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Samples of clean, fine sand saturated with a sodium silicate grout (mix 
sample No. 7) were prepared and cured in a moist room for 35 days. 
Four types of tests were performed on identical samples to investigate 
their elastic and viscoelastic behavior. Results indicate that the isotropic, 
linear-elastic constitutive law provides a reasonable approximation for 
characterizing the chemically stabilized fine sand under moving load. 
Furthermore, for applied vertical stress levels of less than 50 percent, the 
mixture may be treated as a linear-viscoelastic medium for computing 
time-dependent deformation under sustained loading. 

Although chemical grouting has traditionally been used 
to form cutoff barriers for seepage control, injected 
chemical grout in many instances solidifies within the 
soil matrix to form a treated soil mass considerably 
different from its original material. Warner (12) con
cluded that a significant increase in strength can be 
achieved if desirable chemical grouts are used. These 
grouts should generally provide rigid gels and longer 
gel time. Inasmuch as construction activities in the 
Arctic and subarctic region have increased in recent 
years, more attention has been directed toward frost 
heave and spring thaw of soil masses, which can detri
mentally affect engineering structures such as highway 
subgrade, earth embankment, and supporting pedestal 
of pipelines. The use of chemical grouts to fill the soil 
voids, thus preventing moisture migration and formation 
of ice lenses in the soil mass, is considered a possible 
solution to these problems (1, 11). 

The introduction of chemfoaf" grouts into a soil matl'ix 
by either injection or mixing affects the mechanical be
havior of the soil. It is therefore important that the 
load-deformation characteristics of the chemically sta
bilized soil be properly determined for the design and 
construction of any structures founded on chemically 
stabilized soil masses. 

This paper presents the results of a preliminary 
study of the elastic and viscoelastic behavior of a chem
ically stabilized sand tested under controlled laboratory 
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conditions. A limited number of important parameters 
were considered and the results should be applicable only 
to the conditions described in the tests. However, ac
cumulated information of this type will provide needed 
knowledge for proper design of foundations on chemically 
stabilized soils in many parts of the world. 

NOTATION 

The following symbols are used in this paper: 

D = damping ratio, 
E = elastic modulus, 
G = shear modulus, 

G* = complex modulus = To/ yo, 
G1 = storage modulus = G* cos o, 
G2 = loss modulus = G* sin Ii, 
e0 = initial void ratio, 
f = frequency of oscillation, 

a,,, craa, a00 = axial, radial, and tangential stresses, 
cr4 = deviator stress, 

(zz, f:aa, f: 60 = axial, radial, and tangential strains, 
¢ 4 = friction angle from drained test results, 
O = phase angle, 

v, v(t) = Poisson's ratio, 
To= maximum shear stress amplitude, 

Yo = maximum shear strain amplitude, 
1/Jc(t) = creep compliance in shear, and 

l/lr. z(t) = modular creep compliance. 

LABORATORY TESTING PROGRAM 

Material 

The soil used was a uniform fine sand with subrounded 
particles. The sand was washed through a No. 30 sieve 
to produce a grain size distribution with a median grain 
size of 0.49 mm and a uniformity coefficient of 1.4. The 
specific gravity of the sand particles was 2.64. The 
maximum and minimum void ratios of this sand, in 
a dry state, were approximately 1.23 and 0.59 respec
tively (2)_ 

A soaium silicate grout (SIROC) was chosen as the 
chemical grout. SIROC is a three-component system; 
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its base chemical is a modified sodium silicate that 
mixes with the reactant and catalyst solution known as 
SIROC No. 2 and No. 3 respectively. The manufactur
er' s formulation directions (8, 9) indicate 18 different 
suggested mixes of the three soiutions for obtaining dif
ferent grout properties and gel times. SIROC mix sam
ple No. 7 was chosen for this study. The proportions 
in percentage by volume of the three SIROC components 
and water were as follows: 

Component 

SIROC No. 1 
SIROC No. 2 

Proportion 

50 
31 

Component 

SIROC No. 3 
Water 

Proportion 

9 
31 

Mix sample No. 7 was mixed at a temperature of 20°C 
and a gel time of 50 min. The SIROC has been shown to 
provide the best overall solidified mass (g_). 

