, Ongwen and Oduor, 2021):
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Figure 3.5: (a) Coiled waveguide (b) Ribbon loud speaker (c) Signal generator (d) Sub-
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3.7 Solution of the inverse problem for the determination of acoustical parameters

The analytical expression of the transmission coefficient for a porous rigid frame plate of infinite
dimensions in the frequency domain considered in this work was derived from an earlier study by

Mansour et al. (2016) from the wave propagation equation. The equation is given by:

EFM — 2¢xr
T (w) = j(x2+¢2) sin (ke;d)+2x:¢ cos (k1 d)’ 3.3
where TEFM is the equivalent fluid model (EFM) transmission coefficient, K¢ = w/cs is the

wavenumber and c¢ is the wave velocity in the fluid, k; is the wave number in the porous layer

(kl(o)) =w ’W), X. = p1C; is the characteristic specific acoustic impedance of the
f
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porous medium (¢, is the wave velocity), X = prcy is that of free air, X, = X./Xs is their ratio, and
d = AL is the thickness.

The coefficient a(w)y(w) is the refractive index of the medium that changes the wave velocity

1

from c; = (%) ? in free space to ¢;(w) = m in the porous medium.
f

The frame models of the dynamic tortuosity by Johnson, Koplik and Dashen (1987), and the
dynamic compressibility modeled by Champoux and Allard (1991), and later improved by
Lafarge (1993) were chosen because they provide a complete description of the inertial, viscous,
and thermal interactions in the porous soil blocks. They are the dynamic tortuosity (o(w)) and the
dynamic compressibility, modify respectively the fluid density (pr) and the fluid compressibility
(K¢) through the multiplier process to obtain the modified parameters of the porous medium in

the frequency domain (p1= pro(o) and K; = Key(w)™).

joaeo prko ANz §?

Ad . 4k{? prPy
y(w)=9—-(1-9)x <1 + oaklE /1 + ]W>, 3.5

with j = v/—1, A is the viscosity, ¢ and o are respectively, the porosity and tortuosity of the

a(oo)zaoo<1+}‘—¢ 1+jw) 34

porous medium, A and A" are the viscous and thermal characteristic lengths, p¢ , is the density of
the fluid, Pr is the Prandtl number. The static viscous permeability (ko = A/0) is an intrinsic
parameter that depends only on the geometry of the pores (o is the airflow resistivity). k' is the
static thermal permeability (Lafarge, Lemarinier, Allard and Tarnow, 1997), whicl partly
characterizes the thermal effects at low frequencies.

The inverse problem (IP) of an acoustic wave transmission by a porous material in this study
involved the retrieval of the six acoustic wave parameters (¢, 6, A, %, A’/A and k) from the

0

measured transmission coefficient of a porous slab in a long pipe and an acoustic/CSB interaction

model of wave transmission using an EFM. An error functional that expresses the difference between the
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transmission coefficient data and the interaction model, and from the experiment was computed for each
set of trial values of the six microgeometry and transport acoustical parameters. Choosing the functional

F that expresses this discrepancy was:

F(0,,0,A, %o, A'/A,Kp) = IN_ (|TEPM (@, §, 6, A, o, A'/A, Kp)| — | TEP ()]) 3.6
Here, TI?FXpdenotes the transmission coefficient obtained from the experimental data. The
objective function F enables the optimization of model parameters to minimize the difference
between predicted and measured values, leading to more accurate and reliable acoustic analysis and
design. Through minimization of the objective function F, the six acoustical parameters were
retrieved. The minima were found through varying the acoustical model parameters at small
intervals (Wirgin, 2016): ¢ was varied at interval of 0.01, o at 200, A at 2.0 x 10, «,, at 0.01,
N /A at 0.01, and kg at 1.0 x 1071, The solutions of the acoustical parameters were obtained at
the global minima of the cost functions against the respective acoustical parameters (Lefeuve-
Mesgouez et al., 2013). The process was done for each parameter at a time (since it is manual),

while keeping the others fixed (Mansour et al., 2016).
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Introduction

In Chapter four, a comprehensive summary of the study's results is presented, highlighting key
findings and providing insightful analyses to elucidate the observed outcomes.

4.2 Characteristics of soils used

4.2.1 Granulometric analysis

According to ASTM D422-63, Table 4.1 presents the findings of the granulometric analysis used

to ascertain the breakdown of soil particle dispersion by diameter classes.

Table 4.1: Granulometry

Property Characteristic 'Value (Percentage)
Granulometry Gravel (>4.75mm) 1.01

Sand (4.75-0.075mm) 39.11

Silt and clay (<0.075) 59.88

More than half of the soil sample from Table 4.1 passed the No. 200 sieve (0.075mm openings).
As a result, the soil is categorized as fine-grained soil, somewhat moderately plastic silt soil
(Group A-4) by the Unified Soil Classification System-USCS (ASTM D2487, 2000) and the
AASHTO (AASHTO, 2012) soil classification system.

It has been discovered that lime reacts well with medium, moderately fine, and fine-grained soils,
reducing their plasticity and potential to swell while increasing their workability and strength.
Moreover, AASHTO classifications indicate that soil types A-4, A-5, A-6, A-7, and portions of
A-2-6 and A-2-7 are suitable for lime stabilization (Terrei, et al, 1979). Thus, lime and WHA work

well as binders in the soil used in this study.

4.2.2 Atomic Absorption Spectroscopy

The elemental composition of the soil sample determined using AAS is summarized in Table

4.2
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Table 4.2: Elemental composition of soil

Analysed parameters Parameter values
Ph (1:2.5) Soil:Water 4.61
C.E.C (meg/100g) 5.90
Alluminium (ppm) 19
Phosphorus (%) 19.82
Potassium (meg %) 0.12
Aluminium oxide (ppm) 1.8
Calcium (meg %) 1.53
Magnesium (meg %) 2.42
Copper (ppm) 1.68
Iron (ppm) 10.40
Zinc (ppm) 5.44
Silicon dioxide (%) 15
Monosilic acid (ppm) 27

The elemental analysis of the soil sample used in fabrication of CSL-WHA blocks revealed a
moderately acidic pH of 4.61, with a cation exchange capacity (CEC) of 5.90 meg/100g,
indicating moderate reactivity and potential for stabilization. Silicon dioxide content measured at
15% and complimented by 27ppm of monosilic acid suggest a promising pozzolanic potential
essential for binder formation and long-term strength development of the fabricated block. The
presence of sufficient calcium (1.53 meg%) and magnesium (2.42 meg%) levels supports
cementitious reactions (Mohankumar & Rakaraddy, 2018, Aquaaid, 2021), while trace elements such
as iron (10.40 ppm), aluminium (19 ppm), and aluminium oxide (1.8 ppm) influence hydration
kinetics and thermal conductivity (Adamczyk, 2015). This mineralogical profile supports the

development of compressed soil blocks from this soil.
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4.3 Effect of WHA and lime concentrations on the acoustic transmission coefficient

The change in the transmission coefficients of the CSL-WHA blocks (samples M-1 to M-4) with
the variation in WHA and lime are shown in Figure 4.1, all prepared at a compaction pressure of
25 bars. This pressure allows clearer observation of how WHA and lime ratios influence

transmission coefficients, without the confounding effects of excessive densification.
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Figure 4.1: Transmission coefficient of the CSL-WHA samples at a pressure of 25 bars, with

the soil at 90%. (a) 10% lime and 0% WHA; (b) 7% lime and 3% WHA; (¢) 5% lime and
5% WHA; and (d) 3% lime and 7% WHA

Figure 4.1 illustrates an increase in the transmission coefficient as the percentage of WHA content
rises across all mix designs M1 to M4, indicating an effect on porosity. This increase is visible in
the progressively higher amplitude curves for each mix. As WHA content increases from 0% in
MI to 7% in M4, the transmission coefficient curves shift upwards, especially in the low to mid-
frequency range (below 2500 Hz), where plane wave propagation dominates.

