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Abstract  

This research investigates the mechanical behavior of artificially cemented sandy soils 

formed by lime alkali activation of natural zeolite under saturation settings. In order to 

verify the bar capability of cemented sands with this new method, an analysis of the 

undrained shear strength of the soil with pore water pressure ratio measurements was 

performed from the interpretation of the results of unconfined compression tests. The 

effect of zeolite-lime blend on treated sands was also visualized by scanning electron 

microscopy. For the studied soils, it was concluded from the unconfined compression 

stress values that the soil is fully capable of withstanding compressions due to 

overburden pressure. Additionally, this study seeks to evaluate the effect of the void 

ratio on the pore space and undrained shear strength. The results showed that pore water 

B-ratio increases with the decrease of the void ratio. Moreover, with the increase of 

zeolite content, confining pressure, and curing age, the peak failure strength increases. 

The results indicated a promising consistency of treated samples with lime and zeolite 

under various values of undrained shearing and B-ratios, making this method an ideal 

treatment for loose sand deposits. 

Keywords: lime alkali activation, compressive strength, shear strength, void ratio, pore 

water pressure, B-ratio 
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1. INTRODUCTION 

The majority of experiments on zeolite treated soils are conducted under a 

hypothesis that soils treated with zeolite are capable of catering for 

contamination upon sound chemical settings. [1, 2, 3], Nevertheless, the 

conditions where most of these treated soils are utilized is in aqueous 

environments and undrained conditions, where soils are in continuous contact 

with excess pore fluid pressure and prevented from water dissipation. Saturated 

sands in aqueous environments are potentially susceptible to water content 

fluctuations. When subjected to cyclic loadings, hydrous sands unable to drain 

will develop excess pore pressure, ending up with major shear-strength 

reductions and corresponding total failure which can lead to major disasters 

such as liquefaction. Measurement of the induced excess pressure within the 

pores, while necessary for interpreting material behavior in terms of the 

effective stress, is technically demanding since soils act indecisively when they 

become fully or partly saturated under loading [4, 5]. Measurement of the 

induced pore pressure response often described by the pore-pressure B-ratio is a 

function of pore space characteristics [6]. While the B-ratio represents the 

proportion of an increment in pore water pressure to the corresponding 

increment in cell pressure in undrained conditions, it cannot account for the 

variations in void ratio up to full saturation of pore space. Additionally, the 

introduction of stabilizing agents to the matrix structure alters the pore space’s 

sole dependence on developed saturation and corresponding changes in void 

ratio. This also leads to a coupled response due to the degree of stabilization 

which signifies the need to comprehend the complexity of pore space 

developments in stabilized sandy soils. Therefore, to characterize the pore space 

it is required to include the coupled effect of variations of void ratio due to 

developed saturation while accounting for the effect of stabilization by 

considering the degree of pozzolanic reactions over various curing ages.  

Furthermore, introducing new multipurpose material to encompass the coupled 

effect of pozzolanic cementation while facilitating the development of saturation 

of pore space is essential. Loose sands could be treated by lime-activated zeolite 

to create cementing particles. The term “activation” arises from the fact that 

zeolites are usually suggested for use in the treatment of clayey soils owing to 

their high reaction activity. Zeolites are naturally occurring pozzolans with a 

honeycomb structure having a high water demand, higher absorption rate, and 

high specific surface area, which when compared to mixtures with other 

pozzolans such as fly ash, enables them to be incorporated in the stabilization of 

saturated sand deposits [7, 8]. Their successful application in soil treatment 

depends heavily on the ignition of pozzolanic reactions. Clayey soils, rich in 

calcium oxides, are independent of activators when treated with zeolite. But fine 

granular soils such as loose sands require an inductor or so-called activator for 
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their combined pozzolanic reactions such as with lime. Furthermore, as 

MolaAbasi et al. [9] showed, zeolites have a pozzolanic activity level between 

fly ash and silica fume and higher activity than non-zeolitic natural pozzolans 

and have a promising ability to amend fine granular soils. Zeolite’s unique 

mechanical characteristics make it an ideal amending agent in soil treatment by 

incorporating its pozzolanic activity in creating cementing bonds while enjoying 

the benefits of its open framework for the absorption of water-soluble 

contaminations.  

There are only a few studies available in terms of cement-zeolite treated soils 

catering for minor mechanical properties such as compressive strength or tensile 

strength while in those studies, zeolite was incorporated as a partial cement 

replacement [9, 10] and the remainder accentuate zeolite use in cement 

technology and geo-polymers [11, 12]. As a result of extensive literature 

research, it is apparent that no previous studies have sought to comprehend the 

effect of inclusion of lime activated-zeolite blends on treated sands, whether in 

terms of undrained shear resistance or induced pore water pressure or both, and 

available studies have only investigated lime-zeolite blends in mortars or only 

catered for the physio-mechanical properties of stabilized soils such as 

compressive strength and the rate of hydration in the concept of Arrhenius 

theory [9, 10, 13, 14, 15].  

