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h i g h l i g h t s

• Micro-damaged amorphous silica grains under stress release silicic acid into near contact water.
• Within 3–4 weeks above initial concentration of 300 ppm, silicic acid polymerizes and forms polymer bridges between the grains.
• The force at rupture in a single polymer branch reaches up to 0.03 mN.
• The cumulative force at rupture of the polymer network between the grains reaches 1–1.5 mN.
• The latter value is 2–3 times higher than an analogous capillary bridge force.
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a b s t r a c t

Laboratory tests on microscale are reported in which millimeter-sized amorphous silica
cubes were kept highly compressed in a liquid environment of de-ionized water solutions
with different silica ion concentrations for up to fourweeks. Such an arrangement simulates
an early evolution of bonds between two sand grains stressed in situ. In-house designed
Grain Indenter-Puller apparatus allowed measuring strength of such contacts after 3–4
weeks. Observations reported for the first time confirm a long-existing hypothesis that a
stressed contact with microcracks generates silica polymers, forming a bonding structure
between the grains on a timescale in the order of a few weeks. Such structure exhibits
intergranular tensile force at failure of 1–1.5 mN when aged in solutions containing silica
ion concentrations of 200- to 500-ppm. The magnitude of such intergranular force is 2–3
times greater than that of water capillary force between the same grains.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The phenomenon of aging of granular soils has long
been observed both in the laboratory and in the field. It
consists in a time-dependent stiffening and strengthen-
ing of granular soil in saturated conditions over engineer-
ing time-scales. Several manifestations of agingwere iden-
tified over the years. Anderson and Stokoe3 found that
coarse sands exhibit a low-amplitude shear modulus that
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increases linearly per log cycle time. In saturated sands,
normalized tip resistance after blasting have been seen to
increase with time by up to 18%, whereas local friction de-
creased by 39% in the same time period.11 Under high pres-
sure at room temperature, clean sand was found to have
developed significant intergranular adhesion bonds.33 A
time-delayed increase in stiffness of sand under sustained
load was observed in dynamically compacted sands and is
attributed to static fatigue.36 Field observations at Jebba
Dam project in Nigeria showed a substantial increase in
penetration resistance in sand, weeks after blasting or vi-
brocompaction, even though density changes in soil have
completed much earlier.39 Similar results were observed
in laboratory settings where cone penetration resistance
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of loose sand increased with time after blasting.16 Also in
the laboratory, Hueckel et al.24,26 have shown a nearly 50%
increase in stiffness of saturated core samples from 1000
and 3000m depth subject for an over a 14 day aging under
an in situ stress.

A hypothesis has beenwell-established that in dry gran-
ular soil, creep is a dominant aging phenomenon over en-
gineering timescales. Based on field and laboratory results,
it was postulated that a granular soil undergoes macro-
locking, due to which grains become more efficiently
packed under load, and microlocking, with surface rough-
ness creep causing an increase in sliding resistance.35,47,31,8
Loading tests performed on an assembly of discs simulat-
ing a granular soil indicate a non-coaxiality of stress and
strain-rate tensors and free rotating movements of parti-
cles under load.17 The presence of fines in dry sand is found
to additionally increase creep strain and the aging rate con-
firmed via a discrete element model.50,49

However, in submerged conditions, the increase in pen-
etration resistance of sand is higher than in dry condi-
tions, which has been speculated to be due to dissolution
and precipitation of salt and possibly silica.31 Precipita-
tion of salt upon drying has been observed to cause a sub-
stantial increase of cohesion of granular material.14 Other
sediments (chalk) also exhibit a delayed compressibility
changes.41

The actual mechanisms of soil aging in submerged con-
ditions still remain a puzzling topic. Various hypotheses
have been proposed with less than preponderant sup-
porting evidence. One of an early proposed hypotheses,
supported by a laboratory evidence15 was that silica pre-
cipitates and forms a thin film of silicic acid gel on
top of undisturbed silica layer which acts as cementing
bonds that provide adhesion force between sand grains
see also.39,31,24,22 Experiments showed that a thin film of
silanol and silicic acid chains would develop on amor-
phous silica surfaces in the presence of water,48 see
also.9,10 During prolonged loading of saturated sand, it
is found that continual dissolution of minerals and some
precipitation of carbonates and silica would occur.7 A
study of silica dissolution in contact region between mica
and quartz surfaces proposed that corrosion pits devel-
oped on quartz surfaces might allow a porous silica gel
layer to be deposited.20 There is no clear understand-
ing of the role of the presence of biofilms on soil stiff-
ness. Oedometer tests conducted on dense Ottawa sand
showed no influence of biofilms on the ultimate shear
strength of the sand,42 whereas Banagan et al.4 claims
that an addition of biofilms for a few days has caused a
statistically significant increase in the shear strength of
Ottawa sand.22 Hu and Hueckel had recently proposed
a coupled chemo-mechanical mechanism through which
granular silica sand stiffens over engineering timescale un-
der compression in the presence of water. The mechanism
has been motivated by findings of Tada et al.52 that micro-
cracks and micro-granulation generated near the stressed
intergranular contacts an increase in the silica specific sur-
face area, enhancing the silica dissolution by 25%. Tada
et al. postulated that the dissolved silica may cause super-
saturation locally and precipitate and polymerize to form
silica gel network that bonds neighboring silica grains to-
gether, thus stiffening the soil on a macroscopic scale. In-
deed, preliminary experiments by the writers confirmed
the presence of silica microstructures up to a few hundred
micrometers in length growingnear the stressed silica con-
tacts in submerged conditions after 3 to 4 weeks of aging.
Atomic Force Microscopy (AFM) pulling tests indicate that
such silica polymers have tensile strength of the order of
100 nN.21

