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ABSTRACT

This study investigates the effect of coarse sand grain correction on the coupled evolution of dry density,
compressive strength, Ultrasonic Pulse Velocity (UPV), and microstructure of Compressed Earth Blocks
(CEBs). Granular correction increased the Maximum Dry Density (MDD) from 1965 kg.m™ to 2032 kg.m™
(+3.4%); however, compressive strength decreased from 1.5 MPa to 1.25 MPa (-17%) and UPV from 0.873
km-s! to 0.737 km:s™! (-16%). Conversely, a clay-rich soil exhibited the highest strength (2.42 MPa) and
UPV (0.964 km-s™!) despite the lowest density (1890 kg:m™). Scanning Electron Microscopy (SEM) and X-
Ray Fluorescence (XRF) analyses revealed that strength evolution is governed primarily by the continuity
of fines bonding rather than by density alone. A linear relationship between UPV and compressive strength
was obtained with an R? = 0.803. These findings demonstrate a density-strength decoupling induced by
physical particle size correction and highlight microstructural bonding as the controlling mechanism for
low-carbon CEB optimization.

Keywords-compressed earth blocks; density-strength decoupling; particle-size distribution correction;
ultrasonic pulse velocity; microstructural bonding; sustainable earthen materials

I.  INTRODUCTION

Earthen materials range from traditional clay—straw
mixtures to manufactured fired bricks. They are commonly
produced in forms such as adobe, rammed earth, and CEBs.
Interest in earthen construction has increased due to
sustainability concerns associated with conventional fired
masonry [1]. Fired clay brick production requires high energy
input and generates significant carbon dioxide emissions,

whereas unfired earth blocks consume less energy and produce
fewer greenhouse gases [2, 3]. CEBs therefore represent a low-
carbon alternative, benefiting from the use of locally available
soils and reduced transportation impacts [4, 5]. However, their
broader application remains limited due to the variability of
natural soils and the difficulty of achieving adequate
mechanical performance. In many cases, untreated soils fail to
meet strength and durability requirements. While mechanical
stabilization (compaction) and chemical stabilization (binders)
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can improve performance, these methods increase both cost
and embodied carbon [6]. Consequently, research has focused
on physical optimization techniques to enhance block
performance while maintaining low environmental impact [7-
9]. Among these techniques, Particle Size Distribution (PSD)
plays a critical role in determining CEB performance [10, 11].
The relative proportions of coarse and fine particles, as well as
the continuity of the grading curve, directly influence packing
density, porosity, and load transfer mechanisms within the
material [12]. Previous studies indicate that a combined clay
and silt content of approximately 25% is favorable for
improving compressive strength, highlighting the importance
of controlled PSD [13]. Furthermore, the addition of 5%—10%
fine particles, combined with suitable stabilization, has been
shown to produce blocks that meet industrial standards. These
findings demonstrate that optimizing PSD is an effective
strategy for enhancing block quality while promoting efficient
resource utilization.

However, strong linear correlations between compressive
strength and dry density, as well as between density and
erosion resistance, have been reported [14]. Stabilization
techniques can significantly modify dry density. For example,
the incorporation of Calcium Carbide Residue (CCR) reduced
bulk density from 1800 kg/m3 to 1475 kg/m3 while improving
structural efficiency [15]. Despite the well-established
influence of PSD and density on CEB performance, the
underlying mechanisms linking density increase to strength
development remain insufficiently understood. Although
several studies report positive correlations between dry density
and compressive strength [16], others demonstrate that changes
in grading or stabilization can substantially alter density
without a corresponding improvement in mechanical
resistance. This suggests that density alone is not sufficient to
explain the structural performance of CEBs [10, 17]. UPV is
used as a non-destructive testing technique to assess the
internal integrity and mechanical performance of geomaterials,
owing to its correlation with stiffness, density, and compressive
strength. UPV models can estimate compressive strength with
high coefficients of determination, confirming the reliability of
ultrasonic propagation as an indicator of mechanical behavior
in cementitious and earth-based materials [18, 19].
Furthermore, UPV is sensitive to variations in soil composition
and bonding structure, highlighting its relevance for evaluating
earthen construction materials [20]. Despite these advances, the
ability of UPV to capture density-strength decoupling induced
in unstabilized CEBs remains insufficiently explored.

