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Geosynthetics have increasingly been used as reinforcement in permanent earth structures, such as road and railway embankments, steep slopes, retaining walls, and bridge abutments. The understanding of soil-geosynthetic interaction is of primary importance for the safe design of geosynthetic-reinforced soil structures, such as those included in transportation infrastructure projects. In this study, the pullout behavior of three different geosynthetics (geogrid, geocomposite reinforcement, and geotextile) embedded in a locally available granite residual soil is assessed through a series of large-scale pullout tests involving different soil moisture and density conditions. Test results show that soil density is a key factor affecting the reinforcement pullout resistance and the failure mode at the interface, regardless of geosynthetic type or soil moisture content. The soil moisture condition may considerably influence the pullout response of the geosynthetics, particularly when the soil is in medium dense state. The geogrid exhibited higher peak pullout resistance than the remaining geosynthetics, which is associated with the significant contribution of the passive resistance mobilized against the geogrid transverse members to the overall pullout capacity of the reinforcement.
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INTRODUCTION

Geosynthetics have been widely used as a reinforcement material in several geotechnical engineering applications, such as roadway and railway layers and embankments (Wu et al., 1992; Ashmawy and Bourdeau, 1995; Lee and Wu, 2004; Ravi et al., 2014; Ferreira et al., 2016a; Nimbalkar and Indraratna, 2016; Indraratna et al., 2018, 2019; Ngo et al., 2018; Byun and Tutumluer, 2019; Tatsuoka, 2019). In such applications, the interaction mechanism between the geosynthetic and the surrounding material is of primary importance. Recognizing the proper interaction mechanism (shear or pullout) and the selection of the most appropriate test for its characterization are key factors in the design of the above-mentioned structures. When the geosynthetic tends to be pulled out from the reinforced mass (e.g., in the upper zone of a reinforced soil slope or in geosynthetic basal reinforcement), the interaction mechanism shall be characterized through laboratory or field pullout tests.

By definition, the pullout resistance of a geosynthetic is the tensile load required to cause outward sliding of the geosynthetic through the reinforced soil mass. The pullout mechanism of a geogrid differs from that of a geotextile (with continuous surface). In the case of the geogrid, the pullout resistance is composed of skin friction on the surface of the geogrid ribs (frictional resistance) and bearing resistance mobilized against the transverse members (passive resistance). For geotextiles (with continuous surface), only the frictional resistance contributes to the overall pullout capacity.

The great relevance of the interaction mechanism between the geosynthetic and the surrounding soil is patent in the high number of studies that have been published in the last decades. Several experimental studies related to the fundamentals of soil–geosynthetic interaction under pullout loading conditions have been reported (Raju, 1995; Lopes and Ladeira, 1996a; Palmeira, 2004; Moraci and Recalcati, 2006; Subaida et al., 2008; Tang et al., 2008; Hatami and Esmaili, 2015; Ferreira et al., 2016b, 2020; Mirzaalimohammadi et al., 2019; Morsy et al., 2019; Isik and Gurbuz, 2020). However, despite the wide range of studies available in the literature, most of them have been carried out using freely draining granular soils. The pullout behavior of geosynthetics when inserted in cohesive or residual soils has not been widely explored (Bakeer et al., 1998; Abu-Farsakh et al., 2006; Esmaili et al., 2014; Ferreira et al., 2016b) and more insights are needed.

This paper extends previous work on the pullout response of geosynthetics embedded in granite residual soil presented in Ferreira et al. (2016b). While the earlier study was carried out using dry soil, this current study involves soil compacted at the optimum moisture content, which more closely represents typical field conditions. Special emphasis is placed on the effects of soil dry density, moisture content and geosynthetic type on the pullout resistance and deformation behavior of the reinforcement when subjected to pullout loading. The obtained results will be useful to establish appropriate design parameters for geosynthetic-reinforced soil structures, such as those included in transportation infrastructure projects.



MATERIALS AND METHODS


Materials
 
Soil

Granite residual soils are widely available in the northern region of Portugal and often used as backfill material for reinforced soil construction and sub-base layers of transportation infrastructures. In this regard, a locally available granite residual soil was procured from a local supplier and used throughout the current study. This soil can be classified as SW-SM (well-graded sand with silt and gravel) as per the Unified Soil Classification System (ASTM D 2487-11, 2011). The particle size distribution of this particular soil is presented in Figure 1 and the main physical properties are summarized in Table 1.