The objective of the current effort is to identify specific
mechanism through which chemical reactions (sponta-
neous or induced) in geomaterials affect their macroscopic
properties of strength and deformability.25,23,12,13 We have
extended for that purpose our previous work,21 with the
silica polymers observed growing near stressed contact re-
gions of amorphous silica grains after 3 weeks in a liq-
uid environment rich in silica ions. The main hypothesis
behind this objective is that the outgrowth of the sil-
ica polymer provides with time the interparticle bonds
that generate macro-scale cohesion responsible for the
observed effects of aging. To limit the time of aging in labo-
ratory, the fluid in the near contact environmentwas artifi-
cially brought to a sufficiently high concentration of silica
ion (500, 400, 200 and 100 ppm), hence requiring only a
limited amount of ions to create a saturated medium via
dissolution to induce precipitation and gelation.46 Specif-
ically, isolated silica aggregates of size in the order of 10
nm would form after a week in a supersaturated solution,
while after two weeks or more a significant size gel net-
work is observed.21

This paper presents new experimental evidence that
links growth of silica polymers in engineering timescale
correlates to the increase in tensile strength of the
bond formed between two amorphous silica grains under
prolonged compression in the presence of water. The
size of silica polymers growing around stressed contact
regions between two grains and their tensile strength are
quantified. The overall increase in intergranular tensile
strength of silicic granular material is estimated.

2. Background

Silica dissolution occurs in the presence of water via the
following chemical reaction:30

SiO2(s) + 2H2O(l) = Si (OH)4(aq). (1)

Because the soluble form of silica on the right hand side
of the equation contains only one silicon atom, it is of-
ten named monosilicic acid. The most common form of
monosilicic acid, as found in amorphous silica and crys-
talline silica, involves one silicon atom coordinated with
four oxygen atoms. OH− ions act as catalyst in the hydra-
tion and dehydration of silica:

(SiO2)x + 2H2O = Si(OH)4 + (SiO2)x−1. (2)

An early laboratory data on silica solubility indicate the sol-
ubility of SiO2 in crystalline silica as 6 ppm.30 More recent
data show that the solubility of quartz at 25 °C is around 10
ppm.44 The solubility of anhydrous nonporous amorphous
silica oxide (SiO2) is 70 ppm at 25 °C.28,18 However, most
common amorphous silica exists in very small particles,
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forming porous aggregates with hydrated SiOH groups on
the surface. The solubility of SiO2 in powders and gelsmade
with amorphous silica ranges between 70 to 150 ppm and
remains largely unchanged between pH 2 to 8. However,
solubility of amorphous silica inwater increases drastically
at higher pHs. This is because at a higher pH, soluble silica
includes both the monomer mentioned above and silicate
ion which is formed at higher pH.

Si(OH)4 + OH−
= Si(OH)−5 . (3)

At pH higher than 10.7, Si(OH)4 is converted to ions and
all solid phase amorphous silica dissolves to form soluble
silicate.2,30

In the presence of low concentration NaCl ions in wa-
ter at neutral pH, the surface reactivity of dissolved amor-
phous silica is enhanced and thus the dissolution rate of
amorphous silica is found to be about 20 times higher.29
Because silica dissolution rate is very slow, supersaturation
or undersaturation of silica in water can exist for long peri-
ods of time before reaching equilibrium by precipitation or
dissolution. In supersaturated solution, silica changes to a
sol in a process that takesweeks ormonths and such sols at
a few hundreds ppm can remain stable.32 The dissolution
rate of silica also varies widely depending on the types of
silica. Silica surface bears an ionic chargewhich attracts hy-
droxyl ions in water and a silicon atom is exchanged into
solution as a form of soluble silica.30

Generally, amorphous silica has a much higher disso-
lution rate than crystalline silica because amorphous silica
has amore open surface structure, allowingmore hydroxyl
ions to replace silicon atoms. According to,30 fused glass
(amorphous silica) has a rate of dissolution of 39 ppm/day,
whereas quartz has a dissolution rate of only 2.8 ppm/day.

For the above reasons, with the intention to accelerate
the processes, our choice is to adopt amorphous silica
grains in our experiments. More importantly, naturally
occurring quartz grains are enveloped by a layer of
amorphous silica.51 This layer of amorphous silica is likely
be the first to dissolve under compression in contact region
between silica grains.1

As for the polymerization and gelation of silica,
three steps can be identified during the process.30 First,
monomers (Si(OH)4) polymerize to form particles by con-
densing silanol groups into siloxane (Si–O–Si) bonds in a
reaction shown below:

−SiOH + HOSi− = −SiOSi − +H2O. (4)

Second, the particles then grow by extending the silox-
ane bonds. Lastly, at low pH (<7) silica particles are able
to aggregate into branches and ultimately into gel struc-
tures, as they possess little ionic charge. Notoriously, the
presence of hardness ions (calciumormagnesium) or poly-
valent ions, like iron or aluminum, greatly influence silica
polymerization kinetics and themorphology of the formed
material.

