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Introduction: The soil in geogrid-reinforced structures is typically unsaturated, with the shear strength provided by both the matrix suction and the reinforced body. Traditional structural designs for saturated soils only consider the shear strength provided by the reinforced body, neglecting the part provided by matrix suction. As a result, the design for reinforced structures is biased toward conservatism.
Method: The study examined the matrix suction-provided shear strength in reinforced soils through strain-controlled triaxial and soil-water characteristic curve (SWCC) pressure plate instrumentation. The feasibility of the Schrefler and Khalili unsaturated soil shear strength formulas for predicting shear strength based on matrix suction forces was verified.
Results: The study revealed that the cohesion of saturated reinforced soil exhibits a significant decrease in contrast with unsaturated reinforced soil, with matrix suction serving as a crucial consideration for reinforced structure design.
Discussion: The experimental results confirm the suitability of applying the quasi-cohesion increment theory to reinforced clays. The Khalili formula can be utilized to predict the quasi cohesion of unsaturated reinforced soils with greater accuracy under diverse dry density conditions. The results obtained using post-shear moisture content were closer to the measured values than those using initial moisture content.
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1 INTRODUCTION
Granite residual soil is widely distributed in the southeast coastal area of China and is a common filling material in this area for engineering construction, and geogrid reinforced soil technology is often used to improve the overall stability of granite residual soil slopes and embankments. Based on the theory of apparent cohesion, it is well known that the reinforced geogrid mainly improves the shear strength of the soil by increasing the cohesion of the soil (Wang et al., 2021); however, the superficial layer of the filled slope is usually in the unsaturated state, and the literature (Gao et al., 2018) points out that the apparent cohesion of unsaturated granite residual soil mainly includes two parts, matrix suction and soil cohesion itself, so ignoring the influence of matrix suction on the shear strength of reinforced granite residual soil will lead to excessively cautious designs (Chehade et al., 2020).
Researchers around the world have investigated the effects of factors such as the size and shape of the reinforcing material, particle size, and loading rate on the frictional characteristics of the interface between soil and reinforcement. They conducted these investigations using standard direct shear and pullout tests (Infante et al., 2016; Mohammadehsan and Mohammadreza, 2017; Abdi et al., 2019; Kouchaksaraei and Khalkhali, 2020; Wei-xiang et al., 2023). To investigate the stress state of reinforced soil in actual conditions, scholars both domestically and internationally have employed triaxial tests to analyze the strength and deformative properties of reinforced soil. The shear strength characteristics of reinforced soils were investigated through triaxial tests by Vidal et al. (Vidal, 1969; Lei, 2000; Zhang et al., 2023); the results of the tests revealed that the reinforcement primarily improves soil shear strength by increasing the cohesive force. Furthermore, the shear strength also varies non-linearly with an increase in the number of reinforced layers. The study by Chen et al. (Chen et al., 2014; He et al., 2019; He et al., 2021) investigated the impact of perimeter pressure, the number of reinforcement layers, and the method of reinforcement placement on the shear strength of reinforced soils using triaxial tests.
