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compressibility, moisture sensitivity, and low shear strength. This study
investigates lightweight and sustainable pumice, locally termed Ponza, for
stabilizing clayey soil collected from Al-Amiriya, Baghdad, Iraq. Pumice was
incorporated at replacement ratios of 10%, 20%, 30%, 40%, and 50% by dry mass.
For each mixture, the dry constituents were blended, mixed with water at the
corresponding optimum moisture content, and compacted before testing; CBR
specimens were then soaked for 72 h. The experimental program included
modified Proctor compaction, soaked California Bearing Ratio tests, and large-
scale direct shear tests under normal stresses of 25, 50, and 75 kPa for
unreinforced and Geostrip-reinforced specimens. A 200-mm-wide shear box was
selected to accommodate the 4.75-9.5 mm pumice particles and minimize particle-
size and boundary effects. Increasing pumice content reduced the maximum dry
density and produced an overall increase in optimum moisture content because of
the lightweight and porous nature of pumice. CBR generally improved at higher
pumice contents owing to greater particle interlocking and the development of a
frictional load-bearing skeleton. The shear response gradually changed from
cohesion to friction-controlled behavior. For unreinforced samples, the friction
angle increased from 16.3° for natural clay to 31.0° for 50% pumice, and cohesion
decreased from 19.69 kPa to 10.50 kPa. Average interface interaction coefficients
of 0.94-0.99 are shown to be efficient at stress transfer and compatible with the
clay-pumice mixtures and Geostrip reinforcement.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Clayey soils are challenging geotechnically in roads, embankments, retaining structures, and
shallow foundations because moisture-induced changes in soil fabric can cause settlement,
deformation, and loss of bearing capacity and shear strength [1-6]. These problems have led to
stabilization and reinforcement in weak fine-grained soils together. Pumice is a porous volcanic
lightweight aggregate characterized by low specific gravity, high water absorption, and a rough,
angular surface. These properties can lead to a lower weight of compacted fills while modifying
particle arrangement, frictional resistance, and interparticle interlocking [7,8,26,29]. Compared to
cement or lime-based treatment, coarse pumice is more of a physical change to the soil skeleton
than chemical stabilization. However, its environmental and economic benefits are highly
dependent on local availability, processing, and transport. Recently, pumice in fine-grained soils
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has been investigated using different forms, particle sizes, and replacement ratios. Aljboori et al.
[26] evaluated clay mixed with pumice-based lightweight aggregate at 10%, 30%, 40%, 50%, and
60% dry mass using conventional compaction, consolidation, and strength tests. Their findings
showed that the increase in the lightweight aggregate content reduced soil density and increased
the frictional contribution to strength gradually, but too much replacement disturbed the clay
matrix. Saltan et al. [29] demonstrated the potential of pumice waste to improve poor clayey
pavement subgrades with this approach. Nasiri et al. [30] explored 5-15% fine pumice powder in
contaminated clay and found 10% to be a good content for long-term strength and microstructure
improvement. However, the fine pumice powder under curing behavior is very different from the
coarse pumice particles acting as a lightweight granular modifier. Most of the available literature
on compaction, CBR, unconfined compressive strength, consolidation, or drained shear parameters
is limited in terms of the direct evidence for pore-water-pressure response and improved interface
behavior in coarse clay-pumice mixtures [26,29,30]. The Mohr-Coulomb approach of cohesion and
internal friction angle of the shear strength is widely used in the analysis and design of foundations,
slopes, embankments, and earth-retaining structures [11-14]. The cohesion may be decreased
because the clay-to-clay bond is broken (see section 2.2 below) and the mobilized friction angle is
increased because of the angularity of the pumice particles, surface roughness, dilation, and
confinement-dependent interlocking of the clay matrix [24-26]. At low pumice contents, isolated
coarse particles can form local voids and weaken the clay matrix in the presence of low compactive
effort. This transition must therefore be assessed both in penetration resistance and shear-strength
tests rather than through compaction alone.