3. Experimental method

A silica cube indenter-puller previously described21

was used to conduct silica cube crushing and subsequent
pulling experiments in solution.
Fig. 1. Schematics of cube indenter-puller apparatus.

Silica cubes used in the aging–pulling experiments are
made of unpolished amorphous quartz (Prism Research
Glass Inc.) and blade-cut into 3mm× 3mm× 3mm cubes
to simulate common natural sand grains. Amorphous silica
cubes are used rather than crystalline silica (quartz) ones,
as explained earlier.

A solution containing silica ions is prepared to simulate
soil pore fluid following the process described by Rimstidt
and Barnes.45 Silicic acid powder (H2SiO3; Fisher Scientific)
is ionized in 5 M sodium hydroxide solution and diluted
with Nano-Pure Water (NPW) to silica ion concentrations
ranging between 200 ppm and 500 ppm. At the start of
experiment, the pH value of the solution is brought down
to 5.0 by adding 1 M nitric acid to mimic the pH level in
natural water.

As shown in Fig. 1, two silica cubes are attached to the
bottom andmiddle plates, made of stainless steel, with the
edge of one cube facing the flat face of the other. The cubes
are pushed together by compressing springs (McMaster-
Carr) between the middle and top plates with a spring
constant of 2960 N/m. After the apparatus is assembled,
the springs are compressed by tightening the wingnuts on
the top plate until up to 180 N of force is applied to the
cubes. The indenter-puller with cubes is then placed in an
air- and water-tight polypropylene container (McMaster-
Carr), submerged with solution containing silica ions. The
compressed cubes are left to age for three to four weeks
under a constant force. After the aging phase is completed,
the apparatus is taken out of the container and attached
to a load frame (Tinius Olsen H50K-S). The apparatus on
the load frame is then lowered onto the analytic scale
(Mettler Toledo AL204, 0.1mg precision) such that the load
reading on the scale just reaches the maximum of 210
g, indicating that the apparatus is now firmly in contact
with the scale. Note that during this process the load frame
exerts an additional compressive force of approximately
2 N to the silica cubes (equivalent to 1% increase from
existing compressive force). The springs and top plate on
the apparatus are then removed so that the two silica
cubes are pressed together by the 2 N compressive force
generated between the load frame and the scale.

Pulling is kinematically controlled. It is initiated with
a speed of 0.020 mm/min (0.3333 µm/s) for the first
15 min, or until the apparent weight reading on the scale
steadily decreases, after which the speed is increased
to 0.100 mm/min to 0.200 mm/min (1.667 µm/s to
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3.333 µm/s) for the remainder of the pulling process,
until the cubes are visibly separated with no water bridge
between cubes. Apparent weight measurements on the
analytic scale are recorded every second for the duration
of the pulling experiment.

After the pulling experiment, images of cube surfaces
were taken using Environmental Scanning Electron Mi-
croscopy (ESEM, FEI XL30). Small amount of water vapor
was injected into the microscope chamber to slow down
the drying process of silica gel growing on cubes as it also
helps reducing the charging effect of electrons on silica sur-
faces.

A series of control experiments have been performed to
assess the effects of scale sensitivity, effect of silica surface
solid–solid contacts, and water capillary bridge forces
between silica cubes on apparent weight measurements,
as described further on.

4. Results

4.1. General framework

In a standard procedure, apparent weight (AW) read-
ings recorded by the electronic scale were plotted against
the change in separation between the cubes, or the relative
displacement of the polymer structure ends for each cube-
pulling experiment. Initial points, with extremely high AW
readings are ignored because such AW values are a re-
sult of the load-frame pre-loading of the cubes against
the scale to keep the cubes pressed together. During ini-
tial pulling phase, the AW reading would reach a plateau
where the load-frame is raised sufficiently to not to ex-
ert any downward force on the scale and the apparent
weight-separation curve starts to exhibit a relatively con-
tinuous pattern. AW data are hence measured and pro-
cessed (i.e. force differences were calculated) from then
onward in what will be referred to as the partial-contact
(via polymer) phase. In practical terms, during pulling the
apparent weight measured by the scale decreases as a re-
sult of the uplift of the top cube and the lower cube at-
tached to the former one by the polymer network.

In the partial-contact phase, the upward displacement
of the upper cube is very limited. Nevertheless, four, practi-
cally consecutive, types of events are hypothesized to take
place. First, direct interlocked contacts between asperities
and cracks of the two cubes are unlocked at the smallest
displacement. Subsequently, as the upper cube is pulled
further away from the bottom cube, polymers attached
to both cubes are unraveled and stretched. Thirdly, when
the individual links of the polymer being stretched reach
their individual tensile strength and break, or become de-
tached from the grain substrate, a corresponding drop in
total force is registered. This process continues until no un-
broken polymer links remain attached. At such point no
bonding remains between the cubes, except for that of the
capillary water bridge stretched between the cubes.

