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Effect of stabilization with colloidal silica on the
mechanical behavior of saturated fine sands
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EXTENDED SUMMARY

In this Diploma Thesis the effect of passive stabilization ofcmresive soils on their

subsequent behavior is examh using a stabilizing colloidal substandéhis is an
alternative method for neimvasive and nodwlisruptive mitigation of liquefaction risk, at
developed sites susceptible to liquefaction. Colloidal silica is a potential stabilizer because
it can be injeted underneath existing structures and be delivitredigh the liquefiable

soil mass using the natural or enhanced groundwater flow. Furthermore, colloidal silica
grout has a low viscosity and a wide range of controllable gel times. In this Diploma
Thess, in order to investigate the effect of colloidal silica on the response afa@sive

soils, oedometer and direct shear tests were performed on treated and untreated M31,
Longstone and Fontainebleau sands. The main goals of the project are to itevéiséiga
influence of stabilization with colloidal silica grout on the mechanical behavior of
saturated fine sands, and to assess how the grain shape and angularity affects their

response.

The colloidal silica used in this project, under the commercial LidoXSM br an d, i
water dispersion (aquasol) of discrete, compact (not porous), spherical particles of
amorphous silica, with dimensions at the lower end of the colloidal scale. The particles can
develop, under certain conditions, very strong adhesive @mesive bonds. The diameter
of the solid colloidal spheres is 7 nm and their specific surface is equal to?34p Trhe
LudoxE SM sol has a concerdual t30% wt. andfis s i | i
stabilized at alkaline pH=10. The stabilizing agefnthe sol is sodium oxide Na. The
term fAstabilized soil 0 means that the soi!
chemical reaction of bond formation is called condensation, according to which two
surface silanol groups iSDH of two different parcles are connected to form a siloxane
bond Si Oi Si and a water molecule,8. The condensation reaction, as the term actually
indicates, leads to contraction of the solid silica phase and expulsion of the liquid phase.
The factors that affect the condetga rate are very important, as the silica sol is expected
to be injected into the soil mass, as long as the viscosity is low (lower thah3d°).

After the short period injection time the sol is expected to quickly transform into a gel,
before it isleached away from the target region. The higher the temperature and the
concentration of silica and salt, the faster the rate of formation of siloxane bonds is. The
role of pH is more complicated and its influence is not monotonic and at intermediate
values of pH (5<pH<7) the gel time is expected to be minimum. The viscous sol

\Y



progressively turns into an elastic gel. The saturated gel is-phage material made of a
solid silica skeleton which encloses the liquid phase. The stabilized granular soipdevelo
some kind of cohesion after the gel formation inside the soil pores. The colloidal silica is
channeled evenly in the soil and covers the whole surface of the grains offering them its

beneficial properties.

As part of this thesis, a series of oedometsts were conducted on natural and
stabilized M31, Longstone and Fontainebleau saft® stabilized specimens were
produced by pluviation of dry soil material into the oedometer ring filled with silica sol
and were tested under high pressures (up tooappately 14MPa). The treated M31 sand
showed increased compressibility in comparison with the untreated. Similar results were
noticed when testing Fontainebleau sand. On the contrary, stabilizing the angular
Longstone sand did not affect the settlemerihefmaterial, leading to the conclusion, that
the grain shape plays an important role on the compressibility of a treated specimen.

Typical test results are shown in Figure 1.
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Figure3. Oedometer test results for treateeti(curves) and untreated (blue curves) specimens of
(a) M31 sand, (b) Longstorsand and (c) Fontainebleau sand
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A series of direct shear tests on natural and stabilized M31 and Longstone sand were,
also, conducted in our laboratory, as part of this disgen. The preparation method of
the treated specimens was similar to this used in the oedometer tests. In the shear box
strain rates of 0.005 mm/min and 0.5 mm/min were applied on the treated and the
untreated specimens, respectively. The results goitdd as stress ratidig against
horizontal displacement and vertical displacement agamr&ontal displacement curves.
The main difference between the response of the treated and untreated sand specimen is
that the former one shows higher peakrgith, dilatancy rate and final dilation than the
latter. The mechanical behavior of the treateddsdapends on the stress lewbk increase
of which results in lower peak strength and dilation of the maté&iiiadlly, it was noticed
that the grain sha&pdoes not affect the response of the treated sand, except during the

critical state. Typical test results are illustrated in Figure 2.

