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Abstract:

This paper contributes to understanding how installation damage of geosynthetics influences
their long-term response and design. A geotextile and a geogrid were exhumed after installation
under real conditions; their long-term tensile behaviour was investigated using conventional
creep and creep rupture tests. Reduction factors for installation damage, creep and their
combined effect were computed. The main aim of the paper was to assess how the long-term
response of the geosynthetics was influenced by installation damage and whether it would be
necessary to update current design approaches. The installation damage affected the mechanical
response of both geosynthetics; important strength reductions were observed, particularly for
the most severe installation conditions. The results indicate that, contrary to what has been
reported in the literature, the creep rupture response of the geotextile changed after installation
damage. When tested under similar creep loads (fraction of the sample tensile strength), both
geosynthetics exhibited reduced potential for creep rupture and smaller strains at the end of
primary creep. Changes in stiffness were less important than those for strength, for both short-
and long-term response. There was synergy between installation damage and creep; the
traditional approach to design was unsafe for the geotextile and slightly conservative for the

geogrid.
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reduction factors, synergy, stiffness
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1 INTRODUCTION
Installation damage of geosynthetics is one of the most relevant aspects to consider for design

of geosynthetic-soil structures, as it will affect their performance significantly. In each project,
particularly for soil reinforcement applications, the effects of installation damage should be
estimated using project-specific data or, when unavailable, using interpolations from data
obtained under similar installation conditions.

The aim of this paper was to assess the influence of field installation damage on the
long-term tensile behaviour of two geosynthetics and derive relevant design parameters. This
enabled clarifying the level to which the long-term response of the geosynthetics was affected
by installation damage. The installation damage was induced in the field under real conditions.
The changes in the the short-term tensile response of the materials and their long-term response

(creep behaviour and time to creep rupture) were assessed.

2 BACKGROUND
The design life of geosynthetic-soil structures varies and, in some cases, it can exceed 100

years. Thus, geosynthetics must be selected to ensure they maintain adequate values of relevant
functional properties through their design life. The durability of geosynthetics is key for design
and is influenced by installation damage (normally associated with mechanical damage),
sustained load (static or dynamic), temperature, weathering and chemical degradation. This
paper focuses on installation damage and sustained static loading.

Particularly for reinforcement applications, current practice requires estimating the
long-term allowable strength of the reinforcements available at the end of the design life by
determining separate reduction factors representing the strength loss expected due to different
unrelated mechanisms (FHWA — Elias et al. 2001, BSI 2007b - EN ISO 20432; Greenwood et
al. 2012, EBGeo 2012, AASHTO 2012). This approach can be used for both allowable stress
design and limit states design (or load and resistance factor design), as described by Bathurst
and Miyata (2015). In limit state design, maximum acceptable target probability of failure for
relevant limit states have to be met. For that, it is necessary to calibrate relevant load and
resistance factors using reliability theory and, thus, defining consistent and reasonable target
probability of failure for relevant limit states. Examples of this approach and the calibration of
relevant load and resistance factors have included installation damage (Bathurst et al. 2011,
Miyata and Bathurst 2015), creep rupture (Bathurst et al. 2012), and installation damage and
creep (Bathurst and Miyata 2015).
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Equation 1 represents the allowable long-term strength of a geosynthetic reinforcement
(Tar). The designations in BSI (2007b), EN ISO 20432, are adopted herein, where: Tchar is a
statistical value derived from the mean strength of the geosynthetic; RFcr is the reduction factor
for creep (sustained static load); RFip is the reduction factor for installation damage (or
mechanical damage); RFw is the reduction factor for weathering (during exposure before
installation or of material permanently exposed); RFcn is the reduction factor for chemical and
biological effects (or the environment). Commonly, the characteristic strength of the
geosynthetic reinforcement (Tchar) corresponds to a 95% confidence interval or is obtained in
the USA from the mean tensile strength value by subtracting two times the corresponding
standard deviation.

TLhar (1)

T, =
A RF.p X RF;p X RFy X RF¢y

For example for geosynthetic-reinforced soil structures, the short- and long-term tensile
properties of geosynthetics play a fundamental role on the design, as many design methods aim
to prevent tensile failure of the reinforcement due to excessive creep deformation, potentially
accelerated by its degradation (Kongkitkul et al. 2007). According to Greenwood et al. (2012),
installation damage and its consequences are relatively immediate (when considering the
geosynthetic lifetime), with a rapid and irreversible reduction in strength with no further change
with time. On the contrary, excluding any environmental or installation damage effects, the
strength of geosynthetics under sustained load decreases over a relatively short period before
failure (Greenwood et al. 2012). The influence of installation damage on the long-term response
of geosynthetics has been studied by several authors, such as Wrigley (1987), Bush (1988),
Allen and Bathurst (1996), Pinho-Lopes et al. (2001), Pinho-Lopes et al. 2002; Greenwood
(2002), Paula et al. 2008; Cho et al. (2006), Jeon and Bouazza (2010), Bathurst and Miyata
(2015). Many of these authors agree that the conventional approach to design, where reduction
factors are considered independent, is generally conservative, resulting in safe design solutions.
Due to several difficulties in long-term testing of samples submitted to installation damage, the
conventional approach is the preferred one.

To check the validity of assumptions currently used for the design of geosynthetics, this
paper focuses on obtaining design parameters for two geosynthetics exhumed after installation
damage, for both ultimate and serviceability limit states. The synergy between installation

damage and the creep of these geosynthetics is analysed and discussed.
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3 EXPERIMENTAL PROGRAM
3.1 Test program

The test program consisted of characterising the short- and long-term tensile response of
samples of two geosynthetics exhumed after field installation trials. The main aim of the present
study was to assess if the long-term response of the field damaged geosynthetics could be
estimated realistically from the short-term response of damaged samples. Isochronous curves,
representing long-term force-strain relationships, were derived from the test results for both
undamaged and exhumed samples. Sherby-Dorn plots were used to identify creep stages. The

test program implemented was summarised in Table 1.

3.2 Geosynthetics

Two geosynthetics with different structure were studied (Figure 1). Geotextile GTX was formed
by woven polypropylene (PP) tapes. GTX had 65kN/m of nominal tensile strength in the
machine direction, nominal mass per unit area of 320g/m* and thickness of 1.2mm. Geogrid
GGR was formed by high tenacity polyester (PET) yarns woven into a grid structure covered
with black polymeric coating. The nominal tensile strength of GGR in the machine direction
was 55kN/m. Geogrid GGR had openings of 18mm x 18mm and variable thickness (1.5mm for
the ribs to 2.3mm for the junctions). The ribs were 4mm wide (machine direction) and Smm

wide (cross-machine direction).