However, it is important to note that this observation alone does not reveal which specific
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parameters are changing. The identification of these parameters will be covered in the next section
through solving the inverse problem, enabling us to retrieve and analyse the factors influencing
the observed rise in transmission coefficient.

The curves exhibit linear behaviour up to the cut-off frequency, but beyond this point, oscillations
emerge. A distinct peak is noticeable around 2500 Hz, closely aligning with the

theoretical upper cut-off frequency of the waveguide (2467.4 Hz). Beyond 2500 Hz, the wave
nature shifts from plane waves to transverse modes within the circular cross-section waveguide.
This shift signifies that above the cut-off frequency, the system can no longer support simple,
undistorted plane waves, and instead, transverse modes manifest, introducing a more intricate
wave behaviour. Consequently, the effective bandwidth is limited from 18.8 to 2500 Hz.
Additionally, Figure 4.1 illustrates that as the frequency approaches 0 Hz, the transmission
coefficient asymptotically approaches 1. Understanding the behaviour beyond the cut-off
frequency is crucial for characterizing the waveguide's performance and assessing the range of
frequencies over which it can efficiently transmit signals.

When lime is added to soil, the soil properties change. There is a consistent increase in the
transmission coefficient with reduction in the lime content. When lime is added to the soil water
system, hydroxide (OH") and calcium (Ca*") ions are produced. Bivalent Ca?* ions are swapped
out for monovalent cations in cation exchange. By forming a bond between the minerals in the
soil, the Ca*" ions lessen the repulsion forces and the thickness of the diffused water layer. The
soil particles are encased in this layer, which strengthens their relationship. The elevated alkalinity
in the solution is caused by the residual anions (Mallela et al., 2004; Geiman, 2005). The texture
of the soil changes as a result of the soil particles grouping into large sizes (Terrei et al., 1984).
The process of flocculation-agglomeration leads to the creation of floc. The void ratio rises as a
result of the larger particle size (Kinuthia et al., 1999).

The rise in the void ratio results in an increase in the transmission coefficient. However, at higher
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quantities of lime in soil, the pH of the soil increases above 10.5 resulting in the release of silica
and alumina in the soil. The silica and alumina components of the soil react with the calcium from

the lime to form calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH)

respectively.
Ca (OH),+Si0, » (Ca0O-SiO,-H,O 4.1
Ca (OH)>»+ALOs » Ca0-Al,03-H>O 4.2

The cementitious minerals, CSH and CAH, alter the stabilized soil's micropore structure. The soil
is altered from sandy granular material to hard relatively impermeable layer. This explains why
the CSL-WHA blocks at 10% lime have the lowest transmission coefficient from which it
increases as the concentration of lime decreases.

Addition of WHA in the blocks manufacturing process causes the granular packing and fluid
phases of the block to realign by increasing the number of microscopic and macroscopic holes.
This increases the void ratio hence higher transmission coefficient than that of lime alone. The
WHA does not significantly increase the alkalinity of the soil hence minimal release of silica and
alumina in the soil. Therefore, as more lime is replaced with WHA, there is significant decrease
in formation of CSH and CAH rendering the CSL-WHA blocks more permeable. This explains
why the transmission coefficient increases as the WHA ratio increases. WHA is a good source of
magnesium oxide which research has shown that is more stable and more resistant to sulphate
attack. Blending WHA with lime reduces pulverization since it results in the formation of
magnesium carbonate in addition to calcium carbonate, considered a stronger bond than calcium
carbonate alone, and improves pozzolanic reactions (Mo and Panesar, 2012; Panesar and Mo,

2013).

4.4 The intrinsic acoustic parameters of the CSL-WHA blocks

These parameters are not directly measurable hence they were obtained by solving an inverse
problem based on transmission coefficient data, following the approach outlined by Mansour et

al. (2016). Experimentally measured transmission coefficients were compared with those
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predicted by the theoretical model and the discrepancy quantified using cost functions. By

iteratively adjusting the input parameters to minimize these cost functions, an optimal set of non-

acoustical properties was recovered.

Figure 4.2 presents the plots of the cost functions against each of the sought-for parameters

(porosity, airflow resistivity, tortuosity, viscous characteristic length, thermal characteristic

length, the ratio between viscous and thermal characteristic lengths, and thermal permeability)

for sample M-4, selected as a representative case.

0.17 9250 0.14
- (a) “ (b) g - | (c)
6013 | - §80.001 / §o11] !
= \ = a8
7} 1 7] 7}
[~ 1 e e
= 1 0.88 2 1.86 2 3.99
+ 0.09. \ L }W67.501 |  0.081
o] [+] \ [+]
3] \ 3 3] \ 3]
W
0.05 : 55.0 . 0.05} . .
076 08 096 106 075 192 309 42 250 350 450 550
[ ¢ (x 10* Pa.s.m?) %
0.45 58.1 4 584
u (d) u“ (e) u (f
§0.31 §53.12 5583
8 8 b -
£ [ 2.29 £ [
%017 : 4 58.06 %581 \
[*] 0 Q
0 0 0 \\L/
0.03 - - 58.00 - - 5.30 - -
075 175 275 375 1 2 3 4 1.0 20 30 40
A(x 105 (m) AYA o K (x10°my

Figure 4.2: Plots of cost functional | against the sought-for acoustical parameters for sample

M-4: (a) Porosity (¢), (b) Airflow resistivity (6), (¢) Tortuosity (X«), (d) Viscous
characteristic length (A), (e) ratio (A’/A), and (f) thermal permeability (ko' ).
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The values of the sought-for parameters were obtained from the minima of the curves. As can be
observed, unique minima around the intervals of the solutions were obtained for all the six sought
for parameters.

After resolving an inverse acoustic problem, the intrinsic macroscopic acoustic characteristics (¢,

o, A, a) of the examined sample blocks were tabulated as shown in Table 4.2.