In reinforced-soil systems, overall performance also depends on shear transfer along the soil-
geosynthetic interface. Previous pullout and interface studies have shown that reinforcement
geometry, soil type, and the contact condition between clay and geosynthetic reinforcement
strongly influence the mobilized interaction resistance [9,10]. ParaWeb 2D is a polymeric strip
reinforcement composed of high-tenacity polyester yarn tendons encased in a protective
polyethylene sheath [27]. Compared with continuous sheet-type geosynthetics, discrete strips can
be arranged at selected elevations and lengths to mobilize tensile resistance while adding little self-
weight; however, their effectiveness depends directly on the resistance developed along the soil-
strip interface [15-18,27]. Interface behavior is governed by adhesion, surface texture, moisture
condition, particle size and arrangement, normal stress, reinforcement geometry, and the
mechanical characteristics of the polymeric strip [15-20,31,32]. Chai and Saito [31] showed that
the interface shear response of clayey soils varies with geosynthetic type and contact condition.
Choudhary and Krishna [20] demonstrated that particle size and geosynthetic structure influence
interface friction and interaction coefficients, while Muluti et al. [32] confirmed that the
configuration of the critical interface affects both peak and large-displacement strength.
Consequently, the interaction of ParaWeb 2D with clay-pumice mixtures cannot be inferred
reliably from soil-only strength and must be evaluated directly at the soil-strip contact surface.

Because the soil-strip response must be measured directly, large-scale direct shear testing is
particularly important for the 4.75-9.5 mm pumice fraction used in the present study. A small shear
box may exaggerate particle-size and boundary effects, and individual coarse particles can
disproportionately influence rotation, dilation, crushing, and measured shear resistance when the
specimen dimensions are insufficient relative to the maximum particle size. Deiminiat et al. [28]
demonstrated that the specimen-width-to-maximum-particle-size ratio significantly influences
direct shear results for coarse materials. The 200-mm-wide box adopted in this study provides a
width-to-maximum-particle-size ratio of approximately 21, thereby reducing the scale and
boundary effects expected in a conventional small shear box.

The previous investigation [26] characterized clay-lightweight aggregate mixtures using smaller
pumice particles and conventional-scale laboratory testing, without evaluating the ParaWeb soil-
reinforcement interface under the present large-scale configuration. The current study builds upon
this previous work by using a coarser pumice fraction of 4.75-9.5 mm, soaked California Bearing
Ratio tests at three compactive efforts, and investigating the soil-soil and soil-ParaWeb interface
shear behavior in a 200-mm-wide direct shear box at 25, 50, and 75 kPa. Hence, this paper is not
only a retelling of the previous work, but is focused on the effect of the particle medium on the
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interface and the engineering ability of the lightweight clay-pumice mix. Therefore, the novelty of
the present study is that it allows for the investigation of pumice modification, CBR performance,
Geostrip reinforcement, and large-scale soil-geosynthetic interface in a single experimental setting.
This paper fills the gap in the literature on the shear transfer between coarse pumice-modified clay
and polymeric reinforcement strips by measuring the change of cohesion, friction angle, interface
adhesion, and interaction coefficient with increasing pumice content.

This study aims to investigate the synergistic effects of pumice inclusion and ParaWeb 2D Geostrip
reinforcement on compaction, bearing resistance, internal shear strength, and soil-strip interface
behavior through large-scale testing, with particular emphasis on failure mechanisms and
lightweight embankment and mechanically stabilized earth backfill applications. Because pore-
water pressure was not directly measured in the present program, the reported interface
interpretation is limited to the measured compaction, CBR, and direct-shear responses.

2. Materials and Methods
2.1. Temperature Gradient

The natural clay was collected from the Al-Amiriya area, western Baghdad, Iraq (33.299593° N,
44.272867° E), at a depth of 1.5-2.0 m. The soil was air-dried and pulverized before testing. Its
physical and chemical properties are summarized in Table 1. The soil was classified as low-
plasticity clay (CL), with a liquid limit of 30.5%, a plastic limit of 19.8%, and a plasticity index of
10.7%. The gradation comprised 85% fines passing the No. 200 sieve and 15% sand-sized material;
the complete distribution is shown in Fig. 1. The specific gravity was 2.76, while the optimum
moisture content and maximum dry density were 16% and 1.835 g/cm?, respectively.