Thus, the aim of this study is to first verify the reliability of the treatment of 

sands with lime-activated-zeolite (hereinafter referred to as “zeolite-lime”) by 

interpretation of UCS results given the experimental condition at hand. 

Secondly, the study aims to characterize the pore space parameters such as void 

ratio and B-ratio of the treated soil by a series of triaxial undrained 

unconsolidated tests (UU) to ascertain the effects of the void ratio, zeolite 

content, and confining pressure over curing ages on the consistency of treated 

loose sands. Consequently, in this study, the ability of zeolite-lime treated sands 

to withstand induced pore water pressure while subjected to combined 

compressive and shearing forces in aqueous systems is precisely evaluated. 

2. MATERIALS AND EXPERIMENTAL PROGRAM 

Materials: 

Clean and uniform quartz sand with sub-rounded to sub-angular particles 

reminiscent of those prevailing in aqueous systems was used as the parent soil. 

The results of the soil characterization tests are shown in Table 1, and the grain-

size distribution curve of sand and Laser particle size analysis of zeolite is 

shown in Fig. 1. This soil is classified as poorly graded sand according to the 

Unified Soil Classification System. To produce acceptable fineness, all used 

zeolites were micronized by high energy ball milling. Zeolite of clinoptilolite 
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origin was used in this study and the elemental composition of zeolite provided 

by the X-ray fluorescence (XRF) method, is shown in Table 2. Conventional dry 

hydrated lime (Ca(OH)2) with a mean particle size of 2 µm and a specific 

gravity of 2.34 was used as the binding agent. For the characterization tests, 

distilled water was used, and for molding of specimens and the other tests, tap 

water was used. 

Table 1. Physical and mechanical characteristics of studied sand 

Soil Property Amount    

Cu 2.22    

Cc 1.42    

D10 0.09    

D30 0.16    

D60 0.2    

Soil Name SP    

Specific Gravity 2.65    

Optimum Moisture Content (%) 15.6    

Maximum Dry Density (KN/m
3
) 15.77    

Cohesion Intercept (kPa) 0.2    

Internal Friction Angle (Degree) 30    

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Grain size distribution of studied sand and Laser Particle Size distribution curve 

of zeolite used 
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Table 2. Elemental composition of zeolite (Clinoptilolite k
+
 rich) obtained by X-ray 

fluorescence (XRF) 

Amounts(%) Ingredient Amounts(%) Ingredient 

3.12 K2O 66.5 SiO2 

0.01 P2O5 11.81 Al2O3 

0.04 MnO 1.3 Fe2O3 

0.21 TiO2 3.11 CaO 

12.05 L.O.I 0.72 MgO 

  2.01 Na2O 

            L.O.I: Loss on ignition of volatile materials and hydrates at 1000 ̊ C 

Molding and Curing of Specimens: 

The sand and zeolite were mixed carefully to reach a homogeneous state before 

lime was added. Some authors believe the increase in strength depends on 

particle size distribution and total particle surface area [16]. To reduce the grain 

size distribution dispersion, zeolites with the same particle size and specific 

surface area were used. The dry batch was then activated with hydrated lime 

until there was no separate particle visible. Finally, water amounts from the 

optimum moisture content result of the standard Proctor test were added, and the 

wet batch was again mixed properly to reach uniformity so that the mixing 

procedure lasted no longer than 30 minutes. In order to minimize the pore space 

non-uniformities within the specimens, an undercompaction procedure was 

employed. The advantages of the undercompaction procedure are that it uses the 

same type of compaction energy used in the field, and it promises consistent and 

repeatable results with minimal particle segregation. 

Then, specimens were prepared to a target relative density by placing soil in 

layers and compacting each layer with a small tamper. The samples were 

prepared with a maximum dry unit weight varying from 15.6 kN/m
3
 to 16.5 

kN/m
3
 at a water content varying from 11.5% to 13.5%. The molds were 77 mm 

in height and 35 mm in diameter and the entire preparation procedure lasted no 

longer than one hour. The molds with the samples in place were then sealed in 

plastic bags and placed in a humid room at 90% humidity and 20° ±1°C 

temperature. The reason for such a low curing temperature is that zeolite-lime 

mixtures have a shorter initial and final setting time than that of the plain 

mixtures [4]. Also, it should be noted that early stiffening of zeolite mortars at 

relatively high temperatures can lead to cracking and delamination, and residue 

in these cracks could lead to a subsequent weakening of specimens under 

triaxial loading. Thus, it is recommended that any optimized binding dosage 

obtained under laboratory conditions should conform with the in-situ ambient 

temperature and any modifications should be made prior to the application of 

stabilization plans.  
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Experimental program: 

The experimental program was carried out in three parts. First, the geotechnical 

properties of the studied soil and zeolite were characterized. Then, a series of 

unconfined compression (UC) tests for zeolite-lime blended specimens were 

carried out to determine the compressive strength of treated samples and the 

following optimized percentage of lime to be incorporated. According to 

Consoli et al. [17], a small portion of lime is enough to generate a significant 

rise in strength. Thus, four different lime percentages were used in this part, 

with the minimum amount of lime set at 3% of the mass of dry soil [17, 18, 19, 

20]. The adopted zeolite percentages were chosen based on a few pertinent 

studies. Among those studies, researchers have tested zeolite additives in cement 

systems by studying the rate of hydration in blended cement containing natural 

zeolite. Nagrockiene and Girskas [21] concluded that substitution of up to 10% 

of cement with natural zeolite increases the compressive strength. Tydlitát et al. 