The present study examines the effect of coarse-grain
correction, achieved by adding coarse sand, on the relationship
between dry density, compressive strength, and UPV in CEBs
made from natural soils. By integrating compaction analysis,
mechanical testing, UPV measurements, and SEM/XRF
microstructural characterization, it seeks to clarify the bonding
mechanisms that control strength development after PSD
modification. The main objective is to determine whether a
density increase resulting solely from physical grain correction
enhances mechanical performance, and to identify the
microstructural ~ constraints  that  limit  density-based
optimization strategies for low-carbon CEBs.

II. MATERIALS AND METHODS

The natural soils used in this study were collected from
Sale (S), Marrakech (M), and Rabat (PR). The soils were air-
dried and sieved before testing. PSD was determined using wet
sieve analysis in accordance with [21], while the fine content
was measured following [22]. Atterberg limits were determined
according to [23] to characterize soil plasticity. The coarse sand
used for granular correction was obtained from PR. The sand
was washed and oven-dried before use to remove fine
impurities. Table I presents the physical properties of the
investigated materials. Soil S is mainly composed of sand
(65%) with relatively low fines content (8% silt and 27% clay),
resulting in low plasticity (PI = 11.5%). It also shows a lower
Optimum water content (OWC) (8.5%) and a higher Maximum
Dry Density (MDD) (1965 kg-m™3). In contrast, soil M contains
a greater proportion of fines (30% silt and 33% clay), leading
to higher plasticity (PI = 31.56%) and a higher OWC (12%),
but a lower MDD (1890 kg-m™3). The sand PR consists entirely
of coarse particles (100% sand) and exhibits no plasticity,
making it appropriate for granular correction.

TABLE L. SOIL PHYSICAL PROPERTIES
Parameters Soil S Soil M Sand PR

Grain si Sands 65% 37% 100%
disribution Silts 8% 30% .
) Clays 27% 33% -
Liquid limit o o )

(LL) 27.46% 47.24%
Atterberg Plastic limit o o
limits (PL) 15.95% 15.68% -
Plasticity

Index (PI) 11.5% 31.56% -
Other OowC 8.5% 12% -
parameters MDD 1965 kg-m™ | 1890 kg-m™ -

A. Sample Preparation

Initially, the soil mixtures were prepared by mixing the dry
constituents corresponding to the three investigated materials:
natural soil S, natural soil M, and the granular-corrected soil
S+PR. For the corrected mixture (S+PR), the natural soil S was
combined with 32% coarse sand PR by dry mass (68% S),
following a previously developed granular optimization
protocol based on CRATerre admissible grading envelopes and
an iterative geometric-mean target curve ensuring a maximum
particle size of 5 mm [24]. This granular correction increased
the MDD from 1965 kg-m™ for the initial soil to 2032 kg-m™
for the corrected mixture. All dry components were mixed
thoroughly to ensure homogeneous distribution. Water was
then gradually added to each mixture until the OWC was
reached. The OWC was determined by compacting each soil
type at different water contents and measuring the
corresponding dry density until the MDD was obtained.

Samples were prepared using cylindrical molds with
dimensions of 8 cm in diameter and 12 cm in height. For each
soil type or mixture, five specimens were compacted using a
manual hydraulic press at a pressure of 2 MPa. After molding,
the samples were sealed in plastic bags and cured for 7 days,
followed by storage under laboratory conditions for an
additional 21 days. During this period, the ambient temperature
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ranged from 19°C to 25°C, and the relative humidity varied
between 55% and 70%. Figure 1 shows the PSD of soils S, M,
and PR compared with the CRATerre proposed grading
envelope. Soil S lies near the lower limit of fines content, while
soil M is finer and closer to the upper boundary. In contrast,
sand PR consists almost entirely of coarse particles and falls

lower limit upper limit

outside the proposed range. The corrected mixture (S+PR)
shifts the grading toward coarser fractions, increasing packing
density but reducing fines responsible for interparticle bonding.
The dashed lines indicate the limits of the proposed grading
range [25].

ideal —&—M ®—S PR —@—S+PR

100 4

80

60

40

Pasasing Percentage (%)

20

100 10 1

0.1 0.01 0.00

Particle size (mm)

Fig. 1.