Table 4.3: Values of the parameters obtained using IP for the CSL-WHA sample blocks at
various densities

Sample |[Pressure 1) a |[A(m) Ay A ko
(Bars) p(kgm-3) o(Pam~2s)
M1 25 2202 0.52  [89400 1.68 10.0000098 [2 9.3E- 10
M2 25 1857 0.64 145400 2.74 10.0000182 [1.93 |1.6E-09
M3 D5 1787 0.78 35600 338 [0.0000244 [1.89 [7.9E-09
M4 25 1615 0.88 18600 3.99 10.0000236 [2.29 [2.7E-09
M35 50 2259 0.35 106000 1.58 10.0000114 [1.87 [2.2E-09
M6 50 2041 0.38 55400 1.8  0.0000228 [1.83 8E-10
M7 50 1913 0.51 48200 1.79 10.0000168 |1.89 |6.5E-09
M8 50 1885 0.57 128800 2.06 (0.000025 1.89 [6.4E-09
M9 75 2308 0.31  |133600 1.45 |0.00001 1.87 B.3E-10
M10 75 2168 0.36 (71600 1.66 (0.0000168 [1.87 |5.2E-09
M11 75 1961 0.42 65200 1.79 10.0000164 [1.91 [2.9E-09
M12 75 2004 0.47 42200 2.06 |0.0000238 [2.07 [3.6E-09
M13 100 2536 0.25 |183500 1.93 0.000015 1.9 |1.3E-09
M14 100 2221 0.34 108800 1.97 (0.0000146 |1.88 [6.4E-09
M15 100 2203 0.42 102600 2.24 0.000014  [1.88 [3.8E-09
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4.5 Effect of concentration of WHA and lime on intrinsic acoustical properties

From the minima of the cost function curves, Figure 4.3 was obtained through plotting of the
retrieved values of the macroscopic parameters describing the microstructure i.e., the intrinsic
acoustical parameters of the blocks compacted at a pressure of 25 bars for samples M-1 to M- 4

(0-7 % WHA).
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Figure 4.3: Plots of the intrinsic acoustical parameters: (a) porosity, ¢; (b) airflow resistivity
o; (c) tortuosity a.; (d) viscous characteristic length (e) the ratio between thermal
characteristic length A’ and viscous characteristic length A; (f) thermal permeability (ko)

against the sample number (from M-1 to M-4), all at a compaction pressure of 25 bars.
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4.5.1 Porosity
Porosity in CSL-WHA blocks increases with rising concentration of Water Hyacinth Ash (WHA)

and decreasing lime content. As observed in Figure 4.3(a) and supported by Table 4.3, blocks
transition from 0.52 porosity at 10% lime and 0% WHA (sample M-1) to 0.88 porosity at 3% lime
and 7% WHA (sample M-4), under constant compaction pressure. Lime promotes formation of
calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH), which densify the
microstructure by filling pore spaces, thereby lowering porosity. In contrast, WHA disrupts
particle packing and contributes to a more open structure with increased void spaces, amplifying
porosity. Thus, higher WHA concentrations favour acoustic transmission by enhancing porosity,

while greater lime content tends to tighten the matrix and reduce pore accessibility.

4.5.2 Air flow resistivity
Airflow resistivity in CSL-WHA blocks decreases as Water Hyacinth Ash (WHA) concentration

increases and lime content decreases, a trend clearly illustrated in Figure 4.3(b) and supported by
Table 4.3. At a constant compaction pressure of 25 bars, resistivity drops from 89,400 Pa-s/m? in
sample M-1 (10% lime, 0% WHA) to 18,600 Pa-s/m? in sample M-4 (3% lime, 7% WHA). This
decline reflects the shift in binder chemistry: lime promotes the formation of dense hydration
products like calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH), which fill
pore spaces and restrict airflow. WHA, being less reactive and more fibrous, disrupts granular
packing and encourages the development of larger, interconnected pores. As lime is progressively
replaced by WHA, the pore network becomes more permeable, allowing air to pass through more
easily. Figure 4.3(b) visually confirms this trend, showing a consistent downward slope in
resistivity values as WHA content increases across samples M-1 to M-4. This enhanced
permeability contributes to improved acoustic transmission, supporting the use of WHA-lime

blends in sustainable, sound-responsive construction.
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4.5.3 Tortuosity
Tortuosity in CSL-WHA blocks increases as Water Hyacinth Ash (WHA) concentration rises and

lime content decreases, a trend clearly illustrated in Figure 4.3(c) and supported by Table 4.3. At
25 bars compaction pressure, tortuosity values climb from 1.68 in sample M-1 (10% lime, 0%
WHA) to 3.99 in sample M-4 (3% lime, 7% WHA). This parameter reflects the complexity of
airflow paths through the porous structure. Higher tortuosity means air must navigate more
winding, indirect routes. Lime contributes to a denser matrix by forming calcium silicate and
aluminate hydrates (CSH and CAH), which streamline the pore network and reduce tortuosity. In
contrast, WHA disrupts particle alignment and fosters irregular, elongated voids, forcing air to
take more circuitous paths. As WHA replaces lime, the pore geometry becomes increasingly
intricate, resulting in higher tortuosity. This shift enhances acoustic scattering and energy
dissipation, making WHA-rich blocks more effective for sound absorption in sustainable

construction.

4.5.4 Viscous characteristic length

Viscous characteristic length (A) in CSL-WHA blocks quantifies how air interacts with the pore
walls during sound propagation, especially at medium and high frequencies. From Figure 4.3(d)
and Table 4.3, we observe a clear upward trend in A as Water Hyacinth Ash (WHA) concentration
increases and lime content decreases. At 25 bars compaction pressure, A rises from 9.8 x 107 m
in sample M-1 (10% lime, 0% WHA) to 23.6 X 107° m in sample M-4 (3% lime, 7% WHA). This
increase reflects a shift in pore geometry: lime promotes the formation of dense hydration
products (CSH and CAH), which narrow the voids and reduce the effective viscous interaction
zone. WHA, being less reactive, disrupts this densification and encourages the development of
wider, more irregular pores. As lime is replaced by WHA, the average pore size expands, allowing
air to interact over a larger surface area hence the longer viscous characteristic length. This
parameter directly influences acoustic attenuation and energy dissipation, making WHA-rich

blocks more effective for sound absorption in sustainable construction.
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4.5.5 Static thermal permeability
Static thermal permeability (k') in CSL-WHA blocks exhibits a marked increase with rising

Water Hyacinth Ash (WHA) concentrations and decreasing lime content—a pattern clearly
displayed in Figure 4.3(f) and reinforced by values in Table 4.3. At 25 bars compaction pressure,

o climbs from 9.3 X 107'° m? in sample M-1 (10% lime, 0% WHA) to 2.2 x 10° m? in M-4 (3%
lime, 7% WHA). This shift reflects the evolving pore network: lime, through the formation of
CSH and CAH compounds, densifies the matrix and hinders heat exchange by narrowing void
channels. WHA, being less cementitious and more organic in texture, disrupts this packing and
promotes larger, more continuous pores that facilitate thermal conduction. This increase in k'
corresponds to a more open and thermally accessible pore structure, where heat can transfer more
efficiently between the solid frame and air-filled voids. As WHA increasingly replaces lime, the
matrix evolves into a looser, more conductive architecture, optimizing both low-frequency sound

damping and passive thermal regulation for energy- conscious construction.

4.6 Effect of compaction pressure on the transmission coefficient

The increase in compaction pressure exhibited a notable inverse relationship with the transmission
coefficient, showcasing a decrease in transmission as pressure rose. This phenomenon can be
attributed to the heightened compaction pressure causing a reorganization of the granular packing
within the blocks and a rearrangement of fluid phases. Consequently, there is a reduction in the
number of macroscopic pores, leading to a consequential decline in the magnitude of the
transmission coefficient. This observed trend aligns with findings reported by Mansour et al.
(2016), underlining the consistency of the impact of compaction pressure on the transmission
properties of the soil blocks. Moreover, the influence of compaction pressure extends beyond its
effects on transmission, playing a crucial role in shaping the overall structural and acoustical
characteristics of the compressed soil blocks.