In practice, matrix suction also significantly influences the shear strength of unsaturated soils. Zhong et al. (Zhong et al., 2015) and Luo et al. (Luo and Fu, 2019) conducted triaxial testing analyses of unsaturated soil to examine the impact of matrix suction on the shear strength of unsaturated soil. The experimental results revealed that the cohesion is significantly affected by matrix suction, exhibiting a linear growth relationship. However, the effective internal friction angle is minimally influenced by matrix suction. Zhao et al. (Zhao et al., 2021) investigated the connection between soil samples’ strength properties, water retention capacities, and pore sizes during cyclic direct shear testing under both wet and dry conditions. The results indicated that the decline in water retention capacities and variation in strength parameters of soil samples were primarily due to changes in pore properties. Huang et al. (Huang et al., 2022) obtained soil-water characteristic curves (SWCCs)for typical granite residual soils in Huangpu, Guangzhou, using the filter paper test method. The results indicate that the matrix suction in strongly weathered granite residual soil zones in a higher saturation state experiences smaller changes as the saturation is increased further, and maintains higher residual matrix suction than that in fully weathered granite residual soil zones. At the same time, it is suggested by much of the literature that alterations in matrix suction also impact the strength of reinforced soils. Ghazavi et al. (Bergado et al., 1993; Mahmoud and Omid, 2021) conducted a study on the impact of moisture content on peak pullout force through pullout tests. The findings indicate that there was a substantial reduction in the peak pullout force as the moisture content escalated. Zhou (Zhou and Xu, 2013) carried out consolidated undrained triaxial tests to investigate the differences in the strength characteristics of reinforced expansive soils in their saturated and unsaturated states. The results indicate that, for the same type of reinforcement, the cohesive force of the unsaturated specimen was significantly greater than that of the saturated specimen. Zhao (Zhao and Lin, 2019) derived the analytical solution for the reinforcement length needed to sustain slope stability under a linear suction distribution using the horizontal split method. The results showed that an increase in matrix suction leads to a significant decrease in the reinforcement length. At present, scholars worldwide have proposed unsaturated soil shear strength equations based on Bishop’s unsaturated shear strength equation. For instance, Cai (Guoqing et al., 2022) investigated the impact of pore ratio on the SWCC; they also introduced a novel formula to estimate the shear strength of unsaturated soils with different pore ratios and a wide range of variations in matrix suction. (Pham, 2022) proposed a shear strength equation reflecting the non-linear effects of saturation and matrix suction on the shear strength of unsaturated soils, through considering the micromechanical equilibrium conditions of the interaction among the solid, liquid, and air phases in soil. Bai (Bai et al., 2021) established a generalized principle for effective stress that can be applied to coupled processes involving heat, water, and force in both saturated and unsaturated soils, in which the approach is rooted in particle thermodynamics.
This paper is based on the municipal engineering project of the Flavor and Fragrance Industrial Park in Youxi County, Fujian Province, China, and the shear strengths and SWCC of the typical granite residual soil from Youxi were tested by using a strain-controlled triaxial instrument and SWC-150 SWCC pressure plate meter, respectively, to study the effect of matrix suctions and reinforcements on the shear strength of granite residual soil in saturated and unsaturated states, which provided certain theoretical basis and reasonable strength parameter references for actual reinforced soil structure design and construction.
2 EXPERIMENT
2.1 Reinforced geogrid and reinforced soil samples
The soil samples for testing were taken from the municipal project in Youxi County. The granite residual soil is a sandy silt with a mixture of light red and grayish-white color, slightly wet, and in a plastic to hard plastic state. The basic physical parameters of the soil measured by the indoor geotechnical tests are shown in Table 1, the particle gradation curve is shown in Figure 1A, and the static compaction curve is shown in Figure 1B.
TABLE 1 | Basic physical parameters of granite residual soil in Youxi, Fujian.
[image: Table 1][image: Figure 1]FIGURE 1 | Particle gradation curve and compaction curve of soil. (A) Particle gradation curve (B) Static compaction curve.
The optimum moisture content and maximum dry density of the soil samples were measured by static compaction tests. As shown in Figure 1B, the optimum moisture content of the soil was 18.7%, and the corresponding maximum dry density was 1.73 g/cm3.
The dimensions and strength parameters of the bidirectional glass fiber geogrid used in the test are shown in Table 2, the schematic picture of the geogrid is shown in Figure 2A, and the one-layer reinforced geogrid placed in the soil sample is shown in Figure 2B.
TABLE 2 | Physical parameters of the geogrid.
[image: Table 2][image: Figure 2]FIGURE 2 | Diagrams of the geogrid and reinforced geogrid location. (A) Bi-directional geogrid (B) Reinforced geogrid location in soil sample.