B. Testing Methods

Figure 2 illustrates the four types of experimental
equipment used in this study to characterize the physical,
mechanical, and microstructural properties of the samples.
These include XRF for chemical composition analysis, SEM
for microstructural observation, UPV testing for non-
destructive evaluation of internal integrity, and a universal
testing machine for compressive strength measurement.

e Compressive strength tests were performed according to
standard procedures using a Tinius Olsen ST universal
testing machine. The specimens were subjected to uniaxial
compressive loading until failure, and the load
measurements were recorded. The compressive strength
was calculated by dividing the maximum load by the cross-
sectional area of each specimen. Visual examinations were
also conducted to identify the failure pattern and to observe
any differences in rupture modes among the soil samples.

e Small representative fragments were prepared for
observation using a JSM-IT510 SEM and used to
characterize the material at a microscale for global texture
analysis, particle packing, pore distribution, the
arrangement of coarse and fine fractions, and fine bonding
zones.

PSD of soils S, M, and PR compared with CRATerre recommendations for CEB production.

Fig. 2.

Experimental testing equipment used in the study: (a) XRF
analysis, (b) SEM observation, (¢) UPV measurement, and (d) compressive
strength test.
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e XRF analysis was performed, using a Bruker S2 Ranger
spectrometer, to determine the chemical composition of the
soil samples, identify the major oxide components, and
provide information on the mineralogical composition
influencing the mechanical behavior of the CEBs.

e UPV measurements were carried out using a U300
ultrasonic tester equipped with 50 kHz transducers. The
direct transmission method was adopted. The transducers
were placed on opposite faces of the specimens, and
coupling gel was applied to ensure proper signal
transmission. For each specimen, three travel time
measurements were recorded to improve accuracy.
Measurements were performed at room temperature under
dry surface conditions, and the UPV was calculated by
dividing the specimen length by the measured travel time.

II. RESULTS AND DISCUSSION

A. Effect of Granular Correction on MDD and Compressive
Strength

As Table II summarizes, the natural soil S exhibited an
MDD of 1965 kg-m™ and a compressive strength of 1.5 MPa,
with a particle composition dominated by sand (65%) and a
moderate clay content (27%). Following granular correction by
the addition of coarse sand (S+PR), the sand fraction increased
to 76% while the clay content decreased to 18%. This
modification led to a 3.4% increase in MDD (2032 kg-m3);
however, the compressive strength decreased by 17% to 1.25
MPa. This inverse trend between density and strength indicates
that the improved packing efficiency was accompanied by a
reduction in effective interparticle bonding, due to the lower
proportion of fine particles. Such behavior is consistent with
[10], which demonstrates that particle-size distribution and clay
content can have a greater influence on strength and stiffness
than dry density alone.

TABLE IL

SUMMARY OF PHYSICAL AND MECHANICAL

PROPERTIES OF THE INVESTIGATED SOILS (MEAN =+
STANDARD DEVIATION, N (NUMBER OF SAMPLES) = 5)

Soil MDD (kgm?) | g:;glt)l:e(ﬁ;) UPV (km-s™)
S 1965 1.50 £0.072 0.873 £0.012
S+PR 2032 1.25£0.12 0.737 £ 0.011
M 1890 2.42 £0.099 0.964 £ 0.012

Soil M, with high fines content (30% silt and 33% clay),
exhibited the highest compressive strength of 2.42 MPa,
despite having the lowest MDD (1890 kg-m™). Relative to soil
S, this corresponds to a 4% decrease in density but a 61%
increase in strength, while the strength gain reached 94%
compared with S+PR.

