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* Correspondence: maniaxel2012@yahoo.fr 

Abstract: In this study, cement is used as the component that provides the stabilizing effect in order to evaluate 

the hardness and stability of loess soil.  To assess the strength characteristics of loess soil reinforced with 

cement, samples were created with four different cement contents and three different curing times. The 

materials were put through a series of tests to determine their flexural strength, direct shear strength, indirect 

tensile strength, and unconfined compressive strength. An appropriate cement dosage was found, in addition 

to a durability index that could be used to quantify the effect of water absorption investigations on cement-

stabilized loess. Both of these discoveries were made simultaneously. Analyses of investigations such as 

scanning electron microscopy (SEM) and energy dispersive X-ray fluorescence spectrometry (XRF) 

examinations were carried out so that the fundamental mechanics of the materials could be comprehended. 

According to the findings, the cohesion of cement-stabilized loess is significantly more sensitive to structure 

than the friction angle of the material, and the cohesion is responsible for the increase in shear strength after 

remolding. To get the desired level of strength, it is necessary to adjust the cement's proportions. In addition, 

as the curing period progresses, we see an increase in the cement-stabilized loess's resistance and stiffness. This 

is because of the interactions that take place between the structure and the mineral composition. It is believed 

that this event was caused by the cementation that occurs naturally. As a consequence of this reaction, the 

production of new cementitious materials takes place. The cation exchange that causes the hydration and 

pozzolanic reaction that leads to the creation of aggregates and interparticle flocculation is responsible for their 

production. These findings suggest that cement may be utilized as a simple and effective method of loess 

stabilization, which will ultimately result in improved performance of the loess. 

Keywords: loess stabilization; cement; mechanical properties; landslide; microstructure 

 

Introduction 

Loess is wind-blown sediment that occurs in arid and semi-dry areas where fine sand, silt, and 

clay accumulate. China has 640,000 km2 of loess, 4.4% of it`s total land area. Most loess comes from 

the 317,000 km2 Loess Plateau in the upper and middle Yellow River. According to [1], the Loess 

Plateau has around 300 million inhabitants. Loess is utilised in high-filled foundations, subgrade, and 

embankments because it is inexpensive and plentiful. Loess as a construction material, on the other 

hand, is lower in tensile and compressive strength and may bend easily. Loess structures are brittle, 

easily damaged, and weatherproof [2,3]. Loess soils, recognised for their collapsibility, have several 

landsides and fast creep events. The deterioration of soils and slopes is often attributed to rapid creep. 

Loess collapses vary, increasing the danger of landslides and plate edge failures [4]. Clay or bonding 

material shortages contributed to collapse. Thus, binding loess particles might limit collapsibility and 

damage. These calamities are still caused by loess interparticle brittleness. There are resistance-

boosting methods to fix these concerns.  

According to hardening and stabilising interparticle interactions [5]. Stabilizing loess slopes in 

geotechnical engineering, especially in China, remains a challenge. Loess landslides have been 

studied to ensure engineering safety. This led to effective loess instability prevention and mitigation 

techniques [6]. [7] provided and confirmed equation constitutive for dynamic hydrological 

monitoring for landslide detection. Loess is stabilised to strengthen and endure these obstacles. Lime, 
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cement, and fly ash are among the cementitious materials used worldwide to stabilise soil for better 

engineering performance.  

Researchers found cement inclusion improves soil mechanical properties [8]. Ordinary Portland 

Cement (OPC) is the industry standard binder for stabilisation and solidification because to its 

effectiveness, cheap cost, availability, and dependability [9]. Cement's hydration, pozzolanic reaction, 

and cation exchange may agglomerate small soil particles and form chemical bonds. This would 

improve a problematic soil's geotechnical qualities including plasticity, strength, stiffness, and 

durability. Cement stabilisation is best for low to medium-sticky soil but less effective in excessively 

plastic soil [10]. “Cement is the most common binder used in the deep mixing process. Common 
cement percentages in Japan and the United States are 20–30% and 10–50%” [11].  