3.3 Installation damage

Two sets of test beds were built (on two different road construction sites), each with a different
backfill soil that was compacted to two different energies. Typical procedures for soil
reinforcement applications were used and good practice solutions were adopted. These
included: placing the geosynthetics on a layer free from roots and sharp materials; ensuring a
minimum soil coverage of 0.15m to the geosynthetics before allowing construction traffic over
them; limiting the maximum particle size in the initial lift to less than 1/4 of the lift thickness
(as recommended by Richardson 1998).

The test beds (Figure 2) consisted of a compacted foundation layer (built over the road
base), the layer of geosynthetics and two compacted soil lifts. The total height of the test bed
was 0.60m, as each soil lift was 0.20m high, after compaction with a vibratory roller (operating
weight of 153kN). A nuclear densymeter was used for monitoring the compaction degree. After

completion of the test beds, the geosynthetics were exhumed in two stages: 1) using machinery;
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2) manually. The construction equipment used to spread, level and compact the soil was the
same in both sets of test beds, to allow for comparable conditions.

In each set of test beds, a different backfill soil was utilised: soil S1, a crushed aggregate;
and soil S2, a residual soil from granite. The soils selected were available on the construction
sites and tried to represent opposite scenarios: soil S1 was well-graded and is adopted often in
road construction, while soil S2 was a local soil, which had to be reutilised for the road
construction on that particular site to minimise earth movements. Some characteristics of soils
S1 and S2 are summarised in Figure 3. More details can be found in: Pinho-Lopes and Lopes
(2014), who analysed the influence of field installation damage on the tensile response of
several other geosynthetics; Pinho-Lopes et al. (2015), who analysed the influence of
installation damage on the pullout response of other geosynthetics; Pinho-Lopes et al. (2016),
who studied the influence of installation damage on the soil-geosynthetic interaction for the two
geosynthetics studied herein. Other authors have reported using comparable soils, such as Cho
et al. (2006) and Jeon and Bouzza (2010) who used weathered granite soils and gravel.

The compaction energy was defined as that necessary to achieve the desired relative
compaction of each soil, using the soil standard Proctor (ASTM D 698-00a) as a reference. The
two compaction energies used, designated as CEl1 and CE2, corresponded to a relative
compaction of 90% and 98% of the soil standard Proctor, representing a poorly and a well
compacted soil, respectively. The maximum dry unit weight, ydmax, and the optimum water
content, wopi, of the soils were (ASTM D 698-00a): for soil S1, yamax=20.7kN/m? and
Wop=7.8%; and for soil S2, Yamax=18.8kN/m?> and wop=11.3%.

Geotextile GTX was not installed in soil S2 with CE1 (Table 1), as some samples were

stolen from the construction site where the test beds were built.

3.4 Characterisation of the geosynthetics

The geosynthetics were characterised using visual inspections of the different types of samples
(undamaged and exhumed) particularly with a scanning electronic microscope (SEM), to better
understand the type and the severity of the damage induced. Such observations may help
understanding the influence of installation damage on the response of the geosynthetics
measured from the tests.

Tensile tests were carried out using the procedures described in EN ISO 10319:2008
(BSI12008), using hydraulic jaws and measuring strain with a video-extensometer. Each sample

was characterised using five valid specimens. To study the long-term mechanical response
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tensile creep and creep rupture tests (EN ISO 13431:1999, BSI (1999)) were used, testing a
minimum of three specimens for each load level (per sample). It was necessary to increase the
number of specimens for the damaged samples, due to the heterogeneity of responses observed.
The specimens were 100mm wide (GTX) and ~105mm (5 bars) wide (GGR). The strains were
measured using video-extensometers. All samples were tested in the machine direction.

Large rectangular samples of the geosynthetics (~25m? each) were installed in the test
beds (Figure 2). To choose the specimens to be tested after exhumation, an objective geometric
criterion was defined. For that purpose, within the large rectangles, distinctive areas were
allocated to take specimens for the different types of characterisation tests used, by choosing

similar positions on the samples.

4 RESULTS AND DISCUSSION
4.1 Visual inspection

The visual observation of undamaged and exhumed specimens allowed comparing their
structures and the corresponding changes induced by the installation damage. Visual
inspections were done using a high-resolution SEM (model JEOL JSM 6301F), with different
magnifications (between 10 and 2000). Due to the accumulation of soil particles on their
surface, the specimens had to be cleaned (avoiding additional damage). For both geosynthetics,
the specimens were taken from similar positions within the samples. To ensure the specimens
were representative of the corresponding sample, a global visual assessment of the damage
induced was undertaken.

The SEM images clearly show the woven structure and the constituent tapes of GTX
(Figure 4). The undamaged samples had some singularities, such as loose filaments. The tapes
were not continuous and exhibited some openings. After installation damage, the overall aspect
of the samples was changed. The sample installed in soil S2 and compacted to CE2 exhibited
local abrasion, scratching and fibrillation of its tapes. The sample installed in soil S1 with CE2
was the most affected, with cuts, fibrillation, puncturing and increase of surface roughness. The
surface changes observed were most pronounced after installation in soil S1 and CE2.

The yarns of GGR were distinguishable under its coating (Figure 5), particularly for the
undamaged sample. Despite having been cleaned, the exhumed specimens exhibited soil
particles on their surface. Soil S1 was the more aggressive soil for GGR: when compacted with
CEl there was partial removal of its coating; when compacted with CE2 GGR had significant

fibre cuts, partial removal of the coating and fibre damage. After installation in soil S2, the
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observed changes were: for compaction energy CE1, partial removal of coating, accumulation
of soil particles and some damage on the coating (cracking and openings); for compaction
energy CE2, removal of coating, exposing fibres, accumulation of soil particles and surface
abrasion.

Contact with sharp-edged materials (such as stones) typically induces fibre cutting of
geosynthetics (e.g., woven geotextiles, geogrids and strips). According to Watn and Chew
(2002), a polymeric coating can reduce the susceptibility of geosynthetics for fibre cutting and
the consequent tensile strength reductions. As discussed above, for GGR the coating was
significantly damaged and, in some cases, not sufficient to protect the yarns from becoming
exposed or being cut. Such exposure would likely lead to additional damage of the yarns and
additional strength reductions during service of the geogrid (due to mechanical damage or other
forms of degradation).