Apparent weight vs displacement curves was closely
examined for any sudden drops in apparent weight
recorded, as such drops would possibly indicate the exis-
tence of a silica polymer or gel cluster linking the cubes and
having a non-negligible stiffness. The curves when looked
Fig. 2. Plot of AW vs displacement for experiment in 500 ppm solution
after 3 weeks aging.

at a sufficiently small scale exhibit a series of characteristic
events of stick-and-slip. Such behavior is encountered in
many progressively damaged materials, oftentimes com-
posed of multiple parallel substructures, which succes-
sively fail, while the whole structure can still accept an
increasing load (see e.g. failure of a wired cable, or shear
failure at an interface with many sheared-off asperi-
ties). The force difference between all the neighboring
end-points of an individual force-jump were measured
and plotted against separation displacement. Furthermore,
summation of all individual force jumps is used to estimate
the maximum intergranular pulling force a silica polymer
or gel structure can withstand between two silica cubes,
or in other terms the silica gel tensile strength can be esti-
mated from the curve.

The results of pulling experiments conducted on silica
cubes aged under compression for 3 weeks in solutions
with different silica concentrations are shown below.

4.2. Aging in 500 ppm solution

Silica cubes were compressed in solutions with the
initial silica ion concentration of 500 ppm and pH value
5.0 for 3 weeks. After aging was complete, pulling
was performed at 0.020 mm/min speed and the overall
apparent mass vs displacement curve is shown in Fig. 2.

The initial point of the graph in Fig. 2 coincides with a
force at the moment of the force stabilization, after the de-
tachment of the interlocked asperities. The partial-contact
phase of the apparent weight vs displacement curve is re-
drawn in a different scale in Fig. 3 after removing the points
corresponding to the above mentioned detachment of the
interlocked asperities.

It can be noted that most pronounced changes in
the apparent weight occur in the early stages of pulling.
More than a 1000 instances of an abrupt decrease in
apparent weight of different amounts were recorded. The
force difference amounts for individual force jumps vs
displacement are shown in Fig. 4 providing the values
of tensile force changes exhibited in the partial-contact
phase. The maximum decrease in force between two
neighboring points on the curve was 0.0265 mN.

Fig. 5 presents an ESEM image taken at 50× magnifica-
tion of a cube grain showing the growth of silica gel over
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Fig. 3. Partial-contact phase of AW vs displacement curve, 500 ppm
solution 3 weeks.

Fig. 4. Difference in AW between neighboring data points in partial-
contact phase, 500 ppm solution 3 weeks.

Fig. 5. Silica grain after aging in 500 ppm solution for 3 weeks, 50X
magnification in ESEM.

Fig. 6. Grain surface with cracks after aging in compression in 500 ppm
solution for 3 weeks, 3200X magnification.

a crack. A detail at 3200× magnification level is shown in
Fig. 6 and it is an example of a site of a precipitate joining
two parts of the crashed silica cube together.
Fig. 7. Plot of AW vs displacement for experiment in 400 ppm solution
after 3 weeks aging.

Fig. 8. Partial-contact phase of AW vs displacement curve, 400 ppm
solution 3 weeks.

An additional experimentwas conducted on a specimen
for which the aging phase lasted for 4 weeks and its net
total tensile force was measured and compared to that
of the 3-week aging experiment. Net total tensile force is
defined as the accumulatedmeasured tensile force exerted
by silica gel structures between silica cubes during the
entire pulling procedure. It is an estimate of the total
tensile force generated by silica gels between two silica
grains after aging. This force is calculated by adding up
all the positive Apparent Weight differences as shown in
Fig. 4. Net total tensile forces integrated over the total
duration of partial contact phase in the two experiments
have been 0.9395 mN for 3 week aging, and 1.3318 mN for
4 week aging.

4.3. Aging in 400 ppm solution

After aging in solution with initial 400 ppm silica ion
concentration at pH 5.0 for 3 weeks, a pulling experiment
was conducted and the apparent weight vs displacement
curve is shown in Fig. 7. Multiple instances of sudden
drop in apparent weight can be seen in the early stages of
the partial-contact phase shown in Fig. 8. The magnitudes
of tensile force differences between neighboring points
on the partial-contact phase curve were computed and
are shown in Fig. 9. The maximum magnitude of the
force differences is 0.0268 mN. The net tensile force
integrated over time in 400 ppm solution after 3 weeks is
0.6679 mN.
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Fig. 9. Difference in AW between neighboring data points in partial-
contact phase, 400 ppm solution 3 weeks.

Fig. 10. Silica grain surface, coveredwith silica gel after aging in 400 ppm
solution for 3 weeks, 400X magnification.

Fig. 11. Silica gel growing over cracks and asperities near stressed
contact, after aging in 400ppmsolution for 3weeks, 3200Xmagnification.

Figs. 10 and 11 present ESEM images taken at magnifi-
cation of 400× and 3200× of the contact edge of a silica
cube. Clusters of silica gel can be seen growing near new
cracks and asperities, joining small debris to the main sil-
ica cube body.

