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Abstract

The effect of fine particles on the zeolite shear strength is assessed for possible construction applications. A brief geological description of the zeolite
is presented. Three groups of zeolite samples were prepared, namely a coarse material with no fines, a finer material with 3% of silt and a silty material
with 15% of clay. Results from standard classification, compaction and compressibility tests are shown and explained. It was found that due to the
low specific gravity, low values of density were obtained in compaction tests. Additionally, shear strength tests were performed, resulting in different
response in terms of shear stress and horizontal and vertical displacements. The coarse zeolite followed a similar friction-dilation response as in
feldspathic and quartz sands. However, addition of 3% of fines reduced significantly the zeolite shear strength. Furthermore, the finest material was
tested under two different displacement rates, reflecting also marked differences in shear strength and stiffness.

Key words: tuff zeolite, shear strength, rate effect, fine particles, direct shear test.

Zeolites belong to the chemical group of hydrated aluminosilicates of Sodium, Calcium, Magnesium, Potassium and
other alkaline minerals, whose formation is attributable to pyroclastic deposits. Zeolite has a tecto-silicate 3D structure
(the 4 oxygens of Si0;* tetrahedra are shared with other tetrahedra) and in contrast to other tecto-silicates such as
feldspar and quartz, the zeolite structure is remarkably open. Zeolites have voids like tunnels that can loosely hold water
molecules. These tunnels can adsorb molecules smaller than the tunnel’s diameter, for this reason, zeolites can act as
molecular filters (e.g. Mier, Callejas, Gehr, Cisneros & Alvarez, 2001; Yukselen, 2010). The zeolite is a non-metallic
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mineral utilized commonly as adsorbent, detergent, in refrigeration systems, pharmaceutical products, industrial
processes, fertiliser and in paper products, among other applications. Owing to the high cationic interchange, it can be
used as adsorbent to remove pollutants in contaminated water (e.g. Kayabali & Kezer, 1998). Zeolite has also been used
to improve the performance of concrete (e.g. Janotka & Mojumdar, 2003; de la Cruz, del Campo & Colorado, 2015;
Raggiotti, Positieri, Locati, Murra & Marfil, 2015; Ramirez, Chagoyén & Martirena, 2017) and asphalt (e.g. Alonso,
Tejeda, Moreno, Rubio & Medel, 2013). Hong, Shackelford & Malusis (2012) have studied the effect of adding zeolite in
soil-bentonite mix as a cut-off wall against seepage with pollutants migration. However, the inclusion of zeolite did not
increase the stiffness nor reduce the permeability of the soil-bentonite mix. In an attempt to reduce the amount of
Portland cement for stabilizing clays, Jegandan, Liska, Osman & Al-Tabbaa (2010) have found that adding between 10
and 15% of zeolite as cement replacement an optimum unconfined compressive strength UCS was reached, because
UCS increased up to 36%. They also found that the permeability reduced up to one order of magnitude when the above
optimum amount of zeolite was added.

However, few studies have been focused on the shear strength in geotechnical applications of zeolite when compared
with concrete, chemical or environmental applications. Yukselen (2010) shows results of geotechnical characterization
of two zeolite samples from Turkey as a material for embankments and landfills. She obtained high values of shear
strength under a slow displacement rate from direct shear tests and also mentioned the scarce number of zeolite shear
strength studies. She could compare her results of cohesion and angle of friction only with those from a Turkish zeolite
too by Kayabali (1997), although no plots are shown in this work since it was mainly focused on the effect of bentonite
on the zeolite permeability.

Responding to the need to extend the data base of zeolite geotechnical characterization and in particular zeolite shear
strength, this work aims to assess the effect of fine material on the shear strength behaviour of zeolite. This work
presents the analysis of results of grain size analyses, mineral content, compaction and shear strength of natural zeolite
samples from the Andes Mountains in Chile. This study may be useful for constructions in civil and mining projects
involving geotechnical engineering applications such as road base or subbase, infilling material for soil improvement or
backfill in retaining walls. Although none of these particular applications are pursued in this work.