Observations indicated that soil S1 was more aggressive to GTX and GGR than soil S2.
The differences observed were related to the particle angularity and size distributions of the
soils. Soil S1 was formed by large, crushed, thus angular, particles, while soil S2 was a residual
soil from granite, with rounder and smaller particles (previously submitted to geological
weathering and aging processes). These observations were in good agreement with what was

discussed by Greenwood et al. (2012).

4.2 Short-term tensile properties

The short-term tensile properties measured were summarised in Table 2. These included the
mean values (for 5 specimens) of the maximum tensile strength (Tmax, KN/m), the corresponding
strain (&, %) and the secant tensile stiffness modulus at 2% and 5% strain (respectively, J2% and
Js%, kKN/m), as well as the 95% confidence intervals for all quantities. The 100(1-o) percent
confidence interval for the population mean, x, was given by Equation 2 (o, standard deviation;
n, size of the sample; a, level of significance, taken as 0.05, for a 95% confidence interval (CI);

t,_ (&) t-Student distribution). The variables studied were assumed normally distributed and,
2

therefore, the confidence intervals for the corresponding means could be determined using the
t-Student distribution (Zar, 2009). This approach used to estimate the 95% confidence values
is less severe than using two times the standard deviation. As it takes into account the size of
the sample and its standard deviation, the approach used is likely to be more realistic than using

two times the standard deviation (provided the variables are normally distributed).
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After installation damage all properties analysed were reduced (except J2% for GTX ID
S2 CE2), although with different magnitudes. The tensile strength was the most affected
property, with reductions ranging between 9.1% (for GTX ID S2 CE2) and 66% (for GTX ID
S1 CE2). The property least affected by installation damage was the secant stiffness J2% for
GTX and Js% for GGR. Bush (1988) reported similar results for HDPE geogrids. For woven
materials and uniaxial geogrid products, the stiffness can quantify the resistance to installation
damage under real conditions better than the tensile strength (Allen and Bathurst 1994). The
stiffness values of GTX and GGR were usually less affected by the installation damage induced
than their tensile strength, with variations ranging between: Ja%, +1.3% (GTX ID S2 CE2) to
-29.4% (GGR ID S1 CE2); Js%, -2.2% (GTX ID S2 CE2) to -27.6% (GTX ID S1 CE2).

GTX had a small thickness (1.2mm) and most of its tapes had several contact points
with the adjacent aggregate during construction of the test beds. The woven structure of GTX
also had an important role on the tensile response observed after installation: for increasing
strains, a localised damage will likely propagate over a significant area. The SEM observations
showed that in some cases the tapes were significantly affected by installation, which led to a
reduced resistant section (due to cuts, tape fibrillation and/or abrasion). Additionally, the
puncturing and fibre / tape cutting observed created fragility points, not able to withstand or
transmit loads during the tensile test. Thus, the loads applied during the tensile tests had to arch
around damaged areas, generating stress concentration on adjacent sections of the specimens,
which in turn provoked premature failure. For low loads (such as those for 2% strain) the effect
described was not as important, which indicates that the load-strain response of GTX under
service loading may not be as affected by installation damage as the tensile strength was in the
tests.

GGR exhibited a similar response to damage, due to its woven structure; however, an
overall better behaviour was observed, as during the field installation trials the contact area with
the surrounding soil was smaller than that of GTX. The SEM observations of GGR seem to
indicate that installation affected mostly the coating (though fibre cutting was particularly
relevant after ID S1 CE2). Therefore, although the coating was often removed due to
installation, it was able to protect the fibres to a certain degree, ensuring that the load bearing

elements (partially) survived the damage.
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Additionally, the trend identified from the SEM images was confirmed by the tensile
tests results: soil S1 was more aggressive to the geosynthetics studied than soil S2, due to the
different particle sizes and angularity.

After installation damage the 95% confidence interval for the tensile strength of GGR
was larger than the corresponding value for the undamaged material. For GTX two exceptions
to this trend were found (after ID S1 CE2 and ID S2 CE2). However, as the mean values for
the tensile strength of all samples tested decreased after exhumation, analysing the values of
the confidence intervals normalised to the corresponding mean value was found more
appropriate. Such values indicate that after damage the scatter of the tensile strength increased

for all samples of GGR and GTX (except GTX ID S2 CE2).

4.3 Long-term tensile properties

4.3.1 Creep rupture tests

The creep rupture test results were summarised in Figures 6 and 7, respectively, for GTX and
GGR. These figures include the creep rupture curves (linear approximations in a semi-
logarithmic scale), the corresponding equations and coefficients of determination (R?), and the
lower confidence limit curves for 95% (designated as LCL 95%), as defined in ISO/TR 20432
(BSI, 2007b). Figures 6a and 7a refer to the time to rupture of the different samples analysed
as a function of RScrsampleund (Equation 3), the retained strength of the different samples of
geosynthetic studied relatively to the undamaged sample (with tensile strength Trrynq). Figures
6b and 7b include the same data as a function of RScrsamplesample (Equation 4), the retained
strength of each sample. In the latter, the creep rupture load applied to the specimen, Tcrsample,
was normalised to the tensile strength of each sample (Trrsqmpie) Obtained from the tensile tests

(Table 2): Trruna for the undamaged sample and the corresponding Trrgam for each damaged

sample.
_ TCRsample
RSCRsample,und -7 3)
TTund
_ TCRsample
RSCRsample,sample - = 4
TTTsample

The creep rupture curves of the undamaged samples showed little scatter (R>~0.94) that
tended to increase after installation damage (ranging between R?=0.53 (GGR ID S1 CE1) and
R?=0.90 (GGR ID S2 CE2)). To address the dispersion of responses observed, for some
damaged samples a higher number of specimens was tested. Many specimens of GTX installed

in soil SI CE2 (which had the highest tensile strength reduction after exhumation, 66%)



279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295

296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311

exhibited a fragile response, with ruptures occurring less than 1 minute after the load
application, due to the rapid propagation of damage through the woven structure.