2.2 Test apparatus
The conventional triaxial strain-controlled apparatus TSZ30-2.0 and volumetric pressure controller SVPC-200–3, which maintains the accuracy and stability of the pressure during the loading process, were both used together during the sample consolidation and drainage shearing process. The other accessory parts, including rubber molds, film-covering cylinders, scales, and so on, support the triaxial testing. The SWCC were measured using a SWC-150 SWCC pressure plate meter. The main instruments used in this paper are shown in Figure 3; the triaxial instrument is shown in Figure 3A and the SWCC pressure plate meter is shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Testing instruments. (A) Triaxial testing apparatus (B) SWCC pressure plate meter.
2.3 Laboratory testing procedure
2.3.1 Triaxial consolidation and drainage shear tests
Approximately 2 kg of the residual soil was taken and then dried, crushed, and sieved through a 2 mm aperture step by step to remove the coarse particles. Finally, water was added to the remolded soil powder to reach an 18.7% moisture content and then the soil was sealed in a container for 24 h to make the moisture distribution in the soil uniform.The soil specimens with fixed dry densities and moisture content were made using the two layers static compacting soil method. After the first soil layer was compacted, the top surface of the soil layer was shaved using a scraper, and then the second layer of soil mass of the same weight was added to ensure the upper and lower layers were compacted to same compaction as far as possible. For saturated reinforced soil specimens and saturated soil specimens, the two types of specimens were saturated using the pumping saturation method; unsaturated reinforced soil specimens were kept at a moisture content of 18.7%.
The specimen dimensions for this test were d = 39.1 mm in diameter and h = 80 mm in height. The triaxial consolidation and drainage shear test methodology is outlined in Table 3, wherein the unsaturated specimen displayed a water content of 18.7%.
TABLE 3 | Triaxial consolidation and drainage shearing test scheme.
[image: Table 3]2.3.2 SWCC pressure plate meter test
In this paper, the SWC-150 SWCC pressure plate meter was used to determine the volumetric moisture contents of the residual soil under different matrix suction levels to obtain the SWCC. The soil dry density of the test was set at 1.64 g/cm3, and the test apparatus measures matrix suction within a range of 0 to 500 kPa. The soil specimen size was d = 60 mm in diameter and h = 20 mm in thickness. The testing was divided into two stages; the saturated soil specimen was put into the device for the dehydration process firstly, and after the dehydration stage, then, water was added and absorbed until water was continued until the soil specimen became saturated again. According to the volume moisture contents and corresponding matrix suction levels obtained from the testing, SWCC could be plotted for the granite residual soil.
3 TEST RESULTS
3.1 Triaxial consolidation and drainage shearing tests
3.1.1 Saturated granite residual soil tests
By rearranging the triaxial consolidation and drainage shearing test data, the stress–strain relationship curves of the saturated soil samples under different dry densities and confining pressure levels are shown in Figure 4. It can be seen that the soil stress–strain relationship curves basically show a strain hardening tendency during the shearing process in saturated states for samples with a dry density of 1.56 g/cm3, whereas there was a slight strain softening tendencyfor samples with dry densities of 1.73 g/cm3 and 1.64 g/cm3.
[image: Figure 4]FIGURE 4 | Stress–strain relationship curves of saturated soil samples with different dry densities. (A) ρd = 1.73 g/cm3 (B) ρd = 1.64 g/cm3 (C) ρd = 1.56 g/cm3.
Figure 4 shows that the peak deviatoric stresses of soil specimens decrease as the dry density decreases, in which interlock friction between soil particles is lowered for the lower dry densities when shearing.
3.1.2 Geogrid reinforced granite residual soil tests in saturated states
The stress–strain relationship curves of the one-layer geogrid reinforced soil samples in the consolidation shearing drainage tests are shown in Figure 5. These basically show the trend of strain hardening, besides seldom slight strain softening curves for soil samples with a dry density of 1.73 g/cm3 under lower confining pressure levels. The peak deviatoric stresses become larger as the confining pressure and dry density were increased individually, which indicates that the peak deviatoric stresses of the reinforced specimen gradually became larger by comparing with the testing peak deviatoric stresses of unreinforced saturated soil samples as shown in Figure 4.
