CHAPTER 6

TES TRESULTS

6.1 Introduction

Presented in this chapter are the results from preliminary (roughened aluminum plate),
benchmark, and higher and lower friction material tests, see T able 6.2. The results presented are
given in graphical format, appended to the end of the chapter. Variables that are examined are:
repeatability, normal stress, geogrid type (tiffness and to some extent geometry), soil type, and

the effect of dynamic loads versus static (monotonic) loads.

All tests except for the preliminary tests were performed under load control. Test
designations are explained in Table 6.1 and are listed with their respective variables in Table 6.2,

both shown at the end of this chapter.

6.2 Preliminary Tests

To ensure compatibility in results from this testing program to that of Raju (1995), a series of
preliminary tests were run with the same sand material and inclusions used in the previous
program. The objectives of running the preliminary tests were to: recommission the testing
apparatus with appropriate changes made, test the new system software, and “benchmark” the

results of this series of tests with those produced in the previous study.

6.2.1 Roughened Aluminum Tests

Two aluminum platetests were run under similar conditions imposed by the previous study
(Raju, 1995). Therate of displacement was ry = 0.5 mm/min and the applied normal stress varied
between 5 and 20 kPa. Plots of measured pullout load versus the plate displacement are shown in
Figures 6.1 and 6.2. Both aluminum plate tests were “staged tests”, in which a higher surcharge
pressure was applied afterthe pullout force reached an approximate visual constant value (on the
computer screen) at the initial surcharge pressure. Each test comprised two parts: two stagedtests
followed by a drop in loadto zero, then anothertwo stages. The limitation on stroke lengh
during displacement-controlled tests required thetestto be stopped and reinitialized after the first

75 mm of stroke displacement.
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Because the roughened aluminum plate is inextensible, the measured pullout load and
displacement were used to calculate an average shear stress (7) acting on both sides ofthe plate
(assumed to be equal on top and bottom). The shear stress was normalized by the applied normal
stress (O) to yield an instantaneous interaction factor (v 6) for each test. These results are given
in Figure 6.3, along with datareproduced from a previous study (Raju, 1995). The results from
thisrecent set of tests compare reasonably well with the results obtained by Raju, both interms of
actual instantaneous interaction factors and general behavior. However,the trend of large-
displacement interaction factors with varying applied normal stress is exactly opposite from
Raju’s results to the current tests—the current series suggests higher normal stresses yield lower
interaction factors, whereas Raju’s tests suggest higher normal stresses yield higher interaction
factors, for the range of normal stresses investigated. Based onthe results of direct shear tests run
on the Badger Mining Corp. sand (Raju, 1995) and work by Houlsby (1994), the trend of

decreasing interaction factor with increasing normal stress is considered the correct trend.

6.22 UX1500SB Test

Once it was decided the apparatus and software were working properly and producing
verifiable results, a load-controlled monotonic test was performed using the same grid series
tested by Raju, the UX1500SB. It should be noted that the UX1500SB samples used in this
testing program were taken from a different roll than that used in the previous study (Raju, 1995)
and contained a notable difference in the rib lengths (145 mm inthe previous study, 153 mm in
this study). The difference is attributed to manufacturing variation between production runs; the
manufacturing process did not produce measurable differences in all other geogrid dimensions.
This test was performed at 10 kPa in the same soil material in an attempt to address the difference
between load control (used in this study) and displacement control (Raju, 1995). The load-
displacement results fromthistest and two performed by Raju are shown in Figure 6.4. Two of
Raju’s tests are shown to give an idea of the range of pullout load values that may be expected in
repeatable tests. The results suggest that load control will yield a slightly higher pullout load than
a test conducted under displacement control, under the same conditions. The embedment length
in thistest series was approximately 2 percent more than in the previous study due to the
geometric difference; a theoretical (calculated) increase in frictional resistance due to more
embedded surface area can account for only a small portion of the higher pullout load measured

in this study.
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6.3 Testing Program

The testing program comprises sixteen (plus two repeated) load-controlled monotonic
and cyclic tests. The variables under investigation are: normal stress, geogrid type (geometry
and stiffness), and soil type. Each cyclic test for a given geogridtype, surcharge pressure, and
soil type is paired with a corresponding monotonic test. Alltest specimens were strain-gauged as

described in Chapter 5 withthe exception of s1500m10.