[image: Figure 1]
FIGURE 1. Particle size distribution curve of the granite residual soil.



Table 1. Physical properties of the granite residual soil.
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Geosynthetics

Three different geosynthetics were analyzed in the present study (Figure 2): a biaxial woven geogrid (GGR), a uniaxial high-strength geotextile, commonly referred to as geocomposite reinforcement (GCR) and a non-woven geotextile (GTX). The GGR (Figure 2A) is manufactured from high-tenacity polyester yarns, which are covered with a protective polymeric coating. The GCR (Figure 2B) is composed of high-tenacity polyester yarns attached to a continuous filament non-woven polypropylene geotextile. The GTX (Figure 2C) consists of mechanically bonded (needle punched) continuous filaments of polypropylene.


[image: Figure 2]
FIGURE 2. Geosynthetics used: (A) GGR; (B) GCR; (C) GTX.


Several laboratory and field studies have shown the beneficial effect of using non-woven geotextiles as reinforcement elements of fine-grained soils (poorly draining soils) due to their internal drainage capacity (Tan et al., 2001; Portelinha et al., 2013). Indeed, the hydraulic properties of non-woven geotextile reinforcements can assist in the pore-water pressure dissipation, hence improving the internal stability of the reinforced structure. Therefore, a non-woven geotextile and a geocomposite reinforcement (consisting of a non-woven geotextile reinforced with polyester yarns) were selected for the current study.

The in-isolation tensile strength of the geosynthetics was assessed through wide-width tensile tests, following the EN ISO 10319:2008 (CEN, 2008). The mean load-strain curves from five tensile tests carried out under repeatability conditions for each geosynthetic are shown in Figure 3. A summary of the relevant physical and mechanical properties of the reinforcements is given in Table 2.


[image: Figure 3]
FIGURE 3. Mean load-strain curves of the geosynthetics from in-isolation tensile tests performed according to EN ISO 10319:2008 (CEN, 2008).



Table 2. Physical and mechanical properties of the geosynthetics.
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Pullout Test Device and Experimental Procedures

The large-scale pullout test apparatus used in the present study is illustrated in Figure 4A. The equipment consists of a large pullout box (internal dimensions of 1.53 m long × 1.00 m wide × 0.80 m high) fitted with a 0.20 m long (steel) sleeve, a clamping system (Figure 4B), a servo-hydraulic control system and a set of external transducers, such as load cells and potentiometers. A detailed description of the test facility can be found elsewhere (Lopes and Ladeira, 1996b; Ferreira et al., 2016b).


[image: Figure 4]
FIGURE 4. Large-scale pullout test apparatus and instrumentation: (A) overall view; (B) clamping system; (C) inextensible wires fixed along a GGR specimen; (D) inextensible wires fixed along a GTX specimen.


The pullout tests herein reported were performed in accordance with the European Standard EN 13738:2004 (CEN, 2004). For tests involving moist soil, the soil was thoroughly mixed with water to achieve the target moisture content and ensure the homogeneity of the sample. The soil was then compacted inside the pullout box to the required density in 0.15 m thick layers using an electric vibratory hammer. Once the first two layers were compacted, the geosynthetic specimen (with initial dimensions of 0.33 m wide and 1.0 m long) was clamped and laid over the compacted soil. To monitor the horizontal displacements along the length of the reinforcement during the test, a set of wire extensometers were fixed to the geosynthetic at selected measurement points (Figures 4C,D), with the opposite ends connected to linear potentiometers located at the back of the pullout box. Two additional soil layers were then placed and compacted, which resulted in a total height of soil of 0.60 m. A neoprene sheet was installed between the soil and the loading plate to reduce the influence of the top boundary and obtain more uniform distribution of the vertical stresses. The vertical load was applied to the upper layer of soil by a wooden plate loaded by 10 hydraulic jacks and its magnitude was controlled by a load cell. The pullout force was then applied to the geosynthetic specimen so as to achieve a constant rate of displacement of 2 mm/min, as recommended by the EN 13738:2004 (CEN, 2004). It should be noted that the recommended displacement rate for geosynthetic pullout testing varies according to different standards. For instance, the American Standard ASTM D6706-01 (2013) suggests the use of a displacement rate of 1 mm/min. Even though the rate of displacement under which the pullout tests are carried out may influence the results, the evaluation of this effect was beyond the scope of this study. The geosynthetic frontal displacement (i.e., clamp displacement) and the associated pullout force were measured by a linear potentiometer and a load cell, respectively. An automatic data acquisition system enabled the relevant parameters (i.e., the pullout force, frontal displacement, displacements throughout the length of the geosynthetic specimen, and the applied vertical stress) to be continuously monitored during the tests. To ensure accuracy of results, all the measurement devices have undergone calibration prior to testing.



