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ABSTRACT: This study investigates the effect of varying levels of rice straw fiber (RSF)
decomposition on the unconfined compressive strength (UCS) of soil stabilized with different cement
contents. The evaluation was conducted using the unconfined compressive strength test (UCS) and
standard compaction tests (SCT). Additionally, the effect of weathering on the weight changes of soil
samples containing different percentages of fibers was examined through freeze-thaw cycle tests. The
variables in this research include: Fiber content (0%, 0.25%, 0.5%, and 1%), cement content (0%,
4%, 8%, and 12%) and curing time (0, 7, 14, and 28 days). The objective of examining the effects
of decomposition and weathering on natural fibers is to achieve sustainability goals in geotechnical
engineering. The results indicated that as the fiber content increased from 0% to 1%, the compressive

Review History:

Received: Dec. 26, 2024
Revised: Sep. 13,2025
Accepted: Oct. 10, 2025
Available Online: Oct. 31, 2025

Keywords:

Rice Straw Fibers

. . . . Weatheri
strength of both dry and wet samples decreased, while the strain at failure increased. In decomposed camierne
samples, the compressive strength and strain at failure decreased by 39.28% and 80.69%, respectively. Decay

Cement

It is noteworthy that stabilized samples containing 12% cement exhibited higher compressive strength
than those with 4% and 8% cement, although their strain at failure was lower. In the freeze-thaw cycle RSM
tests, the weight loss increased with a higher percentage of fibers, especially in the cured samples. The
average R2 values of approximately 0.88 also demonstrate the effectiveness of the Response Surface

Methodology (RSM) models.

1- Introduction

Improving soil behavior can be achieved through various
mechanical and chemical stabilization methods, depending
on environmental, economic, and structural considerations
[1,2]. In recent years, the sustainable reinforcement of
soil using natural fibers has gained attention as an eco-
friendly alternative to conventional stabilizers such as lime
and cement [3]. Synthetic fibers have been widely used to
enhance soil and concrete performance [4,5]; however,
several researchers have emphasized the use of natural fibers
to promote sustainable geotechnical practices [6].

Among natural fibers, rice straw—an agricultural
by-product abundantly available in farmlands—is an
environmentally friendly material with significant potential
for soil improvement [7]. The open burning of rice straw
contributes to air pollution and the loss of soil organic matter,
while its reuse as a reinforcing material can enhance soil
strength and sustainability. Agricultural and industrial waste
utilization has also become an important approach for reducing
greenhouse gas emissions and promoting circular economy
principles [8,9]. Bio-based materials improve the durability
and strength of soils and other construction materials, with

*Corresponding author’s email: keramati@sharoodut.ac.ir

plant fibers—composed mainly of cellulose, hemicellulose,
and lignin—showing strong tensile and flexural properties.
Recently, numerical methods have been developed to predict
laboratory data in civil engineering applications, which can
be used to reduce costs and save money [10-12].

Nevertheless, biodegradability and decay remain
challenges in natural fiber applications, as environmental
exposure affects fiber strength and bonding. To assess these
effects, degradation and freeze—thaw cycles were simulated
following ASTM D560/D560M-16 standards. In this study,
rice straw fibers and cement were jointly used to investigate
the mechanical behavior of stabilized soil under different
curing and decay conditions. Furthermore, Response Surface
Methodology (RSM) was applied to develop diagnostic
models and evaluate the relationships among experimental
parameters [13,14].

2- Materials and Methods

The cohesive clayey soil used in this study was classified
as CL according to the USCS. Rice straw fibers were collected
from agricultural fields in Mazandaran Province, Iran. They
had a specific gravity of 0.23, an average diameter of 0.2
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Table 1. Changes in the compressive strength and strain
at failure of the samples containing 1% fibers.

Changes in
Changes in strain ~ compressive .
. . Specimen .
at failure relative strength containing Curing
to the gontrol relative to the 1% fiber (days)
specimen control
specimen
34.57% increase  50% decrease Wet
0 0
69.89% decrease 2.93'33 & Dry
increase
0,
99.41% decrease 43.33% Wet
decrease 7
64.6% 329.99%
. Dry
decrease increase
36.13% increase 0% Wet
0 14
52.23% decrease 3.36'66 & Dry
increase
0,
65.42% decrease 4 3:35% Wet
increase 28
0,
86.52% decrease 3.59'99 & Dry
increase

cm, and were cut to 1 cm length to ensure uniform mixing
with the soil. Type II Portland cement with a specific gravity
of 3.0-3.25 was used at 4%, 8%, and 12% by dry weight to
study the effect of cement stabilization and fiber decay. The
samples were then constructed to use for various experiments
like standard proctor and uniaxial compressive strength tests.