Ordinary Portland cement (OPC) is the major stabilizing agent among all hydraulic binders used 

for stabilization. A reasonable proportion of cement, in addition to boosting saturated strength, 

improves water erosion resistance both immediately and long-term. [12,13] show that the cement 

concentration, packing density, Moisture content, curing conditions, mineralogy, and physical 

qualities of the sand all interact in complicated ways, making it difficult to characterise the 

unconfined compressive strength of the cemented soil. Recent studies show that fragile loess 

interparticle interactions cause landslides. According to the study in the introduction, cement is an 

excellent soil development method, the best material for stabilising loess, and produces amazing 

results. If cementing agents correct loess, binder concentration increases optimal water content. 

This research examines loess-cement interactions. To do this, loess stabilised with different 

curing durations must be characterised physically and mechanically. SEM and XRF were used to 

study cement and loess particle interactions. 

1. Materials and Methods 

1.1. Raw materials 

China's Loess Plateau provided test soils. Four soil samples were assessed for specific gravity 

(Gs) using an Ultra Pyconometer, and the average was considered typical (Table 1). The soil 

compaction curve showed that 12.00% moisture was optimal and 1.82 g/cm3 was the maximum dry 

density (Figure 1). The soil liquid limit (LL) was 31.33% and the plastic limit 18.33%. (Table 1). 

Displaying particle size distribution (Table 1). Clay, silt, and sand fraction sizes vary (Table 1). 

Table 1. Physical properties of Loess. 

Properties Values 

Gs 2.71 

ρmax (g/cm3) 1.82 

wopt (%) 12.00 

Atteberg limits  

Liquid Limit (%) 31.33 

Plasticity Index (%) 15.00 

Plastic Limit (%) 18.33 

Particle size 

distribution 
 

Sand, 0.05–2.0 mm 19.43% 

Silt, 0.002–0.05 mm 73.98% 

Clay, < 0.002 mm 7.59% 

The experiments used P.O. 42.5 regular Portland cement from Tongchuan Dongguan Cement 

Co., Ltd. Tables 4 and 5 provide representative chemical compositions and essential features. 
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Table 2. Chemical compositions of the studied loess. 

Chemical name SiO2 A12O3 CaO Fe2O3 MgO K2O Na2O TiO2 

  % 59.47 14.72 11.82 5.07 3.21 2.79 1.59 0.72 

USDA classification Silt loam 

Minerals present Kaolinite and illite 

Table 3. Elemental composition of Loess. 

Elemental  analysis Si Ca A1 Fe K Mg Ti 

           % 52.84 16.38 13.21 8.09 4.87 3.26 1.04 

Table 4. Chemical compositions of ordinary Portland cement. 

SiO2 Al2O3 Fe2O3 MnO2 SO3 CaO Ignition loss 

22.60 4.98 2.90 2.32 2.31 61.60 4.48 

Table 5. Basic properties of cement. 

Density/(g.cm-3) 
Specific surface 

area/(m2/kg) 

Setting time 

/min 

Flexural 

strength/MPa 

Compressive 

strength/MPa 

3.16 363 Initial Final 3 d 28 d 3 d 28 d 

 170 210 6.3  9.2 26.8 49.7 

1.2. Specimen preparation 

The mix ratios were compared to the cement, loess, and water masses. Dry cement and loess 

were thoroughly mixed. Water to loess ratio was 0.4. The original combinations were all loess and 

ranged in cement content (3, 5, 7, 9%). After adding water, they mixed. We kept the mixture airtight 

in a plastic bag. We kept the mixture for 24 hours to balance moisture before compaction. The material 

was crushed in layers within a cylindrical steel mould with a 61.8 mm diameter and 125 mm height 

to create a homogeneous cement stabilised loess. GB/T50123 required four layers with 20 knocks each. 

The samples were 80mm long and 39.1mm wide. Compacted specimens were removed from the 

mould. They were labelled and sealed. Samples were made and cured for 3, 7, and 28 days. 

1.3. Testing Methods 

1.3.1. Flexural strength test 

Steel moulds 105 x 99.5 x 213 mm formed beams for the study (Figure 1a). Next, beam flexural 

tensile strengths are measured. Molded three homogenous cement-loess layers. After modification, 

the moulds were sealed in plastic (Figure 1b) and left overnight. At this point, the samples could 

sustain their own weight. Demolded samples were aged for 28 days at 20°C, 1°C relative humidity 

and temperature. 

