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ABSTRACT
Geosynthetics have been commonly used for soil stabilization/reinforcement in roads, slopes,
and walls. To determine tension in the geosynthetic, strain gauges are often attached on the
geosynthetic. In many studies, foil electrical resistance strain gauges have been attached on one
side of the geosynthetics to measure their strains. Such attachment of strain gauges is acceptable
if only pure tension develops in the geosynthetics. However, in some applications, such as
geosynthetic-reinforced column-supported (GRCS) embankments and geosynthetic-reinforced
retaining (GRR) walls, the geosynthetic is subjected to bending and friction in addition to
tension. Bending and friction may happen locally during construction, especially around
aggregates. To address this issue, two strain gauges attached on the upper and lower sides of the
geosynthetic at the same location have been suggested and used in the practice. This
experimental study investigated the combined effects of tension, bending, and friction on the
measured strains on the upper and lower sides of uniaxial geogrid specimens. The specimens
were instrumented with resistance strain gauges and subjected to tension, bending, and friction at
the same time, which were simulated by wrapping the specimen around three cylinders of
different diameters. The test results show the combination of tension, bending, and friction
reduced the average value of the upper and lower strains by 28% as compared with the tension
only. The cylinder diameter did not have any effect on the measured strains of the geogrid on the
cylinder.
INTRODUCTION
Geosynthetics have been commonly used for soil stabilization/reinforcement in roads, slopes,
and walls. To understand the geosynthetic behavior, determine its actual tension, and evaluate its
long-term performance, strains on geosynthetics have been measured in the field (e.g., Fannin
and Hermann 1990; Perkins and Lapeyre 1997; Bathurst et al. 2002; Hirakawa et al. 2003;
Leshchinsky et al. 2010; Warren et al. 2010, Jiang et al. 2016). Three types of extensometer
412

instruments have been used to measure strains on geosynthetics, which can be categorized into
(ASTM D-4595-11, 2011): (1) direct reading extensometers (e.g., foil resistance strain gages);
(2) semi-remote reading extensometers (e.g., wires, pulley, and tell-tale system); and (3) remote
extensometers (e.g., optical instruments).
These instruments are used to measure global and local strains across the geosynthetic.
The global strain can be determined by instruments (e.g., pairs of extensometers) that are capable
to measure the change of the distance between two reference points on the geosynthetics.
Therefore, the global strain is an average strain along a length that is much larger than the
common length of foil resistance strain gages (SGs). In the case of a geogrid, the global strain
represents the strain along one or more aperture lengths (Bathurst et al. 2002). However, the
local strain is referred to the strain recorded by a gauge at the point of attachment.
The flexible nature, shape, and polymer type of geosynthetics and the soil-geosynthetic
interaction in different applications may not allow the use of all types of extensometer
instruments (Warren et al. 2010). The foil resistance strain gauges are the most common type of
strain gauges that consist of one insulating flexible backing supporting a metallic foil pattern.
ASTM D-4595-11 (2011) suggested the use of SGs to find the tensile properties of geotextiles by
the wide-width method. Moreover, the literature shows many laboratory and field studies used
foil resistance strain gages on geosynthetics (Rahmaninezhad et al. 2018).
In many studies, SGs were attached just on one side of geosynthetic elements to measure
their tensile strains. However, in some cases, the measured strains from one side of the
geosynthetic element might be affected by bending. In some structures, such as geosyntheticreinforced column-supported (GRCS) embankments and geosynthetic-reinforced shallow
foundations, the geosynthetic sheets could be subjected to differential settlement (Wayne et al.
1998; Han and Gabr, 2002; Rahmaninezhad et al. 2009; Yasrobi et al. 2009; Huang and Han
2010). In these cases, the geosynthetic elements were bent and the measured strains might be
affected by bending (Perkins and Lapeyre 1997; Raymond 2002; Maheshwari and Viladkar
2009; Rahmaninezhad et al. 2016; Weldu et al. 2016; Rahmaninezhad et al. 2018). Therefore,
some researchers attached two SGs on both sides of the geosynthetics to eliminate the bending
effect. However, on the top of columns, the geosynthetic is subjected to a combination of
tension, bending, and friction. Whether this technique of using strains on two sides of the
geosynthetic could successfully simulate the combined effect has not been well investigated.
The objective of this study is to evaluate the combined effects of tension, bending, and
friction on the measured strains on the geosynthetic and the relationship between local and global
strains. Bending and friction of a geogrid were simulated by wrapping the geogrid specimens
around three cylinders of different diameters.
EXPERIMENTAL TESTS
Test Apparatus. Figure 1 shows the setup of the tensile test of a geogrid specimen. The ASTM
D6637 standard (ASTM, 2015) for measuring tensile strength of a geogrid was adopted for this
study. Bending and friction on a geogrid were simulated by wrapping the geogrid specimen
around a cylindrical pipe. Three cylindrical pipes were used and had nominal outside diameters
of approximately 65, 100, and 160 mm. One end of the geogrid was connected to the frame using
a metal bar clamp like a bodkin connector. Another end of the geogrid was connected to a load
cell. Loads were applied by placing weights in a bucket hanging under one end of the geogrid.
One load cell was used to measure the actual load.
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Geogrid. One type of uniaxial (UX) HDPE geogrid was used in this study. The physical and
mechanical properties of the geogrid provided by the manufacturer are shown in Table 1. To
avoid possible property variability of different ribs, only one rib was used for loading and
measurements.