Figure 4.4 shows the variation of the transmission coefficient of samples M-2, M-6, M-10, and M-

14 with frequency (all samples at the same concentration).
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Figure 4.4: Effect of compaction pressure on the acoustic transmission coefficient of the

CSL-WHA (samples M-2, M-6, M-10 and M-14).

4.7 Effect of compaction pressure on intrinsic acoustical properties

Figure 4.5 shows the variation of the microstructural non-acoustical parameters of the blocks as

a function of the compression pressure and concentration of WHA.
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Figure 4.5: Plots of the intrinsic acoustical parameters: (a) porosity ¢, and (b) airflow

resistivity ¢ against compaction pressure.
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While the porosity increased with increase in the concentration of WHA, it decreased with
increase in the compaction pressure (Figure 4.5a). This can be attributed to the decrease in the
volume of the voids with increase in the compaction pressure. Venkatarama (2012) also reported
the decrease in the porosity of CSBs with increase in the compaction pressure. The airflow
resistivity increased with increase in the compaction pressure (Figure 4.5b). This increase in air
resistivity can be explained by the decrease in the porosity and decrease in the pore size as
compaction pressure increases. The high frequency parameters (tortuosity, viscous characteristic
lengths and thermal permeability) could not be obtained with enough precision for compaction
pressures higher than 25 bars, because the data involved was not sensitive enough to reflect their
variation in order to recover them correctly. The viscous characteristic length of the CSL-WHA
blocks decreases with increase in compaction pressure. This is due to the fact that increasing the
compaction pressure reduces the volume of voids, increases the contact surface between the grains
and subsequently leads to a reduction in pore size thereby decreasing the A. This results in a poor

signal to noise ratio for these high frequency parameters. They also require more data points.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Introduction

This chapter provides a comprehensive overview of the key findings derived from this study,
delving into their implications and offering insightful recommendations for future research
endeavors.

5.2 Conclusion

5.2.1 General Conclusion

The primary objective of this study centered on exploring the acoustical attributes of Compressed
Soil Blocks (CSBs) with lime and Water Hyacinth Ash (WHA) binders. This encompassed a
comprehensive investigation into material development, parameter assessment, the effects of
varying binder concentrations, and the influence of compaction pressure. The study also delved
into the feasibility of acoustical modeling for parameter retrieval, ultimately evaluating the
potential of CSL-WHA blocks to meet specified acoustic requirements

A simple acoustic test-rig, composed of water pipes configured to form an extended long
waveguide, was meticulously assembled at the Physics department laboratory in Maseno
University. This test-rig played a crucial role in characterizing the acoustical parameters of CSL-
WHA samples, with a focus on varying percentages of lime and WHA. The study, therefore, not
only contributed to a deeper understanding of the acoustical characteristics of these samples but
also showcased the practical implementation of a purpose-built test apparatus for comprehensive
acoustic analysis within the university setting.

The study demonstrated that porosity serves as a crucial design parameter in optimizing the
acoustical and structural performance of compressed soil blocks stabilized with lime and water
hyacinth ash (CSL-WHA). Through detailed experimental characterization and inverse modeling,
it was shown that porosity is significantly influenced by binder composition and compaction

pressure. Although higher WHA content generally improves pore volume and connectivity,
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beneficial for sound absorption, it tends to exceed the optimal porosity window of 0.26 to 0.35,
thereby compromising material integrity. Notably, formulation M-14 (7% lime, 3% WHA at 100
bars) was found to strike a favorable balance, achieving porosity values within or near the target
range similar to control formulations M-5 (10% lime, 0% WHA at 50 bars), M-9 (10% lime, 0%
WHA at 75 bars) and M-13 (10% lime, 0% WHA at 100 bars).

These mixes also exhibited complementary acoustic parameters, including airflow resistivity,
tortuosity ranging from 1.4 to 2.0, and viscous characteristic lengths around 11-17 um, values that
align with established benchmarks for efficient low-frequency damping. Collectively, the results
confirm that moderate WHA incorporation (<5%) paired with elevated compaction pressure (=75
bar) offers a practical pathway for tailoring CSL-WHA blocks toward acoustical effectiveness
without compromising mechanical resilience.

Ultimately, this research underscores the significance of binder—pressure synergy in developing
sustainable materials that possess both structural utility and sound absorption capabilities. It
provides a foundation for future exploration into eco-friendly construction technologies that

address acoustic comfort and environmental performance.

5.2.2 Impact and Contribution of the Study

This research advances the field of sustainable construction by introducing compressed soil
blocks stabilized with lime and water hyacinth ash (CSL-WHA) as viable acoustic and structural
materials. The study establishes several novel insights and methodological innovations:

o Parametric Control of Porosity: The research demonstrates that porosity in CSL- WHA
blocks can be precisely tuned using binder ratios and compaction pressure. This provides a
strategic pathway for balancing structural resilience with acoustic performance, especially for
values below 0.35, which ensures mechanical integrity.

* Benchmarking Acoustic Parameters for Eco-Materials: Through inverse modeling, the

study introduces reference ranges for airflow resistivity, tortuosity, and viscous
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characteristic length specific to WHA-lime systems. These benchmarks expand the
characterization of bio-based building materials within acoustics research.

e Methodological Innovation in Acoustic Identification: The adoption of Julia-based inverse
modeling for non-destructive characterization marks a shift towards computationally efficient
and reproducible techniques. This methodological contribution strengthens the rigor of
acoustic evaluation in sustainable materials research.

e Valorization of Invasive Biomass: Unlike prior studies centered on WHA’s chemical role,
this work pioneers its application in acoustic damping, highlighting its potential in low-
frequency sound mitigation for partitioning systems in eco-buildings.

e Design Mapping of Performance Trade-Offs: The study introduces a trade-off matrix
aligning acoustic efficiency with mechanical strength across formulation regimes, enabling
tailored application in modular construction components such as fagade inserts and partition
walls.

o Foundation for Localized Standardization: By aligning retrieved acoustic properties with
ISO 9053 and AFNOR NF S31-119, the research supports the establishment of region-specific
standards for WHA-based construction materials in East Africa and other tropical regions.

5.3 Recommendations

5.3.1 Possible applications

Drawing on the study’s optimized formulations, several potential applications emerge that align
with structural performance, acoustic damping, and circular economy principles.

CSL-WHA blocks are suitable for use in internal partition walls in residential buildings, schools,
and healthcare facilities where speech privacy, noise control, and thermal moderation are desired.
Their capacity to absorb sound, especially in low-to-mid frequency ranges, makes them valuable
in creating quieter, healthier indoor environments. Additionally, blocks with higher WHA content

and increased tortuosity show promise in low-frequency acoustic absorber panels,
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applicable in community halls, music rooms, or areas exposed to mechanical noise.

In external applications, fagade systems constructed with lime-rich CSL-WHA blocks compacted
at >100 bar provide structural resilience alongside passive thermal and sound regulation. These
blocks are ideal for climate-sensitive and high-noise zones, particularly in low-rise housing and
green-certified developments. Their mechanical integrity and acoustic permeability can be further
leveraged in modular components.