Geology and chemical composition state of the knowledge

In Chile, the presence of zeolitic geological formations is due mainly to the volcanic nature of the Andes Mountains.
Zeolite samples were extracted from a quarry in Quinamavida in the Colbun Province, Maule Region, Chile (35°48°S
71°26°W). In this area there are outcrops of volcanic rocks which belong to the Colbun Formation in the Precordillera,
where lavas and andesitic and pyroclastic Breccia with inter-layering of tuffs, sandstones and mudstones, can be found
(Karzulovic, Hauser & Vergara, 1979). In the quarry, the volcaniclastic unit is made mainly of tuffs, deposited after wind
and water transport by the pyroclastic material when intense volcanic activity took place in the volcanoes Nevados de
Longavi, Descavezado Grande and Chico and Peteroa-Planchon. These tuffs are composed mainly of quartz, plagioclase
and a group of zeolites and clays, which are the result of the rock formation. The zeolite is from the mordenite, cliptonite
and heulandite types and the rock formation was due to compaction and consolidation of sediments, where the latter
involves water release draining to permeable materials.

Figure 1 shows results of X-ray diffraction tests of a Quinamavida tuff sample, where it can be observed the significant
presence of mordenite and clinoptilolite, but less heulandite. The chemical composition of this sample can be divided
as 63 to 66% of SiO2, 10 to 13% of Al>Os, 1 to 4% of Fez03, 2 to 3% Ca0, below 2% of Nax0, K0 and MgO, and less than
0.5% of MnO, TiO2 and P20s.

Measurements of pH according to ASTM D 4972 (2013) resulted in values between 4.9 and 5.1 for temperatures
between 30.8 and 27°C, respectively. These high temperatures were caused by reactions of the zeolite with water. For
more geological and chemical details of the zeolite from the Quinamavida tuffs, the reader should refer to Bascufian
(2005).
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Figure 1. X-ray diffraction patterns of Quinamavida tuff. Source: own elaboration.
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Grain size distribution

An amount of 120 kg of ground tuff was purchased from the quarry in Quinamavida with particle sizes between 2 and
5 mm. This material was additionally ground to obtain coarse zeolite CS (Coarse Sand type zeolite), fine zeolite FS (Fine
Sand type zeolite) and silty zeolite S (Silt type zeolite). The sandy zeolite classifies as SP according to the USCS system
(ASTM D 2487, 2011), i.e., uniformly distributed grains of sand. For the silty zeolite, plasticity tests are needed for a
USCS classification, which is presented later on. The representative size distribution curves of the three samples are
shown in Figure 2, where particles larger than 0.075 mm were passed through sieves in accordance with ASTM D 422
(2007). Hydrometer and laser tests were carried out for smaller particles. For the former sedimentation tests according
to ASTM D 422 (2007) were carried out and for the latter a Fritsch Analysette 22 laser particle sizer device was used. For
the finest zeolite sample, it can be observed in Figure 2 that there are 85% of silt and 15% of clay. The values of
characteristic particle diameters and uniformity and curvature coefficients (Cu, Cc) are coalesced in Table 1. In addition
of classification, values of dio can for instance be used for estimating the coefficient of permeability.

Figure 2. Grain size distribution of the coarse, fine sandy and silty type zeolites. Source: own elaboration.
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Table 1. Characteristic particle diameters and coefficients of grain size distribution curve shapes. Source: own elaboration.

dmax, mm deo, mm dso, mm d3o, mm d10, mm Cu Ce
(&) 2.4 1.04 0.88 0.58 0.30 3.47 1.08
FS 0.85 0.25 0.23 0.20 0.15 1.67 1.07
S 0.07 0.016 0.012 0.0047 0.0015 10.7 0.92
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Plasticity

The Atterberg limits were determined for the zeolite finer than 0.075 mm as stated in ASTM D 4318 (2010). The plastic
limit was determined in 18 remoulding by rolling tests, resulting in a plastic limit PL = 35.25% + 0.66% (mean * standard
deviation). The liquid limit LL was determined in 21 tests using a standard Casagrande spoon, resulting in LL = 69.50% *
1.47%. In addition, 17 fall cone tests were performed following BS 1377 (1990), resulting in LL = 64.74% + 1.54%. The
results of Casagrande spoon and fall cone tests are plotted in Figure 3. The cone used has a 30° tip angle, 80 g of weight
and LL is determined for a 20 mm cone penetration. This difference in LL is similar to that reported by Leroueil & Le
Bihan (1996) for Canadian soils, namely LL = 70% using the spoon and 66.5% using the cone. They also mentioned other
studies showing similar differences for both types of tests. Therefore, the zeolite tested has comparable different values
of LL from both type of tests. This difference can be attributable to different friction effects between the spoon and the
soil and the cone and the soil. On one side, in the Casagrande spoon test, percussive blows are applied to a sample
divided in two little slopes. The number of blows required to cause the contact between both slopes divided by a pre-
defined groove distance, is measured. On the other side, the failure mechanism in the fall cone tests corresponds to a
rapid punching. Finally, the average plastic index is Pl = 34.25% and 29.49% for the spoon and cone, respectively.
According to these results the finer sand zeolite classifies as a silty sand SM and the finest silty zeolite as a high plasticity
silt MH, although close to the A line, the limit with high plasticity clay.