[22] further elaborated that the replacement of portland cement with an amount 

of 10% by mass of natural zeolite can be considered as the limit for its effective 

use. Above this limit, a substantial part of the zeolite does not directly 

participate in the hydration process and plays the role of a fine filler instead, this 

is seemingly in direct contrast to recent results in sandy soil stabilization 

presented by MolaAbasi et al. [10 ],  who evaluated the UCS of zeolite–cement–

sand mixtures and showed that UCS values of samples substantially enhanced 

by increasing zeolite replacement to cement content to an optimum value of 

30%, at which point the variation of UCS values remained approximately 

constant with increasing sample porosity. Although zeolite incorporation in 

cement technology promises sound feasibility, no certain zeolite percentage 

could be adopted as the optimum amount for lime incorporation in soil 

stabilization and this uncertainty further highlights the importance of 

optimizations in the zeolite-lime activation procedure. 

Aiming at a generalization of the evidence produced by the present research, and 

in order to determine the optimized amount of lime as well as the validation of 

data reported by other investigators, three different percentage amounts of 

zeolite, i.e., 8%, 10%, and 12% by the weight of the parent soil were adopted to 

be tested by UC tests [23, 24, 25]. Finally, a series of UU triaxial tests were 

carried out to investigate the undrained shear parameters, including B-ratio and 

the effects of void ratio on developed shear strength and the induced pore 

pressure. It is to be emphasized that, after lime optimization for activation of 

zeolite for pozzolanic reactions by UC tests, during UU triaxial tests, the 

optimized lime content was kept constant and various amounts of zeolite were 

also employed to determine the optimum zeolite content. The regulations and 

procedures regarding both series of tests will be given in the following 

paragraphs. 
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Unconfined Compression (UC) test procedure: 

UC tests are well-known for verification of the effectiveness of stabilization 

with lime or to access the importance of influencing factors on the strength of 

lime-treated soils. Therefore, following curing times of 7 and 28 days, the 

hardened samples were subjected to UC tests. Observed UCS corresponds to the 

maximum strain during compression and the UC tests were performed in 

accordance with ASTM D-2166 (2016). Accordingly, stiff or brittle materials 

that exhibit small deformations at failure should be tested at a lower rate of 

strain, and loading rate should be set to approximately 0.5 to 2% mm/min. 

Hence, the rate of displacement was adopted to be 0.75 mm/min to facilitate the 

measurement of any abrupt failure. The tests were run until failure and not a 

specific deformation because the materials were assumed to be brittle and, 

accordingly, no definite deformation limit such as strain rate could be set. To 

minimize the scatter and error in the results, a minimum of three specimens 

were tested for each type of mixture, and these three tests were performed on 

average. However, the reproducibility tests showed both reliable and repeatable 

results across the testing program. 

 

Undrained Unconsolidated triaxial (UU) test procedure: 

The most common issue in saturated sand deposits is failure under rapid 

undrained shearing, which prohibits drainage causing catastrophic failures 

induced for example by liquefaction [4, 26]. In order to validate the shear 

resistance of stabilized soils subjected to undrained shearing, the UU triaxial 

tests were performed on samples with the optimized lime containing 8%, 10%, 

12%, and 14% zeolite according to the ASTM D 2850 (2015) with deformation 

controlled under a 0.75 mm/min strain rate. Molded samples were prepared and 

cured by a similar procedure to the unconfined compression test specimens. 

Samples were placed in triaxial cell chambers and became saturated by a 

combination of back-pressure and vacuum procedure to conduct B-ratio and 

following saturation measurements.  

Practically, the B-ratio test is performed by closing the drainage valve, 

increasing the cell pressure by a sufficient amount (Δσ3 = 200 kPa) to allow 

determination of a reasonably accurate value of B-ratio, measuring Δu, and 

calculating the value of B = (Δu/Δσ3). During the test, simultaneous 

measurements of Δσd and Δud were made and testing equipment was calibrated 

and made capable of measuring the variations of confining pressure throughout 

specimen saturation and loading. A more detailed discussion will be given when 

comparing the results of measured B-ratios in this study with the experimental 

results of previous studies. Subsequent triaxial tests were performed under 0.5, 

1, and 1.50 kg/cm
2
 of confining de-aired water cell pressure. Similarly to the UC 
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tests, the tests were run until failure and not a specific deformation, and then the 

averaged results were reported.  