Table 1. Physical and chemical properties of the natural soil

Property Value
Soil classification CL
Specific gravity 2.76
Liquid limit (%) 30.5
Plastic Limit (%) 19.8
Plasticity index (%) 10.7
Maximum dry density (g/cm?) 1.835
Optimum moisture content (%) 16
Sand% 15
Silt% 19
Clay% 66
pH 7.4
Sulfate content, SO3 (%) 0.103
Gypsum content (%) 0.221
Chloride content, Cl~ (%) 0.031
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Fig. 1. Particle-size distribution curve of the natural clay
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2.2 Pumice and Geostrip (ParaWeb 2D)

Pumice (locally termed Ponza) was imported from northern Iran and used as a lightweight granular
additive. Pumice was incorporated at 10%, 20%, 30%, 40%, and 50% by dry mass of soil. The moist
mixture was then homogenized before compaction and specimen preparation as shown in Fig. 2.
Table 2 presents the measured physical and chemical properties of the material used in the
experimental program. The aggregate was silica-rich, porous, and absorptive, characteristics that
explain the reduction in mixture density and the non-monotonic water demand. ParaWeb 2D, as
shown in Fig. 3, reinforcement consisted of high-tenacity polyester yarn tendons encased in a
polyethylene sheath. The manufacturer reports an approximate strip width of 90 mm, thickness of
3 mm, and nominal ultimate tensile capacity of 75.4 kN per strip.

9.5 mm 4.75 mm
(3/8 inch) (No. 4 sieve)

Fig. 2. Selected pumice fraction used in the study (passing 9.5 mm and retained on 4.75 mm
sieve)

Polyester yarns

L L XX XXX Vo

o i B

(. )

\ Polyethylene sheath

Fig. 3. ParaWeb 2D reinforcement strip and cross-sectional schematic (nominal strip width =
90 mm)

Table 2. Summary properties of the pumice used in this study.

Property Value Source/status

Selected particle-size range 4.75-9.5 mm Present program

Specific gravity 1.931
Water absorption (%) 14.830 Measured material property
Dry bulk density (kg/m?) 995

Si0; (%) 61.126
Al,03 (%) 14.069

Fe, 03 (%) 8.342 Chemical analysis
Ca0 (%) 8.422
MgO (%) 3.300
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2.3 Experimental Work

Physical model and index testing were performed at the Burj Babel Company for Studies and
Scientific Research laboratories, whereas the large-scale direct shear testing was conducted at the
Roads Laboratory, Mustansiriyah University.

2.3.1 Test Sample Preparation

Pumice was used as a coarse, lightweight granular modifier at replacement ratios of 10%, 20%,
30%, 40%, and 50% by dry mass of the natural soil. The pumice fragments were crushed and
sieved, and the fraction that passed the 9.5 mm sieve and was retained on the 4.75 mm sieve was
chosen. This very coarse fraction was chosen so as to preserve the lightweight aggregate character
of pumice and to make it possible for the particles to have roughness, angularity, and mechanical
interlocking in the clay matrix rather than to be treated as fine powder or chemical binder. The
required dry masses of clay and pumice were mixed manually until the coarse particles were evenly
distributed. The water that was the optimum moisture content of each mixture was then added
gradually, and a visually homogeneous mixture without wet or dry zones to be found in the mixture
was made. The specimens were prepared immediately after mixing, and there was no time for the
water to be balanced. The same mixing and placement procedure was maintained for all specimens
to minimize segregation and preparation variability.

2.3.2 Compaction Test

Modified Proctor compaction tests according to ASTM D1557-12(2021) (method C) were carried
out to determine the maximum dry density (MDD) and optimum moisture content (OMC) of the
natural clay and clay-pumice mixture. A 152.4 mm diameter mold with an approximate height of
116.4 mm was used for compacting the sample in five thick, roughly equal layers (in which each
layer received 56 uniformly distributed blows from a 4.54-kg rammer falling through a height of
457 mm). The material was processed through the 19.0 mm (3/4-in.) sieve. While the standard
Proctor test is often used for fine-grained soils with moderate compaction, the modified compactive
effort is selected to take into account relatively high field compaction required for pavement
subgrades, highway embankments, and reinforced backfill. The 152.4 mm mold was also chosen
for the gravel-sized pumice to reduce particle size and boundary effects and to provide a good
representative compaction response for clay-pumice mixtures. The modified compactive effort was
applied to be about 2700 kNm/m?.

2.3.3 California Bearing Ratio (CBR)

Soaked California Bearing Ratio (CBR) tests were generally done in line with ASTM D1883-21
except for the modified soaking period of 72 h and penetration rate of 1 mm/min. Clay-pumice
mixtures of 0%, 10%, 20%, 30%, 40%, and 50% pumice were mixed with water at the appropriate
optimum moisture content (OMC). Three samples for each mixture were prepared and compacted
in five approximately equal layers using 10, 25, and 56 blows per layer in order to represent three
compactive efforts. A 4.54 kg rammer (with two 2.27 kg surcharge weights) was used to compress
each sample and was applied during penetration testing. The specimens were soaked in water for
72 h, during which vertical expansion was monitored using a dial gauge. The percentage swell was
measured at the end of the soaking time. After soaking, the specimens were allowed to drain for
about 15 min while maintaining the surcharge. Penetration testing was done at a fixed rate of 1
mm/min, and the loads were measured at the specified penetration depths. The CBR value was
measured from the loads at 2.5- and 5.0-mm penetration in comparison to the standard loads.