Figure 3. Liquid limit results from: a) Fall cone tests and b) Casagrande spoon tests. Source: own elaboration.
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Compaction and specific gravity

Vibration and funnel pouring tests were carried out to determine the compaction capacity of the coarse zeolite. From
the former, according to ASTM D 4253 (2006), the minimum void ratio emin and consequently the maximum dry unit
weight ydmax, are obtained; and from the latter, according to ASTM D 4254 (2006), the maximum void ratio emax and
minimum unit weight yamin, are obtained. Table 2 shows the values of these parameters. It is worth noticing the low
values of the dry unit weight, which can be explained by the following test results.

Table 2. Coarse zeolite parameters of maximum and minimum density tests. Source: own elaboration.
€min €max Ydmax, kN/m3 Ydmin, kN/m3
1.02 1.64 10.6 8.1

According to ASTM D 854 (2014) the pycnometer test allows the determination of the specific gravity of the zeolite,
which resulted in Gs = 2.18. Note that this low value of Gs, is even lower than other volcanic ash materials such as
ignimbrite which have in average values of Gs around 2.3 and 2.5. For instance, Canpolat, Yilmaz, Kose, Simer &
Yurdusev (2004) report a Gs value of 2.19 for natural zeolites from Turkey. Therefore, the low dry unit weight values
obtained above are the result of the significantly low specific gravity value. Materials with low Gs values can be useful
as backfill in retaining structures since they apply less lateral earth pressures.

As specified in ASTM D 1557 (2012), modified Proctor tests were undertaken for samples with finer zeolite particles
using an automatic equipment which avoids the operator energy variation when doing manually. The automatic
equipment applies clockwise regular 30 blows/min. However, for the silty zeolite the hammer of this equipment stuck

26



sometimes due to the sample high plasticity, altering the blow count, hence manual tests were carried out instead in
these particular cases. Figure 4 shows the compaction curves, where for the fine zeolite the maximum dry unit weight
Yamax is 11.6 kN/m?3 for an optimum water content wop: of 32% and a saturation S of approximately 85%. For the silty
zeolite yamax = 12.5 KN/m3, wopt = 37.5% and S = 96%. Note that the finest zeolite has a higher yamaox and wopt values than
those for the fine sand type zeolite and that these yamax values are larger than those for the coarse zeolite tested using
vibration tests. This trend has also been found by Oren & Kaya (2014) for Turkish fine and coarse zeolite in standard
Proctor tests (yamax= 11.5 and 10.2 kN/m3; wopt = 45 and 38%, respectively). This may be explained by the fact that for
the same material finer fractions tend to arrange in a more packed form than that for coarse fractions and hence higher
densities can be obtained.

Figure 4. Compaction curves of fine sand and silt type zeolite samples. Source: own elaboration.
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Due to the importance of knowing the volume reduction caused by vertical loading, consolidation tests according to
ASTM D 2435 (2011) were performed to silty fine zeolite with particles smaller than 0.075 mm. Two samples, C1 and
C2, were prepared with dry unit weights of 9.71 and 11.03 kN/m?3 corresponding to 78 and 88% of the maximum Proctor
compaction dry unit weight. Figure 5 shows the consolidation curves for both samples and Tables 3a,b,c summarises
results obtained from the oedometric tests. It is worth highlighting that several of the soil parameter values depend on
the stress level, in particular the compressibility by means of the constrained modulus.

Figure 5. Consolidation results shown as specific volume versus effective vertical stress. Source:
own elaboration.
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Table 3a. Consolidation test results for samples C1 and C2 in loading. Source: own elaboration.

Loading, kPa 0-12.5 12.5-25 25-50 50-100 100-200
o', kPa 12.5 25 50 100 200
Ac'y, kPa 12.5 12.5 25 50 100
Vel 2.182 2.149 2.099 2.029 1.948
ve2 1.931 1.919 1.907 1.881 1.849
Cuc1, cm?/s 10°° 5.17 2.34 5.04 6.17 7.72
Cucz, cm?/s 10°° 14.2 2.65 7.71 13.7 14.4
Mc1, MPa 1.29 0.83 1.06 1.49 2.50
Mcz, MPa 2.84 1.98 3.99 3.70 5.77

o'\ effective vertical stress, Ac'y: stress increment, vci: specific volume for sample C1,
C,: coefficient of consolidation, M: constrained modulus.