We measured the flexural tensile strength of beams made from cement-stabilized loess in 

accordance with PN-EN 12390-5, the European standard for evaluating hardened concrete. Test 

specimens flexural strength [14]. Four different samples of cement were used in the study. The 

examples were built around two 20 mm-diameter steel shafts with a 30 cm base. Each beam's load 

shaft was placed in the center of its length. 

The formula was used to compute the flexural tensile strength of each sample: 

ft = 
3.𝐹.𝑙2.𝑑1𝑑22 (1) 

where: d1= depht, d2= width 
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Figure 1. (a) steel mould, (b) sample wrapped with plastic. 

1.3.2. Unconfined Compression Test  

Mechanical properties of stabilized soils are often evaluated by measuring their unconfined 

compressive strength (UCS). To characterize the mechanical characteristics of the loess specimens, 

we estimated their unconfined compressive strength using the formula given in [15]. There was direct 

compression applied to the samples, and the displacement rate was measured at 0.01mm/s (Figure 

2). 

 

Figure 2. Unconfined Compressive test. 

1.3.3. Compaction Test 

Compaction tests indicate the appropriate moisture level per Chinese National Standard 

GB/T50123-2019. Three layers of varied water-content loess samples fill the squeezed cylinder. Each 

layer of loess is pounded 25 times. Before compressing samples, the cylinders are filled. Dividing the 

sample weight by the compressed cylinder capacity gives the wet density. Applying formula yields 

dry density: ϼd = 
ϼ𝑜1+0.01 ѡ (2) 

The above approach correlates wet and dry densities for each category. The graphs show that 

the peak point's ordinate has the largest water content and the abscissa the highest dry density. 

1.3.4. Indirect Tensile Strength 

The British Standards Institution's indirect tension test method was used to determine the 

indirect tensile strength of cement stabilize loess specimens [16]:  

This Test Method Determines Hydraulically Bound Mixture Indirect Tensile Strength. Test 

individuals had a 2.05 slenderness ratio. Two plywood pieces 4x4x80mm, were used as bearing strips. 
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Compressed samples were analysed at 0.002mm/s. Applying a vertical force to two parallel sides of 

a horizontal cylinder measured the material's tensile strength. A vertical sample split followed. This 

mathematical equation indirectly calculates tensile strength [17]. BSI [16]. Indirect tension testing was 

utilised to evaluate stabilised loess specimen tensile strengths. "Test Method for Determining the 

Indirect Tensile Strength of Hydraulically Bound Mixtures." 

Slenderness ratio is 2.05, low. Bearing strips were two 4x4x80mm wooden pieces. Samples were 

compressed at 0.002 mm/s. This test measured the tensile strength of a horizontal cylinder using a 

vertical force on two parallel sides. The sample was sliced vertically into equal parts. This formula 

may determine indirect tensile strength [17]. 

R = 
2𝐹𝜋𝐻𝐷 (3) 

where R is the indirect tensile strength, F is the maximum applied force, H is the length of the sample, 

and D is the diameter of the sample (Figure 3). 

 

Figure 3. Indirect tensile test. 

1.3.5. Direct shear test  

The direct shear test follows the [18] standard (1994). In this study, the shear ring in cement 

stabilised loess was 60 mm by 60 mm by 25 mm. The specimens were then removed from the shear 

box. At 50, 100, 200, and 300 kPa, shear strength was measured. 0.05 mm/min was the horizontal 

displacement rate. Each mixture combination included three specimens, and the test data average 

was determined. Based on addition proportions (3%, 5%, 7%, and 9%), the samples were divided into 

four groups to assess cohesiveness c and internal friction angle. Curing took seven days. 

1.3.6. Water absorption test 

Water absorption and softening coefficient were studied to assess cement stabilised loess water 

resistance. For the water adsorption test, the specimens' dry weight after 28 days was determined, 

followed by their weight after 1 day in water. The following approaches yielded water adsorption: 𝑅𝑛 = 𝑀𝑛−M0𝑀0  × 100% (4) 

where Mn is the dry mass and Mn is the water-immersed material. The compressive strength of 

specimens after 28 days and after one day in water were assessed to establish the softening coefficient. 