(a)
(b)
Figure 1. Test Setup: (a) schematic cross-section and (b) picture of the test setup.
Table 1. Properties of geogrids (provided by the manufacturer).
Geogrid Properties
Tensile Strength @ 5% Strain (kN/m)
27.0
Ultimate Tensile Strength (kN/m)
58.0
Junction Strength (kN/m)
54.0
Flexural Stiffness (mg-cm)
500,000
Minimum Reduction Factor for Installation Damage (RFID)
1.05
Reduction Factor for Creep for 120 yr design life (RFCR)
2.60
Minimum Reduction Factor for Durability (RFD)
1.00
Measurements. The applied load was measured using an S-shape load cell with a capacity of 10
kN. The elongations of the rib of the geogrid at two locations were measured using three
displacement transducers (DTs) with a displacement limit of 50 mm. The global strains were
calculated using the elongations in the ribs of the geogrid measured by DTs. Furthermore, the
geogrid was instrumented with four SGs: SG1, SG2, SG3, and SG4, as shown in Figure 1. The
SGs were attached on both sides of the geogrid rib in the middle of the aperture (Figure 2). The
strain gauges had a gauge length of 5 mm and a resistance of 120 Ω. The measured strains from
these SGs represent the local strains.
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(a)
(b)
Figure 2. (a) Location of SG on the middle of the geogrid rib and (b) arrangement of the
geogrid and SGs on one cylinder.
RESULTS AND DISCUSSION
Global Strain. Figure 3 shows the relationships of the applied load versus the global strain of
the geogrids. The rib with DT2 and DT3 was under tension only. Therefore, the slope of the
trend-line for the rib with DT2 and DT3 represents the tensile stiffness of the geogrids. With
different cylinder diameters, the tensile stiffness of the rib was similar (i.e., 12-13 kN/rib).
However, the global strains calculated from DT1 and DT2 were affected by the combination of
tension, bending, and friction. The results show that at the same applied load, the global strain in
the rib induced by tension only was higher than the one induced by tension, bending, and
friction. In addition, Figure 3 shows that at the same global strain, the load carried by the geogrid
rib induced by tension only was less than that induced by tension, bending, and friction because
the friction was in the opposite direction to the tension and additional load was required to
overcome the friction to induce the same strain on the geosynthetic. For example in Figure 3(a),
at the global strains of 0.5%, 1%, and 1.5%, the differences between the loads carried by the
geogrid rib under tension only and the rib under tension, bending, and friction were
approximately 0.03, 0.04, 0.03 kN, respectively. Since bending does not induce any tensile
resistance, this difference is the load carried by friction between the geogrid and the cylinder.
The average loads carried by friction on the cylinders with diameters of 65, 100, and 160 mm
were approximately 0.025, 0.020, and 0.016 kN, respectively, from the beginning to the end of
the tests.
Global Strain and Average Local Strain. The correlation factor, CF, is the ratio of the
measured global strain by the displacement transducers to the local strain by the strain gauge.
The CF can be estimated using the following equation:
𝐶𝐶𝐶𝐶 =