Beyond functional design, the valorization of water hyacinth ash as a binder introduces a strong
sustainability dimension. The use of WHA addresses aquatic biomass overgrowth while
promoting green material development rooted in waste transformation and local resource
utilization. Therefore, CSL-WHA blocks contribute meaningfully to affordable housing
strategies, bioclimatic architecture, and eco-infrastructure programs, particularly in lake-region
settlements and rural communities.

Generally, the study positions CSL-WHA blocks as multifunctional materials that bridge
acoustics, sustainability, and structural performance, supporting global initiatives in circular

construction, climate resilience, and inclusive building innovation.

5.3.2 Further Investigation

i.  Comparative Analysis:

Conduct a detailed comparative analysis of the acoustical properties of CSL-WHA blocks against
conventional construction materials (e.g., concrete, traditional earth blocks). Evaluate
performance to identify strengths and areas for improvement.

ii.  Environmental Impact Assessment:

Undertake a comprehensive environmental impact assessment comparing CSL-WHA blocks to
conventional cement-based materials. Consider factors such as CO2 emissions, energy
consumption, and overall sustainability.

1. Long-term Durability Study:

Initiate a rigorous long-term durability study to observe the evolution of acoustical properties in
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CSL-WHA blocks over time. Assess factors like weathering, wear and tear, and aging to ensure
sustained and reliable performance.

1v. Soil Composition Correlation:

Address the existing gap by researching the correlation between soil composition, Atterberg
limits, and expected acoustic characteristics. Develop design charts that provide guidance on the
relationship between these factors, aiding in block production.

v.  Optimization of Production Process:

Investigate methods to optimize the production process of CSL-WHA blocks. Focus on enhancing
efficiency, reducing waste, and ensuring cost-effectiveness without compromising acoustical
properties.

vi.  Integration of Innovative Technologies:

Explore the integration of innovative technologies, such as additives or surface treatments, to
enhance specific acoustical properties of CSL-WHA blocks. This exploration could lead to novel
applications in specialized construction scenarios.

vii.  Community Perception and Acceptance:

Gauge community perception and acceptance of CSL-WHA blocks through surveys or interviews.
Assess factors including acoustical properties, affordability, and ease of use. Obtain valuable

insights to inform real-world applications and enhance community adoption.
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APPENDICES

JULIA SCRIPTS USED FOR COMPUTATION

APPENDIX I: A SCRIPT TO COMPUTE TRANSMISSION COEFFICIENT FROM THE
DATA

using DelimitedFiles,XLSX ENV["GKS ENCODING"] = "utf-8"

using Plots;

np = pyimport("numpy")

function coeffTrans( fr,por, resist, lambd,rapp, alphinf, k0Op,d) #d = 0.2e-1;
#tr=range(0,step=10,stop=1000); w = (2*pi.*fr);

yy = 1.401;

Pr=.713;

P0=101325;

rho0 = 1.297;

c0 = 344;

Kf0 = yy*P0; viscO=0.178e-4;

lambdp = rapp*lambd;

k00 = viscO/resist;

Gw2 =sqrt.(1 .+(4.0*im)*k00p”2*rho0.*w*Pr/(viscO*por*2*lambdp”2)); bet = yy .-(yy-1)./(1 .-
im*viscO*por.*Gw2./(w*rho0*k00*Pr));

Kf = K{f0./bet;

Gwl =sqrt.(1 .+(4.0*im)*alphinf."2*k00"2*rho0.*w/(viscO*por"*2*lambd"2)); alphtort =
(alphinf.*(1 .-im*viscO*por.*Gw1./(w*alphinf*rho0*k00)));

kO = w./c0;

rho2 = (rho0.*alphtort); c11 = (sqrt.(Kf./tho2)); k2 =w./cl1;

z0 = rho0*c0; z2 =rho2.*cl1; Z = z2./20;

return (2*por*Z.*exp.(im*k0*d)./((2)*por.*Z.*cos.(k2*d) .+im*(por"2 .+Z.72).*sin.(k2*d)));
end

function main()

#Initialization of porous parameters por0 = 0.60; resist0 = 2*1.2e4; lambd0=4.5¢-06; alphinf0 =
1.01;
k00p0 =6.0e-1; rapp0=3.0;#lambdp/lambda
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d=2.0e-2; # thickness

#Read experimental data TC from the file generated by the other program global xf
=XLSX.openxlsx("S1 _trcoeff.xlsx",enable cache=false) #freq=range(0,step=10,stop=3500);
fre=np.array(xf]1]["A2:A20"]);#an array of frequencies where to compute
AmpExp=np.array(x{[1]["B2:B20"]);

fr=1:50:3500;

coeftr=coeffTrans(fr,por0,resist0, lambd0, rapp0,alphinf0, k00p0,d) ampl=abs.(coeftr);
PtcExp=plot(fre, AmpExp,ylims=(0,1),xlabel="Frequency
(Hz)",ylabel="|T|"),legend=:topright,line=(:red, 0.5, 6, :scatter),marker =
(:star8),lw=0.02,grid=false, label
=("Experiment"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,fra
mestyle=:box )

global ptc=plot!(fr,ampl,ylims=(0,1),xlabel="Frequency
(Hz)",ylabel=("|T|"),legend=:topright,line=(:blue, 0.5, 6, :dash),marker = ([:hex
:d]),Iw=0.02,grid=false, label

=("Model"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framest

yle=:box ,xlims=(0,3500))

end main ()
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APPENDIX II: SCRIPT TO COMPUTE COHERENCE OF THE SIGNAL
ENV["GKS ENCODING"]="utf-8"

using LaTeXStrings using DelimitedFiles using CSV,XLSX using Plots

using DataFrames using PyCall

np = pyimport("numpy") #

#Signal processing #Pkg.add("DSP")

#Pkg.add("FFTW') using DSP

using FFTW #

df=CSV.read("MI L.csv",DataFrame,header=1:3); n1=390000;n2=800000;

t1=df[n1:n2,1]*1e-3;#range time in milliseconds

w_out=df[nl:n2,2]*1e-3;

df=CSV.read("M1 T.csv",DataFrame,header=1:3); w_sample=df[nl:n2,2]*1e-3;

Ls=length(tl); L=nextpow(2,Ls/2); t=np.array(t1); sigl=np.array(w_out);
sig2=np.array(w_sample); #sigl w=sig1[:].*hanning(Ls) #sig2w=sig2[:].*hanning(Ls)

f sigl=ffi(sigl); f sig2=fft(sig2);

fs=1/(t[2]-t[1])

pl=plot(t,sig] ,xlabel="Time (s)",ylabel="Amplitude (Arb. units)",label="Without Sample",Iw
= 3, xtickfontsize=12,ytickfontsize=12);

#plot!(dtheol[:,1],300 .+ 8*dtheol][:,2],label="Without",lw = 4 linestyle = :dot);

p2=plot!(t1, sig2,label="With Sample",ylims=(-80e-3,80¢e-3),lw = 4,linestyle =
:dashdot,line=(:red, 0.5, 6, :solid));