3. RESULTS AND DISCUSSIONS 

Unconfined Compression test: 

The UCS variations with the amount of zeolite and lime are shown in Fig. 2 and 

3 for the two distinct curing periods of 7 and 28 days, respectively. In general, 

all treated samples with zeolite-lime percentages outlined by letters Z and L, 

respectively, showed improved compressive strength due mainly to the 

formation of the cemented compounds in treated soils with the progress of 

pozzolanic reactions, which led to the increase in bonding and interlocking 

forces between soil particles, as previously reported by Rao and Rajasekaran 

[27]. As shown in Fig. 2, after 7 days, cured samples with similar lime content 

showed a persistent increase in the compressive strength as zeolite content 

increased; while samples with the highest strength reached failure at nearly 

lower axial strains.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The Unconfined Compressive Strength (UCS) variations of zeolite-lime treated 

samples cured for 7 days  
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The results in Fig. 3(a)-3(c) indicate that 28-days cured samples containing 3% 

and 5% lime projected a similar growth as those of 7-days cured samples and 

show a constant increase in compressive strength with the increase of zeolite 

content. However, for samples with 4% and 6% lime, as shown in Figs. 3(b)-

3(d), the maximum compressive strength oppositely belongs to the samples with 

less zeolite. Having these contradictory observations at hand and comparing the 

results of 7 and 28 days cured samples indicates that the main reason for these 

differences could be related to the imbalance of the incorporation of zeolite and 

lime into the pozzolanic reaction process. This leads to an uneven distribution of 

cemented particles and the reduction of final strength [20, 28]. For example, in 

samples with 4% lime, as shown in Fig. 3(b), available calcium hydroxide was 

not enough for the pozzolanic reactions (inadequate alkalinity) to progress, and 

in samples with 6% lime, as shown in Fig. 4(d), zeolite was insufficient to 

consume excess lime (high alkalinity). 

 

 
Figure 3: The Unconfined Compressive Strength (UCS) variations of zeolite-lime 

treated samples cured for 28 days 
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In other words, as lime percentage increased, the pH increased accordingly and 

strongly influenced the early reactivity [29]. Therefore, calcium hydroxide and 

alkalinity, compared to the other percentages, remained high over the entire 

curing period and a hospitable pH environment for the progress of pozzolanic 

reactions was not satisfied. The soil-pH response of various zeolite percentages 

with lime compared to the plain soil with lime only at different curing ages is 

reported in Fig. 4. It is obvious that as time passes, the pH of zeolite-based 

samples increases more than that of samples with lime only. This rate of 

increase is more evident at higher lime contents due to the higher rate of zeolite 

activation with more consumable lime.  

Another reason for the absence of a similar trend in the strength development of 

samples with 4% and 6% compared to those with 3% and 5% lime is the 

moisture loss during hydration of calcium hydroxide, especially with respect to 

higher alkalinity [7, 30]. Drying and carbonation of calcium aluminate prevent 

the course of lime-pozzolan reactions and they will limit the achievement of 

more strength; for example, samples including 6% lime first showed a rapid 

increase in strength which then grew slower over 28 days of curing (Figs. 2(d)-

3(d)). Similarly to hydraulic lime mortars, hardening of cemented samples 

containing 6% lime occurs because of the pozzolanic reactions as well as 

hydration reactions which mainly occur at high humidity and are slowed down 

or even inhibited by lower moisture content because of excessive lime presence. 

Moreover, alkali concentration increased as the hydration reactions consumed 

free water. Consequently, the required pH environment for reactions became 

unsuitable. As stated by Thomas et al. [30], the increase of zeolite addition in the 

samples slightly increases the consumption of lime, but simultaneously 

promotes the transformation of calcium aluminate silicate (C-A-S) phases into 

calcium aluminate hydrate (C-A-H) and calcium silicate hydrate (C-S-H) in the 

final solidification stage, as shown in Fig. 5. The formation of the carbonated 

phases apparently resulted in a decrease of compressive strength of the samples 

containing 6% lime compared to those containing 5% lime, as shown in Figs. 

3(c)-3(d).  
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Fig. 4. The soil-pH response of various zeolite (Z) with lime (L) mixes compared 

to plain sand and lime at 7, 14, and 28 days of curing 

It is worth noting that the UCS of samples without zeolite at 7 days of curing 

could not be analyzed because the specimens did not hold their consistency 

upon mold removal, demonstrating impractical efforts in sand treatment with 

plain lime. Considering the granular nature of the soil, it was assumed that lime-

treated specimens with no zeolite have a UCS close to zero in the early stages of 

curing, and only at the age of 28 days did cured samples show consistency upon 

removal from the molds, but they also showed a negligible strength, as shown in 

Fig. 3 (depicted in blue curves), with the highest UCS belonging to the samples 

with the least lime content, suggesting that lime treatment of granular soils with 

no binding agent has a deteriorating effect in bearing capacity. Finally, in the 

light of the UC tests, it can be seen that the optimum lime requirement for 

zeolite-lime treatment of loose sands is 5% given the experimental conditions in 

the current study. 
 