Test Programme

Table 3 summarizes the test conditions investigated in this study. As previously mentioned, the pullout response of three distinct geosynthetics (geogrid, geocomposite reinforcement, and geotextile) when embedded in a locally available granite residual soil was assessed using a large pullout box. To analyse the influence of soil moisture content on the pullout resistance and deformation behavior of the reinforcements, the soil was tested in its air-dried moisture condition and at the optimum moisture content (wopt = 11.45%). In addition, two different dry densities were investigated: γd = 15.3 kN/m3 (medium dense soil) and γd = 17.3 kN/m3 (dense soil). To simulate low depths, where the pullout failure mechanism is most likely to occur in reinforced soil walls and slopes, all the tests were performed under a relatively low vertical stress at the reinforcement level (σv = 25 kPa). As recommended by the EN 13738:2004 (CEN, 2004), each test was carried out three times under identical physical conditions, to ensure repeatability of results. Therefore, 36 geosynthetic specimens were tested.


Table 3. Test programme.

[image: Table 3]

Additionally, large-scale direct shear tests were carried out to evaluate the internal shear strength of the soil. The direct shear tests were also performed for different conditions of moisture content (air-dried and optimum moisture content) and dry density (γd = 15.3 kN/m3 and γd = 17.3 kN/m3) and under normal stresses ranging from 25 to 150 kPa. The direct shear test apparatus used in this study enables the analysis of the direct shear behavior of soils, as well as soil-geosynthetic and geosynthetic-geosynthetic interfaces. The direct shear box comprises a lower box with dimensions of 800 × 340 mm in plan and 100 mm in height, and an upper box with plan dimensions of 600 × 300 mm and 150 mm in height. Details on this large-scale direct shear prototype can be found elsewhere (Vieira et al., 2013; Ferreira et al., 2015).




RESULTS AND DISCUSSION


Soil Internal Shear Strength

Figure 5 plots the maximum shear stresses mobilized in the direct shear tests as function of the normal stress, along with the corresponding linear best-fit lines, for different conditions of soil moisture content and dry density. Due to limitations of the fluid power unit, the direct shear tests for dense soil (γd = 17.3 kN/m3) were carried out for the range 25−100 kPa.


[image: Figure 5]
FIGURE 5. Peak strength envelopes of the granite residual soil [modified from Ferreira et al. (2015)].


Following the Mohr-Coulomb failure criterion, the peak shear strength parameters of the soil (i.e., internal friction angle, ϕ and cohesion, c) were obtained. As expected, the soil shear strength increased significantly with the placement density, with more emphasis on the cohesive component of the shear strength. On the other hand, the increase in soil moisture content adversely affected the soil internal strength. In fact, although the soil friction angle was not significantly affected by the moisture condition, the cohesion decreased considerably when the soil was tested at its optimum moisture content. According to Mitchell (1976) and Samtani and Nowatzki (2006), apparent cohesion in soils may derive from two main factors: (1) capillary stresses between particles in an unsaturated soil due to surface tension in the water (matric suction) and (2) apparent mechanical forces resulting from interlocking of angular soil particles, which is often the cause of cohesion measured in compacted soils (i.e., particle geometry and packing may induce an apparent cohesion with no physical or chemical attraction between soil particles). Therefore, the increment of cohesion observed in this study when the dry density of the soil changed from 15.3 to 17.3 kN/m3 may be associated with an increase of the apparent mechanical forces due to enhanced interlocking of soil particles. On the other hand, the decrease of cohesion associated with an increase in soil moisture content is possibly related to the loss of soil matric suction.



Pullout Test Results
 
Influence of Soil Moisture Content

Figure 6 illustrates the effect of soil moisture content on the pullout resistance of the geosynthetics for different soil dry unit weights (γd = 15.3 kN/m3 and γd = 17.3 kN/m3). Figures 6A,B show the pullout force-displacement curves obtained when the geogrid reinforcement was tested in looser and denser soil specimens, respectively. Similarly, Figures 6C,D present the results obtained for the geocomposite reinforcement and Figures 6E,F plot the data concerning the geotextile.