#Signal processing #xdftl = f sigl; #M=floor(Int,N/2) xdftl={ sigl[1:Ls];
psdx1=1/(2*pi*Ls)*abs.(xdft1).”2; psdx1[2:end-1]=2*psdx1[2:end-1]; xdft2= f sig2[1:Ls];
psdx2=1/(2*p1*Ls)*abs.(xdft2)."2; psdx2[2:end-1]=2*psdx2[2:end-1];
#r=fftfreq(length(x.Columnl),fs); fr=fs*range(0,step=1,stop=L)/L; #p=plot(p1,p2)
savefig(p2, "test.png")
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pfl=plot(fr[1:L],psdx1[1:L]/L,xlims=(1,7000),xlabel="Frequency (Hz)",ylabel=("Power
spectral density"),legend=:topright,line=(:red, 0.5, 6, :solid),lw=0.02,grid=false, label
=("Without
Sample"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle

=:box);

pf2=plot!(fr[1:L],psdx2[1:L]/L,xlims=(1,7000),xlabel="Frequency (Hz)",ylabel=("Power
spectral density"),legend=:topright,line=(:green, 0.5, 6, :solid),Iw=0.02,grid=false, label

=("WithSample"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,fr
amestyle=:box);

#p_pow=plot(pfl,pf2)

#Calculating the transmission coefficient Sxx=f sigl.*conj(f sigl)/Ls"2;#Two-Sided auto
Power Spectrum Sxy=f sigl.*conj(f sig2)/Ls"2;#Two-Sided cross Power Spectrum

Syy=f sig2.*conj(f sig2)/Ls"2;#Two-Sided cross Power Spectrum Ltc=500;#length
transmission coefficient

frfin=fr[1:Ltc]; Trcoef=Sxy[1:Ltc]./Sxx[1:Ltc]; Trcoeff=abs.(Trcoef);

#Calculating the wave velocity in the block #
Trcoeff ang=unwrap(angle.(Trcoef)); deltT=Trcoeff ang./(2*pi*frfin) Lb=2e-2;# thickness of

______________

ptrc_vel=plot(frfin,phaseVel,xlims=(0,5000),ylims=(-300,1150);xlabel="Frequency
(Hz)",ylabel=("Phase Velocity (m/s)"),label=("S2"), line=(:red, 0.5, 6,
:solid),lw=0.02,grid=false,
xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle=:box )
Trco=plot(frfin, Trcoeff,xlims=(0,5000),ylims=(0,1),xlabel="Frequency
(Hz)",ylabel=("|T|"),label=("S1"), line=(:red, 0.5, 6, :solid),lw=0.02,grid=false,
xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle=:box )

sl=vec(sigl);

#spec_config = MTSpectrogramConfig{Float64 }(length(s1), 256, 128; fs=fs); #mt_spec3 =
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mt_spectrogram( s1, spec_config)

n=div(Ls, 2); nfft=nextfastfft(n); noverlap=div(n, 128);

pwl=welch pgram(sl, n, noverlap; onesided=eltype(s1)<:Real, nfft, fs=fs) Y1 =
periodogram(s1; fs=fs,nfft=4*Ls) #plot(pw1.freq[:],abs.(pw1.power),xlims=(0,3000))
pwl=welch_pgram(s1, n, noverlap; onesided=eltype(s1)<:Real, nfft, fs=fs)
plot(pw1.freq[:],abs.(pw1.power),xlims=(0,3000))

ppwl=plot!(Y1.freq, (Y 1.power),xlims=(0,3e3)) #Y2 = periodogram(vec(sig2); fs=fs)
s2=vec(sig2);Y2 = periodogram(s2; fs=fs,nfft=4*Ls);

#plot!(Y2.freq, DSP.pow2db.(Y2.power),xlims=(0,5¢3))
pw2=welch_pgram(s2, n, noverlap; onesided=eltype(s1)<:Real, nfft, fs=fs)
plot(pw2.freq[:],abs.(pw2.power),xlims=(0,3000),line=(:red, 0.5, 6,

:solid),lw=0.02,grid=false,
xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle=:box)
ppw2=plot!(Y2.freq, (Y2.power),xlims=(0,5¢3),line=(:blue, 0.5, 6, :solid)) #dt, tbp, kspec, nf, p
=1.0/fs, 3.5, 5, L/2, .90

two_signall = Matrix{Float64}(undef, 2, Ls) two_signal2 = Matrix{Float64}(undef, 2, Ls)
two_signall[l, :] =sl;

two_signall[2,:]=s2; nw =1,

ntapers = 2 * nw - 1; window1=hamming(1024)

#mc=mt coherence(two_signal; demean=true, fs=fs, freq range = (0, 5000));

mt config=MTConfig{Float64}(Ls; fs=fs,

nfft = nextpow(2, Ls), window = nothing, nw,

ntapers,

taper weights = fill(1/ntapers, ntapers), onesided=eltype(s1)<:Real, #onesided= false,

fft flags = FFTW.MEASURE)

config = MTCrossSpectraConfig(2, mt_config; demean=true,freq range=(0,5000))
mc=mt cross_power_spectra(two_signall, config);
two_signal2[1, :]=s1; two_signal2[2, :] =sl;

mc_prop=mt_cross_power_spectra(two_signal2,config);

amp=abs.(mc.power[1,2,:]./abs.(mc_prop.power[1,1,:])); # transmission coefficient
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plot(mc_prop.freq[:],amp,ylims=(0,0.35),xlims=(0,3000),line=(:blue, 0.5,
6),lw=0.02,label=("MultiTaper crosspower spec"))

TrCoeff2=plot!(frfin, Trcoeff,xlims=(0,5000),ylims=(0,1),xlabel="Frequency
(Hz)",ylabel=("|T|"),label=("S2"), line=(:red, 0.5, 6, :solid),lw=0.02,grid=false,
xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle=:box
)#nw=8;ntapers=2*nw;mt_pgram(s2; onesided=eltype(s2)<:Real, nfft=Ls, fs=fs2, nw=8,
ntapers=ceil(2nw), window=dpss(length(s2), nw, ntapers))# calculate coherency

#compute the coherence

config = MTCoherenceConfig{eltype(two_signall)}(size(two_signall)...; demean=true, fs=fs,
freq_range = (0, 5000))
out = DSP.allocate output(config)

coh = (mt_coherence!(out, two_signall, config))

pcoher=plot(coh.freq,coh.coherence[2,1,:],xlabel="Frequency
(Hz)",ylabel=("Coherence"),label=("S2"), line=(:red, 0.5, 6, :solid),lw=0.02,grid=false,
xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framestyle=:box )

#write data to xlIsfile

ampfill=[amp; fill(missing, (length(Trcoeff) - length(mc prop.freq)))];
freqfilll=[mc_prop.freq[:]; fill(missing, (length(Trcoeff) - length(mc_prop.freq)))];
freqfill2=[coh.freq[:]; fill(missing, (length(Trcoeff) - length(coh.freq)))];
coh2=coh.coherence[2,1,:];

cohfill=[coh2; fill(missing, (length(Trcoeff) - length(coh2)))]; pvfill=[phaseVel; fill(missing,
(Iength(Trcoeff) - length(phaseVel)))];

df =

DataFrame(frequency=frfin[:],Amp1=Trcoeft]:],pv=pvfill, frequency2=freqfilll,Amp2=ampfi
11,frequency3=freqfill2,coherence=cohfill);