Unconsolidated undrained triaxial test:  

As can be seen in Fig. 5, after lime-activation of the zeolite and initiation of 

pozzolanic reactions, the microstructure of the treated sand will undergo a lot of 

changes. The plain pore space in the untreated sands now contains cemented 

bonds while the pozzolanic agent itself has both the ability of consuming water 

thorough lime activation and absorbing water in its open framework. This 

complex nature of the treated samples necessitates the measurement of pore 

pressure and the corresponding changes in the progress of undrained shear 

resistance.  
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Fig. 5. Phase change in plain samples with and without lime after zeolite activation and 

pozzolanic reactions 

For that reason, the UU stress-strain curves are depicted in Figs. 6, 7, and 8 for 

three distinct curing periods of 7, 14, and 28 days, respectively. In general, it is 

obvious that as the confining pressure increases, the associated peak shear stress 

also increases, and the peak resistance mobilizes in the majority of samples at 

axial strains of 1.5% to nearly 2%.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The Undrained Unconsolidated (UU) stress-strain response of 7-days cured 

samples under 05, 1, and 1.5 kg/cm
2
 confinement  
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However, samples with 12% and 14% zeolite reached failure at less than 1.5% 

axial strain (Figs. 8(c)-8(d)) mainly due to the presence of more zeolite which 

led to a more cemented body with a rapid yet higher stress peak. Similar strain 

levels at failure for cement-treated Toyoura sands are also reported by 

Namikawa et al. [31]. The samples in the undrained tests shown in Figs. 6, 7, 

and 8 exposed strain-hardening behavior [32]; in other words, there were no 

clear drops and residual softening in strength, therefore, pronounced peaks 

(failure points) on the slopes of the curves are failure points of the samples. 

The stress-strain behavior typically resembled that similar to sandy soils in a 

dense state. It is also evident from Figs. 6, 7, and 8 that at lower values of axial 

strain, the deviator stress increases almost linearly with the axial strain, this then 

changes into a slightly concave downward pattern, though at a much slower rate. 

This is perhaps due to the development of greater friction between the particles 

of the composite, making it difficult for the nearby particles to change their 

position rapidly from one point to another, which then leads to the improvement 

in the frictional resistance and slower rate of strain. 

 
Fig. 7. The Undrained Unconsolidated (UU) stress-strain response of 14-days cured 

samples under 05, 1, and 1.5 kg/cm
2
 confinement 
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It is noteworthy that the effect of cementation is to produce aggregate 

interlocking that can be overcome by dilatancy, and it is also known that 

dilatancy at failure provides an extra component of shear strength [33], and as 

stated by Wang and Leung [34], cement bond breakage causes a strength 

reduction, but the associated dilatancy leads to a strength increase in cemented 

soils. Thus, the conclusion can be drawn that initiated suppression of dilatancy 

by undrained shearing results in the lack of a certain peak deviator stress due to 

a reduction in the corresponding pore-water pressure.  

 
Fig. 8. The Undrained Unconsolidated (UU) stress-strain response of 28-days cured 

samples under 05, 1, and 1.5 kg/cm
2
 confinement 

As presented in Figs. 6 and 7, samples usually show no definite peak deviator 

stress, failure occurs abruptly, and this behavior is common in sandstones [35]. 

But taking a closer look, and with the maturation of the treated samples with the 

higher pozzolanic reactions, attention is drawn to a semi-concave end on the 

charts with lesser confinement, especially in Fig. 8(d). Seemingly, a modest 

peak emerges ascertaining a possible presence of residual strength only at lower 

confining pressures and when the highest zeolite content prevails. This 

interesting phenomenon adds to the complexity of the failure mechanism, 
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indicating that aged treated samples could provide some residual strength even 

after reaching the highest shear strength while other peaks in prior strains as, for 

example, in Fig. 8(a) are a simple consequence of local softening or pseudo 

peak stress [36]. It should also be noted that this effect diminishes when the 

confining pressure increases and the entire shear resistance mobilizes under 

loading.  

Comparing the results of UCS shown in Figs. 2 and 3 and the results of the UU 

triaxial tests presented in Figs 6, 7, and 8, a higher peak strength is indicated in 

UC tests in contrast to the values obtained by UU triaxial tests. Haeri et al. [37] 

and Hamidi and Haeri [38], who obtained similar results, reported that a brittle 

behavior exists in drained conditions when compared with similar undrained 

tests. This may be due to the concentration of excess pore pressure in the shear 

plane that is not present during UC tests. Moreover, similar higher peaks as 

those observed in the UC tests may also be caused by volume changes occurring 

during shearing [39], the water weakening effect on samples during undrained 

shearing [40,] and possibly due to a higher sensitivity of undrained tests to shear 

localization. 

Analysis of post-failure images, as can be seen in Fig. 9, indicated that all 

samples failed by shear localization with a single shear zone crossing each 

sample. Accordingly, in reference to Fig. 9, the shear bands referred to as the 

Coulomb direction are directed at ± (45°+φ/2) to the cap and base platen [41]. 