1 02

08

061 4

=]
[
|

'
1/,

Treated M31 sand
—&— o'y =125kPa e=0.639
—— ¢,y =555kPa e=0.632
Untreated M31 sand
—4— d'; =125 kPa e=10.641

- Treated M31 sand

—&— 6’y =125KkPa e=0.639

" —@— ¢, =353kPa e=0,632
Untreated M31 sand

04

S
=

Vertical displacement (mm)

0.2 06— 4 o, -125kPa e= 0641
—%— o',y =355 kPa e=10.656 Y o'y =555 KPa e = 0,636
—— ﬁl\u= 125 kPa e=0.550 B - = a'y=125kPa ¢=0.550
0 I 1 l 1 I 1 l 1 I 1 0.8 1 l 1 I 1 I L l 1 I 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Horizontal displacement (mm) Horizontal displacement (mm)

Figure 2. Stress ratidi§ againstorizontal displacement curves (left) and vertical displacement
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Wykeham Farrance Model: 24255
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d=70 mm 24.522 kPa 25.032 kPa 28.142 kPa
d= 75 mm 21.361 kPa 21.806 kPa 24.515 kPa
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Untreated Longstone sand
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Treated Longstone Sand
—B— o'y =340 kPa e = 0.654
—&A— ¢'yp =340 kPa e =0.763
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Vertical displacement (mm)
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ZFUsscUaU meoospawnUgdioddigdUaUd
UglooayY UBotMBlsU Yeeag

y3eeU|¢elUy) acs o D, (%) & Go(® | Gu(®) | G(kPa) | Gyp(kPa) | Ui(kPa) | Gy, (kPa)
A-DS-1251 12/11/2016 125 kPa | 59,88% | 0,641 | 33,61 | 3157 86,00 129,38 83,68 136,18
A-DS-1252 12/11/2016 125 kPa | 86,73% | 0,55 37,44 | 31,96 97,98 127,97 85,44 136,97
A-DS-1253 12/11/2016 125 kPa | 43,66 % | 0,696 | 30,42 | 29,48 76,18 129,74 75,62 133,79
A-DS-1254 12/11/2016 125kPa | 91,15% | 0,535 | 37,17 | 32,60 97,47 128,56 85,57 133,79
A-DS-1255 9/11/2016 125 kPa 76,70% | 0,584 | 38,89 | 31,34 103,68 128,56 87,69 144,00
A-DS-196-1 14/11/2016 196 kPa | 56,05% | 0,654 | 32,96 | 30,90 132,29 204,03 131,80 220,19
A-DS-232-1 12/11/2016 232 kPa | 56,93% | 0,651 | 32,66 | 30,50 155,77 243,02 151,09 256,53
A-DS-232-2 12/11/2016 232 kPa | 53,98% | 0,661 | 31,45 | 30,88 148,92 243,48 153,40 256,53
A-DS-232-3 12/11/2016 232 kPa | 93,22% | 0,528 | 36,85 | 32,10 179,13 239,05 166,69 265,71
A-DS-232-6 14/11/2016 232 kPa 64,31 % | 0,626 | 36,09 | 30,49 176,11 24157 155,62 264,25
A-DS-340-1 14/11/2016 340 kPa | 54,87 % | 0,658 | 33,01 | 30,01 231,07 355,64 223,22 386,51
A-DS-5552 15/11/2016 555 kPa | 55,46 % | 0,656 | 32,19 | 30,57 365,88 581,17 372,81 631,04
A-DS-5553 22/7/2016 b55kPa | 8555% | 0,554 | 36,56 | 29,67 425,31 573,4 355,90 624,79
A-DS-10561 15/7/2016 1056 kPa | 78,76 % | 0,577 | 32,83 | 30,83 717,10 1111,28 710,05 1189,70
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ZFUsscUaU meoospawnUgdioddigdUaUd
ZOUd U ¢ 8o a anesciB3l