#ampfill=[; fill(missing, (length(Trcoeff) - length(coh.freq)))]; #df =
DataFrame(frequeny=frfin[:],Amp1=Trcoeff]:]);

XLSX.writetable("S 1 _trcoeff.xlsx", df, overwrite=true, sheetname="transcoeft",
anchor_cell="A1");

#XLSX.writetable("S1_trcoeff.xIsx", df, overwrite=true, sheetname="transcoeff1",
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anchor_cell="A2");
#df = DataFrame(frequency=mc_prop.freq[:],Amp=amp][:])

#XLSX.writetable("S1 _trcoeffTP.xIsx", df, overwrite=true, sheetname="transcoeff2",
anchor cell="A2");

#out = DSP.mt_coherence!(dt, sigl, sig2, tbp, kspec, nf, p, freq=true,cohe=true, iadapt=1)
#out=DSP.mt coherence!(dt,sigl,sig2)

#fs2=1s;

#periodogram(sigl; onesided=eltype(sigl)<:Real, fs=fs2, window=nothing)

#mc_prop=mt cross power spectra(two_signal; demean=true, fs=fs, freq range = (0, 5000));

# test in-place gets the same result
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APPENDIX III: SCRIPT TO PLOT ALL ACOUSTICAL PARAMETERS

using DelimitedFiles, XLSX ENV["GKS ENCODING"] = "utf-8"

using Plots, LaTeXStrings, Latexify using DataFrames

global df0 = DataFrame(XLSX.readtable("All_acoustparamsV0105.xlsx", "Feuill")...);

plot(df0[1:4:end, 1], dfO[1:4:end,2],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label

="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,2],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end, 1], df0[3:4:end,2],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")

ppor=plot!(df0[4:4:end,1], df0[4:4:end,2],xlabel="Presure (bar)",ylabel=("®"),line=(:green,

0.5, 3, :dot),label = "7% WHA" ,marker = (:circle),lw=0.01,grid=false)

#global df0 = DataFrame(XLSX.readtable("All acoustparamsV0105.xIsx", "Feuill")...);
plot(dfO[1:4:end, 1], dfO[ 1:4:end,3],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label
="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,3],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end, 1], df0[3:4:end,3],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")

psig=plot!(df0[4:4:end,1], df0[4:4:end,3],xlabel="Presure (bar)",ylabel="c",line=(:green, 0.5,
3, :dot),label = "7% WHA",marker = (:circle),lw=0.01,grid=false)

plot(df0[1:4:end, 1], dfO[1:4:end,4],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label
="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,4],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end,1], df0[3:4:end,4],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")
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pLam=plot!(df0[4:4:end, 1], df0[4:4:end,4],xlabel="Presure (bar)",ylabel="A" line=(:green,
0.5, 3, :dot),label = "7% WHA" ,marker = (:circle),lw=0.01,grid=false)

plot(dfO[1:4:end, 1], dfO[1:4:end,5],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label
="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,5],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end,1], df0[3:4:end,5],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")

ptort=plot!(df0[4:4:end,1], df0[4:4:end,5],xlabel="Presure (bar)",ylabel="a",line=(:green,
0.5, 3, :dot),label = "7% WHA" ,marker = (:circle),lw=0.01,grid=false)

plot(df0[1:4:end,1], df0O[1:4:end,6],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label
="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,6],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end,1], df0[3:4:end,6],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")

pratio=plot!(df0[4:4:end, 1], df0[4:4:end,6],xlabel="Presure (bar)",ylabel="Ap/A" line=(:green,
0.5, 3, :dot),label = "7% WHA" ,marker = (:circle),lw=0.01,grid=false)

plot(dfO[1:4:end, 1], dfO[1:4:end,7],line=(:blue, 0.5, 3, :solid),marker = (:rect),grid=false,label

="0% WHA")

plot!(df0[2:4:end,1], df0[2:4:end,7],line=(:red, 0.5, 3, :dashdot),marker =
(:rtriangle),lw=0.01,grid=false,label = "3% WHA")

plot!(df0[3:4:end, 1], df0[3:4:end,7],line=(:black, 0.5, 3, :dash),marker =
(:star5),lw=0.01,grid=false,label = "5% WHA")

pkpO=plot!(df0[4:4:end,1], df0[4:4:end,7],xlabel="Presure (bar)",ylabel="kp0" line=(:green, 0.5,
3, :dot),label = "7% WHA",marker = (:circle),lw=0.01,grid=false)
plot(ppor,psig,pLam,ptort,pratio,pkp0)
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APPENDIX IV: SCRIPT TO PLOT COST FUNCTIONS OF VARIOUS PARAMETERS
using DelimitedFiles, XLSX ENV["GKS ENCODING"] = "utf-8"

using Plots, LaTeXStrings, Latexify using DataFrames

using PyCall

np = pyimport("numpy")

function coeffTrans( fr,por, resist, lambd,rapp, alphinf, k0Op,d) #d = 0.2e-1;
#tr=range(0,step=10,stop=1000); w = (2*pi.*fr);

yy = 1.401;

Pr=.713;

PO =101325;

rtho0 =1.297;

c0 = 344;

Kf0 = yy*P0; viscO0=0.178e-4;

lambdp = rapp*lambd;

k00 = viscO/resist;

Gw2 =sqrt.(1 .+(4.0*im)*k00p”2*rho0.*w*Pr/(viscO*por*2*lambdp”2)); bet = yy .-(yy-1)./(1 .-
im*viscO*por.*Gw2./(w*rho0*k00*Pr));

Kf = K{f0./bet;

Gwl =sqrt.(1 .+(4.0*im)*alphinf."2*k00"2*rho0.*w/(viscO*por*2*lambd"2)); alphtort =
(alphinf.*(1 .-im*viscO*por.*Gw1./(w*alphinf*rho0*k00)));

kO = w./c0;

rho2 = (rho0.*alphtort); c11 = (sqrt.(Kf./rho2)); k2 = w./c11;

z0 = rho0*c0; z2 =rho2.*cl1; Z = z2./z0;

return (2*por*Z.*exp.(im*k0*d)./((2)*por.*Z.*cos.(k2*d) .+im*(por"2 .+Z.72).*sin.(k2*d)));
end

function main()

#Initialization of porous parameters #por0 = 0.73; resist0 = 17000; #lambd0 = 2.72e-5; alphinf0
=2.18;

#k00p0 =1.67e-8; rapp0=1.75;#lambdp/lambda
por0 = 0.205; resist0 = 181500; lambd0 = 1.54e-5; alphinfO = 1.89;
k00p0 =1.3e-9; rapp0=1.88;#lambdp/lambda d=2.0e-2; # thickness

#Read experimental data TC from the file generated by the other program global df0 =
DataFrame(XLSX.readtable("S13 trcoeff.xlsx", "transcoeff2")...); #global xf