The evolution of loose sands into cemented compounds means that the resulting 

material at the end of the curing time has different properties to the primary 

loose sand and, according to the results presented in this paper, they present a 

behavior similar to sandstones. The results further demonstrated that the 

microcrack initiation occurred very close to the failure stress under low 

confining pressures, leading to a more brittle sudden failure, whereas, under 

higher confining pressures, failure occurred at relatively earlier stages of 

deviatoric loading due to the higher confining stress on the microcracks.  

As shown in Figs. 7 and 8, under higher confining pressures, the samples 

reached failure at slightly lower axial strain, whereas, due to lack of full 

cementation, samples with 7 days of curing (Fig. 6) and under lower confining 

pressures reached failure at slightly lower axial strain. The UU shear strength 

corresponding to the samples without zeolite at all curing periods could not be 

experimentally determined as the specimens disintegrated during sample 

saturation in the triaxial cell before conducting the triaxial test. Finally, 
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depending on the obtained results of the undrained shear tests under three 

confining pressures of 05, 1, and 1.5 kg/cm2, Mohr failure circles were drawn, 

and the detailed results for the cohesion intercepts and the internal friction 

angles were listed in Table 3. 

 
Fig. 9. Post-failure image of zeolite-lime treated sample with an apparent diagonal shear 

zone 

Regarding the 7- and 14-days cured samples, an increase in zeolite content 

resulted in an initial decrease followed by a slight increase in internal friction 

angles, but 28-days cured samples showed an increase in internal friction angles 

and a decrease in cohesion with increasing zeolite amount. The reason for this is 

related to the higher pozzolanic reactivity of zeolite [42, 43, 44, 45], also, as 

mentioned previously, this could be because of the increase in slippage between 

sand particles due to extra lime at earlier ages of curing and breakage of strong 

cemented bonds at 28 days of curing. Similar observations to the current results 

in Table 3 were also reported by authors studying lime-treated sandy soils [46, 

47]. As shown in Table 3, for different mixtures of lime and zeolite represented 

by capital letters L and Z respectively, the biggest internal friction angle 

acquired in the present study belonged to the mixture of 14% zeolite (55.4°), 

suggesting this to be the optimum amount of zeolite regarding shear strength. 
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Table 3. Variation of cohesion intercepts and internal friction angles of artificially 

cemented samples at curing periods of 7, 14, and 28 days by UU tests results  

 

Comparing the undrained shear strength parameters of internal friction angle 

and cohesion for cemented samples in Table 3 with those for untreated sand 

given in Table 1, an increase of 500 to about 2150 times in the cohesion 

intercept and 1.5 to 1.85 times in the angle of internal friction is recorded. 

According to Consoli et al. [48, 49], who studied sand stabilization with lime 

and fly ash and industrial waste by-products, internal friction angle values 

obtained in this study are higher. Although, results of both studies show 

improvement in terms of internal friction but greater improvement when zeolite 

is utilized, indicating promising prospects for zeolite-lime stabilization of loose 

sands. 

 

Analysis of the measured B-ratios:  

Tatsuoka et al. [50] showed that for loose sands, proving a good saturation 

requires the verification of a high B-ratio, while this requirement is less 

demanding for stiffer materials. So, the results of the measured B-ratios are 

presented in Table 4 regarding different lime and zeolite percentages indicated 

by capital L and Z, respectively. For very stiff or cemented soils, the value of B 

is expected to be less than unity, even for fully saturated specimens [51, 52]. It 

is, therefore, difficult to evaluate the degree of saturation on the basis of the B-

ratio test alone. Moreover, an intact or fissured microstructure has a significant 

impact on the value of B at non-zero differential pressures, for example, cracked 

sandstones apparently have a value of B near 0.6, while sandstones with low 

crack densities are expected to have values closer to 0.8 for non-zero differential 

pressures [53].  

28 days 14 days 7 days Curing age 

φ° C(kPa) φ° C(kPa) φ° C(kPa) Type of Mixture 

48.5 357 52.9 235 53.2 98 S+5%L*+8%Z* 

51.2 343 48.8 342 48.3 169 S+5%L+10%Z 

53 326 47.6 402 44.3 354 S+5%L+12%Z 

55.4 316 49 431 44.8 358 S+5%L+14%Z 
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Table 4 suggests that as confining pressure increases over time, B-ratio 

decreases. Reduction in B-ratios results directly from two factors; firstly, 

pozzolanic reactions and the evolution of the soft soil into a rigid cemented 

body impervious to water penetration and, secondly, a reduction in B-ratio 

might result from declining bulk compressibility due to the closure of low aspect 

ratio microcracks that are highly compliant at low confining pressures or by the 

compression of relatively soft inter-granular contacts [54]. Additionally, Tufts 

which their original micro-structure altered into zeolite generally exhibit 

reduced B-ratios and bulk compressibilities during undrained loading, 

suggesting extra complications during saturation when their pozzolanic 

capabilities are being activated by alkali binders such as lime [55]. 