2.3.4 Large-Scale Direct Shear

A large-scale direct shear apparatus was used in this work (Fig. 4) to apply normal stresses of 25,
50, and 75 kPa. The apparatus was manufactured by Banyhussan and is described in [21]. It
consists of a lower rectangular shear box (200 x 250 x 100 mm) and an upper square shear box
(200 x 200 x 100 mm). The larger lower box was used to maintain approximately the same overlap
and shearing area during horizontal displacement, and reduce the area correction uncertainty of
the conventional equal-sized shear box halves. There are two restraining arms to keep the upper
box horizontal and the lower one vertical. The steel loading plate was pressed very hard to provide
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a normal stress level, and an electric jack was driven on the lower box to lift it up. The shear force
was measured using the load cell with a 5-ton weight. The surface of the metal-to-metal contact
and guiding surfaces were lubricated to minimize the friction and not to cause damage to the soil-
soil or soil-Geostrip shear interface. For the reinforced specimens, one 90 mm wide ParaWeb 2D
strip with a nominal tensile capacity of 75.4 kN was placed flat and centered to the horizontal shear
plane. The longitudinal direction of the strip was aligned with the direction of shearing, and the
strip was taut and free of folds in order to conform to the clay-pumice mixture. The soil mixtures
were prepared at the optimum moisture contents. The dry mass of each mixture was calculated
from the known internal volume of the shear box and the maximum dry density obtained from the
Modified Proctor test according to Eq. 1.

Md = Pdtarget Vb (1)

Where Md is the required dry mass, p_(d,target)is the target dry density, and Vb is the specimen
volume. The corresponding moist mass was determined from Eq.2:

Mmoist = Md(1 + w) (2)

Where w is the optimum moisture content expressed as a decimal. The prepared moist mixture
was divided into three approximately equal portions and placed in the shear box in three layers.
Each layer was compacted by uniform manual tamping until the calculated total mass occupied the
predetermined box volume, thereby achieving the target dry density. The same target density, layer
thickness, and tamping procedure were maintained for all reinforced and unreinforced specimens
to minimize variations in specimen density and pumice-particle distribution. After specimen
preparation, the required normal stress was applied, and the displacement rate of 1 mm/min was
adopted based on the operating procedure of the large-scale apparatus and the comparable testing
program [21]. Shearing was continued to a horizontal displacement of 30 mm for each normal-
stress level. Because the rate was not derived from specimen-specific consolidation measurements,
the results are interpreted as rate-dependent shear parameters rather than strictly drained
parameters.

ParaWeb 2D strip placed on the shear plane

o Vertical LVDT o Lower shear box (250 x 200 x 100 mm) 0 Hydraulic jack

Upper shear box (200 x 200 x 100 mm; Load cell Hydraulic pressure system
e i ¢ ) e e with electric motor
9 Two horizontal arms o Horizontal LVDT 0 Loading system

Fig. 4. Large-scale direct shear apparatus and numbered components
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3. Results and Discussion

3.1. Compaction Results

The Modified Proctor results presented in Fig. 5 show that the natural clay achieved a maximum
dry density (MDD) of approximately 1.84 g/cm? at an optimum moisture content (OMC) of 16%.
Increasing the pumice content to 50% reduced the MDD to approximately 1.64 g/cm?,
corresponding to a reduction of about 10.9% relative to the natural clay. At the same replacement
level, the OMC increased to approximately 17%, representing an increase of about 6.3%. But the
OMC response was non-monotonic: the highest value of approximately 18.5% was reached at 40%
pumice, which corresponds to an increase of about 15.6% from the natural soil and a slight
decrease at 50% pumice. The decrease in MDD is mostly because of the low specific gravity and
porous structure of pumice, whereas the change of OMC is caused by the competing effects of
replacing water-requiring clay fines and water absorption by the porous pumice particles. For MSE
applications, horizontal earth pressure is influenced simultaneously by the soil-mixture unit weight
and the friction-dependent active earth-pressure coefficient as expressed in Eq. 3.

o, = Kayz (3)