6.3.1 Pullout Load

Figures 6.4 through 6.11 showthe measured pullout load versus displacement at the
clamped end for each monotonic/cyclic pair. The pullout load profile exhibits a similar pattem in
each monotonic test —an initial stiff, linear portion that takes up approximately 70 percent of the
ultimate load, a non-linear transition stage, followed by a plateauthat defines the approximate
failure pullout load. Typically the cyclic tests followed the same initial linear portion of the
monotonic curve closely until the cyclic demand load exceeded the monotonic pullout failure
load. At this point, the incremental displacement with each cycle increased significantly (see
Section 7.3 for a discussion of this incremental displacement). Figures 6.10 and 6.11 show this
behavior clearly. Originallythe software was programmedto demand seven load cycle sets for
the cyclic tests, which was amendedto include further cycles afterthe s1600d5 and s1600d5R
teds.

The monotonic tests for the 1600 series grids embedded in both the sand andthe glass
beads are shown in Figure 6.12. Each test shares the same initial stiff linear loading curve. The
sand tests show a smooth, gentletransition to the respective maximum pullout load, whereas the
glass beads tests display a markedly short transitionto a maximum load, particularly at the lower
normal pressures. The ultimate pullout loads for thetests conducted in the glass beads were

consistently 65 to 75 percent of the counterpart sandtess.

The performance of each grid series varies significantly, as can be seen in Figures 6.4,
6.6,and 6.8. The stiffest grid—the UX1600HS—has the stiffest response in soil, whereas the
least stiff grid, the UX1400HS, shows considerable extensibility at low pullout loads. T o enable

better comparison of the loads sustained by the grids, the measured loads for each grid were
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normalized by the instantaneous embedded length and plotted in Figure 6.13. The UX1500SB
grid clearly sustains more pullout load under the same conditions, with the UX1600HS holding
morethan the UX1400HS. The discrepancy in ultimate pullout load can be explained by the
geometric differences in each grid. The UX15008SB is a relatively thick grid (on the order of the
UX1600HS) with short ribs; a test with this grid involves six embedded transverse bars. The
UX1400HS and UX1600HS grids have longer ribs (giving four embedded bars in a test), and the
profile of the UX1400HS is significantly thinner thanthe 1500 and 1600 series grids (Figure 4.1
gives dimensions for each grid series). Figure 6.13 suggests the number of transverse bars
embedded in the soil and the profile differential between the bars and ribs both have a
pronounced effect on the unit pullout capacity of the soil/geogrid composite. This discussion is
limited to the low tensile forces imposed and does not account for ultimate strength differences

between the grid series (i.e., a grid may fail in tension before pullout occurs).

6.32 FEmbedded-End Displacement

The embedded-end displacements (d.) were measured to quantify the elongation endured
by each grid until pullout occurred. Displacement of a grid has been foundto follow a simple
pattern described in Figure 6.14 (Raju, 1995). Initially the clamped end is displaced (d,) without
any movement occurring at the embedded end; this is termed Stage I. (d>0, d.=0). Asthe
applied load increases, the embedded end begins to move but the grid is still straining
differentially; this is called Stage II (d#d., d.>0, d.>0). Stage III defines inextensible behavior,

where the grid displaces with little or no internal strain (d.=d., d>0, d.>0).

Figure 6.15 shows the embedded end movements for each monotonic 10 kPa tests
conducted inthis study. The UX1600HS grids reached Stages II and III at approximately 8 and
10 mm. The s1600m10 and g1 600m 10 curves lay almost on top of each other, implying similar
strain behavior for the grid in these two different soils. The 1400 and 1500 series grids began
Stage II at approximately 10 mm, but the 1400 series grid did not reach Stage III until
approximately 40 mm. This behavior is consistent with the stiffness of each geogrid series; these

values can be seen in Table 4.1.