Although apparently both geosynthetics have a reduced creep rupture resistance after
installation damage (Figures 6a and 7a), GTX and GGR exhibited a different creep rupture
response after installation damage (Figures 6b and 7b). For GGR, the creep rupture curves for
the retained strength of each sample, RScrsamplesample, are very close (Figure 7b); the main
differences were observed for samples exhumed from soil S2 (change in slope of the creep
rupture curves between 12% and 17%). For GTX, the creep rupture curves for RScrsample,sample
(Figure 6b) exhibited reduced slope after installation damage (variations ranging between 37%
and 101%). For the most severely damaged sample (GTX ID S1 CE2), the zero intersect of the
corresponding creep rupture curve was also significantly changed (reduced 27%). These results
indicate that the creep rupture strength of exhumed GGR can be estimated from the creep
rupture response of the undamaged GGR for a comparable loading period, while for GTX such
procedure may lead to an unsafe creep rupture strength prediction. This response is contrary to
what has been reported by other authors. The different responses observed are likely to be linked
to the different constituent polymers (as discussed in section 4.3.2) and structures of these

geosynthetics.

4.3.2 Creep tests

The creep tests were performed for load levels, relatively to the undamaged material, between
68% and 7% (Figure 8a and 9a), which correspond to 73% to 20% of the samples’ tensile
strength (Figure 8b and 9b); many tests were stopped after 1440 hours (~two months), without
rupture. As expected, higher load levels applied to the geosynthetics led to higher strains, for
both reference (undamaged) and damaged samples.

GTX (Figure 8) exhibited a typical response of a polyolefin material, with an initial
stage of primary creep (linear creep in a semi-log scale). The tertiary creep, characterised by an
increase of the strain rate leading to failure, is visible for most samples that ruptured
(undamaged and exhumed after installation damage). Particularly for the most severe
installation conditions (ID S1 CE2), the kink in the creep curves was visible also for lower load
levels (compared to the undamaged sample, Figure 8a), indicating earlier failure. After
installation damage, the scatter of results generally increased, particularly for the sample
exhumed from S1 CE1. When comparing the creep response of each sample of GRX (Figure
8b), the results indicate that after installation damage tertiary creep is likely to occur for lower

strains relatively to the undamaged sample.
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For GGR (Figure 9), most creep curves showed linear creep strains in a semi-log scale,
typical of a PET product. The failures observed were not always preceded by a rapid increase
of the strain rate. Therefore, for this material, anticipating failure was more difficult than for
GTX. When submitted to similar load levels relatively the samples’ tensile strength (Figure 9b),
the installation damage induced caused earlier failures of GGR, especially after the most severe

installation conditions.

: d : de . .
Sherby-Dorn plots, representing log (d—‘:) versus strain, € (where d—i is the strain rate), for

specimens tested under similar load levels, were generated to analyse if the installation damage
induced affected the creep stages of GTX and GGR. Figures 10 and 11, respectively, illustrate
results for specimens of GTX and GGR submitted to similar creep loads represented as a
fraction of both the tensile strength of the undamaged sample, Trrynqg (Figures 10a and 11a) and
the tensile strength of each sample, Trrsqmpie (Figure 10b and 11b).

The Sherby-Dorn curves for specimens that did not rupture are concave upward or
exhibit an outward sweep, which indicates that secondary or tertiary creep is occurring or has
the potential for developing and that rupture is likely (WSDOT 2009). This trend is particularly
visible for GTX (Figure 10), but also for GGR (Figure 11). For specimens tested under the same
load level, the position of the curves within the Sherby-Dorn plots can indicate their potential
for creep rupture, as curves with higher creep strain rates developing for higher strains (thus,
closer to the upper right left corner of the plot) indicate that creep rupture is more likely to occur
(WSDOT 2009). From Figures 10a and 11a, and with the exception of the higher load level
considered (60% of Trryng for both GTX and GGR), the potential for creep rupture of both
geosynthetics increased after installation damage. However, when analysing the response of
GTX and GGR for specimens tested for the same load relatively to Trrsgmpie (Figures 10b and
11b), all exhumed specimens have a reduced potential for creep rupture compared to their
corresponding undamaged specimen tested under the same creep load.

To identify the transition between creep stages, the derivate of the Sherby-Dorn curves

de

(% [log (dt)], representing the slope of the Sherby-Dorn plots) were calculated. When that

slope is 0, there is a transition from primary creep (negative slope) to tertiary creep (positive
slope). The transition can be sudden, for specimens not exhibiting secondary creep, or it can
include a steady-state creep rate represented by several points with zero derivate (secondary

creep). Thus, herein, the strain at the beginning of secondary creep or tertiary creep (for

specimens not exhibiting secondary creep) was approximated as the strain for % [log (%)] =
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0. Figure 12 represents the strain for which % [log (%)] = 0 for specimens tested under the

same creep load relatively to Trryng and Trrsgmpie, for GTX and GGR.

When analysing the data plotted as a function of Trpy,4, the trends exhibited by GTX
and GGR seem different: for each creep load after installation damage GTX exhibited an
increase in the strain at the beginning of secondary or tertiary creep (Figure 12a); for GGR there
was no significant change (Figure 12b). However, analysing the creep response of the different
samples of two geosynthetics plotted as a function of Trrsgmpie, the trend observed was quite
different — for each creep load there was a reduction of the strain at the beginning of secondary
or tertiary creep for all samples of GGR (Figure 12d) and all samples of GRX (Figure 12c),
except ID S2 CE2 (where Trrsgmpie = 0.75 X Trryng)- This reduction was more important for
more severe damage conditions (for which test results are available) for both GTX (ID S1 CE2)
and GGR (ID S1 CE1). This seems to indicate that the installation damage induced in these two
geosynthetics influenced their creep response and that after exhumation the strain for the creep

stage transition was anticipated, i.e., occurred for smaller strains.

4.4 lIsochronous load-strain curves

Figure 13 summarises the load-strain responses for specific instants for samples undamaged
and submitted to field installation. The curves for 1 minute were similar to the corresponding
tensile tests curves (t=0); the differences observed can be attributed to the different test
procedures.

GTX (undamaged and exhumed after installation) exhibited reductions in stiffness,
evident after t=24 hour, and in tensile strength. GGR exhibited reductions in stiffness and in
strength with time; however, these are less important. These differences were most likely due
to the different constituent polymers of the geosynthetics and their different structure. The
influence of the installation damage induced on the isochronous curves seemed to be analogous
for all types of damaged samples analysed. The isochronous curves of GGR for t=0 exhibited
a typical S-shape for low strains (as described by Liu and Ling 2007 for PET geogrids).
However, due to the load levels applied and strains measured, that shape could not be captured
for other curves. Thus, the secant stiffness of GGR for 2% strain is not discussed herein.