This equation calculated the softening coefficient: 

K= 
𝑙1𝑙 0 (5) 
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where K is the softening coefficient, I0 is the compressive strength at 28d, and I1 is the corresponding 

compressive strength after immersion in water. 

1.3.7. Microstructural analysis 

Cementitious components alter compacted mixture microstructure in several studies. After 28 

days of curing with cement percentages of 3%, 5%, 7%, and 9%, SEM was employed. X-ray power 

diffraction (XRF) showed loess' usual quartz and clay composition. 

An XRF spectrometer is used to perform non-destructive chemical tests on rocks, minerals, 

sediments, and fluids. The behaviour of atoms in X-rays allowed XRF analysis of primary and trace 

elements in geological rocks. 

 

Figure 4. (a) Micro-XRF spectrometers M4 Tornado, (b) Scanning Electron Microscope. 

2. Results and Discussion 

2.1. Compaction properties 

The standard test approach for laboratory soil compaction characteristics was used to perform 

compaction tests with normal effort. Trace cement in loess soil affected its usual Proctor compaction 

curves. The maximum dry unit weight decreased from 1.82 g/cm3 to 1.48 g/cm3  when the cement 

concentration climbed from 0% to 9% and the appropriate moisture level increased from 0.12% to 

0.14%. Dry unit weight decreased steadily with cement concentration. 

 

Figure 5. Moisture content-dry density relation curves of cement stabilized loess. 
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It was shown that the ideal moisture content grew as a function of cement percentage because 

cement hydration necessitated an increasing amount of moisture [19].  

“These changes may be related to the pozzolanic reaction, as occurs with related clay materials” 
[20]. The optimal water content rises together with the percentage of binder used to enhance loess 

[21]. 

The addition of cement increases flexibility, which agrees with the idea that the Optimum Water 

Content should grow by around 10 %. The inclusion of cement, which has a higher density relative 

to loess and soil skeletal stiffness, may explain the increased maximum dry density in loess-cement 

mixtures . Cement-stabilized loess develops its final macrostructure as a result of primary cement 

linkages between aggregated loess and cement particles. 

2.2. Shear Strenght  

After seven days, cement-stabilized loess has a maximum shear strength (Figure 6a). Shear 

strength increased steadily as cement content increased. 

These findings show how cement boosts peak shear strength. As illustrated, cement-stabilized 

loess strength envelopes determined their friction angle and cohesiveness (Figure 6b). The association 

between cement and friction angle dropped, demonstrating that soil structure had no effect at a 

certain cement concentration. The friction angle decreased from 30° to 11.3° as the cement percentage 

increased from 0% to 7%. The cement percentage increased with shear strength. The 7% cement 

composite was four times stiffer than the 3%. This data reveals that cohesion, which increases shear 

strength, is more structure-sensitive than friction angle. Remolded samples with cement percentages 

under 9% demonstrated minimal friction angles. Cementitious linkages between loess mineral 

components create a matrix that encloses unbonded particles and aggregates, resulting in more 

complex engineering behaviours [22]. 
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Figure 6. The relationships between shear strength parameters and cement proportion of cement 

stabilized loess: (a) Representative  peak shear strength τ envelopes, (b) Cohesion c and ϕ with 
cement proportion. 

2.3. Unconfined compressive test 

The unconfined compressive strength test is used in soil stabilisation applications to measure 

loess improvement after treatment. We examined portland cement's effect on loess by adding 

different percentages of cement by weight. Each cylindrical UCS test item was 39.9 mm wide and 80 

mm high. Placing soil-cement samples in a humid and temperature-controlled curing chamber. After 

seven days of curing, loam with 3% to 7% cement increased UCS. Cement ratios over 6% gain strength 

after 28 days. Specifically, 9% stabilisation increased UCS to 4.78 MPa. Curing day has a greater effect 

on UCS than cement concentration. Cement stabilised loess' mechanical properties improve with 

enough curing days, according to testing. Cement, which forms C-S-H, strengthens the material. C-

S-H gel may combine soil particles close together. C-S-H gel and unconfined compressive strength 

improve with cement. 