3- Discussion and Results

The compaction results showed that adding rice straw
fibers reduced the maximum dry density and increased
the optimum moisture content due to the lightweight and
absorbent nature of the fibers. The addition of cement
improved the density and bonding between soil particles

Unconfined compressive strength (UCS) tests indicated
that dry samples had higher strength than wet samples.
Increasing fiber content slightly decreased UCS but enhanced
ductility by increasing strain at failure. However, decayed
fibers led to a clear drop in both strength and strain, mainly
because of the deterioration of fiber—soil bonding. Cement
stabilization effectively compensated for this reduction,
with 12% cement content producing up to four times greater
UCS than untreated soil (Table 1). Curing time significantly
influenced soil performance. Longer curing periods resulted
in higher UCS and lower strain at failure, suggesting stronger
yet more brittle behavior. The freeze—thaw cycle tests
revealed minor weight loss and small variations in UCS,
confirming that fiber inclusion helped preserve soil integrity
under repeated freezing and thawing. Figure 1 illustrates
the response surface modeling (RSM) results, showing the
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Fig. 1. Normal probability plots of residuals for stress
parameter (RSM).

relationship between fiber percentage, cement content, and
UCS. The model highlights that UCS increases with cement
addition, while excessive fiber content slightly reduces overall
strength due to weaker interfacial bonding. Overall, cement
addition and curing duration are the key factors enhancing
soil strength, while fiber inclusion mainly improves ductility.
Fiber decay reduces both strength and strain, but its negative
effect can be mitigated by proper cement stabilization and
curing.

4- Conclusion

* Decay of rice straw fibers resulted in a reduction in
both UCS and strain, attributed to increased porosity
and the loss of tensile capacity in the fibers. Although
decayed samples had higher UCS than wet ones, they
exhibited brittle failure behavior. Cement stabilization,
particularly with 12% cement, markedly improved UCS
while reducing strain. In decayed fiber samples, cement
effectively filled the voids created by fiber degradation,
enhancing the overall bonding and integrity of the soil
matrix.

* Mathematical models developed using the Response
Surface Methodology (RSM) showed strong agreement
with the experimental data (R? = 0.84 for stress and R?
= 0.94 for strain), confirming that the proposed approach
can reliably predict the mechanical response of fiber-
stabilized soils.
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Fig. 1. Soil grain size distribution curve.

SB S0 Olaseine ) Jooa

Table 1. Physical properties of the studied soil

S (b byl

é)‘u\.ﬂ}.ﬁd' O)Lb.h:)

Aaseino ylodo

ASTMDA422-63 G als

CL

Gs

ASTMD854-02

Yy

opt (%)

ASTMD698-07

YAIY

o(%)

ASTMD2216-10

Y\V/-#

LL(%)

ASTMD4318-00

\iZ04

PI(%)

ASTMDA4318-00

Vov¥

Ydmax

(gr/cn??)

ASTMD698-07

VY4

AARE



WEY BTV docio VFF Jlo o oyl DY 095 ¢3S ol () po i 4yl

5w diged Cpa BT g5l odlel Y JSUS

Fig. 2. Preparation of fibers for sample fabrication.

B pogaste ol 3 33 Blo a3 YA (clod )3 ) ndiges 48 ol
ols a3 VY glod o o KB Wged sy (Sduwe & U ooy
L obo e diges 9 b 03> j1)3 Cacles YF oo 4 oislojl ol p3 51,5
Ans ndigad (ooled b bl juil (19 9 395 At Cugb) Loy plen
059) YA g V¥ (¥ o claoygd Jolis a5 355 (gl Jos 0y93 i3S |
Sladiges 55 0303 1,5 0l youamo (6,Lid Canglie Lialoj] 3,90 Lidg:
03y cmnst (15 elef ol 3 b g o S (ol
am g Bad adle dig Cagby oy g yShe SUiS ogase