Table 3b. Consolidation test results for samples C1 and C2 in unloading. Source: own elaboration.

Loading, kPa 200-100 100-50 50-25 25-12.5 12.5-0
o'y, kPa 100 50 25 12.5 12.5
Ac'y, kPa -100 -50 -25 -12.5 0
Vel 1.951 1.956 1.963 1.966 1.972
ve2 1.852 1.856 1.861 1.862 1.866
Cuc1, cm?/s 10°° 48 108 16.4 125 4.87
Cvcz, cm?/s 10°° 321 35.8 51.8 2030 8150
Mci, MPa 55.22 22.13 6.72 9.28 3.72
Mcz, MPa 56.05 20.75 10.40 14.99 7.06

Table 3c. Results of parameter values from consolidation tests for samples C1 and C2. Source: own elaboration.

Parameter C1 C2

Compressibility A 0.1170 0.0460
Unloading-reloading k 0.0048 0.0032
Compression index Cc 0.2691 0.1058
Swelling index Cs 0.0110 0.0074
Preconsolidation pressure 'y, kPa 30 40

Permeability in loading k, m/s 8.1-101! 2.1-101¢
Permeability in unloading k, m/s 3.2-1012 7.2:101?

A: slope of the loading v—In o’y curve, k: slope of the unloading v —In &’y curve.

Shear strength

Shear strength can become a key parameter in several geotechnical applications, therefore a consistent and extensive
series of tests can be normally needed. In order to study the shear strength of the zeolite, direct shear tests were
performed considering saturated conditions as less favourable and ranges of normal stresses and densities that can
cover practical applications. Direct shear tests were carried out following ASTM D 3080 (2011).

Coarse zeolite

Saturated samples of coarse zeolite were prepared at relative densities RDs of 35, 55 and 90% in a shear box of
100x100x30 mm. These values of chosen RDs represent loose, medium and dense soil conditions which may occur in
the field. Constant normal stresses of 12.3, 24.5, 49 and 98.1 kPa were applied during shearing under a horizontal
displacement velocity of 0.5 mm/min. The normal stresses values cover a range from soil depths from around 1 to 10
m depth and under this velocity drained conditions are expected. Vertical and horizontal displacements were measured
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electronically using LVDTs (linear variable differential transducer) of 0.001 mm of resolution. The shear horizontal load
was measured using an electronic load cell of 5 kN with 1 N resolution.

Results from 11 tests are shown in Figure 6 in terms of shear stress t versus horizontal displacement u for different
vertical normal stresses Gn in the shear plane induced in the middle of the sample and three different RDs. In Figure 6 it
is clear to observe the increase of T with n and RD, which represent typical response of granular soils. Figure 7 shows
the variation of the vertical displacement w, as a function of u for the tests shown in Figure 6. The maximum angle of
dilation  is also shown in Figure 7, determined as the Arctan of the maximum positive and constant increase of dw/du.
Itis clear to observe the increase of zeolite tendency to dilate with RD, although it can be noted that the dilation reduces
with the increase of on. Moreover, the 35% RD samples dilate only after a contraction and lateral movement between
0.07 and 0.25 mm and 1.5 and 3 mm, respectively (for v < 4°). For the 55% RD samples less contraction occur (< 0.2
mm) and even almost no contraction is measured for on < 24.5 kPa, reaching 5.5° <y < 12.7°. Moreover, less contraction
and more dilation was measured for the 90% RD coarse zeolite samples, reaching high values of y between 9.9° and
19.6°. This implies that when large lateral displacements take place, sample density controls the dilative/contractive
zeolite response followed by the normal stress level opposite effect.

In Figure 6 it can be noticed that for each normal stress curves tend to end to a constant value of shear stress and
converge for large values of u despite the initial significant differences in RD values. Moreover, in the plots of Figure 7,
curves also tend to reach a constant value of w for large values of u. This type of soil response is known as critical state,
which represent a condition where the soil is not suffering contraction neither dilation under large shear strains without
volume change, in this case without vertical displacement. This soil mechanics phenomenon has been studied in many
granular soils, however, it has not been reported in zeolite.