Figure 14 illustrates the changes in stiffness for 2% and 5% strain with time obtained
from the isochronous curves, represented by Joy and Js%. For GTX, the secant modulus of
stiffness decreased with time. For t > 1 hour, the stiffness curves for undamaged and exhumed

samples are approximately parallel, indicating that the long-term reduction of stiffness after
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installation could be estimated using the long-term response of the undamaged sample. This is
discussed further in section 4.5.2. For GGR, only data for Js% is presented. After installation in
S1 CE1 and S2 CE1, the values for Jsv are very close to that of the undamaged sample, however,
the data from the tensile tests does not follow the same trend. For the sample submitted to ID
S1 CE2, there was a reduction in stiffness for all the data points; the corresponding curve is
roughly parallel to that of the undamaged sample. For the sample ID S2 CE2, there is a mixed
response: while for shorter times the reduction in stiffness is relatively small, for longer times
(t>10000 hour) the stiffness is quite close to that of the undamaged sample.

For design, the mechanical properties of geosynthetics at the end of their lifetime should
be quantified. Although most design codes use a tensile strength, the secant stiffness modulus
or the tensile force for a specific strain of some types of products can better represent their
mechanical response. The isochronous curves could be used for the design of geosynthetics, as
they represent the load-strain response of the material for a defined instant, provided relevant /
adequate reduction factors are applied. In this paper, these curves represent such response more
realistically, as they allow for the installation damage effects. Nevertheless, additional relevant
mechanisms affecting the long-term strength, stiffness and strain of the materials may need to
be considered in design.

Using the data from the isochronous curves (Figure 13) and the information on Figure
14, the stiffness values for GTX and GGR (J2% and Js%) after 30 years were estimated. The data
in Figure 14 was fitted using statistical regression analyses; as for the creep rupture data, the
independent variable was plotted on the y-axis and the dependent variable on the x-axis
(ISO/TR 20432 (BSI, 2007b)). Such data was then used to estimate relevant reduction factors
(section 4.5.2).

4.5 Reduction factors

Using the test results, several reduction factors were determined. The aim was to compare the
influence on some of the properties analysed (T, J2% and Js%) of installation damage, creep
(sustained loading, for a design life tp) and their combined effect. Reduction factors for

installation damage and creep were summarised in Table 3, for tb=30years.

4.5.1 Installation damage (short-term response)
Reduction factors for installation damage were determined from the tensile tests results using
the traditional formulation, i.e. measured tensile strength (RFip (1)), and using the measured

secant stiffness values for strains of 2% (RFp (12%)) and 5% (RFip 15%)) (Table 3, columns [1]
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to [3]). These reduction factors were calculated as the ratio between mean values of the relevant
property (X) for the undamaged samples, X,,4, and that after installation damage, Xgum
(Equation 5). The minimum acceptable value for all reduction factors is 1.0. Usually, the

reduction factor RFip (1) is used in Equation 1 as RFp.

Xund
RFp xy = T &)

dam

The reduction factor RFip (1) ranged from 1.10 (GTX ID S2 CE2) to 2.94 (GTX ID S1 CE2 -

the most severe installation conditions). The reductions factors RFip (12%) or RFip (15%) obtained
from the stiffness data (tensile tests) are less conservative, and are likely to be more
representative of the resistance to installation damage for woven materials and uniaxial

geogrids, as reported by Allen and Bathurst (1994).

4.5.2 Creep and creep rupture (long-term response)

The creep reduction factor for the tensile strength (RFcr (1)) for the different samples studied
was determined using the data from Figures 6b and 7b, to isolate the influence of creep on the
response of each sample. For a design time tp, the creep reduction factor for creep was
determined as the inverse of the retained strength of each sample at t=tp, RScrsample,sample (t=tD),
using Equation 6. The reduction factor RFcr (1) obtained from the data for the undamaged

sample is normally used in Equation 1 as RFcr.

TTTsamp le _ 1

RFcr ) = (6)

For the undamaged samples and tp=30 years, RFcr (1) was 2.08 for GTX and 1.68 for

TCRsample (t=tp) RSCRsample,sample (t=tp)

GGR (Table 3, column [4]). The values of RFcr (1) for the damaged samples (Table 3, column
[4]) illustrate the different influence of installation damage on the creep rupture response of
GTX and GGR. For GTX, the predictions of the creep rupture response after damage using the
results for the undamaged sample seem to be unsafe, while the creep rupture response of GGR
was not significantly changed. The results for GTX show that, for the installation conditions
considered, such installation has changed the creep rupture response of GTX.

As for the tensile tests data, creep reduction factors for the secant stiffness (RFcr (12%)
and RFcr (5%)) were determined for both undamaged and damaged samples using Equation 7
(Table 3, columns [7] and [8]). This equation represents the ratio between the mean value of
the secant stiffness of a sample obtained from the tensile tests, /rrsgmpre (Table 2), and the
corresponding long-term secant stiffness (J2v or Js%) extrapolated from the isochronous curves

for t=tp (Jcrsample (t=tD)).
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] TTsample

REcry = (7

These factors represent the influence of creep (sustained static loading) on the stiffness

]CR sample (t=tp)

for 2% and 5% strain of the geosynthetics. The values obtained for the undamaged samples
were: RFcr (129%)=2.96 and RFcr (5%)=4.04, for GTX; RFcr 45%)=1.04, for GGR. Analysing the
corresponding values for the damaged samples (Table 3, columns [7] and [8]), it seems that
after installation damage the influence of creep on Jo% and Js% was reduced, particularly for
GTX. In fact, the reduction factors for the secant stiffness of the damaged samples are smaller
than those for the corresponding intact sample.

The reduction factors for the secant stiffness obtained from the tensile tests data (Table
3, columns [2] and [3]) were also compared to those obtained from the isochrones curves data
(Table 3, columns [7] and [8]). For GTX, the tensile tests data underestimates the long-term
reduction in stiffness observed after installation, except for Jso after ID S1 CE2, the most severe
installation conditions. For GGR, only data for Jsy% can be compared. In this case, for the
samples compacted to CE2, the tensile tests underestimate the reduction in stiffness predicted

using the isochronous curves.