B. Microstructural Analysis (SEM and XRF)

The SEM observations of soil S (Figure 4(a)) reveal
localized clay platelet coatings partially covering coarse
particles (P2), together with discontinuous interparticle bridges
(P3) and inter-aggregate microporosity (P1), consistent with
previous microstructural studies highlighting the role of clay
platelet bonding and pore distribution in governing cohesion
and strength in unfired clay bricks [26]. The S+PR
microstructure (Figure 4(b)) remains dominated by coarse
granular clusters (P4) separated by intergranular voids lacking
clay bonding (P5). This configuration supports the 3%—4%
increase in dry density obtained after correction, which is
associated with reduced fines-controlled cohesion and provides
direct microstructural evidence for the 17% decrease in
compressive strength. Soil M (Figure 4(c)) exhibits a
continuous clay platelet network (P6) reinforced by fibrillar or
filamentous inter-platelet bridges (P7), producing an
interconnected bonding framework. Such structural continuity
promotes efficient stress transfer throughout the compacted
matrix, corresponding to the 61% higher compressive strength
of soil M relative to soil S, despite its lower MDD, consistent
with the mechanisms reported in [27, 28].
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Fig. 3.

Compaction curves of soils S, S+PR, and M, showing OWC content at MDD.
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Fig. 4. SEM microstructures of soils: (a) soil S showing microporosity
(P1), partial clay platelet coatings (P2), and discontinuous interparticle bridges
(P3); (b) granular corrected soil S+PR characterized by coarse particle clusters
(P4) and intergranular voids lacking clay bonding (P5); (c) soil M exhibiting a
continuous clay platelet network (P6) and fibrillar bonding features (P7).

TABLEIL  OXIDE COMPOSITION DETERMINED BY XRF
Oxide M (%) S (%)
Na,0 1.8 0
MgO 7 1.2
ALO; 15.91 23.81

Si0, 48.83 51.57
P,0s 0.09 0.09
SO, 0.18 026
Cl 0.06 0
K;O 3.85 172
CaO 11.36 132
TiO, 13 1.36
MnO 0.14 0
Fe;0; 8.96 18.01
ZrO, 0.09 0.14
BaO 0.14 0
PrOy 0 0.06
Nd,0; 0 0.08

The XRF analysis, summarized in Table III, further
supports the microstructural observations. Soil M exhibits
significantly higher CaO (11.36%) and MgO (7%) contents
compared to soil S (1.32% and 1.2%, respectively),
corresponding to increases of approximately 8-9 times for CaO
and about sixfold for MgO, while maintaining similar SiO:
contents. In clayey soils, elevated concentrations of divalent
cations, such as Ca?* and Mg?', promote the flocculation of clay
particles and the formation of microaggregates. This occurs
through the displacement of monovalent ions from exchange
sites and the compression of the diffuse double layer, resulting
in stronger electrostatic attraction and reduced particle
dispersion [29]. Consequently, soil S, which contains lower
amounts of these divalent cations, exhibits weaker clay
aggregation than soil M, as confirmed by the SEM
observations. This difference in microstructural bonding is
consistent with the 61% higher compressive strength measured
for soil M.

C. UPV as an Indicator of Bonding Continuity

The natural soil S exhibited an average UPV of 0.873
km-s™1, whereas the granular-corrected mixture S+PR showed a
lower value of 0.737 km-s™!, representing a decrease of
approximately 16% despite the increase in MDD. In contrast,
soil M displayed the highest UPV (0.964 km:s™),
corresponding to an increase of about 10% relative to soil S,
and more than 30% compared to S+PR, even though it had the
lowest dry density among the tested soils. As illustrated in
Figures 5 and 6, the trends in compressive strength and UPV
are consistent, highlighting the strong link between ultrasonic
propagation and mechanical performance. This behavior
reflects the presence of a dense, clay-rich bonding network
observed in SEM analysis and supported by the XRF results,
enhancing wave transmission through continuous interparticle
contact paths.

2.42 +0.099

= 25
-9
2
%:u 2
2 1.50+0.072
: 5 1.25+0.120
Z
3
& 1
3
o]

0.5

0
s S+PR M
® Mean Compressive strength
Fig. 5. Mean compressive strength of the investigated soils. Error bars

represent standard deviation (n = 5).

D. Relationship Between UPV and Compressive Strength

A linear relationship was obtained between UPV and
compressive strength for CEB specimens, expressed as:

f. = 4.88 UPV — 2.46 (1)

With a coefficient of determination:
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R? = 0.803 (n = 15) 2
where n denotes the number of tested specimens.