 

Table 4. Variation of pore pressure B-ratio with confining pressure at curing periods of 

7, 14, and 28 days 

28 days  14 days  7 days  Curing Age  

1.5  1  0.5  1.5  1  0.5  1.5  1  0.5   )kg/cm
2

( 

Pressure   

0.83  0.84  0.84  0.87  0.87  0.88  0.9  0.9  0.91 S+5%L+8%Z  

0.83  0.83  0.84  0.85  0.86  0.86  0.88  0.89  0.9  S+5%L+10%Z  

0.82  0.82  0.83  0.84  0.85  0.85  0.87  0.88  0.88  S+5%L+12%Z  

0.8  0.8  0.81  0.83  0.84  0.84  0.86  0.86  0.87  S+5%L+14%Z  

 

Theoretically, the mixture of pore water and air can approximately be treated as 

an equivalent homogeneous pore fluid, completely filling the voids with a single 

pore pressure. Since the compressibility of water is negligible compared with 

that of the soil skeleton, at the early stage of curing, lack of sufficient 

cementation in samples containing more zeolite leads to a greater increase in the 

soil skeleton’s compressibility and, as a result, the value of B consequently 

decreases. Additionally, regarding the length of curing and as the 

compressibility of cemented samples approaches the same order of magnitude as 

the compressibility of water during saturation, the open framework of zeolite 

that is gradually saturated with water diminishes and leads to a lesser B-ratio in 

longer curing periods. 

Measured B-ratios in this study are near to those observed by Green and Wang 

[54] who measured B values in the range of 0.95 to 1.0 for differential pressures 

below 1 MPa for fully saturated Berea and Massillon sandstone. Fredrich et al. 
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[55] also showed that in fully saturated zeolite sandstone, a B-ratio at near-zero 

applied confining minus-induced pore pressure is close to 0.9 and decreases 

systematically to approximately 0.7-0.8 at effective pressures of about 25 MPa. 

Namikawa et al. [31] studied cement-treated Toyoura sand by triaxial 

compression tests under confining pressures varying from 50 to 200 kPa. B-

ratios measured during their tests ranged from 0.8 to 0.95 for samples prepared 

with 4.5% cement and from 0.7 to 0.95 for samples prepared with 7% cement. 

This is in good agreement with the current results. However, in the present 

study, the cementing agent is a mixture of lime and zeolite. Moreover, these 

results indicate a robust consistency of zeolite-lime treated sands against 

induced pore water pressure under the applied saturation settings and make 

zeolite-lime a promising treatment by presenting both environmental and 

geotechnical advantages. 

 

Void ratio effect on pore space: 

Application of the void ratio is proven to be an appropriate tool to assess the 

developed cementation of stabilized sands by binding agents. To analyze the 

variations of void ratio over curing time and before undrained shearing, the void 

ratio of cemented samples was calculated from equation 1: 

( )1
1

t st w

c

t

w G
e

γ
γ

+
= −             (3.1) 

where ec is the after curing void ratio before the shearing process, wt is the after 

curing water content, Gst is the after curing total specific gravity, γt is the after 

curing unit weight, and γw stands for unit weight of water. It should be noted 

that this void ratio represents the final condition of samples before shearing. 

This is unlike the isotropic consolidation stage in consolidated undrained triaxial 

testing in which volume change after the consolidation should be accounted for 

in the calculation of the void ratio [56]. 

The influence of deviatoric stress, curing age, and confining pressure on the 

void ratio is illustrated in Fig. 10(a). Hypothetically, it is assumed that in the 

early ages of curing, when soaked zeolite and lime are packed together, 

unoccupied pore spaces not taken up by pozzolanic by-products (calcium 

silicate hydrate or C-S-H) are composed of voids containing a mixture of air and 

free water whose sizes are determined by succeeding degrees of cementation. 

The amount of air and water occupancy of the voids is mainly dependent on the 



124 Babak JAMHIRI, Mohammad Siroos PAKBAZ  

 
 

degree of saturation and air dissolution in water. So, as the B-ratio is also a 

function of degree of saturation and any presence of unconsumed water means 

available anhydrous particles and extra void space for further bonding, the 

increase of degree of saturation is equal to the increase with the B-ratio as well 

as the presence of a higher void ratio.  

It is clear from Fig. 10(a) that void ratio increases with increasing B-ratio. But 

void ratio decreases over curing time due to further development of C-S-H 

bonds when a coarser mass of their reaction product is being produced by 

growing pozzolanic reactions. As highlighted in Fig. 10(b), with the increase of 

zeolite content under similar confining pressures, the difference between values 

of the void ratio in pore spaces is significant and exists over the entire curing 

ages. But, for samples with a similar zeolite content, the difference between the 

void ratios and peak deviatoric strengths becomes less significant over curing 

ages, especially for treated samples with 12% and 14% zeolite, when compared 

to those samples treated with 8% and 10%, the increase in peak failure strength 

and void ratio is rather extreme across the length of curing age. 