Figure 6. Curves of shear stress versus horizontal displacement for coarse zeolite. Source: own elaboration.
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The results of maximum shear stress Tmax linked to n and RD are plotted as points in Figure 8. These points show a linear
variation which can therefore be fitted using the Coulomb failure criterion to obtain shear strength parameter values
(cohesion ¢ and angle of friction ¢) for the coarse zeolite. In addition to tmax, Figure 8 also shows points related to the
residual shear strength tres, Which is close to tmaxfor loose samples, however, they separate for denser samples (RD =
55 and 90%). Note that the quality of data fit is R > 0.99. Moreover, for RD = 90% as shown in Figure 8c, it can be
observed that cohesion, although small, it is higher than zero. This may be due to the bond developed by the higher
packing, i.e. particles are much closer to each other.

Figure 8. Shear stress versus normal stress showing values of ¢ and c for RD of a) 35%, b) 55% and c) 90%. Source: own elaboration.
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It is worth mentioning that the maximum and residual angles of friction and the cohesion are for drained conditions.
The curves in Figure 7 show that for large horizontal displacements the vertical displacement variation is almost zero,
independently of the initial RD and on. Large shear deformations under constant volume (constant vertical
displacement) and constant vertical stress is assumed as a steady or critical state. Figure 9 shows the variation of the
angle of friction with the horizontal displacement, where it can be observed that for large displacements the curves
tend to converge to a common trend (except two curves with RD = 55% and on = 12.5 and 25 kPa). According to these
results the critical angle of friction converges to a value around 40°.

When plotting the data of ¢max versus ymax, it can be observed that the trend of these data follows relatively well the
friction-dilation relationship presented by Bolton (1986), as shown in Figure 10, where only one point deviates far from
the trend (the one with the largest dilation). This outlier point was caused by a very large maximum shear stress which

was double the normal stress.
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Figure 9. Curves of angle of friction variation with horizontal displacement. Source: own elaboration.
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Direct shear tests were also performed with samples of saturated fine sandy zeolite prepared with unit weights
equivalent to 75, 85 and 90% of the maximum dry unit weight obtained in the modified Proctor tests. Shearing was
undertaken at a velocity of 0.5 mm/min. Figure 11 shows that despite the increasing level of compaction, there is not a
significant increase in shear stress and maximum values of shear stress are lower than for coarse zeolite for similar
normal stresses. There are not pronounced peaks of shear stress and hence no clear presence of residual stresses. From
the vertical and horizontal displacement curves plotted in Figure 12, it can be observed that compression prevails over
dilation, which is the opposite compared with the volumetric response of the coarse zeolite.

The plot in Figure 13 of shear and normal stress does not show a clear separation between the maximum and residual

shear stress values and not either for the three unit weights. Table 4 summarises the results of cohesion and angle of
friction, where it can be noticed a slight increase of the shear strength parameters with the unit weight.
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Figure 11. Shear stress versus horizontal displacement of fine sand zeolite. Source: own elaboration.
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Table 4. Results from direct shear tests using fine sandy zeolite. Source: own elaboration.

% Ydmax Yd, kN/m3 Cres, kPa Cmax, kPa d)res, ° (I)max, °
75 8.7 3.1 33 30.8 32.5
80 9.9 1.7 2.4 32.6 33.1
90 10.4 2.5 2.7 33.2 34.2

From the values shown in Table 4 it can be pointed out that there is a clear reduction of the angle of friction compared
with those determined for the coarse zeolite. This reduction may be explained by the presence of finer sandy material
and especially silty material which although in a small proportion (around 3%) it can induce an important change in
shear strength. Although not yet found in monotonically loaded zeolites, this result is in agreement with previous studies
on silt-sand mixtures (Khayat, Ghalandarzadeh & Jafari, 2014) and on strength of sands with small amounts of silts
against static liquefaction (e.g. Yamamuro & Lade, 1998).