This value indicates that approximately 80% of the
variability in compressive strength can be explained by
variations in ultrasonic wave propagation. The obtained R? of
0.803 lies within the upper range typically reported for earthen
construction materials, which generally fall between 0.6 and
0.9, depending on density, stabilization level, and water
content. The regression slope of 4.88 MPa-s-km'! reflects the
mechanical sensitivity of strength to the change in ultrasonic
velocity. This magnitude is consistent with previously reported
linear sensitivities in rammed earth and CEBs, which
commonly range from approximately 3 MPa-s-km! to 6
MPa-s-km™!' for unstabilized or weakly stabilized blocks.

1.200

~ 0.964£0.012
L, 1000 0.873£0.012 z
& = 0.737+0.011
~ 0.800
z -
3]
2
Q 0.600
3
2
S 0.400
)
£
2
£ o0.200
5

0.000

S S+PR M

Mean Ultrasonic pulse velocity

Fig. 6. Mean UPV of the investigated soils. Error bars represent standard
deviation (n = 5).

2.8 - -

fc =4.8815 x UPV - 2.4602
26 R*=0.8027
2.4

2.2

Compressive strength (MPa)

16 S+PR
14
12
1
0.7 0.75 0.8 0.85 0.9 0.95 1
Ultrasonic pulse velocity (Km.s™1)
Fig. 7. Relationship between UPV and compressive strength of CEBs.

As presented in Figure 7, the investigated UPV range
(0.73-0.98 km-s1) corresponds to a transition from weakly
bonded granular structures to more continuous clay-bonded
matrices. This evolution is accompanied by an increase in
compressive strength from approximately 1.1 MPa to 2.5 MPa.
The observed relationship indicates that ultrasonic wave
propagation reflects the quality of interparticle contacts and the
reduction of internal discontinuities, rather than density alone.
Overall, the comparison between soils S, S+PR, and M

confirms that mechanical performance is not governed solely
by density but is more significantly influenced by the combined
effect of particle-size distribution and the continuity of fines-
mediated bonding.

IV. CONCLUSIONS

This study investigated the effect of coarse-grain physical
correction on the coupled evolution of dry density, compressive
strength, UPV, and microstructure of Compressed Earth Blocks
(CEBs) made from natural soils. Granular correction increased
the MDD from 1965 to 2032 kg-m™3 (+3.4%), but resulted in a
decrease in compressive strength from 1.5 to 1.25 MPa (-17%)
and in UPV from 0.873 to 0.737 km-s™! (-16%). In contrast,
the clay-rich soil from Marrakech exhibited the highest
compressive strength (2.42 MPa) and UPV (0.964 km:-s™),
despite having the lowest density (1890 kg-m™3). These results
show that mechanical performance cannot be explained by
densification alone. Microstructural analysis indicates that
strength is mainly controlled by the continuity of fines-
mediated bonding and interparticle cohesion. SEM and XRF
observations confirm that granular correction disrupts clay
bonding networks, whereas the clay-rich soil develops a
continuous platelet structure that improves stress transfer and
facilitates ultrasonic wave propagation. A strong linear
relationship between UPV and compressive strength (R? =
0.803) further indicates that ultrasonic measurements
effectively capture microstructural integrity and can be used to
predict mechanical performance. Overall, the findings reveal a
clear density—strength decoupling induced by particle-size
distribution correction, highlighting the crucial role of bonding
continuity in controlling CEB behavior. This study underscores
the limitations of density-based optimization, emphasizing the
need to consider both particle-size distribution and fines-
mediated bonding in the design of low-carbon earthen
materials.

Beyond the specific experimental results, the current study
contributes to understanding the mechanical behavior of CEBs
by emphasizing a density-strength decoupling associated with
particle-size distribution correction. While previous studies
generally report positive correlations between density and
strength in earthen materials, the present work’s results indicate
that an increase in packing density, achieved through coarse-
grain addition, may not necessarily result in improved
mechanical performance when the fines content is reduced. The
combined analysis of mechanical testing, UPV measurements,
and microstructural observations suggests that variations in
strength are closely related to changes in the continuity of
fines-mediated bonding within the material. In this context,
ultrasonic wave propagation appears to reflect the integrity of
interparticle contacts and internal structure beyond density
variations alone. These findings provide additional insights into
the limitations of density-based optimization approaches,
stressing the importance of considering both particle-size
distribution and bonding continuity in the design and
characterization of low-carbon CEBs.
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