Where oy, is active horizontal earth pressure, Ka is Rankine's active earth-pressure coefficient, y =
p X g is dry unit weight, pd is dry density of the soil mixture, g is gravitational acceleration, z is the
depth below the ground surface and z is the depth below the ground surface. For level backfill and
zero wall friction, Rankine theory gives Ka = tan®(45° — ¢/2). So increasing the friction angle
from 16.3° for natural clay to 31.0° for 50% pumice mixture reduces the active horizontal pressure
from 0.562 to 0.320, a decrease of about 43%. At the same time, the dry density is decreasing from
approximately 18.05 kN/m? to 16.09 kN/m? and the active horizontal pressure is decreasing from
about 10.14 kPa for natural clay to 5.15 kPa for 50% pumice mixture; the total reduction is around
49%. So, the decrease in lateral pressure is a product of the lower unit weight and the nonlinear
reduction of Ka with the higher friction angle, and not due to a constant Ka.

1.9
—8— Natural soil (0% Pumice) -4+ 30% Pumice
10% Pumice ~¥- 40% Pumice
=h-+ 20% Pumice =& 50% Pumice
1.8 4
§
;.—1 1.7 A
2
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g
<= 1.6
£
=]
1.5 4
1.4 T T T T T T T
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Water content, w (%)
Fig. 5. Compaction curves for clay mixed with different pumice contents

3.2 CBR Test

Fig. 6 and Table 3 show the relationship between dry density and CBR for clay-pumice mixtures at
three compactive efforts. For each mixture, the higher the compactive effort, the higher the dry
density and the CBR, which proves that the compaction state is positively related to penetration
resistance. The higher density makes for closer particle contact, less deformability and
compressibility of specimens, and it also ensures that the internal load transfer path does not
change as much as the pumice content. However, the response to the increase in pumice content is
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not monotonic, because the contribution of a cohesive clay matrix, contact between pumice and
particles, void, and so on changes as the replacement ratio increases and the compactive effort
increases. At 10 blows per layer of 10% pumice, a decrease in CBR from 1.400% for the natural soil
to 0.531%. At that low energy, the small amount of coarse porous pumice might have interrupted
the clay matrix without a continuous granular skeleton, and the local voids and incomplete seating
of the pumice made them less resistant to penetration. With more compactive effort, the particles
were embedded better, and CBR improved to 4.780% and 6.073% at 25 and 56 blows, respectively.

14

—8— 0% Pumice

.

10% Pumice =%

30% Pumice
40% Pumice

12 1

—& — 20% Pumice ~--#-- 50% Pumice

b 4
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| - -7
10 -‘.’.’_4 - o ./A
P S s
3 8 e T T e
S T e ’
e —— /
m = \ il £
o 6 - oz

1.3 1.4 1.5 1.6 1.7 1.8
Dry density (g/cm?)

Fig. 6. Relationship between soaked CBR and dry density for the clay-pumice mixtures at three
compactive efforts

Table 3. Soaked CBR results for the clay-pumice mixtures

Pumice content (%) Number of Dry density (g/cm’) CBR (%)
blows per layer

10 1.500 1.400

25 1.667 3.670

0% 56 1.761 4.925

10 1.462 0.531

10% 25 1.610 4.780

56 1.645 6.073

10 1.475 1.573

20% 25 1.612 4.924

56 1.724 9.989

10 1.347 2.463

30% 25 1.616 8.595
56 1.729 11.739

10 1.414 6.229

40% 25 1.595 9.000
56 1.690 11.347

10 1.342 6.181

50% 25 1.587 9.850
56 1.669 12.265

The difference between the 30% and 40% pumice mixture was related to compactive effort. At 10
blows (6.229% versus 2.463%) and 25 blows (9.000% vs 8.595%) the mixture of 40% pumice had
a higher CBR, whereas at 56 blows (11.739% vs 11.347%), it had a difference. At low and
intermediate compactive efforts, the higher portion of coarse particles in the 40% mixture
increased granular contact and penetration resistance. At the highest compactive effort, the 30%
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mix seemed to have a more favorable balance of clay-matrix continuity and pumice interlocking. At
this high content of pumice, enough clay fines were available to coat and seat the coarse pumice
particles, fill particle voids, and rearrange them during compaction. At a higher content of pumice
(40%), the amount of clay available per unit surface of coarse particles decreased, the clay fraction
filled and lubricated less and less, and the particle seating and filling had less uniformity and
localized voids, and at 56 blows, the CBR was slightly lower. As the difference between the 30%
and 40% mixtures at 56 blows was small (3.3%) it should be considered only as a mixture structure
effect and not a universal optimum content. The 50% mixture produced the highest CBR at 25 and
56 blows (9.850% and 12.265%) while the 40% mixture was slightly higher at 10 blows, which
confirms that the preferred pumice content depends on the compactive effort. At higher pumice
content, the overall improvement in CBR is attributed to the development of a stiffer load-bearing
skeleton through more granular contact and mechanical interlocking. However, the porous and
possibly crushable nature of pumice is likely to increase the compressibility of pumice and
therefore the mixture gradation in a higher field stress. These limitations, together with the
sensitivity of the clay-coating and void-filling mechanisms to mixing quality, should be considered
when extrapolating these results to full-scale pavement and reinforced-backfill applications.