 
Fig. 10 (a) Influence of peak deviatoric stress, curing age, and confining pressures at 50, 

100, and 150 kPa on B-ratio, (b) Variation of the void ratio at peak failure stress for 

samples containing zeolite over curing ages (Darker colors indicate 7 days and lighter 

colors indicate 28 days of curing) 

Scanning electron micrographs (SEM) analysis:  

SEM assists in determining the efficiency of treatment on morphology and 

contributes to assessing the C-S-H localization on sand particles. For the SEM 

analysis, at the specified curing time, a small amount of soil mass was taken 

from the cured sample, air dried, and broken into particles of sizes less than 

0.075 mm by sieving before testing. The SEM technique was performed using 

an LEO 1455 VP scanning electron microscope operating at 30 kV. The SEM 

micrographs of stabilized samples with 14% zeolite and 5% lime along with the 
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SEM of plain sand with 5% lime at the curing period of 28 days, magnified at 2 

μm, are shown in Figs. 11(a)-11(b), respectively. SEM analysis revealed that 

samples containing lime-activated zeolite have a denser microstructure with 

fewer macrospores, and products of the zeolite-lime blend, which are believed to 

be C-S-H gels, are edged with a flat surface and a crystalline shape. The SEM of 

lime-treated samples without zeolite is shown in Fig. 11(a), revealing a plain 

surface of sand particles which is intact with some minor coverage and 

separated lime particles, and showing a common axiom that granular material 

without fine content cannot be improved with lime. However, Fig. 11(b) 

enlightens the results of the current study by providing visual evidence of the 

solid performance of lime activation of zeolite for the overall improvement of 

loose sands. Zeolite-lime treated samples also clearly display a coarse soil 

matrix and inter-particle bridges, which are attributed to the pozzolanic C-S-H 

bonds.  

 
Figure 11: SEM analysis of samples at 28 days of curing (a) sample containing only 5% 

lime without zeolite incorporation (b) samples containing 5% lime and 14% zeolite 

incorporated  

4. CONCLUSIONS  

In order to provide a solid framework for a combined geo-mechanical sandy soil 

treatment with an eco-friendly blend of natural zeolite and lime, and to ascertain 

the consistency of treated samples against undrained shearing and induced pore 

water pressure in saturated settings, a series of UC and UU triaxial tests were 

carried out on treated loose sands with lime-activated zeolite, and the effects of 

variations in lime and zeolite content on UCS values, undrained shear strength, 
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and B-ratios were studied. With the knowledge of the experimental evidence, 

the following conclusions can be drawn: 

1. The stress-strain curves measured by means of the undrained triaxial test 

were brittle and the samples showed strain-hardening behavior, there 

were no clear drops and residual softening in peak strength, and the 

peak resistance mobilized at an axial strain of about 1.5% to nearly 2%. 

However, only at lower confining pressures and when the highest 

zeolite content was utilized, did aged samples show an emerging 

residual strength.  

2. As the confining stresses increased, B-ratio decreased due to the closure 

of low aspect-ratio pore spaces and microcracks and the compression of 

relatively soft intergranular contacts. Despite an increase in the induced 

pore water pressure and the appearance of diagonal shear localization, 

treated samples showed a high consistency against complete 

fragmentation. 

3. At earlier ages of curing, due to the lack of sufficient cementation in 

samples containing more lime, an increase of compressibility of the soil 

skeleton led to a decrease of B-ratio, indicating that immature 

pozzolanic reactions could lead to inconsistencies and possible failure of 

treated samples under higher rates of pore water pressure.  

4. With the extension of curing ages and increasing degree of cementation, 

the air voids compress with the increasing confinement and more 

cemented products fill the spaces occupied by water, so that the void 

ratio becomes relatively small resulting in a relatively low value of B-

ratio. 

5. Samples with high zeolite content leave smaller unoccupied pores after 

cementation than samples with less zeolite, thus resulting in a lower 

void ratio in the hardened blend while showing higher peak failure 

strength. 

6. The UCS values show higher peak strengths than similar results in UU 

triaxial tests, this might be due to a concentration of excess pore 

pressure in the shear plane, the water weakening effect, and the prone 

nature of undrained tests to shear localization. 

7. All samples failed by shear localization with a single shear zone 

crossing each sample. The angle of the failure plane varied from 44.3° 
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to 55.4°. The biggest internal friction angle procured in the present 

study belonged to the mixture of 14% of zeolite and 5% of lime (55.4°). 

 

Finally, the results presented in the current study could be a useful reference in 

the stabilization of saturated sand deposits in areas near to lakes, rivers, and 

coastal cities susceptible to earthquakes. Further detailed investigation into the 

coupled effect of pozzolanic cementation and induced pore water pressure on 

pore space alteration is required prior to any provision of stabilization plans. It is 

also recommended that a comparative study should be carried out to highlight 

the effectiveness of accelerated curing on stabilized samples at high 

temperatures, and the long term consistency of stabilized soils under different 

deformation mechanisms and loading schemes. 
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