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Eq. (1)

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Figure 4 shows the relationship of the global strain versus the average local strain of the
geogrids. The average local strain represents the average of the measured strains from SGs
attached on the upper and lower sides of the geogrid and can be estimated using the following
equation:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

𝜀𝜀𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 + 𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
2

Eq. (2)
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Figure 3. Applied load versus global strain with the cylinder diameter of: (a) 65 mm; (b)
100 mm; and (c) 160 mm.
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Figure 4. Global strain versus average local strain with the cylinder diameters of: (a) 65
mm; (b) 100 mm; and (c) 160 mm.
where εupper = the measured local strain from the SG attached on the upper side of the geogrid;
εlower = the measured local strain from the SG attached on the lower side of the geogrid. The
calculated CFs from SG1 (εupper) and SG2 (εlower) placed on the cylinders with diameters of 65,
100, and 160 mm were 2.15, 1.77, and 2.65, respectively, with an average of 2.19. However, the
calculated CFs from SG3 (εupper) and SG4 (εlower) using the cylinders with diameters of 65, 100,
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and 160 mm were 1.44, 1.53, and 1.78, respectively, with an average of 1.58. Therefore, the
friction increased the CF by 39%.
Average Local Strain Ratio. Since the friction is in the opposite direction to the tensile load, the
measured strains on the rib on top of the cylinder were lower than those on the vertical rib. Their
differences could be calculated and are the indication of the friction effect. Figure 5 shows the
differences between the average local strains induced by tension (SG3 and SG4) and those
induced by tension, bending, and friction (SG1 and SG2) versus their global strains. The results
indicate that the diameter of the cylinder had no effect on the differences between the average
local strains. In other words, the cylinders of different diameters had the same friction effect on
the measured strains.
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Figure 5. The global strain versus the differential average local strain ratio.
The local strain ratio is the ratio of the average local strain induced by tension only to the
average local strain induced by tension, bending, and friction.
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑡𝑡𝑖𝑖𝑖𝑖 =

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

Eq. (3)

Figure 6 shows the average local strain ratio versus the applied load. At a small load
(<0.025 kN), the effect of friction was significant. With an increase of the tensile load, this
effect became smaller and stable. The result shows that the local strain ratios in the tests with the
geogrids wrapped around the cylinders with diameters of 65, 100, and 160 mm were 1.23, 1.22,
and 1.38, respectively, with an average of 1.28, after the applied load was higher than 0.025 kN.
Figure 6 also shows that regardless of the cylinder diameter, the measured strains induced by
tension were approximately 28% higher than the average strains of the upper and lower strains
induced by the combination of tension, bending, and friction.
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Figure 6. The average local strain ratio versus the applied load.
CONCLUSIONS
The objective of this study was to evaluate the combined effects of tension, bending, and friction
on the relationship between local and global strains in the geogrid and on the measured local
strains from the upper and lower sides of uniaxial geogrid specimens subjected to tensile force.
The following conclusions can be made based on this experimental study:
(1) The effect of friction on the strains in the geogrid could not eliminated by averaging the
strains measured by the strain gauges on upper and lower sides of the geogrid.
(2) The global strain in the geogrid induced by tension was higher than that induced by
tension, bending, and friction.
(3) The correlation factors (CFs) calculated from the strain gauges subjected to tension,
bending, and friction were approximately 39% higher than those calculated from the
strain gauges subjected to tension only.
(4) The diameter of the cylinder had a minor effect on the ratio of the average local strain
induced by only tension to the average local strain induced by tension, bending, and
friction.
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