Figures 6.16 and 6.17 showthe embedded displacements for the UX1600HS grids in the
sand and glass beads, respectively, under monotonic loading. It is expected that the higher

surcharges would produce a longer Stage I (progressive elongation of the grid without
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displacement of the embedded end); the results indicatethis to be the case except fortest
s1600mS5—it is unclear why this particular grid strained to the extent it did before mobilizing the
embedded end.

6.33 Rib Strain

All tests except for the initial UX1500SB test were strain gauged using high-elongation
foil strain gauges. The strain gauges were affixed longitudinally on or near the mid-point ofthe
ribs for the embedded portion of all grids and the exposed portion of the 1500 series grid; the
1400 and 1600 series grids required the in-air strain gauge to be mounted approximately 120 mm

from the front transverse bar for proper placement allowing full clamp movement.

Measured rib strains for each test are given in Figures 6.18 through 6.32. Generally, the
measured strains follow a pattemn (in shape) similar to that of the measured pullout force. The
gauges closer to the front of the box indicate progressively higher strains than those further to the
back, although this trend is not universal (see Figures 6.18 and 6.21). The peak values of strain in
the cyclic tests tend to be less than the corresponding values of strain in the monotonic tests, most
likely due to a combination of short periods of peak loading and increased rib stiffness under

relatively quick “pulse” loads.

Interesting results occur in four or more of the tests (see Figures 6.20, 6.24, 6.27,6.28, 6.31, and
6.32). In each of these tests,the last strain gauge (S(4, the furthest embedded) tended toward or
became negative at some stage in the test, implying compression ofthe rib along the rib axis.
Although no work was conductedto test this hypothesis, it is felt the embedded portion of the
geogrids did not undergo uniform pullout acrossthe width ofthe specimens. Non-uniform
pullout would result in some elements ofthe grid being placed into compression. Raju’s work
shows the extent of non-uniformity that was encountered in his pullout tests (see Figure 6.14,
1995) that provides the basis for this conjecture. Because of the regular pattemn of the decrease in
tension along the center rib in each strain gauge of these tests (see gl600dS, Figure 6.28), it isnot
felt that this phenomenon is due to error(s) in instrumentation or data reduction but instead

represents the true state of strain at the points measured.

The influence of grid stiffness is apparent inthe results. At a displacement of d, =60 mm

the UX1400HS strained two to three times the UX1600HS subjected to the same surcharge
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pressure (6, =10 kPa) and embedded in the same soil (sand, see Figures 6.25 and 6.26 versus
Figures 6.21 and 6.22). This difference is consistent withthe ratio of stiffnesses. The
UX1500SB grid strained approximately 75 percent more thanthe UX1600HS grid, again

consistent with the ratio of stiffnesses between these grids.

The UX1600HS grid’s strain behavior varied with the change of soil types. This was
most pronounced at 6, = 10 kPa, as shown by comparing Figures 6.23 and 6.24 (s1600m/d20)
with Figures 6.31 and 6.32 (g1 600m/d20). The strains measured during the glass beads tests are
typically less than strains measured in the tests conducted in the sand, which is most likely
attributable to the lower friction angle of the glass beads (lower measured strains due to a lower

stress in the geogrid ribs, due to a lower mobilized pullout load).

6.34 Total Normal Stress

Because the applied surcharge pressure above the self-weight of the soil material was
applied hydrostatically and hence varied as the tests progressed, thetotal applied normal stress is
reported here. Figures 6.33t0 6.36 show the measured pressures for both the monotonic and

cyclic tests in each series.

The surcharge pressure tended to increase asthe tests progressed in all but one case
(Figure 6.34, test s1600m20) which isto be expected asthe soil material dilates during shearing.
The cyclic tests show an increase in pressure with increased peak demand pullout force due to
sustained clamp displacement through even the bottom end of the cycles (further shearing leading

to further dilation).
It is expected that this progressive increase in pressure affected the resistance to pullout.

For thisreason, calculations performed in the analyses presented in Chapter 7 account for this by

normalizing measured pullout loads by the total normal stress.