Sample P repar ation 

Two sizes of samples were made. The majority were 
5-cm-diameter by 10-cm-high cylindrical samples; how
ever, some cake-shaped specimens of 8-cm-diameter 
by 3.2-cm-high were prepared for cyclic simple shear 
testinf' The dry density of all the samples was 1.6 
g/cm , corresponding to a relative dens ity of appr ox
imately 90 percent. The sample fabrication followed 
the procedure recommended by Warner (12). It i.nvolved 
pouring a known quantity of dry sand into a waxed card
board mold about one-third full of the fluid grout. The 
sand was slowly poured into the mold, and vibration was 
intermittently applied along the wall of the mold to en
sure a uniform, grout-saturated, densely packed sample . 
Specimens prepared this way have been shown to yield 
unconfined compressive strengths comparable to those 
of core samples obtained from the field (12). 

All samples were cured in a room witltconstant hu
midity (98 percent) and temperahll'e (21°C) . The card
board molds were stripped off after 7 days of curing. 
The total curing period was 35 days. At the end of this 
curing period, samples were well solidified and ready 
for testing. 

Types of Tests Performed 

The elastic and viscoelastic behavior of the solidified 
samples was studied by conducting four laboratory 
tests: repeated uni axial compression test, resonant 
column test, uniaxial creep test, and cyclic simple shear 
test. Table 1 gives information pertinent to the various 
tests . All tests were performed in a room with a con
stant temperature of 21°C. A more detailed discussion 
of the tests and their results follows. 

TEST RESULTS 

Repeated Compression Test 

The conventional repeated triaxial compression test ap
par atus (6) was used to determine both the a.xi.al and tan
gential eiastic (1·esilient) deformation of a specimen (5 
cm dia o1eter and lO cm height) . The rate of repeated 
loading was 20 cycles/min with a load-on time of 0. 3 s/ 
cycle. Because the material was very s tiff and rigid 
(Figure 1), bonded strain gauges were used to ensure 
accurate response measurements . The strain gauges 
used fo r the measurement of both axial and tangen
tial str ain were SR-4, type FAE-50-12 SO (2 .5-cm 
active length). Eastman 910 bonding cement was used 
to bond the strain gauges to the solidified specimen. 
Two gauges mounted at midheight were used in each of 

the axial and tangential directions so that average values 
of strain could be measured. Each pair of gauges was 
connected to a set of compensating dummy gauges to form 
a full bridge. The specimen was properly seated by 
gluing the ends to the base and cap with hydrostone paste. 

Preliminary test r esults indicated that, to a stress 
level (applied axial stress / unconfined compress ive 
strength) of approximately 40 percent or 621 kPa, the 
magnitude of elastic deformation appeared to be inde
pendent of the number of load applications (to as many 
as 12 000 load r epetitions>. It was therefore decided 
that multistress level, repeated loading tests could be 
performed on a given specimen. Tests conducted in this 
study had applied stress levels ranging from 104 to 621 
kPa. At each stress level, 1000 load repetitions were 
applied. By averaging three sets of test results, the 
elastic axial and tangential strain values for various re
peated stress levels were recorded. 

Creep Test 

Uni.axial creep tests were performed on cylindrical sam-. 
ples. Both the axial and tangential strains were recorded 
as shown in Figure 2. Again, bonded strain gauges were 
used to measure the change in strains with time under a 
constant load. A total creep time of 1200 s was chosen, 
and constant stress levels of 276, 552, and 828 kPa were 
used. Because the creep stress levels were less than 
50 percent of the static strength of these specimens, no 
creep failure was anticipated. The primary creep be
havior of the chemically solidified soil mass was ade
quately described within the 1200-s testing period. 

Resonant Column Test 

Cylindrical specimens were also used in the resonant 
column tests to determine the shear modulus and damp
ing ratio. A detailed description of the resonant column 
apparatus and testing procedures is given by Hardin (3). 
By applying a forcing torque of given amplitude to the -
vibration end of the specimen about its axis, the reso
nant frequency of the soil column can be established. 
Calculations can then be made to compute, at a given 
shear strain, the shear modulus and damping ratio of 
the solidified soil mass. Resonant frequencies were es
tablished for various forcing torque amplitudes with axial 
loads held at 103.5 and 172.5 kPa respectively. For each 
axial loading condition lateral pressures of O, 138, and 
276 kPa were applied. 

Cyclic Simple Shear Test 

The cake-shaped specimens were used to determine the 
viscoelastic behavior of the chemically stabilized soil 
mass. Tests were performed by using the modified NGI 
simple shear appar ah1s (5). A sinusoidal s hear displace
ment was applied to tile specimen through a motor-d1·iven, 
adjustable, eccentric cam. The sinusoidal shear stress 
was determined by measuring the variation of force 
transmitted to the base plate by the input motion. From 
the s inusoidal force and diSJ)lacement traces of different 
frequencies (0.5 and 1. 5 Hz) and amplitudes (0.01 and 
0.0 5 per cent), t he variation of phase angle (o) was com
puted. All specimens were properly seated and glued to 
the top and base plates with hydrostone paste. However, 
vertical pressures of 69 and 138 kPa were applied to en
sure that no slippage would take place between the spec
imen and the plates. 