[image: Figure 5]FIGURE 5 | Stress–strain relationship curves of one-layer reinforced saturated samples under consolidation drainage shear tests. (A) ρd = 1.73 g/cm3 (B) ρd = 1.64 g/cm3 (C) ρd = 1.56 g/cm3.
For one-layer geogrid reinforced soil samples in saturated states and under lower confining pressure levels such as σ3 = 100 kPa, relative horizontal displacement between the geogrid and the soil was produced obviously because of the relatively smaller frictional coefficient on the geogrid–soil interface and bigger geogrid tensile strength; this induced bulking deformation at the geogrid–soil interface location, and further soil lateral deformations along soil sample height were uneven, as shown in Figure 6A. Under higher confining pressure levels such as σ3 = 400 kPa, the relative horizontal displacement between the geogrid and the soil was still bigger, but soil lateral deformations along soil sample height were relatively even because of the higher confining pressure preventing them, as shown in Figure 6C. For the intermediate confining pressure levels such as σ3 = 200 kPa, the deformation shape of the geogrid reinforced soil samples were similar to the transition between that of Figures 6A,C.
[image: Figure 6]FIGURE 6 | One-layer geogrid reinforced saturated sample failure status after testing. (A) ρd = 1.73 g/cm3 σ3 = 100 kPa (B) ρd = 1.73 g/cm3 σ3 = 200 kPa (C) ρd = 1.73 g/cm3 σ3 = 400 kPa.
3.1.3 Geogrid reinforced granite residual soil tests in unsaturated states
The one-layer geogrid reinforced specimens with three dry densities and the same moisture content of 18.7% in unsaturated states were tested in consolidation and drainage shear test, and the corresponding stress–strain curves obtained from these tests are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Stress–strain curves of one-layer geogrid reinforced unsaturated samples under consolidation drainage shearing tests. (A) ρd = 1.73 g/cm3 (B) ρd = 1.64 g/cm3 (C) ρd = 1.56 g/cm3.
From Figure 7, it can be seen that the soil particle pore space in the soil samples decreases when there is an increase in dry density, the peak deviatoric stresses of the geogrid reinforced soil increases; compared with the deviatoric stresses obtained from triaxial consolidation and the drainage shearing tests of saturated geogrid reinforced soil, the peak deviatoric stresses of unsaturated reinforced soil increased significantly due to the contribution of matrix suction.
3.1.4 Shear strength parameters
Based on the data from triaxial consolidation and drainage shearing tests, Table 4 summarizes the corresponding shear strength parameters.
TABLE 4 | Shearing strength parameters under triaxial consolidation drainage.
[image: Table 4]From Table 4, it can be seen that the cohesion of the geogrid reinforced soil has a significant increase compared with that of unreinforced soil in the saturated shearing state, whereas variation in the internal friction angle was small relatively. The test results verify the correctness of the quasi-cohesion theory stated below, which is not only applicable to reinforced sandy soil but also applicable to reinforced clay. The unsaturated geogrid reinforced soil has a significant increase in cohesion compared with that of saturated geogrid reinforced soil, which indicates that the cohesion provided by matrix suction is an important contribution that cannot be neglected totally in the design, construction, and maintenance of reinforced soil structures, and consideration of the cohesion contributed by soil matrix suctionis beneficial for reinforced soil structures in reducing the construction and maintenance expense.
3.2 SWCC test
For the remodeled soil samples with a dry density of 1.64 g/cm3, the SWCC between soil volume moisture contents and matrix suctions are plotted in Figure 8 using the pressure plate meter testing results.
[image: Figure 8]FIGURE 8 | SWCC of remodeled granite residual soil.
From Figure 8, it can be seen that the SWCC in the dehydration stage differed greatly from curve in the hygroscopy stage, and there was an obvious hysteresis phenomenon between the two curves. In the process of dehydration, the volumetric moisture content gradually decreases as the matrix suction increases; whereas in the process of hygroscopy, the matrix suction gradually decreases as the volumetric moisture content in the soil increases, and the rate of change in SWCC during the hygroscopic process also transitioned from slow to fast. The appearance of the hysteresis loop reflects the unique pore size distributing pattern in the soil mass, indicating the existence of medium to large pores in dimension and uneven pore size distribution inside the soil body; the more medium to large size pores existing inside the soil body, the more water is retained in the medium to large size pores due to the bottleneck effect in the dehydration stage, which eventually leads to the increase in the hysteresis area between the dehydration curve and hygroscopy curve of the granite residual soil obtained from Youxi county.