[image: Figure 6]
FIGURE 6. Influence of soil moisture content on the pullout resistance of the geosynthetics: (A,B): GGR; (C,D): GCR; (E,F): GTX.


Figures 6A,B indicate that the pullout resistance of the geogrid embedded in dry soil exceeded that for soil compacted at the optimum moisture content (at the same dry density). It can also be observed that the influence of soil moisture content on the geogrid pullout response was more pronounced when the soil was in medium dense conditions (Figure 6A). In fact, for γd = 15.3 kN/m3 (Figure 6A), the peak pullout resistance (PR) of the reinforcement decreased about 19% (on average) with the moisture content increase. However, for dense soil (γd = 17.3 kN/m3), the reduction of PR due to the moisture content increase was only 7% (Figure 6B). This finding may be attributed to the different failure modes observed in these tests. In the tests involving medium dense soil, the failure occurred due to sliding of the reinforcement along the interface (pullout failure). In contrast, for dense soil, the specimens failed in tension (tensile failure).

Figure 6C shows that the increase in soil moisture content led to the reduction (8.5%) of the pullout resistance of the geocomposite reinforcement when embedded in medium dense soil. This reduction was considerably lower than that observed for the geogrid under identical conditions, which may be related to the favorable hydraulic properties of non-woven geotextiles (Ling et al., 1992; Tan et al., 2001; Portelinha et al., 2013). However, for dense soil (Figure 6D) the moisture content did not significantly affect the peak pullout capacity of the geosynthetic (over the investigated range), but the frontal displacement at which the peak pullout resistance was mobilized decreased substantially when the optimum moisture content was tested.

The influence of soil moisture condition on the pullout response of the geotextile in medium dense soil was similar to that observed for the geocomposite. When the soil was compacted at the optimum moisture content, the peak pullout resistance decreased 9.4% (on average) in comparison with that obtained in the presence of dry soil (Figure 6E). As shown in Figure 6F, for dense soil it was not possible to evaluate the peak pullout resistance of the geotextile for w = wopt, since a higher frontal displacement would be required to reach the ultimate capacity. Nevertheless, it can be concluded that the pullout resistance of this geotextile under these particular test conditions increased with moisture content (from air-dried to optimum moisture content), which contrasts with the behavior observed for the remaining geosynthetics. This is possibly associated with the high thickness of the geotextile (thickness = 7.2 mm) and the significant intrusion of soil particles into the geotextile pores during compaction at w = wopt, thus leading to its higher tensile stiffness under moist conditions.



Influence of Soil Density

The effect of soil placement density on the pullout resistance of the different geosynthetics and on the average displacements recorded along the specimens at maximum pullout force is shown in Figure 7. Figures 7A,B present the results attained for the geogrid, while Figures 7C,D correspond to the geocomposite reinforcement. The results for the geotextile are shown in Figures 7E,F. Although the data in Figure 7 were obtained for w = wopt, similar conclusions were also drawn regarding the influence of soil density on the pullout load-displacement behavior of the geosynthetics when the soil was tested in its air-dried moisture condition.


[image: Figure 7]
FIGURE 7. Influence of soil density on the pullout resistance and displacement behavior of the geosynthetics for w = wopt : (A,B): GGR; (C,D): GCR; (E,F): GTX.


Figures 7A,B clearly show that soil density is a key factor affecting the pullout behavior of the geogrid. The increase in soil density resulted in an increment of the pullout resistance of the geogrid of about 40% (Figure 7A). The secant stiffness at a pullout force corresponding to 50% of the maximum pullout resistance increased 14% with soil density. In turn, the frontal displacement at which the ultimate pullout load was achieved decreased about 16%. Soil density also affected the failure mode observed in the tests. For specimens tested in medium dense soil, the failure resulted from sliding of the reinforcement along the interface (i.e., pullout failure, see Figure 8A). In contrast, the specimens embedded in dense soil experienced tensile failure (i.e., breakage of the material in tension, see Figure 8B).


[image: Figure 8]
FIGURE 8. Photographic views of two representative geogrid specimens: (A) after pullout failure; (B) after tensile failure.