ANALYSIS OF THE TEST RESULTS 

Test results obtained from this study were analyzed to 



provide preliminary information concerning the elastic 
and viscoelastic responses of the chemically stabilized 
sand mass. 

Resilient (Elastic) Modulus and 
Poisson's Ratio 

Elastic layered systems of analysis can be used to de
termine stress and deformation of a pavement system 
under moving traffic. Therefore, for the last 2 decades, 

Figure 1. Unconfined stress-strain relationship 
for treated sand. 
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Figure 2. Uniaxial creep test results. 

600 
I I I I I . 500 . -

"' ~ 400 z 
- a,. = 828 kH l m 2 

< ~ 
"' JOO I-~ I- a;, = 552 kHlm2 

~ b 
..J .. 
;. .. 

Cl> .,"' 
" ... -

E z u 

:c E 
"' u t;;., 
..J ~ .. 
c : 

200 ,.. 
a;, = 276 kH / m 2 

100 ,_ 

0 I I I ' I 

0 200 400 600 800 1000 
120 ~-~--~- ~ -

100 

BO 

a,. = 828 kH l .. 2 

a,. =552kH / m2 

60 C--------....:.:..-
a,. = 276 kH/m2 40 

201----------

0 .__ ....... _ _ .._ _ _,_ __ 

0 200 400 600 800 1000 

TIME ( S,..) 

Table 1. Laboratory testing program. 

-
-
-
-

1200 

1200 

43 

the resilient and fatigue properties of pavement compo
nent materials such as asphalt concrete, concrete, com
pacted clay, and stabilized soils have been extensively 
studied. 

For an isotropic, linear-elastic material, only two 
elastic constants are needed to characterize its elastic 
behavior (4, 10); and in the elastic layer system of anal
ysis., Youiii{s modulus (E) a:nd the Poisson' s ratio (v) 
are oft.en used. The uniaxial, r epeated load test results 
were examined and the elastic parameters were computed 
assuming the material behaves as an isotropic, linear
elastic medium. Figure 3 shows the values of E and 11 

with respect to the applied repeated stress level. Al
though it is evident that both E and II vary with the ap
plied stress level, the variations are rather limited con
sidering the wide range of applied stress levels used. 
Therefore, it appears that a linear-elastic constitutive 
law is a valid and adequate represeutation for describing 
the behavior of the chemically stabilized soil under traf
fic loading. 

Shear Modulus and Damping Ratio 

Both the resonant column test and the cyclic shear test 
results were used to compute the variations of shear 
modulus and damping ratio with shear strain. These 
relationships are shown in Figure 4. The shape of these 
curves is similar to that of curves reported by Seed and 
Idriss (7) for untreated soils. The shear modulus and 
damping ratio are strain dependent: The smaller the 
strain is, the higher the modulus is and the lower the 
damping ratio is. Computation of the shear modulus and 
damping ratio values from cyclic simple shear tests was 
based on the linear-viscoelasticity theory of a steady
state sinusoidal response. The elastic shear modulus 
was computed from 

G1 : G* cos {j (I ) 

where the symbols are as defined previously. G1 , the 
storage modulus, is the shear modulus associated with 
storage energy of the system (10). 

Also shown in Figure 4 is the shear modulus computed 
from uniaxi.al repeated loading tests. 

Figure 5 shows the effect of frequency and vertical 
load on the variations of shear modulus and damping ratio 
with shear strain. Their influence is relatively small 
compared with the effect of shear strain. 

Linear Viscoelastic Parameters 

The data obtained from uniaxial cr eep tests wer e us ed to 
compute i/,li( t), l/>£ 1(t), and v(t) under the as sumption that 
the material is linear viscoelastic ( 4). Figures 6, 7, and 
8 show the variations of these parameters with time and 
applied stress levels. For a wide r ange of applied stress 
levels (from 276 to 828 kPa), the variations of linear 

Parameters 
Type of Test Test Conditions Measurements Determined 

Repeated unlaxial a,, = 103.5, 155.3, 207, 310.5, 414, 621 kPa 
compression CJoo = a"" = 0 

Resonant column "" = 0, 138, 276 kPa 
azz = 103.5, 172.5 kPa 
Varying the amplitudes of a forcing torque 

Unlaxial creep azz = 276, 552, 828 kPa 
OtJo = Ou = 0 

Cyclic simple shear "" = 69, 138 kPa 
Frequency= 0.5, 1.5 Hz 
y = 1 - 5 x 10-• cm/cm 