3 5 7 9

0

1

2

3

4

5

U
n
c
o
n
fi
n
e
d
 C

o
m

p
re

s
s
iv

e
 S

tr
e
n
g
h
t 
(M

P
a
)

Cement Content (%)

 7 d

 14 d

 28 d

 

Figure 7. Variation of unconfined compressive strength with cement content. 

2.4. Flexural Strenght  

Cement-stabilized loess samples were flexural tensile tested. Cement strengthens the structure, 

as planned. Cement improved strength by 0.8 N/mm2, 5.1 N/mm2, 1.4 N/mm2, and 1.98 N/mm2 for 

3%, 5%, 7%, and 9%, respectively. Ettringite and C-S-H gel would provide strength, and humidity 

would optimise hydration. Cementing loess modifies failure mechanisms. Cement-stabilized loess 

samples maintained strength throughout the test. Post-peak strength did not decrease. 
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Figure 8. The flexural strength of loess stabilize cement, cured time at 28 days. 

2.5. Splitting tensile strength test  

Tensile strength is often lower than compressive strength, making measurement difficult. 

Geotechnical engineering uses tensile strength. Thus, academics have studied it using direct and 

indirect experimental methods. This research used cement-stabilized loess to measure indirect tensile 

strength. Cement amount and curing time increase peak tensile force. After 28 days of curing, 3%, 

5%, and 7% raise cement stable load peak tensile strength to 0.38 MPa, 0.42 MPa, and 0.48 MPa. 

Portland cement increases loess splitting tensile strength. As cement concentration grows from 3% to 

5% to 7% to 9%, splitting tensile strength increases from 0.23 MPa to 0.28 MPa to 0.34 MPa and 0.44 

MPa in 14 days. After 7 days of cure, the cement-bound loess's maximum tensile force is 0.15 MPa, 

0.23 MPa, 0.27 MPa, and 0.37 MPa. 
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Figure 9. Variation of tensile strenght of with cement content. 

2.6. Flexural-compressive strenght relationship  

Flexural and indirect tensile strength are as important as unconfined compressive strength for 

assessing material stabilisation (UCS). (Figure 10) show flexural and unconfined compressive 
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strengths at different cement concentrations (with an R value of 0.71). The material was homogeneous 

since the UCS and flexural strength samples were different. The findings can be compared and 

connected, but they are not reliable. 

 

Figure 10. Comparison of relationships between UCS and FS. 

2.7. Water-resistance 

Different cement and loess samples were used to determine how curing time impacts water 

absorption, Rn. (Figure 11) indicates that soaking increased Rn from 30 minutes to 24 hours. Stabilized 

samples in water for the same duration at various temperatures decreased Rn. Rn grows by 3%, 5%, 

7%, and 9% from 30 to 60 minutes in water, while between 60 and 90 minutes, it declines by 3% to 

5%. 

3%, 5%, 7%, and 9% cement percentages increased significantly between 90 minutes and 24 

hours. Hydration solutions would fill interior spaces as cure time rose. Cement formed ettringite and 

CSH gel, preventing water erosion. 
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Figure 11. Influence of soaking time on water absorption rate. 
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2.8. Microstructure analysis 

2.8.1. XRF analyses 

Cement-stabilized loess was analysed by XRF. Micro-XRF (M4 Tornado, German) measured 

elemental composition (Table 6, Figure 12). 6.95%, 12.09%, 1.72%, 7.54%, 2.31%, 0.15%, and 0.61% 

were Si, Ca, Al, Fe, K, Mn, and Ti. SiO2, Al2O3, CaO, Fe2O3, and K2O comprised 14.86%, 3.25%, 16.92%, 

10.79%, and 2.79% of the soil's oxides by weight. Cement use affects loess chemical composition 

(Table 6). 

 

Figure 12. Element of a silt loam using Micro-XRF. 

Table 6. Physical, mineralogical and elemental composition of the soil. 