The profiles of the displacements measured throughout the length of the geogrid at maximum pullout force (plotted in Figure 7B) indicate that, for medium dense soil the reinforcement experienced pullout movement during the test (reflected by the displacement measured at the rear end of the specimens). However, for dense soil the displacements recorded over the geogrid length were mainly caused by the reinforcement deformation at the front half of its length (i.e., close to the point of application of the pullout load). In fact, neither sliding nor appreciable deformation at the back half of the geogrid length were observed in the tests involving dense soil. It can therefore be concluded that soil density restrained the transfer of stresses throughout the length of the geogrid specimens and high stresses/strains were mobilized close to the loaded end, thus leading to tensile failure of the specimens at the front part.

The influence of soil placement density on the pullout resistance of the geocomposite reinforcement (Figure 7C) was comparable to that for the geogrid. The maximum pullout force increased ~33% with soil density, whereas the frontal displacement at peak decreased 22%. The secant stiffness for 50% of the maximum pullout force increased about 26% with soil density. The displacement distributions along the length of the specimens at maximum load (Figure 7D) indicate that, regardless of density, the deformations tended to decrease with increasing distance to the point of application of the pullout load. At the back of the geocomposite specimens, higher deformations were obtained for specimens tested in looser soil. This is associated with the effect of soil density, which restrains the transfer of stresses over the length of the specimens. Similar to the trend observed for the geogrid, soil density also affected the failure mode observed in these tests. The geocomposite specimens experienced pullout failure when embedded in medium dense soil, whereas for dense soil the specimens underwent internal rupture in tension.

It can be noted from Figure 7E that the pullout capacity of the geotextile embedded in dense soil could not be determined, since the maximum admissible frontal displacement was not enough to reach the peak load. Considering the maximum pullout force measured at the end of the test as the lower limit of the pullout resistance of this geotextile, it becomes apparent that the pullout resistance increased at least 70% with soil density. The deformations along the first three sections of the geotextile embedded in dense soil exceeded those for the specimens tested in looser soil. However, identical deformations were measured along the two sections closer to the back end of the specimens, regardless of soil density (Figure 7F).



Influence of Geosynthetic Type

Figures 9, 10 compare the pullout behavior of the three geosynthetics in looser and denser soil specimens. Figure 9 presents the results for dry soil and Figure 10 is related to soil optimum moisture content. The graphs on the left side show the pullout force-displacement curves and the graphs on the right side illustrate the displacements over the length of the geosynthetics at maximum pullout load.


[image: Figure 9]
FIGURE 9. Influence of geosynthetic type on the pullout resistance and displacement behavior of the specimens for dry soil: (A,B): γd = 15.3 kN/m3; (C,D): γd = 17.3 kN/m3.



[image: Figure 10]
FIGURE 10. Influence of geosynthetic type on the pullout resistance and displacement behavior of the specimens for w = wopt : (A,B): γd = 15.3 kN/m3; (C,D): γd = 17.3 kN/m3.


Regardless of the conditions of soil moisture content and density, the geogrid exhibited significantly higher performance than the other geosynthetics in terms of peak pullout resistance and stiffness. This is associated with the relevant contribution of the passive resistance mechanism mobilized against the geogrid transverse members to the overall pullout capacity of the reinforcement. However, for small displacements, the geogrid stiffness was rather similar to that of the geocomposite reinforcement, suggesting that the latter geosynthetic may be as effective as the geogrid in applications where high deformation levels are not anticipated. On the other hand, the stiffness of the geotextile was clearly lower than that of the geogrid and the geocomposite, and hence the frontal displacement at which the maximum pullout force was achieved was substantially larger when the geotextile was used. This is associated with the higher extensibility of this geosynthetic, as previously observed from the in-isolation tensile tests (significantly lower tensile stiffness—Table 2).

Comparing the displacements measured throughout the length of the reinforcements at maximum load, it can be concluded that the deformations along the geotextile and the geocomposite reinforcement were significantly larger than those along the geogrid, regardless of the test conditions. This occurrence can be attributed to the higher extensibility of the geotextiles and the fact that the ultimate pullout load is reached at significantly larger frontal displacements.





DISCUSSION

Table 4 summarizes the results of the pullout test programme. The mean values of the pullout resistance (PR), the frontal displacement for PR (uPR), and the in-soil secant stiffness for 50% of PR (J50) are reported in this table, along with the corresponding coefficients of variation (COV), which were computed as the ratio of the standard deviation to the mean value of the parameter, based on three repeatability tests. The conditions of each test can be found in Table 3.