y3eeU|¢gelU)ae o D (%) & Gp(®) | Gu(®) | G(kPa) | Gyp(kPa) | G,(kPa) | G, (kPa)
SA-DS-532 2/12/2016 53 kPa 55,75% | 0,655 | 39,89 | 30,33 46,94 56,16 36,34 62,11
SA-DS1251 16/11/2016 | 125kPa | 60,47 % | 0,639 | 41,25 | 31,39 114,14 130,16 87,89 144,03
SA-DS196-1 22/10/2016 | 196 kPa | 61,06 % | 0,637 | 40,61 | 30,71 177,43 206,96 133,46 224,70
SA-DS-2321 16/92016 232 kPa | 58,11% | 0,647 | 39,50 | 30,13 199,11 241,51 150,85 259,92
SA-DS-232-2 6/10/2016 232 kPa | 68,44% | 0,612 | 41,49 | 30,18 211,51 239,13 152,98 263,03
SA-DS-232-3 20/11/2016 | 232kPa | 72,86 % | 0,597 | 40,50 | 30,57 205,05 240,08 158,18 267,79
SA-DS-2681 19/10/2016 268 kPa | 59,29% | 0,643 | 38,28 | 30,64 219,97 278,75 177,57 299,71
SA-DS-340-1 23/9/2016 340 kPa | 58,41% | 0,646 | 37,60 | 29,85 273,43 355,08 217,50 379,07
SA-DS-3402 10/10/2016 | 340 kPa | 48,08% | 0,681 | 36,02 | 30,09 256,88 353,25 220,15 379,92
SA-DS-340-3 25212017 340 kPa | 64,01% | 0,627 | 37,01 | 30,65 268,68 356,40 229,07 386,58
SA-DS5551 5/7/2016 555 kPa | 62,54% | 0,632 | 34,91 | 29,83 405,51 581,03 356,34 621,50
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EUecsecUaU

pe 9 seaBUgdiod g dUa Ud

Gtgloa¥Y UsotagstdneYe eag

ysecU| geljac] tw | DO | & | 60O | 6.0 | G&Pa) | dpkPa) | GkPa) | &u(kPa)
LS-DS2321 | 12/12/2016 | 232kPa| 61,68% | 0,76 | 30,72 | 30,23 | 150,12 | 252,59 | 154,00 | 264,25
LS-DS3401 | 10/1/2017 | 340kPa| 56,43% | 0,78 | 30,81 | 30,43 | 219,76 | 368,48 | 22594 | 384,70
LS-DS3402 | 24/1/2017 | 340KkPa | 53,02% | 0,793 | 31,54 | 30,94 | 22421 | 36533 | 231,97 | 386,90
LS-DS3403 | 24/1/2017 | 340kPa| 76,64% | 0,703 | 31,85 | 30,60 | 22043 | 354,82 | 227,06 | 383,90
LS-DS3404 | 2/312017 | 340kPa| 82.41% | 0,681 | 31,55 | 30,53 | 222,80 | 362,85 | 228,00 | 386,66
LS-DS5551 | 12/12/2016 | 555kPa| 58,79% | 0,771 | 30,53 | 30,28 | 351,36 | 5958 | 368,50 | 631,04
LS-DS5553 | 23/1/2017 | 555kPa| 53,81% | 0,79 | 30,68 | 30,32 | 351,54 | 592,41 | 370,91 | 634,34
LS-DS5554 | 23/1/2017 | 555kPa | 5538% | 0,784 | 30,72 | 30,46 | 359,39 | 604,72 | 37302 | 634,34
LS-DS5555 | 23/1/2017 | 555kPa| 67,72% | 0,737 | 30,57 | 2959 | 34371 | 581,87 | 35598 | 626,77
(oo | /312017 | 555KkPa| 50.39% | 0803 | 30,66 | 2071 | 35122 | 59241 | 36202 | 63436

ZFUOUdU); e e8odeys3 Wongskomeae s U Yeeag

y3aeaeU | ¢eUyaee Uy D, (%) & Go(® | Gu(®) | G(kPa) | Gyp(kPa) | Ui(kPa) | Gy, (kPa)
SLSDS3401 | 14/12/2016 | 340kPa| 60,37 % | 0,765 | 3590 | 32,56 | 26573 | 367,02 | 24916 | 390,23
SLSDS3402 9/1/2017 | 340kPa| 89,50 % | 0,654 | 36,51 | 31,96 | 271,64 | 367,02 | 241,97 | 387,83
?\/L;Dm?n ?:]%3)’ 22/2/2017 | 340kPa| 68,24% | 0735 | 37,76 | 32,10 | 277,74 | 358559 | 241,08 | 384,36
SLSDS3404 | 28/2/2017 | 340kPa | 60,89% | 0,763 | 34,76 | 32,01 | 253,96 | 36596 | 24530 | 392,37
SLSDS4111 | 23/1/2017 | 411kPa| 71,92% | 0,721 | 34,70 | 31,92 | 298,80 | 431,55 | 29433 | 472,47
SLSDS5551 | 12/12/2016 | 555kPa | 61,68 % | 0,76 | 34,64 | 32,11 | 40689 | 58891 | 396,87 | 63251
SLS(Df 35f* 2f] | 8202017 | 555kPa| 50,13% | 0804 | 39,30 | 3198 | 48861 | 596,07 | 39215 | 62797
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