3.3. Large-Scale Direct Shear Tests
3.3.1 Group 1 (Unreinforced)

Fig. 7 presents the shear stress-horizontal displacement responses of the unreinforced clay-
pumice mixtures under normal stresses of 25, 50, and 75 kPa. The natural clay exhibited a
pronounced peak shear stress followed by post-peak softening, consistent with rupture of the
cohesive clay fabric and subsequent particle rearrangement [21]. At normal stress [[(o)_n)= 25 kPa,
the natural clay produced the highest measured peak shear strength (26.4 kPa), whereas the 50%
pumice mixture produced the highest values at o_n = 50 and 75 kPa (40.0 and 55.75 kPa,
respectively). The mixtures containing 10-30% pumice therefore represent a transition zone in
which clay bonding, frictional sliding, and particle interlocking must be considered simultaneously,
not a range of maximum shear strength. As the pumice content rose to 40-50% the response
became more friction-controlled.
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=]

=]
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1
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Fig. 7. Shear stress-horizontal displacement curves for unreinforced clay-pumice mixtures
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Fig. 8. Mohr-Coulomb failure envelopes for unreinforced clay-pumice mixtures
Table 4. Peak shear-strength parameters of unreinforced clay-pumice mixtures
Pumice content Peak shear strength, T (kPa) Cohesion, c Friction 2

(%) 0=25 o=50 c=75 (kPa) angle, ¢ (°) R

kPa kPa kPa ’

0% 26.40 35.50 41.02 19.69 16.30 0.9804
10% 25.50 35.00 42.75 17.17 19.00 0.9966
20% 25.25 38.25 44.25 16.92 20.81 0.9567
30% 24.75 3490 44.40 15.03 21.46 0.9996
40% 24.50 36.25 48.50 12.42 25.64 0.9999
50% 25.75 40.00 55.75 10.50 31.00 0.9992

The angular shape and rough vesicular surfaces of pumice made it less prone to particle sliding and
rotation, promoted confinement-dependent mechanical interlocking, and encouraged the
formation of a more continuous granular force transfer skeleton. These factors increased the
mobilized frictional resistance and produced a relatively stable response after peak [24,25]. The
Mohr-Coulomb failure envelopes in Fig. 8 and the parameters in Table 4 show strong linear
relationships between normal stress and peak shear stress, with R? values ranging from 0.9567 to
0.9999. Further increasing the pumice content from 0% to 50% increased the friction angle from
16.3° to 31.0° (by approximately 90.2%), and the cohesion decreased from 19.69 to 10.50 kPa (by

10
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approximately 46.7%). The reduction in cohesion is due to the failure of the continuous clay-to-
clay bonding network as the pumice particles gradually replace the fine-grained matrix. The
angularity of the surface and porous nature of the pumice, on the other hand, made contact rough,
against sliding and rotation, and confinement-dependent. The combination of these mechanisms is
the reason for the steeper failure envelope and the transition from cohesion-dominated to friction-
controlled behavior at high pumice contents.

3.3.2 Group 2 (Reinforced Samples)

The Mohr-Coulomb failure envelopes shown in Fig. 8 and the parameters in Table 4 have a strong
linear relationship with the normal stress to the peak shear stress, R? from 0.9567 to 0.9999.
Increasing the pumice content from 0% to 50% allowed us to increase the friction angle from 16.3°
to 31.0°, by a factor of 90.2%, while the cohesion fell from 19.69 kPa to 10.50 kPa, by a factor of
46.7%.
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Fig. 9. Shear stress-horizontal displacement curves for reinforced clay-pumice mixtures