4.4. Aging in 300 ppm solution

The overall pulling force of the silica cubes after 3
weeks of aging under compression is plotted in Fig. 12 and
the partial-contact phase of the experiment is shown in
Fig. 12. Plot of AW vs displacement for experiment in 300 ppm solution
after 3 weeks aging.

Fig. 13. Partial-contact phase of AW vs displacement curve, 300 ppm
solution 3 weeks.

Fig. 14. Difference in AW between neighboring data points in partial-
contact phase, 300 ppm solution 3 weeks.

Fig. 13. The tensile force difference curve was shown in
Fig. 14. The maximum magnitude of force difference was
0.0186mN. Thereweremore than 300 instanceswhere the
force difference before force started decreasing at 134 µm
displacement. SEM images (Figs. 15 and 16) showed a
significant extent of silica gel growth on cube surfaces near
contact area. The net total tensile force measured in 300
ppm solution after 3 weeks is 0.6423 mN.

4.5. Aging in 200 ppm solution

The overall apparent weight vs displacement curve
of pulling experiment conducted after cubes were com-
pressed and aged in 200 ppm solution for 3weeks is shown
in Fig. 17. A portion of the apparent weight data is missing
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Fig. 15. Silica surface near stressed contact region, after aging in 300 ppm
solution for 3 weeks.

Fig. 16. Local view of silica polymer network bonding debris together
near contact region, 300 ppm solution 3 weeks.

between displacements 298 and 357 µm but it did not af-
fect evaluation of apparent weight changes in the partial-
contact phase. The partial-contact phase was shown in
Fig. 18, where more than 700 instances of abrupt drops
in the apparent weight were observed. Fig. 19 shows the
tensile force differences between neighboring points of
the apparent weight vs displacement curve in the partial-
contact phase. The largest tensile force difference mea-
sured was 0.0157 mN. The net integrated tensile force
measured during the entire process in 200 ppm solution
after 3 weeks was 0.5953 mN.

4.6. Control experiments

Five different control experiments were conducted to
assess the effects of the weighing scale sensitivity, the
influence of the direct silica solid–solid surface contact the
effect of the water capillary bridge force between the silica
cubes on the apparent weight measurements and finally,
the effect of the rate of the deformation (displacement)
rate. All five control experiments were conducted with an
aging time of one minute. In the first control experiment,
two silica cubes were brought in contact in dry condition
Fig. 17. Plot of AW vs displacement for experiment in 200 ppm solution
after 3 weeks aging.

Fig. 18. Partial-contact phase of AW vs displacement curve, 200 ppm
solution 3 weeks.

Fig. 19. Difference in AW between neighboring data points in partial-
contact phase, 200 ppm solution 3 weeks.

with no force applied, before they were pulled apart, thus
excluding the effects of stress and silicic acid fluid at
intergranular contact. In the second control experiment,
the cubes were compressed in dry condition with 150
N force, so that the intergranular contact was stressed
without the presence of silicic acid fluid. A visible crack can
be seen on the upper cube. In both control experiments in
dry conditions, weight equilibrium has been reached very
quickly. No stick-and-slip behavior, that means no jumps
in the apparent weight, were recorded.

In the third control experiment, silica cubes were in
contact in solution with silica ion concentration of 500
ppm with no force applied in order to study only the
effect of silica fluid on the intergranular contact, or in
other terms the effect of the capillary force. No aging
was allowed. The result of subsequent pulling is shown in
Fig. 20. The apparent weight vs displacement curve is very
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Fig. 20. Plot of AW vs displacement for control experiment in unstressed
saturated (500 ppm) conditions.

Fig. 21. 21 Plot of AWvs displacement for control experiment in stressed
saturated (500 ppm) conditions.

smoothwith no significant drop, in the AWmeasurements.
Fluctuations in apparent weight readings (the highest at
0.0088 mN) may have originated from the floor vibration.
Weight minimum was reached after a displacement of
300 µm between cubes. The magnitude of the total force
drop was 0.0088 mN. This value is believed to be the
resultant capillary force attracting the cubes.

In the last control experiment, two silica cubes were
compressed with a 150 N force applied, and aged in 500
ppm solution for one minute, before the upper cube was
pulled away, thus replicating the standard experiment
procedure, but without the effect of aging. The resulting
apparent weight vs displacement curve (Fig. 21) shows an
overall smooth process. The initial unloading part of the
curve in stressed saturated conditions ismore gradual than
unstressed saturated conditions, possibly due to surface
interlocking between cubes. Only two small drops in
measurements at 0.0118 and 0.0108 mN were measured,
possibly due to surface interlocking under pressure. The
minimum weight reading was reached after a separation
displacement of 300 µm.

For 500 ppm no-damage control-experiment, total
capillary force was 0.3403 mN. For 500 ppm damaged
control-experiment, total capillary force was 0.4590 mN.

Finally, an experiment on a sample aged for 3 weeks
was conducted with pulling at a half the usual speed,
namely at 0.010 mm/min. Net total tensile force measured
during this experiment was 0.8669 × 10−3N.