i85 )5 ialel 3)90 039, YA V¥ yio (gl Jos (5 0593 (31,38

3kl wS15 Lolejl =) =Y
Wged dint Cugb) do)d g SIS jogate (g 4 ol
bolswe .155,5 plasl ASTM D698 jlisbusl 5ubo 03550 cuwd SB
OS2 4 YO LYY 3 g eid iS5 ob b plosws 9 Uy SB
3 Nlens 1STyie S e bgiw Ye/FA Ccm gl 5l oS Yo kg
Ao b )0 piored (sl al JialS Lol S0 oyjg a8 dnily asll
505 a3l ol 0l dupd Cugloy duoyd (puand s Aiges S S

Cuwdy Ay Cagb) b0y g Sl SUid (ogasce g « Vg — O

VYo

2y 4Bl LI Y v
Ol > &Bly peatioll by (65)9liS Sy jl gy 4Bl SLI
by /¥ g%ma 298 SUI cpl pogass (19 435 ad pile
] glacudgioms 4 drgi b bl aug st Bl +/Y (pSke jlab
AR/+Y gl g e e YR LB ad) ()5S (gjlodines LB
lodd oy e Sl N slasb 4 Sid g0 4 AL (e e

sl o &) (g3lo dge3 e BUI 5l odlel ¥ S 5

o =¥ ¥
Wges Colo (glp LB Y s il Glowws jlodise) S s (4l
Cuslodds odlawl S 5 BUI  Saswg 5 o)y Cas 0jgy YA sla

il el (g, —¥
Cughy b0y g S lis SUiS ogasie (jg (b pasuie sl 1]
o pasete | g 3 a5 pbl sl (S5 Gislei] S dig
Cugb) doyd yiShe SUis ogasie (g Jud I dbgrpe layielil
Joli ladiges .0 el ladiges cdlo AT loww 9 BUI ds ) g atpy

Sy w‘@éwy MT)B VO3 owyggga»cu?]ora Lg'.md.;y»



WY B AVIR dmio AFF o A )0 DY €8 peol e usine i

DA ygaams (6 yLid Cuglile oK .Y S

Fig. 3. Unconfined compressive strength (UCS) machine.
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Fig. 4. Process of preparing freeze-thaw cycle samples
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Fig. 5. The results of the standard compaction tests with varying percentages of fibers: (a) 0% cement, (b)
4% cement, (c) 8% cement, (d) 12% cement
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Table 2. Results of standard compaction test.
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Fig. 6. Zero-day samples (a) dry, (b) wet and reference with varying fiber percentages
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Table 3. Changes in the compressive strength and strain at failure of the samples containing 1% fibers, both wet
and dry, compared to the reference sample over different curing days are as follows
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Fig. 7. Failure modes of untreated dry samples: (a) 0% fiber sample, (b) 0.25% fiber sample, (¢) 0.5% fiber
sample, (d) 1% fiber sample.
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Fig. 8. Failure modes of untreated dry samples: (a) 0% fiber sample, (b) 0.25% fiber sample, (c) 0.5% fiber
sample, (d) 1% fiber sample.
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Fig. 9. The stress-strain curve for the decayed 28-day samples with different fiber percentages is shown in the
Fig. below
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Fig. 10. Decayed sample after test
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Fig. 11. Stress-strain curves for samples containing various percentages of cement without fibers and the
reference sample.
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Fig. 12. Stress-strain curve of wet samples containing different percentages of fibers and 12% cement.
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Fig. 13. Stress-strain curve of decayed samples containing different percentages of fibers and 12% cement.
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Fig. 14. Diagram of changes in compressive strength on different curing days with various fiber percentages:
(a) wet Sample, (b) dry sample.
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Fig. 15. Figure of the failure strain variations over different curing days with various fiber percentages:(a) wet
sample, (b) dry sample
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Fig. 16. Weight variations of the samples: (a) un-cured, (b) cured for 14 days, and (c) cured for 28 days, after
the 1st, 6th, and 12th freeze—thaw cycles.
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Fig. 17. Response surface methodology (RSM) plots for the developed models: (a, b) normal probability plots

of residuals; (c, d) predicted versus actual values; and (e, f) residuals versus predicted values.
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