The reduction in apparent cohesion is because the continuous clay-clay bonding network was
disrupted by the non-cohesive pumice particles as the fine-grained matrix became more and more
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pumice. On the other hand, the angularity of the surface asperities and porous nature of pumice
caused the contact of particles to be rough and the friction to get shifted and rotated towards each
other to be less and less, and therefore the interlocking between particles to be less and less. These
are the mechanisms that lead to the steeper failure envelope and the transition from cohesion-
dominated to friction-controlled behavior at high pumice contents. The failure-envelope
regressions in Fig. 10 and the parameters in Table 5 show coefficients of determination ranging
from R? = 0.9956 to 0.9998, indicating that normal stress is linear in the magnitude of interface
shear. In Tables 4 and 5, the same stress levels, column sequence, units, and numerical precision
are used to compare unreinforced and reinforced responses. The slope of the regression increased
from 0.296 for natural clay to 0.555 for the 50% pumice mixture, corresponding to an interface
friction angle that increased from 16.5° to 29.03°. This indicates that the thicker pumice content
helped in the conversion of normal confinement to interface shear resistance through the
roughness of the surface and particle interlocking. Reinforcement did not yield a uniform change
in the fitted intercept. The apparent adhesion decreased from 19.69 to 19.38 kPa for the natural
clay mixture and from 17.17 to 16.56 kPa for the 10% mixture, while small increases compared to
the unreinforced values were found in 20-50% pumice. Their small increases are interpreted as
localized locking of rough pumice particles against the polyethylene sheath, redistribution of clay
near the strip, and regression variability corresponding to only three normal stress levels and not
a systematic increase in cohesive bonding.

60

® 0%: 1=19.38+0.2960, R*=0.9956 30%: 1=15.33+0.3800, R*=0.9991
—— 10%: 1=16.56+0.3200, R*=0.9998 A 40%: 1=13.15+0.4590, R?=0.9997 i
20%: t=17.1740.3350, R*=0.9981 — = 50%: 1=11.504+0.5550, R?=0.9998 e

-

Peak shear stress (kPa)
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Fig. 10. Mohr-Coulomb failure envelopes for reinforced clay-pumice mixtures

Table 5. Peak interface shear-strength parameters of reinforced clay-pumice mixtures.

Pumice Peak shear strength, t (kPa) ) .

content Cohesion,c  Friction angle, R?
(%) o =25kPa oc=50kPa o0=75kPa (kPa) o)
0% 26.50 34.75 41.30 19.38 16.50 0.9956
10% 24.50 32.67 40.50 16.56 17.75 0.9998
20% 25.75 33.50 42.50 17.17 18.52 0.9981
30% 25.00 34.00 44.00 15.33 20.80 0.9991
40% 24.75 35.86 47.70 13.15 24.66 0.9997
50% 25.25 39.50 53.00 11.50 29.03 0.9998
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3.3.3 Interface Shear Strength Coefficient

The interface interaction coefficient, 1, was used to compare the peak interface shear strength of
the reinforced specimen with the peak shear strength of the corresponding unreinforced mixture
at the same normal stress [16]. [t was calculated using Eq. 4, where t reinforced is the peak shear
stress measured along the soil-geostrip interface and t unreinforced is the peak shear stress of the
unreinforced mixture:

T reinforced
- f 4

n= ,
T unreinforced

where 1 is the interaction coefficient at a specified normal stress, T reinforced is the peak interface
shear strength of the reinforced specimen, and t unreinforced is the peak shear strength of the
corresponding unreinforced specimen.

Fig. 11 and Table 6 show that the average 1 values ranged from 0.94 to 0.99, indicating that the
soil-Geostrip interface generally mobilized a shear resistance close to the internal strength of the
unreinforced mixtures. Similar interface responses have been reported to depend on confinement
level and contact conditions for soil-geosynthetic direct shear testing [16]. Moreover, the very
stable mean coefficients at 30-50% pumice suggest that the increase in granular content did not
lead to a systematic deterioration of stress transfer. However, experimental uncertainty arises from
specimen preparation, local density variation, pumice distribution, reinforcement alignment, and
peak stress identification, for example. Therefore, we consider the 0.87 value as a single figure that
requires replicate testing and not the material trend.