5. Discussion

We have previously confirmed that silica polymers
grow between two compressed silica cubes, as originally
suggested by Denisov and Reltov.15 The silica polymer
growth after aging for a few weeks concentrated near
contact region under compression with a local damage.21
The silica cube indenter-puller was thus designed to mea-
sure the intergranular tensile force that such a polymer
structure develops between silica cubes upon an increas-
ing cube separation. As the load frame slowly pulls the
upper cube away from the bottom cube, silica polymers
attached to both cubes near contact region are stretched,
exerting a tensile force that lifts up the lower cube sitting
on an electronic scale. As a result, a sharply fluctuating ap-
parent weight measurement is recorded on an otherwise
consistently downward-trending apparent weight vs dis-
placement curve. During the stretching of the polymer, the
scale would record episodes of a higher-than-normal de-
crease in apparent weight, followed by a slight increase in
weight as the polymer is stretched too far and locally bro-
ken. A positive force difference indicates the scale recorded
a finite drop in apparent weight, whereas a negative force
difference on the curve indicates that the scale recorded an
increase in apparent weight. From measuring the magni-
tudes and lengths of the finite weight drops, polymer size
and tensile strength can be estimated since the rate of dis-
placement is known. Adding up the magnitudes of all the
apparent weight drops occurring between 0 to 400 µm of
cube (separation) displacement in the experiment, the net
tensile force applied by silica polymers growing between
two silica cubes during aging has been estimated.

As the top cube is pulled away from the bottom cube,
water capillary effect between cubes weakens contin-
uously. Thus, the apparent weight of the bottom cube
recorded by the scale would increase continuously dur-
ing pulling experiment. This becomes observable at the
end of the partial-contact phase, as the apparent weight of
the bottom cube begins to increase slowly. The total inter-
granular tensile force is to be calculated by combining the
change in capillary force during pulling and the net tensile
force in the polymer network in the partial-contact phase.

Control experiments conducted to determine machine
error and water capillary effect on the apparent weight
measurements during pulling with 500 ppm silica ion con-
centration, but with no aging exhibit the apparent weight
vs displacement curves that are very smooth. Capillary
forces are attractive forces arising at the contact between
the interface of air, water and solid, and are primarily de-
pendent on the surface tension of the liquid and the cur-
vature of air/liquid interface. Changes in capillary forces
after 400 µm separations were measured for cubes
with unstressed contact and cubes with stressed contact
amounting to 0.3403- and 0.4590-mN, respectively. In the
stressed control experiment, cube surfaces were severely
damagedwith cracks observable by the naked eye. In other
experiments, damages to cubesweremuchmore localwith
micro asperities and small debris generated through con-
tact. Thus, the approximate capillary force adoptedwas the
average of the two values obtained in control experiments,
hence equal to 0.4 mN. As it was seen in the experiments
with pure water capillary bridges, the total intergranular
force between two spherical silica grains tends to decrease
with the kinematically driven extension of the separation
(see e.g.34,37). The force either decreases monotonically to
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Table 1
Number and distribution of events for experiments in different silica ion concentration solution.

Range of AW
difference (mN)

No. of events for
3-week-aging in 500
ppm solution

No. of events for
4-week-aging in 500
ppm solution

No. of events for
3-week-aging in 400
ppm solution

No. of events for
3-week-aging in 300
ppm solution

No. of events for
3-week-aging in 200
ppm solution

0 < x ≤ 0.010 457 1092 307 332 776
0.010 < x ≤ 0.020 24 15 5 9 7
0.020 < x ≤ 0.030 8 2 1 0 0
0.030 < x ≤ 0.040 0 0 0 0 0
0.040 < x ≤ 0.050 3 0 0 0 0
zero, or the bridge breaks and there is a force jump to zero.
Themagnitude of the force does depend on the size of grain
and size of the initial gap between the two grains, but for
the grains of 8mmdiameter, the order of magnitude of the
capillary force is about 0.5 mN, which is the order of the
forces measured in our experiments.

Apparent weight vs displacement curves generally
reach a minimum for displacements of the cubes between
300 to 400 µm, indicating a complete separation of
the cubes at this stage. After the minimum of force is
reached, the cubes are completely separated and weight
measurements are affected by capillary effect only. The
magnitude of the capillary force decreases continuously
as separation between the cubes grows larger until finally
capillary bridge breaks down. As such, the apparentweight
of silica cube tends to increase after complete separation
towards the end of the pulling procedure.

5.1. Intergranular tensile force

In the experiments where cubes were aged in 500 ppm
solution for threeweeks, threeweeks but with a half speed
during pulling, and for four weeks again at a standard
rate of 20 µm/min, the maximum tensile force measured
were 0.9395-, 0.8669- and 1.3318-mN respectively. The
tensile failure force for four weeks aging was bymore than
30% higher than that after three weeks. Thus it is possible
that at high silica concentration, the polymerization
process within the first three and four weeks progresses
substantially with the time of the process.

The force distribution in specific tensile force ranges
measured during pulling are shown in Table 1.

It is interesting to note the test at half rate of pulling
(down from 20 to 10 µm/min), produces the tensile force
at failure that is about 8% smaller. It suggests that the
silica polymer is a visco-elasto-plastic structure, but with
a relatively weak rate sensitivity. The distribution of AW
difference during half-speed pulling experiment is shown
in Table 2. Most notably the number of events was ten
times lower as far as low amplitude events are considered,
whereas the number of the events of higher amplitude is
of the same order during faster and slower pulling.