Ezz 
E:oo = E'11111 

Resonant frequencies 

< zz(t) 
<.,(t) 

T(t) 
6 

E, V 

G, D 

1/.,(t), tJ,o(t), 
v(t) 

D, G 
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viscoelastic parameters remain relatively small such 
that average values of these parameters may be approx
imated in linear-viscoelastic formulation. A linea1·
viscoelastic solution may be used to determine the per
manent deformation of a pavement structure containing 
a chemically stabilized soil layer or to estimate the 

Figure 3. Elastic properties under repeated 
loading. 
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time-dependent deformation of a pipeline support founda
tion resting on a chemically treated soil mass. 

SUMMARY AND CONCLUSIONS 

Fine sand saturated with SIROC was studied in the lab
oratory to determine its elastic and viscoelastic behavior 
under different loading conditions. The mechanical be
havior of the chemically stabilized soil is affected by 
curing temperature, moisture condition, and physical en
vi ronment . Therefore, both the elas tic and viscoelastic 
behaviors could differ greatly in different environments . 
Based on this study, the following conclusions may be 
stated. 

1. The mixing of a chemical grout into a fine sand 
drastically changes the hydraulic and mechanical behavior 
of the soil. In fact, it forms a solidified soil mass that 
is much more hydraulically impervious and mechanically 
stronger and s tiffer. 

Figure 6. Creep compliance in shear for uniaxial creep test. 
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Figure 7. Modular creep compliance for uniaxlal creep test. 
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Figure 8. Poisson's ratio for uniaxial creep test. 
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2. The isotropic, linear-elastic constitutive law ap
pea.rs to provide a reasonable approximation for charac
terizing the chemically stabilized fine sand under moving 
load. 

3. The magnitt1de of shear modulus and damping ratio 
m1der dynamic testing is dependent on the shear strain 
applied. The smaller the strain is, the higher the mod
ulus is and the lower the damping ratio is. 

4. For applied vertical stress levels of less than 60 
percent, the chemically stabilized soil may be treated as 
a linear-viscoelastic medium for computing time
dependent deformation under sustained loading. 

ACKNOWLEDGMENTS 

The authors wish to extend their appreciation to D. 
Martinez, who performed the cyclic simple shear tests, 
and to J. Chang, C. Masklee, and F. Lienert, California 
Department of Transportation, for the resonant column 
testing and computer solution. 

REFERENCES 

1. K. Arulanandan, M. J. Fernando, and C. K. Shen. 
Chemical Stabilization and Electro-Osmotic Feasi
bility Study on Arizona Sub-Base Material. Univ. 
of California, Davis, Sept. 1974. 

2. R. L. Bajuniemi. Negative Skin Friction on Piles. 
Univ. of California, Davis, MS thesis, 1971. 

3. B. O. Hardin. Suggested Methods of Test for 
Shear Modulus and Damping of Soils by the Resonant 
Column. ASTM, Special Technical Publ. 479, 1970. 

4. K. Nair, W. S. Smith, and C. Y. Chang. Charac
teri.zation of Asphalt Concrete and Cement- 'fl:eated 
Granular Base Course. Materials Research and 
Development, Inc.; Feb. 1972. 

6. K. Sadigh. Characterization of Soft Saturated 
Clays for Dynamic Analysis. Univ. of Oilifornia, 
Davis, PhD dissertation, 1972. 

6. H. B. Seed and J. W. N. Fead. Apparatus for Re
peated Load Tests on Soils. ASTM, Special Tech
nical Publ. 254, 1959. 

7. H. B. Seed and I. M. Idriss. Soil Moduli and 
Damping Factors for Dynamic Response Analyses. 
Univ. of California, Berkeley, Rept. EERC 70-10, 
Dec. 1970. 

8. SffiOC 132 Chemical Grout Laboratory Sample. 
smoc Depru·tment, Raymond Concrete Pile Di
vision, Raymond International, Inc., New York. 

9. smoc Soil Stabilizer. Raymond International, Inc., 
New York. 

10. C. Truesdell. The Elements of Continum Mechan
ics. Springer-Verlag, Inc., New York, 1966. 

11. Engineering Chemicals-The Use of Engineering 
Chemicals in Arctic and Sub-Arctic Conditions. 
Univ. of Alaska, College, May 1974. 

12. J. Warner. Strength Properties of Chemically 
Solidified Soils. Soil Mechanics Division, Proc., 
ASCE, Vol. 98, No. SMll, Nov. 1972. 

45 