On the other hand, the soil skeleton is deformed with the changes in volumetric moisture content in the dehydration and hygroscopy stages. In the first dehydration stage, the soil sample has a slight decrease in pore volume induced by the increase in matrix suction due to the decrease in moisture content in the soil, and resulted in a slight decrease in the saturated volumetric water content of the soil sample was observed following the wetting stage.
4 STRENGTH CHARACTERISTICS OF GEOGRID REINFORCED SOIL IN UNSATURATED STATES
4.1 Unsaturated soil shearing strength formula
Among the many shear strength formulas for unsaturated soils, Bishop’s effective stress strength formula is currently the most famous. Bishop (Bishop and Blight, 1963; Xie, 2015) proposed a shear strength formula for unsaturated soils, combined with experimental studies, as expressed in Equation 1:
[image: image]
where [image: image] denotes the net normal pressure, [image: image] denotes the matrix suction, [image: image] denotes the effective cohesion, and [image: image] denotes the effective internal friction angle. [image: image] is a parameter relating to the soil saturation and its value varies in the range of 0–1.0, which is a function of the soil saturation, soil type, and loading pressure. Since the equation is similar in form to the effective stress equation for saturated soils and relatively simple in expression, it is widely used in the study of shearing strength of unsaturated soils.
Equation 1 is further written in the form of Eq. 2:
[image: image]
Equation 3 can be obtained from Eq. 2 as follows:
[image: image]
where c is the apparent cohesion of unsaturated soil. Since the matrix suction is associated with the soil moisture content and △cs is the quasi-cohesion increment induced by the matrix suction, scholars established the parameter [image: image] as a function of volume water content or saturation based on the SWCC to avoid the complicating experimental measurements.
Schrefler (Schrefler, 1984) proposed soil saturation replacing [image: image] to derive Eq. 4 for the shearing strength of unsaturated soils:
[image: image]
Khalili et al. (Khalili and Khabbaz, 1998) introduced an air-entry suction value of unsaturated soil through extensive experimental studies and proposed the unsaturated soil shearing strength Eq. 5 as follows:
[image: image]
where [image: image] is the air-entry suction of unsaturated soil; this replaces the Eq. 3 parameter [image: image] as the form [image: image] to improve Bishop’s formula shearing strength prediction ability for the unsaturated soil.
4.2 Quasi-cohesion increment calculation
The current research focuses on the reinforcement strengthening mechanism in reinforced soil as well as the corresponding equivalent quasi-cohesion increment calculating method. The quasi-cohesion increment calculation considers the internal friction angle of reinforced soil being basically equal to that of unreinforced soil, reinforcement simply increases the cohesion of the soil mass.
The quasi-cohesion increment calculation of reinforced soil could be explained further by using Mohr–Coulomb failure criterion as Eq. 6 expressing:
[image: image]
where σ1f represents the major principal stress, kPa, at the shearing failure state of the reinforced soil; σ3 represents the minor principal stress, kPa; [image: image] represents soil effective cohesion, kPa; [image: image] represents angle of effective internal friction, °; and [image: image] is the quasi-cohesion increment contributed by the geogrid reinforcing function, kPa.
Comparing Eq. 6 with the limit equilibrium condition of unreinforced soil, the quasi-cohesion increment ∆cr contributed by the geogrid reinforced function in the reinforced soil can be calculated.
Through the triaxial compression tests of reinforced soil, the action of the reinforced geogrid in the soil can be regarded as an additional equivalent minor stress increment acting on the soil mass, thus the ∆cr formula (7) is proposed as follows:
[image: image]
where [image: image] is the equivalent minor principal stress increment, generated by the reinforced geogrid restriction, and the increment cannot be measured directly and can be predicted theoretically. Eqs. 8 and 9 can be obtained from Figure 9 as follows:
[image: image]
[image: image]
[image: Figure 9]FIGURE 9 | Stress analyses of reinforced and unreinforced clay samples.