High force differences occurred in the early separation
phase, with magnitudes of 0.0245-, 0.0265-, and 0.0226 ×

10−3 N respectively, for the above identified cases. This
is possibly due to polymer links that being stressed most
and broken in the early separation process are the most
robust, possibly shortest, of the entire population. This
point deserves a closer attention. SEM images of cube
surfaces taken after pulling experiment showed evidence
Table 2
Number and distribution of events for experiments in 500 ppm solutions
for 3-week aging at 0.01 mm/min speed of pulling.

Range of AW difference (mN) No. of events for half-speed
pulling experiment aged in
500 ppm solution for 3 weeks

0 < x ≤ 0.0100 57
0.0100 < x ≤ 0.0200 8
0.0200 < x ≤ 0.0300 4
0.0300 < x ≤ 0.0400 7
0.0400 < x ≤ 0.0500 6

that silica polymers were indeed growing on cube surfaces
and bridging between cracks (Fig. 6).

In the experiment where cubes were aged in 400 ppm
solution under compression for 3 weeks, the total maxi-
mum intergranular tensile force recorded was 0.6679 mN,
which is nearly 30% less than at 500 ppm. Nevertheless,
SEM images of cube surfaces taken after pulling (Figs. 10
and 11) show also at 400 ppm amassive gel growth on sur-
faces near the contact region, connecting debris with the
main cube body.

In 300 ppm solution, after 3weeks aging, themaximum
tensile force was 0.6423 mN, slightly smaller than those
in 400 ppm solution, but visibly smaller than in higher,
i.e. 500 ppm silica ion concentration solutions. SEM im-
ages of silica cubes in 300 ppm solution were taken after
3-week aging (Figs. 15 and 16) and show that the bound-
aries of cracked patterns on silica cube surfaces matched
the boundaries of thicker gel structures growing on the
same surface. It suggests that the cracked patterns on silica
cubes are silica gel residue after drying in the SEM cham-
ber. The image also suggests that at 300pm the region of
bonding was smaller than in 400- and 500-ppm. The ten-
sile force measured in the 300 ppm experiment reached a
peak at 134 µm of separation and started decreasing after
that (Fig. 13). That type of softening of the polymerwas not
seen in other tests at different silica concentrations.

In the experiment where cubes were aged under com-
pression for 3 weeks in 200 ppm solution, net intergranu-
lar tensile force was 0.5953 mN, again less than that at all
higher concentrations. Interestingly, the cut-off distance
between cubeswhen no further change in apparentweight
can be observed was 250 µm, longer than those in 300-
and 400-ppm solutions. Cut-off distance is defined as the
separation distance between cubes beyond which no fur-
ther change in apparent weight was observed on the scale.
It is an indication of maximum force that the polymer may
sustain. Unfortunately, the forcewas notmeasured beyond
the separation of 300 µm.

Based on the experiments, it can be concluded that as
concentration of silica ions in solution increased, so did
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Fig. 22. Net intergranular tensile forcemeasured in cube indenter-puller
experiments at different Si ion concentrations.

Fig. 23. Total intergranular tensile force measured between grains in
pulling experiments at different Si ion concentrations.

Fig. 24. Cut-off separation in pulling experiments after aging in solutions
containing various Si ion concentrations.

maximum intergranular tensile force in the silica gel on
cubes during the separation increase, as shown in Fig. 22.
This is most likely because less silica gel was formed at
lower concentration around contact region between silica
cubes.We can establish that the intergranular tensile force
that silica gel can exert on grains in a solution with slightly
over-saturated silica ions is in the order of 1 mN.

The maximum total intergranular tensile force ex-
pected to be generated by completely submerged poly-
mer network, that is without capillary contribution is
calculated by combining net intergranular tensile force and
change in (attractive) capillary force. The results are shown
in Fig. 23.

5.2. Silica polymer network size

The cut-off separation, at which the total intergranular
force becomes zero represents in a sense the maximum
length to which a polymer network may be extended
between the grains. As seen in the SEM images collected
after the network failure, the polymer is still attached to
Fig. 25. Distribution of force difference data points in pulling experi-
ments after aging for 3 weeks in different Si ion concentration solutions.

the grain surface. This confirms our hypothesis that failure
of the polymer network takes place by a breakage of the
individual links, rather than via detachment from the grain
substrate. A summary of cut-off separation vs silica ion
concentration is shown in Fig. 24. Apart from 200 ppm
solution, there is a consistent trend that higher silica ion
concentration in solution yielded the polymer networks
that could be extended themost. Themaximum separation
to which the polymer could be extended is 0.4 mm. The
result at 200 ppm has been confirmed in a few repeated
tests. At this time we do not offer any hypothesis we could
confirm based on an independent test.

An additional information about the evolution of the
silica polymer during pulling experiments is obtained from
the distribution of the number of force difference amounts
belonging to a given range of force drops presented in
a semi-log scale shown in Fig. 25. It is worth to remind
that measurement points are taken every second. Each
point with positive magnitude is believed to represent the
strength of an individual silica polymer link that has been
stretched and broken during pulling. Points with negative
magnitudesmeant no polymer was being stretched during
that second.