Table 4. Summary of pullout test results.
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Regardless of the geosynthetic or soil moisture content, the increase in soil density led to an increase in the pullout resistance, PR and secant stiffness, J50. The geogrid (GGR) and the geocomposite (GCR) failed in tension (tensile failure) in denser soil at w = wopt (see Figure 7 and Table 5), which justifies the lower frontal displacements for PR. In general, the soil moisture content increase (from dry to optimum) induced a decrease in the pullout resistance, PR and secant stiffness, J50.


Table 5. Determination of the pullout interaction coefficient (fb) and failure mode for each specimen.

[image: Table 5]

When the soil is reinforced with geosynthetics, the interface strength is typically characterized through coefficients of interaction. The pullout interaction coefficient (fb) can be defined as:

[image: image]

where [image: image]is the maximum shear stress mobilized at the soil-geosynthetic interface during a pullout test under the confining pressure σ, and [image: image] is the soil direct shear strength under the same confining pressure.

The mean values of [image: image], [image: image] and fb obtained for each test condition are listed in Table 5. Also included in this table is the failure mode for each specimen (values in brackets represent the number of specimens). As shown in Table 5, the soil-geosynthetic pullout interaction coefficients ranged from 0.25 to 0.61. Under similar conditions, the geogrid exhibited higher pullout interaction coefficients, followed by the geocomposite reinforcement (test T1–T4 and T5–T8, respectively). It is noteworthy that for dense soil (tests T2, T4, and T8), the failure of the geogrid and the geocomposite occurred due to their internal breakage, and thus the coefficients of interaction provided in Table 5 represent a lower bound for fb.

A wide range of pullout interaction coefficients can be found in the literature. However, it is important to bear in mind that the pullout interaction coefficient depends on the shear strength of the surrounding soil, the friction between the soil and the geosynthetic, the percent open area, the ratio between the soil grain size and the geogrid aperture, the strength of the junctions, among other factors. For instance, Hsieh et al. (2011) reported values of the pullout interaction coefficient ranging from 0.18 to 1.25 from pullout tests of geosynthetics inserted in different granular soils. Pullout interaction coefficients varying from 0.44 to 1.04 were reported by Mohiuddin (2003) for different geosynthetics embedded in a cohesive soil. Vieira et al. (2016) presented values ranging from 0.58 to 0.63 for geogrids embedded in a recycled construction and demolition material.

Comparing the values of the pullout interaction coefficient achieved in the present study with those reported in the literature, it is possible to conclude that the upper bound of the range is generally lower. This may be due to the occurrence of geosynthetic tensile failure (breakage of the material in tension) when the specimens were embedded in dense soil.

Tables 4, 5 indicate that when the geosynthetics underwent tensile failure under pullout loading conditions, the measured peak pullout force was lower than the corresponding tensile strength obtained through in-isolation tensile tests (Table 2). This finding is in agreement with some previous related studies (Lopes and Ladeira, 1996a; Ferreira et al., 2016b; Vieira et al., 2016). It should be noted that in the pullout test the geosynthetic specimen is in contact with compacted soil and under a prescribed normal stress. In contrast, in the tensile test the specimen is tested under unconfined conditions. Furthermore, in the current study, the tensile and pullout tests were performed under different displacement rates. The displacement rates imposed in the tensile (20%/min) and pullout tests (2 mm/min) followed the recommendations of the European Standards EN ISO 10319:2008 (CEN, 2008) and EN 13738:2004 (CEN, 2004), respectively. Therefore, the comparatively lower forces reached in the pullout tests where reinforcement tensile failure occurred may be associated with the different test conditions, as well as some damage induced by the soil on the geosynthetic specimens.

It is interesting to point out that the highest pullout resistance was attained for the GGR interface, followed by the GCR and then the GTX (Table 4), whereas the corresponding tensile strength values (Table 2) followed the reverse trend. This is partly attributed to the interaction mechanisms developed under pullout loading conditions. As stated earlier, in the case of the geogrid, the pullout resistance is composed of frictional resistance (skin friction on the surface of the geogrid longitudinal and transverse ribs) and bearing resistance mobilized against the transverse members. For geotextiles, only the frictional resistance contributes to the overall pullout capacity. Hence, due to the relevance of the passive resistance mobilized under pullout conditions, the geogrid (GGR) presented higher pullout resistance than the remaining geosynthetics (GCR and GTX), despite the comparatively lower tensile strength. Regarding the comparison of results for the GCR and the GTX, this occurrence may be related to the higher extensibility of the geotextile (GTX). Although the ultimate tensile strength of the GTX exceeded that of the GCR, it was achieved at a substantially higher elongation. In fact, the GCR exhibited higher stiffness than the GTX both in the tensile and pullout tests carried out in this study.