4.5.3 Installation damage and creep and creep rupture

The reduction factors for the combined effect of installation damage and creep on the tensile
strength, RFip+cr (1), were determined using Equation 8, as the ratio between the tensile strength
of the undamaged sample (Trryunq) and the creep rupture load of the damaged sample for t=tp
(Tcr sampte(t=tp))- These values (Table 3, column [5]) are also the inverse of the retained strength
of the different samples of geosynthetic exhumed, relatively to the undamaged sample, for t=tp.
RFmp+cr (1) allows for synergy between installation damage and creep and can be used in

Equation 1 instead of RFcr x RFp.

TTTund 1

RFpycr T =

®)

The traditional approach, which assumes that installation damage and creep are

TCR sample(t=tp) RSCRsample,und (t=tp)

independent, was applied, multiplying the corresponding reduction factors RFip x RFcr (1). The
reduction factor for installation damage RFip (r) was obtained from tensile tests (Table 3,
column [1]) and RFcr refers to the values from Equation 6 for the undamaged samples (Table
3, column [4]), 2.08 for GTX and 1.68 for GGR. The traditional approach (RFip x RFcr (1),

Table 3, column [6]) led to unsafe estimates compared to the synergetic effect (RFip+cr (1),
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Table 3, column [5]), more importantly for GTX. For GGR, in general, the traditional approach
gave a good estimate of the response of the damaged samples.

Similarly, these two approaches were used for the stiffness J2o and Jse: traditional
approach (Table 3, columns [10] and [12]) and allowing for synergy (Table 3, columns [9] and
[11]). For GTX, the traditional approach lead to unsafe estimates of all properties analysed (T,
J29 and Js%), except for Jsu for GTX ID S1 CE2. For GGR, while for T synergy did not affect
the results significantly, for Js% the traditional approach was found conservative (after
installation in both soils compacted to the lower compaction energy, ID S1 CEl and ID S2
CEl) and unsafe (for the higher compaction energy, ID S1 CE2 and ID S2 CE1).

5 CONCLUSIONS
In this paper, the long-term tensile behaviour of two geosynthetics exhumed after field

installation damage was investigated. The analysis was complemented by examining changes
in their short-term mechanical response and by performing visual inspections of the samples
(using scanning electron microscope images). Reduction factors for installation damage, creep
and their combined effect for different scenarios were presented and discussed, thereby
enlarging existing databases. The main aim was to assess if the long-term response of the
geosynthetics was influenced by installation damage and, if that was the case, whether it would
be necessary to update current design approaches.

The long-term mechanical response of the two geosynthetics was analysed relative to
the strength of each sample, rather than to the corresponding undamaged sample (usual
approach). This enabled isolating the long-term response (creep and creep rupture) of the
undamaged and exhumed geosynthetics for direct comparison.

From the results the main conclusions are:

e The short-term response of the two geosynthetics was affected by installation damage,
particularly for the geotextile and for the most severe conditions considered. The
changes in mechanical response observed are related to the visual changes observed.

e The changes in stiffness observed were less important than the corresponding changes
in strength, for both short- and long-term mechanical response. When reinforcement
geosynthetics are placed in soil, their strains are often limited, preventing different
failure mechanisms from occurring. Therefore, in most cases, changes in stiffness
(obtained from tensile tests) could be used to represent the response of the geosynthetics

for limit states that do not involve tensile failure of the geosynthetics.
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e After installation damage the potential for creep rupture decreased when the specimens
were submitted to similar load levels relative to the tensile strength of each sample
(rather than to a similar load level relative to that of the undamaged sample). After
installation damage the additional strain during the creep stage transition (end of
primary creep) was anticipated.

e There was synergy between installation damage and creep: positive for GTX, as the
traditional approach assuming independence was unsafe, negative for GGR,
representing a slightly conservative design (negative synergy).

e The results for GGR indicate that current design approaches are adequate for that
material. In contrast, the long-term response of the GTX was influenced significantly
by installation damage and exhibited a different trend. Extrapolating the long-term
response of GTX after installation damage, particularly the creep rupture strength for a
given design life, from the long-term results of the undamaged sample led to optimistic
long-term estimates of available tensile strength.

As the creep behaviour of geosynthetics may lead to creep failure of geosynthetic-reinforced
structures, it is essential to estimate realistically the influence of installation damage on the
creep and creep rupture response of geosynthetics. The results for GTX indicate a trend
different from those reported previously in the literature and that current design approaches

could be unsafe for this material under the installation conditions considered in this paper.

NOTATION

Basic SI units are given in parentheses.

de  Strain rate (-)

dt
% [log (%)] Derivate of the slope of the Sherby-Dorn plots, log (%)—8 (-)

J2%  Secant tensile stiffness modulus at 2% of strain (N/m)
Js%  Secant tensile stiffness modulus at 5% of strain (N/m)
]_TTsample Mean value of the secant stiffness of a sample obtained from the tensile
tests (N/m)
Jcr sample (t=t,) Long-term secant stiffness extrapolated from the isochronous curves for
t=tp (n/m)
n Size of sample (-)
R? Coefficient of determination (-)
RFcn  Reduction factor for chemical and biological effects (or the environment)
)
RFcr Reduction factor for creep (sustained static load) (-)
RFcr 0, Reduction factor for creep (sustained static load) for the secant stiffness (-

)



RFcr (1)
RFD

RFmp+cRr (12%)
RFp+CRr (15%)
RFip+cr (1)
RFD (12%)
RF1D (55%)
RFmb (1)

RFD %)
RFw

RSCRsample,sample
RSCRsample,sample (t=tD)
RS CRsample,und

RSCRsample,und (t=tD)

t

()

tp

T

Tal

Tchar
TCRsamp le
TCRsample (t=tp)
Tmax

_ TTT dam
TTTfamp le
Trruna
Wopt

X

X_ dam

X und

(0

Y dmax

Ef
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518 ABBREVIATIONS

Reduction factor for creep (sustained static load) for the tensile strength (-
)

Reduction factor for installation damage (-)

Reduction factor for combined effect of installation damage and creep
rupture obtained from the secant stiffness value for 2% strain (-)
Reduction factor for combined effect of installation damage and creep
rupture obtained from the secant stiffness value for 5% strain (-)
Reduction factor for combined effect of installation damage and creep
rupture obtained from the tensile strength (-)

Reduction factor for installation damage obtained from the secant stiffness
value for 2% strain (-)

Reduction factor for installation damage obtained from the secant stiffness
value for 5% strain (-)