1.05 +

1.00 4

Interface interaction coefficient, n

0.95 A
0.90 4
0.85 A
—8— 0% Pumice —8— 30% Pumice
10% Pumice —8— 40% Pumice
—&— 20% Pumice —8— 50% Pumice
0.80 T T T T T
20 30 40 50 60 70 80

Normal stress (kPa)

Fig. 11. Interface interaction coefficient versus normal stress for reinforced clay-pumice
mixtures

The interface coefficientn reached 1.02 for the 20% pumice mixture under the lowest normal stress
(25 kPa). Although interface coefficients are expected to be equal to or slightly less than unity, this
increase may be due to localized mechanical interlocking between the pumice particles and the
rough Geostrip surface under low confinement that can slightly increase the mobilized interface
shear resistance. Since the increase above unity is only approximately 2%, it is also within the range
of normal experimental variability. A localized decrease in the interface coefficient ) was observed
for the 20% pumice mixture at 50 kPa. It seems to be a case of transition of the mixture (the
cohesive clay matrix but not the frictional Ponza skeleton is fully dominant). In intermediate
confinement, the initial contact between the particles at low stress may be partially broken before
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enough normal stress is available to fully mobilize interface friction, leading to the interface
efficiency being temporarily lower. As the normal stress is increased to 75 kPa, frictional contact
increases and interparticle interlocking is improved, and the interface coefficient is recovered.
Since this behavior was only observed for the 20% Ponza mixture, it should be understood as a
local response of the transitional soil fabric rather than a general trend.

Table 6. Peak interface interaction coefficients at different normal stresses.

Pumice content (%) nat 25 kPa nat 50 kPa nat75kPa Averagen
0% 1.00 0.97 1.00 0.99
10% 0.96 0.93 0.94 0.94
20% 1.02°% 0.87° 0.99 0.96
30% 1.00 0.97 0.99 0.98
40% 1.00 0.98 0.98 0.98
50% 0.98 0.98 0.95 0.97

Notes: 2 Slightly above unity; possible local locking or experimental scatter. ® Isolated low value; replicate testing
is required to assess specimen variability.

4. Conclusions

In this study, we have studied the combined effects of pumice replacement and ParaWeb 2D
reinforcement on compaction characteristics, soaked CBR, shear strength and soil-Geostrip
interface behavior of Al-Amiriya clay through modified Proctor compaction and large-scale direct
shear testing. Based on these experimental findings, we can draw the following conclusions:

e The addition of pumice gradually reduced the maximum dry unit weight but raised the
internal friction angle. The maximum dry density decreased by about 10.9% when a pumice
replacement is 50% and the friction angle increased from 16.3° to 31.0°. The combined effect
decreased the active earth pressure, which indicates that pumice-modified clay has great
potential as a lightweight reinforced backfill for MSE walls.

e The large-scale direct shear testing demonstrated a gradual transition from cohesion-
controlled behavior to friction-controlled behavior as the pumice content increased. This
transition reduced post-peak softening and produced a more stable shear response under
higher normal stresses.

e The results of the experiments suggest that the most appropriate pumice content is based on
the performance-based value rather than on the optimal replacement ratio. Although the
50% pumice mixture retained the highest friction angle and soaked CBR values, the 30%
mixture retained the natural-soil cohesion of 76.3% and increased the friction angle by about
31.7% and the soaked CBR by about 138.4%. Therefore, it is good if the 30% mixture is the
right balance of cohesion retention and frictional resistance, but the higher the pumice
content, the more appropriate it is for a design in which maximum bearing capacity and
weight reduction are the focus.

e The reinforced specimens had interface interaction coefficients of 0.94-0.99, indicating
excellent compatibility with ParaWeb 2D and clay modified by pumice. The interface
transferred shear stresses effectively with no significant loss of resistance, which indicates
the suitability of the proposed system for reinforced soil applications.

e The proposed pumice-Geostrip system is a technically promising solution for lightweight
embankments and MSE wall backfills constructed on Al-Amiriya clay or similar soils by
reducing self-weight, enhancing soaked bearing capacity and efficient soil-reinforcement
interaction. However, the economic feasibility should be examined according to the local
material availability, transportation distance and project-specific costs.

The conclusions are limited to the tested soil type, pumice gradation, replacement ratios, normal-
stress range, specimen preparation method, and loading conditions adopted in this study. Because
pore-water pressures were not monitored and the selected shear rate was not established from
specimen-specific consolidation characteristics, the measured shear parameters should be
regarded as rate-dependent large-scale shear parameters rather than fully drained or undrained
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properties. Future research should investigate particle crushing, pullout resistance, long-term
settlement, reinforcement creep, cyclic traffic and seismic loading, wetting-drying durability,
freeze-thaw resistance where applicable, pore-water-pressure response, repeatability and
uncertainty, and full-scale field performance.
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