=XLSX.openxlsx("S4 trcoeff.xlsx",enable cache=false) #freq=range(0,step=10,stop=3500);
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freq=dfO[1:11,1];#an array of frequencies where to compute if freq[1] ==
freq[1]=0.001;
end
global AmpExp=df0[1:11,2]; #
feoutp=[]; vpor=[];
for poro =0.05:0.005:0.4
coeftr=coeffTrans(freq,poro,resist0, lambd0, rapp0,alphinf0, k00p0,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);
push!(fcoutp,fc);
push!(vpor,poro); end
mpor=vpor[argmin(fcoutp)] #
fcoutr=[]; vres=[];
for resist] =150000:500:250000
coeftr=coeffTrans(freq,por0,resistl, lambd0, rapp0,alphinf0, k00p0,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);
push!(fcoutr,fc); push!(vres,resistl);
end mresist=vres[argmin(fcoutr)] #
fcoutt=[]; tort=[];
for tortu =1:0.01:4
coéf_tr_:_c_o_e_f%l: r_a_n_sEt:rc;c_l,i)_o;(S,resistO, lambdo0, rapp0,tortu, kO0p0,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);
push!(fcoutt,fc);

push!(tort,tortu); end

mtor=tort[argmin(fcoutt)]; #

fcoutlamb=[]; lambd=[];

coeftr=coeffTrans(freq,por0,resist0, lambd1, rapp0,alphinf0, k00p0,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);
push!(fcoutlamb,fc); push!(lambd,lambd1);

end mlambd=lambd[argmin(fcoutlamb)] #

fcoutratio=[]; ratiol=[];

for ratios =1:0.01 :3.5
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coeftr=coeffTrans(freq,por0,resist0, lambd0, ratios,alphinf0, k00p0,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);
push!(fcoutratio,fc);

push!(ratiol,ratios); end

mratio=ratiol[argmin(fcoutratio)] #

fcoutkpO0=[]; kp0=[];

for kpz =5e-10:1e-10 :20e-9

coeftr=coeffTrans(freq,por0,resist0, lambd0, rapp0,alphinf0, kpz,d) fc=sum((abs.(coeftr) .-
AmpExp)."2);

push!(fcoutkp0,fc); push!(kp0.kpz);

end mkpO=kpO[argmin(fcoutkpO0)] #

global pfcoutkpO=plot(kp0,fcoutkp0,xlabel="k'0",ylabel=("Cost Function"),label=("k' 0 min
= $mkp0"),line=(:red, 0.5, 6, :solid))

glo_b_a_l _p_fé(;LIti)z)I_':_lgl_()jt(_viogr,_fcoutp,xlabel="(I)" ,ylabel=("Cost
Function"),label=(""Porosity"),line=(:red, 0.5, 6, :solid))

global pfcoutres=plot(vres/1000,fcoutr,xlabel="c (x10"3)",ylabel=("Cost

Function"),label=("Resistivity"),line=(:red, 0.5, 6, :solid))

global pfcoutt=plot(tort,fcoutt,xlabel="a",ylabel=("Cost
Function"),label=("Tortuosity"),line=(:red, 0.5, 6, :solid))

global pfcoutlamb=plot(lambd*1e6,fcoutlamb,xlabel="A (x10"-6)",ylabel=("Cost
Function"),label=("Lambda"),line=(:red, 0.5, 6, :solid))

global pfcoutratio=plot(ratiol,fcoutratio,xlabel="A'/A",ylabel=("Cost
Function"),label=("Ratio"),line=(:red, 0.5, 6, :solid))

global ptc=plot(freq, AmpExp,ylims=(0,1),xlabel="Frequency
(Hz)",ylabel=("|T|"),legend=:topright,line=(:blue, 0.5, 6, :dash),marker =
(:star5),lw=0.01,grid=false, label
=("Experiment"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,fra
mestyle=:box )

fr=1:50:4000;

coeftr=coeffTrans(fr,por0,resist0, lambd0, rapp0,alphinf0, k00p0,d) AmpTH=abs.(coeftr);
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global ptet=plot!(fr,AmpTH,ylims=(0,1),xlabel="Frequency
(Hz)",ylabel=("|T|"),legend=:topright,line=(:red, 0.5, 6, :solid),marker =
(:hex),Iw=0.02,grid=false, label
=("Model"),xtickfontsize=16,ytickfontsize=16,xguidefontsize=16,yguidefontsize=16,framest
yle=:box )

#Saving variables to xIsx file #

11=length(vpor); 12=length(vres); 13=length(tort); l4=length(lambd); 15=length(ratiol);
16=lengthtkp0); 17=tength(frey); 18=length(fr);

global Imx= findmax([11 12 13 14 15 16])[1]# find max length #lmx= findmax([17 18])[1]# find
max length

#create arrays of equal length vpor=[vpor; fill(missing, (Imx-11)) ]; fcoutp=[fcoutp; fill(missing,
(Imx-11)) ]; vres=[vres; fill(missing, (Imx-12)) |; fcoutr=[fcoutr; fill(missing, (Imx-12)) |;
tort=[tort; fill(missing, (Imx-13)) ]; fcoutt=[fcoutt; fill(missing, (Imx-13))];

lambd=[lambd; fill(missing, (Imx-14)) |;

fcoutlamb=[fcoutlamb; fill(missing, (Imx-14)) |; ratiol=[ratiol; fill(missing, (Imx-15)) ];
fcoutratio=[ fcoutratio; fill(missing, (Imx-15)) ]; kpO=[kpO; fill(missing, (Imx-16)) |;
fcoutkpO=[fcoutkpO; fill(missing, (Imx-16)) ];

global dfl =
DataFrame(por=[por0,mpor],resist=[resist0,mresist],tort=[alphinf0,mtor],]Jambda=[lambd0,ml
ambd],ratio=[rapp0,mratio], kpO=[k00p0,mkp0]);

df2 = DataFrame(vpor=vpor,fc_por=fcoutp, vres=vres,fcout_res=fcoutr,tort=tort, fc _tort=fcoutt,

lambda=lambd, fc lamb=fcoutlamb,ratio=ratiol,fc _ratio=fcoutratio, kpO=kp0,fc_kpO=fcoutkpO);

#saving reconstructed and original data #

Imx= findmax([17 18])[ 1 ]# find max length global fr exp=[freq; fill(missing, (Imx-17))];

—-——— - —— —— ——

global Amp th=[AmpTH; fill(missing, (Imx-18))]; global df3 = DataFrame(frTh=fr_th,
AmpTh=Amp _th);

#df = DataFrame(frequeny=frfin[:], Amp1=Trcoeff]:]);

#XLSX.writetable("S6 acoustparams.xlsx", df, overwrite=true, sheetname="transcoeff1",
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anchor_cell="A1");

XLSX.writetable("S13_acoustparamsV3.xIsx",overwrite=true, REPORT A=(
collect(DataFrames.eachcol(df1)), DataFrames.names(dfl) ), REPORT B=(
collect(DataFrames.eachcol(df2)), DataFrames.names(df2) ),

REPORT C=( collect(DataFrames.eachcol(df0)), DataFrames.names(df0) ), REPORT D=(
collect(DataFrames.eachcol(df3)), DataFrames.names(df3) )) rho0 = 1.297;

Pr=.713;

viscO = 0.178e-4;

global FC=resist0*por0/(2*pi*alphinf0*rho0); global FpC=viscO*por0/(2*pi*rho0*k00p0*Pr)
end

main()

#in the command line to plot all the cost functions

global fcs=plot( pfcoutpor,pfcomb,pfcoutt,pfcoutres,pfcoutratio,pfcoutkp0)
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