At lower concentrations, all data points with positive
magnitudes were less than 0.02 mN, whereas at higher
concentrations a small number of points with large mag-
nitudes have been detected. This observation suggests that
a small number of robust polymer links was growing at
contact regions only in high silica ion concentration solu-
tions. At lower concentrations, a gel network of uniformly
low strength linkswould growbetween grains. That clearly
refers to polymers developed within 3–4 weeks.

5.3. Error analysis

In control experiments, standard deviation of the
capillary force effect plus the local asperities interlocking
effect was 0.00705 mN. Data obtained in the control
experiments with no stress applied in wet conditions were
used to estimate the water capillary effect and machine
errors on the forcemeasurement. Standard deviation of the
mean capillary effect was 0.00498mN. Using the data from
all three experiments conducted in 500 ppm solutions, the
standard deviation of the net intergranular tensile force
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Fig. 26. Water capillary bridge between two silica grains during control
pulling experiment.

is calculated as 0.2042 mN, hence about two orders of
magnitude larger.

The capillary force can be calculated by measuring the
radii of curvature of the gorge forming between the two
grains at the equator plane and the external meridian
curvature using the Laplace equation,

1p = γ


1
rg

+
1
rext


(5)

whereas

FC = 1p · πr 2
g +2rgπ · γ (6)

where ∆p is Laplace pressure, γ = 0.0496 N/m is the
experimentally measured surface tension of water, rg is
the radius of curvature of the gorge at the equator plane,
rext is the radius of external meridian curvature, and Fc
is capillary force.27 Radius of curvature can be estimated
by measuring the radius of the best-fit-circle on the water
capillary bridge (Fig. 26).

To assess the effect of changing capillary force on inter-
granular bonding force of silica polymers, capillary force at
the start of the partial-separation phase is calculated. Sub-
sequently, at the cut-off distance, corresponding capillary
force is calculated again based on images similar to those
shown in Fig. 26. It is found that the change in capillary
force,∆ Fc is 0.34mN, which is approximately 15% smaller
than the capillary force measured experimentally. The dis-
crepancy is expected because the formulae assumed an
axisymmetric configuration whereas in this experiment,
width of capillary bridge along the grains’ contact edges is
longer.

6. Conclusions

Following our previous experiments21 that show silica
polymers of a consistent strength growing in an intergran-
ular space submerged in water, in this paper we havemea-
sured the strength of such inter-particle bonds. Several sets
of experiments were run with a different pre-test aging,
which is simply an immersion in water with a prescribed
concentration of silicic acid under a constant applied ex-
ternal load. The concentration varied between 200- and
500-ppm. 120 ppm is a concentration closest to that of
silica found in natural water. Higher concentrations were
investigated as well, as locally silica concentration may
reach very high values, depending on micro-scale flow-
connectivity, or lack of it. High initial concentration is also
useful in order to accelerate the kinetics of the precipita-
tion process without qualitatively affecting silica precipi-
tation and polymerization, which would occur eventually
at local asperities naturally at lower silica ion concentra-
tions but over much longer time scales.

We conclude that tensile strength of the precipitated
and polymerized silica between two amorphous silica
grains reaches significant values within relatively short
periods of time. These values for 200 and 500-ppm of
silica, reach the amount of 1–1.5 mN. Such values are two
to three times higher than capillary forces arising in the
same system. The latter observation informs us that silica
polymers generated (or enhanced) in the process of an
intergranular damage may play a significant role in time-
dependent enhancement of the material compressibility
and/or strength. Macroscopic compressibility is known to
be dependent on local intergranular tensile and rotational
strength Oda and Iwashita40. Thus we may assert that the
early hypothesis of Denisov and Restov15 and Chadwick
et al. (1987), see also,39 about silica polymer formation at
grain contact being a leadingmechanism of early aging has
been experimentally confirmed for the first time.

Good understanding of the evolution of compressibil-
ity is of paramount importance in assessing sediment
subsidence and reservoir compaction in petroleum engi-
neering, as it has been a subject of controversies anddebate
for some time, see.19,6,5,43 This finding is also relevant to the
question of short-term aging of soils for geotechnical use,
and a proper conduction of oedometer compression tests
to better represent soil compressibility in situ.24

There is a host of new questions raised by the presented
work. The first among them is, whether the observed inter-
granular silica polymer bonding spontaneously building at
the intergranular damage site, is sufficient to account for
the time dependent strengthening of sediments observed
by Hueckel et al.24,26 The current answer is yes, the mea-
sured forces are 2–3 times higher than capillary force, clas-
sically believed to be responsible for the apparent cohesion
increase upon desaturation. Another question refers to fur-
ther evolution of the polymer bridges and their strength,
their possible solidification and possible interactions with
other processes. It is clearly realized that in natural sys-
tems, there is more than one mechanism that may con-
tribute to the time dependent strengthening of sediments.
The others are: capillary forces,38 calcite precipitation,12
andporosity reduction (see e.g.25) and precipitation of salts
during drying.14
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