From the above observations, it becomes apparent that a geosynthetic with higher tensile strength under unconfined conditions is not necessarily a geosynthetic with better performance when embedded in soil. This highlights the importance of conducting pullout tests with the specific materials to be used in the project if accurate predictions of the geosynthetic pullout capacity are required.



CONCLUSIONS

The pullout behavior of three different geosynthetics (geogrid, geocomposite reinforcement and geotextile) embedded in a locally-available granite residual soil was assessed through a series of large-scale pullout tests involving different soil moisture and density conditions. Based on the analysis of the results, the following conclusions can be drawn.

Soil density is a key factor for the reinforcement pullout resistance, with great influence on the failure mode (pullout or geosynthetic tensile rupture), regardless of geosynthetic type, or soil moisture content.

The soil moisture condition may considerably affect the pullout capacity of geosynthetics, particularly when the soil is in medium dense state. The maximum pullout resistance of the geosynthetics used in this study decreased by up to 19% when the soil was tested at the optimum moisture content, in comparison with the values obtained with dry soil.

The geogrid exhibited higher peak pullout resistance than the remaining geosynthetics, which is associated with the significant contribution of the passive resistance mobilized against the geogrid transverse members to the overall pullout capacity of the reinforcement.

The soil-geosynthetic pullout interaction coefficients ranged from 0.25 to 0.61, with the highest values obtained for the geogrid interface. The occurrence of geosynthetic tensile failure when the specimens were embedded in dense soil is the reason for lower pullout interaction coefficients, comparatively with those generally reported by other researchers.
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Raw material

Mass per unit area
Thickness-2 kPa

Thickness of longitucinal ribs
Thickness of transverse ribs
Mean grid size

Percent open area

Short term tensile strength®
Elongation at maximum load®
Short term tensile strength®
Elongation at maximum load®
Secant stiffness at 5% strain®

Unit

og/m?
mm
mm
mm
mm
%
KN/m
%
KN/m
%
KN/m

GGR

PET
380
16
1.6
25 x 25
68
58
10.5
439
79
401.6

Geosynthetics

GCR

PET/PP
310
23

58
1156
54.6
106

600.9

GTX

PP
1,000
7.2

55
105.0
69.5
100.9
156.3

3As per the manufacturer specifications (machine direction).
bObtained from tensile tests performed in accordance with EN 1SO 10319:2008

(CEN, 2008).
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2Evaluated using the ASTM D 4253-93 (1993) and ASTM D 4254-93 (1993) standards.

bEvaluated using the Modified Proctor test [BS 1377-4:1990 (8SI, 1990)].
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Mean value (kN/m) covV (%) Mean value (mm) cov (%) Mean value (kN/m) cov (%)
T 33.78 095 10455 7.02 461.95 650
T2 41.09 423 80.47 217 613.27 251
1] 27.40 482 91.47 586 44435 538
T4 38.37 353 77.20 218 506.13 392
T5 26.44 430 212,04 608 458.60 7.08
T6 3251 482 251,37 278 562.50 561
7 24.20 485 21382 11.28 336.24 430
8 3215 067 166.58 218 42454 203
o 23.08 332 321.80 856 143.88 522
T10 2739 7.22 44986 747 168.67 196
T 20.91 777 32253 11.94 116.06 936

T2 >35.65 0.76 >551.83 3.48 131.54 8.01
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moisture  weight stress  specimens
content (KN/m®) (kPa)
TI GGR Dry 15.3 25 3
T2 GGR Dry 17.3 25 3
™ GGR Wopt 153 2 3
T4 GGR Wopt 17.3 2 3
T5  GOR Dry 153 2 3
T6 GCR Dry 17.3 25 3
7 GOR Wopt 153 25 3
8 GOR Wopt 17.3 2 3
To  GIX Dry 153 2 3
TI0  GTX Dry 17.3 2 3
T GTX Wopt 153 25 3
T2 GTX Wopt 17.3 2 3