6.4 Summary of Results

Results of the pullout testing program on T ensar geogrids presented above suggest the

following:
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Roughened aluminum plate pullout tests were conducted to test modifications
made to the software andtesting apparatus. Comparisons of the results from
these tests to results of a previous study (Raju, 1995) are within 20 percent.

A load-controlled pullout test was conducted with a UX1500SB placed under
conditions of normal stress and soil material identical to two displacement-
controlled tests run by Raju (1995). The results suggest that load-controlled tests
yield slightly higher pullout loads than displacement-controlled tests under
otherwise identical conditions.

In all monotonic/cyclic test pairs conducted, the pullout resistance forthe cyclic
tests met or exceeded the pullout resistance for the corresponding monotonic test.
This was irrespective of total normal stress, soil material type, or geogrid series.
The UX1600HS pullout behavior differed in the sand and glass beads; the
maximum pullout load inthe glass beads was approximately 65 to 75 percent of
the maximum pullout load measured in the tests conducted in sand.

Each grid series’ behavior in the sand varied due to geometric and stiffness
differences.

Embedded-end displacement of geogrids embedded in a soil material follow the
pattern shown in Figure 6.14 during pullout testing. The stiffness of a particular
geogrid and the applied normal stress both influence how and when the transition
from one stage tothe nexttakes place.

Peak strains measured in the cyclic tests were less than those measured in the
corresponding monotonic tests, most likely due tothe faster rate of loading.
Measurements of rib strain indicate strain non-uniformity over the geogrids’ plan
areas and that compression of some areas of the geogrids was taking place.

The applied surcharge pressurestended to increase asthetests progressed. The

analyses presented in the following chapter account for this effect.

Table 6.1: Key to test designations

Soil Type Grid Type Control Type Normal Stress  Test Characteristics
(nominal)
a=aluminum plate crd = displacement control 5 kPa
s = sand 1400 = UX1400HS m = monotonic load control 10 kPa R = repeated test
g = glass beads 1500 = UX1500SB d = cyclic load control 20 kPa stg = staged test

1600 = UX1600HS
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Table 6.2: Summary of pullout tests, with variables

Test Code Nominal Initial Type of Soil Inclusion

Applied Specimen Control Material Tye

Surcharge = Embedment (1) (2) (3)

Pressure, Length, L.;
oy (kPa) (mm)

s-a-crdb (test 1) 54 964 crd S a

- s-a-crd10stg (test 1) 10.2 919 crd s a

§ " s-a-crd1b5stg (test 1) 15 887 crd S a

= s-a-crd20stg (test 1) 20 853 crd s a

S s-a-crd5 (test 2) 55 965 crd s a

e s-a-crdi0stg (test 2) 10.1 919 crd s a

s-a-crd15stg (test 2) 15.1 888 crd s a

s-a-crd20stg (test 2) 20.1 849 crd S a
s1500m10 (benchmark) 10.0 983 m s 1500
= s$1500d10 10.0 974 d s 1500
5 s1600m5 52 1270 m s 1600
© s1600m10 10.0 1255 m s 1600
% s$1600m20 20.0 1262 m s 1600
€ S s$1600d5 52 1259 d s 1600
o 2 s1600d5R 5.2 1261 d s 1600
S i $1600d10 10.0 1219 d s 1600
T 2 s1600d10R 10.0 1260 d s 1600
8 %’ $1600d20 20.1 1278 d s 1600
= $1400m10 10.0 1277 m s 1400
'© $1400d10 9.9 1279 d s 1400
= 91600m5 45 1266 m 9 1600
L Cw® g1600m10 10.0 1241 m g 1600
22%  91600m20 20.0 1284 m g 1600
] = g g1600d5 45 1249 d g 1600
g1600d10 10.0 1252 d g 1600
g1600d20 19.9 1280 d g 1600

(1) crd = displacement, m= monotonic (load), d = cyclic (load)
(2) s=sand, g = glass beads
(3) a=aluminum plate, 1400 = UX1400HS, 1500 = UX1500SB, 1600 = UX1600HS
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