Subtracting Eq. 8 from Eq. 9, then Eq. 10 is obtained:
[image: image]
Substituting Eq. 10 into Eq. 9, then Eq. 11 is obtained:
[image: image]
Substituting Eq. 11 into Eq. 7, the quasi-cohesion increment of reinforced soil can be deduced as Eq. 12:
[image: image]
The quasi-cohesion increments of reinforced soil are calculated from Eq. 12, and are further compared with the measuring cohesion increments, as shown in Table 5.
TABLE 5 | Calculating and measuring increments of quasi-cohesion of saturated reinforced clay.
[image: Table 5]As shown in Table 5, the increase in quasi-cohesion increments calculated by Eq. 12 is smaller than the measured value, which is because Eq. 12 calculates the quasi-cohesion increments only by the peak stress difference and the effective cohesion and effective angle of internal friction of the unreinforced soil, and does not sufficiently consider the influence of the reinforcing material, the size of the reinforcing material, and the number of reinforcing layers, which results in the calculated value usually being smaller than the measured value. The quasi-cohesion increments calculated based on the theory of quasi-cohesion for the reinforcing body shows a slight discrepancy from the measured value obtained from testing. However, the difference is relatively small and can be utilized as the safety consideration for reinforced soil structures.
4.3 Calculation of the shearing strength of unsaturated reinforced soil
It is usually difficult to measure the volumetric moisture content of the specimen during the shearing process; thus, this limits the study of shearing strength characteristics of the unsaturated soil to some extent, because the volumetric moisture content of the specimen at shearing failure is easily measured, usually to be used to evaluate shear strength of unsaturated soil, as pointed out in the literature (Zhao, 2022). It can be also assumed approximately that the volume change of the specimen during shear is small, and the volumetric moisture content during shear is close to the initial volumetric moisture content. Based on the moisture absorbing curve in Figure 8, the shearing strengths of unsaturated reinforced soil are calculated in this section using the shearing failure volumetric water content and initial volumetric water content separately, and the calculating shear strengths using the two volumetric water contents are compared and commented upon further.
The volume moisture contents of unsaturated reinforced granite residual soil on shearing failure for the triaxial CD tests were measured, and corresponding matrix suctions are shown in Table 6. As can be seen from Table 6, there is a slight increase in the moisture content of the specimens after shearing compared with the initial moisture content of 18.7%.
TABLE 6 | Water contents of specimens after shearing and the corresponding matrix suctions.
[image: Table 6]1) Schrefler’s formula for shear strength of unsaturated reinforced soil
The saturation in Table 6 can be substituted into Eq. 3 to calculate the quasi-cohesion increment of unsaturated reinforced granite residual soil, and the calculated results are summarized in Figure 10. The calculated results have obvious differences with the experimental measured values, which are due to the fact that the shear strength formula proposed by Schrefler only considers the linear effect of saturation on shear strength, thus Schrefler’s formula cannot better reflect the effect of matrix suction on the shearing strength of unsaturated soil correctly.
2) Khalili unsaturated soil shear strength formula
[image: Figure 10]FIGURE 10 | Calculated and measured cohesions of unsaturated reinforced granite residual soil.
From the literature (Zhang, 2018) and the testing results in this paper, it is known that the air-entry matrix suction of granite residual soil is about 10 kPa, thus[image: image] is used for calculation so that the apparent cohesion of unsaturated reinforced granite residual soil can be calculated by substituting the air-entry matrix suction 10 kPa into Equation 5, and the calculating results are summarized in Figure 10.