Reduction factor for installation damage obtained from the tensile strength
value (-)

Reduction factor for installation damage obtained from the property X
value (-)

reduction factor for weathering (-)

Retained strength under creep (sustained static load) relatively to the
tensile strength of the sample (%)

Retained strength under creep (sustained static load) relatively to the
tensile strength of the sample at the design life tp (%)

Retained strength under creep (sustained static load) relatively to the
tensile strength of the undamaged sample (%)

Retained strength under creep (sustained static load) relatively to the
tensile strength of the undamaged sample at the design life tp (%)

Time (s)

t-Student distribution for a level of significance o (-)

Design life of the geosynthetic reinforcement (s)

Tensile strength (N/m)

Allowable long-term strength of a geosynthetic (N/m)

Value derived from the mean strength of the geosynthetic (N/m)
Creep rupture load of specimen from a sample (N/m)

Creep rupture load of specimen from a sample at the design life tp (N/m)
Maximum tensile strength (N/m)

Tensile strength of a damaged sample (N/m)

Tensile strength of a sample (N/m)

Tensile strength of the undamaged sample (N/m)

Optimum water content (%)

Population mean (the same as the variable)

Mean value of property X for the damaged material

Mean value of property X for the undamaged material

Level of significance (-)

Maximum dry density (N/m?)

Strain at break (%)

Standard deviation (the same as the variable)

CE Compaction energy
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CI Confidence interval
GTX Geotextile
GGR Geogrid
HDPE High density polyethylene
ID Installation damage
LCL Lower confidence limit
PET Polyester
PP Polypropylene
S Soil
SEM Scanning electronic microscope
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TABLES

Table 1 - Test program implemented.

Creep and
Geogmhe | sampe | JM Seomine Feonie | Tty | ot
EN ISO 13431
UND v \ \ /o
GTX ID S1 CEl N \ \
ID S1 CE2 v \ \/ *
ID S2 CE2 N \ e
UND \ \ e
ID S1 CEl N \/ \
GGR ID S1 CE2 v \ *
ID S2 CE1 \ \ E
ID S2 CE2 N \ e

GTX — geotextile | GGR - geogrid
UND - undamaged | ID - installation damage | S - soil | CE - compaction energy

\ - test performed | * - on-going tests




606  Table 2 — Mean values of tensile tests results (5 specimens), with 95% confidence interval, for undamaged and damaged samples.

Sample Tnax f Joo, Tso,
(iN/m) (%) (kN/m) (kN/m)
UND 77.5 + 1.7 130 = 08 | 5045 =+ 973 6572 + 609
GTX ID S1 CE1 437 + 4.7 8.8 + 14 | 4736 =+ 338 6053 £+ 126
ID S1 CE2 26.4 + 1.6 7.1 + 0.7 | 456.6 £+ 489 | 4760 <+ 338
ID S2 CE2 70.2 + 0.9 117 + 08 | 511.1 £+ 609 | 6427 + 513
UND 83.4 + 25 149 + 1.1 | 6804 + 240 | 3856 =+ 196
ID S1 CE1 52.0 + 57 118 + 0.7 | 6454 + 238 3704 £+ 103
GGR | ID S1 CE2 459 + 5.0 119 + 04 | 4804 + 168.0 | 335.1 + 383
ID S2 CE1 64.5 + 48 138 + 08 | 5940 + 654 | 3433 + 299
ID S2 CE2 62.2 + 49 132 + 05| 5872 £+ 505 3575 £+ 213

GTX — geotextile | GGR — geogrid | UND — undamaged | ID - installation damage | S - soil | CE - compaction energy
607



608

609

Table 3 — Reduction factors for installation damage and creep (extrapolations for a design time to=30 years) derived from the test results.

RFip | RFip | RFip | RFcr(m) | RFmp+cr(m) | RFipXx RFcr RFcr RFcr RFip+cr RFpx RFcr | RFip+cr | RFipx RFcr

Sample (T) (J2%) (J5%) (tD=30years) (T) (J2%) (J5%) (J2%) (J2%) (J5%) (J5%)
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12]

GTX UND - - - 2.08 - - 2.96 4.04 - - - -
ID S1 CE1 1.77 1.07 | 1.09 5.44 9.62 3.68 1.26 1.21 3.74 3.15 4.89 4.39
IDSICE2 | 294 | 1.11 1.38 b b 6.12 1.35 1.29 3.98 3.27 5.21 5.58
IDS2CE2 | 1.10 | 0.99* | 1.02 2.66 2.94 2.29 1.15 1.09 3.39 2.92 4.39 4.14

GGR UND - - - 1.68 - - 2.72° 1.54 - - - -
ID S1 CE1 1.60 | 1.05 1.04 1.68 2.70 2.69 1.14° 1.02 3.10 2.87 1.57 1.60
IDS1 CE2 | 1.81 1.42 | 1.15 * ) 3.04 0.96%° 1.23 2.62 3.86 1.89 1.77
ID S2 CE1 1.29 1.15 1.12 1.66 2.14 2.17 1.08° 1.05 2.94 3.12 1.62 1.72
IDS2CE2 | 1.34 | 1.16 | 1.08 1.63 2.32 2.25 1.1° 1.12 3.16 3.16 1.72 1.66

GTX — geotextile | GGR — geogrid | UND — undamaged | ID - installation damage | S - soil | CE - compaction energy

* _not tested | * — below the minimum | ® — value obtained with little meaning
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612 Figure 1 — Geosynthetics tested: geotextile GTX and geogrid GGR.
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614 Figure 2 — Schematic representation of one set of test beds (one soil and two compaction energies): a) plan

615  view; b) cross-section (not to scale).
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Figure 3 — Particle size distribution of soils S1 (crushed aggregate) and S2 (residual soil from granite).



619
620
621
622

UND

ID 51 CE1

ID 51 CE2

ID S2 CE2

x10 x500
Figure 4 — Scanning electron microscopy images of geotextile GTX: undamaged (UND); exhumed from soil
S1 poorly compacted (ID S1 CE1); exhumed from soil S1 well compacted (ID S1 CE2); exhumed from soil
S2 well compacted (1D S2 CE2).
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Figure 5 — Scanning electron microscopy images of geotextile GGR: undamaged (UND); exhumed from soil
S1 poorly compacted (ID S1 CE1); exhumed from soil S1 well compacted (ID S1 CE2); exhumed from soil
S2 poorly compacted (ID S2 CE1); exhumed from soil S2 well compacted (ID S2 CE2).
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627 Figure 6 — Creep rupture curves for GTX, undamaged and after field installation damage (S1 CE1, S1 CE2
628 and S2 CE2) as a function of: a) retained strength relatively to the undamaged material (RScrsample,und)
629  versus time to rupture; b) retained strength of each sample (RScrsamplesample) VErsus time to rupture).