Silty zeolite

Samples with zeolite particles finer than 0.075 mm were prepared with the 90% of the maximum dry unit weight
obtained in the modified compaction Proctor test. A circular shear box of 60 mm in diameter and 30 mm height was
used. In order to evaluate the effect of displacement rate on shear strength response, saturated silty zeolite samples
were tested under a velocity of 0.06 mm/min and other similar samples were tested under a velocity of 0.5 mm/min. It
can be postulated that the former corresponds to drained conditions and the latter to partially drained close to
undrained conditions. Although no transducers were used to measure water pore pressures to verify drainage
conditions. Figure 14 shows curves of shear stress versus horizontal displacement under different normal stresses and
velocities. It is worth observing the significant difference in these curves due to the different velocity of shearing. A
stiffer response and a peak shear stress occur when shearing is faster, whilst a monotonic increase of shear strength
with horizontal displacement results for the slower tests. Moreover, shear stress of the slow tests under o, = 52 and
104 kPa tend to reach the fast tests with the same on at the end of softening. In Figure 15 the slow test curves show a
slight tendency to dilate, whereas a significant contraction can be observed in the fast test curves without reaching a
constant vertical to horizontal displacement ratio. An estimation of the shear strength parameter ¢ and c, is presented
in Figure 16, when the lineal Coulomb failure criterion is applied to the maximum and residual values of shear and
normal stress. For this fine material made of silt and clay particles there is a further reduction in friction compared with
the previous values found for coarse and fine sand type zeolite. Moreover, these values of ¢max are around a half than
those (dmax = 34, 36.5°) obtained under slow rates by Yukselen (2010) for zeolites composed of 12, 52.5, 35.5% (sand,
silt, clay) and 1, 67, 32%, respectively. On one hand, the slow tests show a similar friction for maximum and residual
conditions, but a lower cohesion for the residual case. On the other hand, the fast tests resulted in higher friction,
however the cohesion reduced to zero and no residual condition was reached. These results indicate the importance of
the displacement rate applied during shearing because they can affect significantly the stiffness and strength measured,
in particular in materials with fine particles. Previous studies although in sand also point out that high strain rates result
in larger shear strength due to the tendency to dilation caused by the decrease of pore pressure and even generation
of negative pore pressure (Yamamuro & Lade, 1993). Furthermore, in cohesive and non-cohesive soils previous studies
have shown that the strength increase due to higher strain rates can be related to soil viscosity (e.g. Locat & Demers,
1988; Sorensen, Baudet & Simpson, 2007; Mendoza, Farias & da Cunha, 2014). Then, further research is needed to study
displacement rate effects assessing soil viscosity. In order to determine the zeolite viscosity additional tests are required.
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Figure 15. Curves of vertical displacement versus horizontal displacement for different normal stress and loading rate. Source: own elaboration.
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Figure 16. Shear stress versus normal stress showing shear strength maximum and residual values for different displacement rates. Source: own elaboration.
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Figure 14. Shear stress versus horizontal displacement of silty zeolite. Source: own elaboration.
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A geotechnical study focused mainly on the fine content effect on the shear strength of a natural zeolite, was presented.
The zeolite is from the Colbun Formation and was extracted from a quarry of volcanic tuff in Quinamavida, Chile.
According to X-ray diffraction results, the zeolite studied has significant presence of mordenite and clinoptilolite. Three
groups of samples were prepared, namely coarse, fine and silty zeolite. Grain size distributions, plasticity index and USCS
classifications were determined according to standards. From pycnometer tests it was determined a low value of the
specific gravity Gs = 2.18, which can explain the also low values of maximum dry unit weight ydmax, between 10.6 and
12.5 kN/m?3, obtained in standard vibration and compaction tests. Zeolite shear strength was studied by means of a
series of direct shear tests under a combination of loose, medium and dense samples with a normal stress varying from
12.5 to 100 kPa. For coarse zeolite the shear stress increased with normal stress and relative density and the
dilative/contractive response was similar to that found in granular materials. The coarse zeolite reached a critical state
for large displacements, with a value of critical angle of friction tending to 40°. Results of maximum angle of friction and
maximum angle of dilation followed relatively well the relation proposed by Bolton (1986) mainly for feldspathic and
quartz sands. From similar direct shear tests, zeolite samples with finer sandy material and 3% of silt had an important
reduction in shear strength. Moreover, results showed that there was an almost absence of dilation and residual
strength. Finally, tests with zeolite made of 85% silty and 15% clayed particles were carried out under slow and fast
displacement rates, resulting in the lowest values of angle of friction, in particular for the slow tests. It can be concluded
that the presence of fine material can significantly change the shear strength of tuff zeolites tested. A possible
explanation for this conclusion may be attributed to the zeolite chemical structure, which allows the storage of large
amounts of water. Although for the coarse samples this condition seems to not affect the strength, when finer particles
are added the zeolite mechanical response becomes controlled by these fine particles. It is believed that finer particles
retain more water than coarse particles, therefore friction is reduced since water cannot withstand shear stresses.
Further research is needed to verify chemical effects on the zeolite mechanical response.
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