Compound  Concentration (%) Chemical Composition Content (%) 

Al 1.72 AlSO3 3.25 

O 18.58   

Si 6.95 SiO2 14.86 

P 0.00 P2O5 0.00 

S 0.09 SO3 0.23 

Cl 49.90   

K 2.31 K2O 2.79 

Ca 12.09 CaO 16.92 

Ti 0.61 TiO2 1.01 

V 0.03   

Mn 0.15 MnO 0.20 

Fe 7.54 FeSO3 10.79 

Zn 0.03 ZnO 0.00 

Rh 0.00   

From (Table 6) Cement alters loess minerals. Cementing loess decreases SiO2, Al2O3, and Fe2O3 

while increasing CaO, MgO, and TiO2. The pozzolanic reaction, or chemical interaction between 

reactive silica or alumina in portlandite during cement hydration in water at ambient temperature, 

creates it. Cement is mostly CaO (16.92%), SiO2 (14.86%), and Al2O3 (3.25%). SO3 content does not 

completely affect cement quality. 
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Cement's setting time will be prolonged if its content exceeds the prescribed limit. according to 

[23] the maximum SO3 concentration is 4%. 

2.8.2. SEM Analyses 

The stabilised loess soil was photographed using SEM. SEM micrographs of Portland cement-

stabilized loess soil at 3%, 5%, 7%, and 9% show significant microstructural changes. The cure took 

28 days. 

Reaction products and hydration affect loess matrix changes (Figure 13a). The fibrous growths 

may be seen in the sample because the loess matrix is porous and the composite mixture has a high 

water to cement ratio. At higher magnification, hydration product production was fast (Figure 13c). 

As cement concentration increases, natural soil flocculations thicken. Cement produced flocculations 

may create a stronger, more controllable loess structure with denser particles. Thus, increasing 

cement dose improved flocculation and loess strength. This statement may be explained by 

recognising that the flocculations are the consequence of the cement hydrating throughout the curing 

time, and that additional cement would result in a greater hydration, cementing weak soil particles 

and enhancing soil strength. C-S-H gel hydration products form the reticular fibrous network after 

28 days (Figur13d). Calcium-silicate-hydrate (C-S-H) is thought to boost Portland Cement's strength 

when hydrated. C-S-H synthesis may strengthen soil stabilised by Ca(OH)2 from cement hydration. 

Calcium and alumina may produce the C-A-H cementitious complex. Ettringite grew with C-S-H 

phases (3CaO.Al2O3.3CaSO4.32H2O or C6AS3H323CaO). 

 

Figure 13. SEM photomicrograph of cement stabilize loess (a) 3% cement, (b) 5% cement, (c) 7% 

cement, (d) 9% cement. 

The cement-stabilized loess's strength comes from additional cementation products created 

during curing. Cation exchange, pozzolanic reactions, and carbonation strengthen cement-stabilized 

loess. Cement stabilized loess aggregates during short-term cation exchange, increasing its strength. 
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Slow pozzolanic reactions and carbonation create new cementitious materials, make loess particles 

less porous, and bond soil particles. This makes cement-stabilized loess considerably stronger. 

Ca(OH)2 + SiO2 —> C-S-H  

Ca(OH)2 + Al2O3 —> C-A-H  

 

Figure 14. Microscopic schematic diagram of the mechanism of cement mixed loess. 

Conclusions 

Loess from China's Loess Plateau was tested for geotechnical properties after being combined 

with different cements. Water resistance, density, and compressibility of cement-stabilized loess were 

measured. The direct shear, flexural, unconfined compressive, and tensile strengths were also 

measured to compare strength at various curing stages. Results: 

(1) Cement minimises loess flexibility. Rising shear strength matched cohesiveness changes. This 

study shows that cohesiveness in cement-stabilized loess is more structure-sensitive than friction 

angle and that bonding is necessary for shear strength gain following remoulding. 

(2) The compressive strength increases without limit as the cement amount and curing time 

increase. The unconfined compressive strength of a given cement content increases as curing time 

increases. 

(3) With more cement added and the ideal moisture level decreased, the maximum dry density 

increases. 

(4) Tensile and bending strength get better as the amount of cement and curing time increases. 

(5) After 28 days, the specimen's flexural strength increased most when the cement concentration 

was between 7% and 9%. 
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