100%

2 [ 1 Min. | 24 Hour | 2Month | [ 3vear [[30vear
£ 90%
g 0o~
2 80% 1 . y=-0.0422x+0.8234 [~Q O}
o) R N R2=0.94 \\e&\
—_— 0 e D e P —
5705 ‘"“—-;T_?“‘:.:-X‘_X' X\ O‘C\
g 1 = R S R e
-l =T e X~ .. x I
"860% —— ‘~-‘_§~‘:€§\~'-.:~\"\..\ \
%D l— i = — ~~~\~~;:A: ‘Y“\”J"\& \
g500 =0 - — & Q=== =2 X O —
—g —G-0._ L \%\ \9\[]\"‘-.{3;\*;?";\?\#‘~:-..~
o 40% +——r e S N Makid U S e s M
S L1 y=0.0256x10.5087 Tl TOH e
Za0 {1, _R=0s3 =
=577 =T s (il b -4
2 1 T y=0.0366x+0.6651 | -
S 20% 41— : *
= o 1 R?>=0.89 ] on-going t§st
= - 1
£ 10% 11 y=-0.0369x+0.6318 -
z [ _R=090 |
2 0% —_ . — . — L
g 3 2 -1 0 1 2 3 4 5 6
.% Log Time (Hours)
Mo UND O IDSI1CEl x ID S2 CEl o IDS2 CE2
——LCL (95%) UND —-—LCL (95%)ID S1 CEl —-—LCL (95%)ID S2CEl  --- LCL (95%) ID S2 CE2
—Linear (UND) — - Linear (ID S1 CE1) — - Linear (ID S2 CE1) — = Linear (ID S2 CE2)
a)
100%
’ |1_Min. 24 Hour I | 2 Month | | 3 Year | | 30 Year |
0,
90% =SS L x
B - m S
E 80% S : =
s Teso
£ 70% ————
-4
Q
5]
~ 60%
P
=
£ 50%
e y=-0.0422x+0.8234
g 40% R2=0.94
S | | i —
] — .
2 30% Iy 0.0410x+0.8159 L
) I R2=0.53 I .
g g i S i S R 0on-going tgst
2 20% i y=-0.0473x+0.8600 |
2 fi R2=0.89 :
g 1 y=-0.0494x+0.8472
~ l R2=0.90
0% +———rmam e T T . T T T . T
-3 2 -1 0 1 2 3 4 5 6
Log Time (Hours)
o UND o IDSI CEl x IDS2 CEl o ID S2 CE2
——LCL (95%) UND ——LCL (95%)IDSI CEl —-—LCL (95%)IDS2 CEl  --- LCL (95%) ID S2 CE2
——Linear (UND) — - Linear (ID S1 CEl) — - Linear (ID S2 CE1l) — — Linear (ID S2 CE2)
b)
630 Figure 7 — Creep rupture curves for GGR, undamaged and after field installation damage (S1 CE1, S2 CE1
631 and S2 CE2) as a function of: a) retained strength relatively to the undamaged material (RScrsample,und)
632  versus time to rupture; b) retained strength of each sample (RScrsample sample) Versus time to rupture).
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633 Figure 8 — Creep curves for GTX, undamaged and after field installation damage (S1 CE1, S1 CE2 and S2
634 CE2): a) applied load represented relatively to the tensile strength of the undamaged material; b) applied
635 load represented relatively to the tensile strength of each sample. [Data for different specimens are included
636 in the two parts of the figure]
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637 Figure 9 — Creep curves for GGR, undamaged and after field installation damage (S1 CE1, S2 CE1 and S2
638 CE2): a) applied load represented relatively to the tensile strength of the undamaged material; b) applied
639 load represented relatively to the tensile strength of each sample. [Data for different specimens are included
640 in the two parts of the figure].
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Figure 10 — Sherby-Dorn plots (strain rate — strain) and derivate of Sherby-Dorn — strain for GTX,
undamaged and after field installation damage (S1 CE1, S1 CE2 and S2 CE2) for specimens tested under
the same load relatively to: a) the undamaged sample; b) the tensile strength of each sample [Data for
different specimens are included in the two parts of the figure].
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Figure 11 — Sherby-Dorn plots (strain rate — strain) and derivate of Sherby-Dorn — strain for GGR,
undamaged and after field installation damage (S1 CE1, S2 CE1 and S2 CE2) for specimens tested under

the same load relatively to: a) the undamaged sample; b) the tensile strength of each sample [Data for
different specimens are included in the two parts of the figure].
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649 Figure 12 — Strain for % [log (%)] = () for specimens of GTX and GGR undamaged and after field

650 installation damage tested under the same creep load relatively to the undamaged sample a) GTX; b) GGR
651 and to the tensile strength of each sample ¢) GTX d) GGR.
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653 Figure 13 — Isochronous curves for GTX, undamaged and after field installation damage (S1 CE1, S1 CE2 and S2 CE2) and GGR, undamaged and after field
654 installation damage (S1 CE1, S1 CE2, S2 CE1 and S2 CE2).
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Figure 14 — Secant stiffness modulus J2es and Jses versus time: a) GTX, undamaged and after field
installation damage (S1 CE1, S1 CE2 and S2 CE?2); b) GGR, undamaged and after field installation damage
(S1CE1, S1 CE2, S2 CE1 and S2 CE2).
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660 Figure Sup. 1 - Scanning electron microscopy images of geotextile GTX: undamaged (UND); exhumed from
661  soil S1 poorly compacted (ID S1 CE1); exhumed from soil S1 well compacted (ID S1 CE2); exhumed from
662  soil S2 well compacted (ID S2 CE2).
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Figure Sup. 2 — Scanning electron microscopy images of geotextile GGR: undamaged (UND); exhumed from
soil S1 poorly compacted (ID S1 CE1); exhumed from soil S1 well compacted (ID S1 CE2); exhumed from
soil S2 poorly compacted (ID S2 CE1); exhumed from soil S2 well compacted (ID S2 CE2).