At the same time, the cohesion of unsaturated reinforced granite residual soil was also calculated using the initial volume moisture content 18.7% of the specimen, and corresponding matrix suction of granite residual soil according to initial volume moisture content 18.7% was read as 279.27 kPa from the moisture absorbing curve in Figure 8, and the apparent cohesion of the unsaturated reinforced granite residual soil was calculated according to Eq. 13. The calculated results were also shown in Figure 10:
[image: image]
where ∆cs is the apparent cohesion increment induced by matrix suction, being different from quasi-cohesion increment ∆cr contributed by the geogrid restriction.
As shown in Figure 10, relatively to the Schrefler unsaturated soil shear strength formula, the Khalili unsaturated soil shear strength formula can predict the cohesion of unsaturated reinforced soil more accurately, in which the cohesion includes three parts, i.e., effective cohesion [image: image] contributed by the soil mass itself, apparent cohesion increment [image: image] produced by matrix suction, and quasi-cohesion increment [image: image] contributed by reinforced effecting of geogrid. Comparing the cohesion calculated using the shearing failure volume moisture content with cohesion calculated based on initial volume moisture content, the cohesion calculated using the shearing failure volume moisture content is closer to the measured cohesion of the unsaturated reinforced soil. The calculating cohesion errors using the Khalili method were 2.28% for the dry density 1.64 g/cm3 sample and 6.36% for the dry density 1.56 g/cm3 sample, and calculating cohesion for the dry density 1.73 g/cm3 sample can also reflects the measured value to some extent, but the error is large.
When the initial volume moisture content was considered, the errors using the Khalili method were significantly larger for the dry density 1.64 g/cm3 and 1.56 g/cm3 samples than those calculated using the shearing failure volume moisture content, but the error for the dry density 1.73 g/cm3 sample was relatively smaller.
Combining SWCC under a specific dry density condition with the Khalili formula may predict the cohesion of unsaturated reinforced soil approaching the specific dry density for unsaturated soil. Thus, formula (13) provides theoretical and experimental evidence to support the practical design, construction, and maintenance of reinforced soil structures.
It is also important to add in that both unsaturated soil and unsaturated reinforced soil tests always keep the back pressure at zero during testing, as the water content in soil samples do not have enough time to change during the triaxial shear process, and the volume change of unsaturated reinforced soil is caused mainly due to gas seepage; thus, soil volume at the moment of shearing failure is expressed in Eq. 14:
[image: image]
In order to verify the volume change mainly induced by gas seepage, a smaller back pressure of 20 kPa was applied for the soil specimen triaxial consolidation and drainage shear test in unsaturated states. During the shear test, any gas or water discharged from the specimen was measured. To minimize the impact of back pressure on the results, a lower back pressure 20 kPa was used. Using the dry density 1.64 g/cm3 specimens for the tests, Figure 11 displays the volume strain curves acquired through the triaxial consolidation and drainage shear tests.
[image: Figure 11]FIGURE 11 | Volume strain and axial strain curves for unsaturated reinforced soil with ρd = 1.64 g/cm3.
The volumetric water contents calculated from Eq. 14 at the moment of shearing failure approached the measured values listed in Table 6, which indicates that the volume change was mainly due to dissipated gas.
5 CONCLUSION

1) Unsaturated reinforced soil has a significantly greater cohesion than saturated reinforced soil due to matrix suction. Experimental and theoretical results indicate that matrix suction contributes more to the total cohesion.
2) The water-added remodeling process of granite residual soil exhibited similarities to the hygroscopic stage. As a result, utilizing the hygroscopic stage’s soil-water characteristic curve allows for more accurate prediction of the apparent cohesion increment of unsaturated soil.
3) Quasi-cohesion increment calculating using formula (12) for the geogrid reinforced saturated soil was verified to be correct compared with the experimental results; Khalili’s modified formula accurately predicts the quasi-cohesive strength of unsaturated reinforced soils based on the effective cohesion, matrix suction, and reinforcement, as demonstrated.
4) By verifying theoretical results to the results of triaxial tests with three dry density specimens in unsaturated states, it is pointed that the Khalili unsaturated soil shear strength formula predicts the shear strength of soil using shearing failure volumetric water content slightly better than that calculated using the initial volumetric water content, by using reasonable SWCC.
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