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ABSTRACT: This paper examines the behavior of untreated and treated soil with cement and lime, as
well as the relationship between the design parameters of the base layer such as uniaxial compressive
strength (UCS), CBR with resilient modulus. The specimen selection for the triaxial test was based on
the results of UCS, indirect tensile strength (INTS), wetting-drying, and freezing-thawing cycles tests.
In general, the addition of lime along with cement causes the tensile strength to be halved compared to
the addition of cement alone, but it eliminates the volume reduction problems caused by modification

with cement. Also, a large-scale dynamic triaxial test was performed on the untreated base and C7L2  Keywords:

specimens. In all confining pressures, the values of elasticity modulus and damping ratio of C7L2 are ..
higher and lower, respectively, compared to the untreated soil. The data points of the ratio of modulus

of the elasticity-axial strain of specimen C7L2 are above the corresponding curves for sand and even C.emem
higher than the rock ones, and its damping ratio data points are above the corresponding curve for lime

rock specimens. The average values of the modulus of elasticity increase with the increase of confining ~ resilient modulus

pressure and initial axial stress. Increasing the loading frequency increases the Yang modulus, shear  shear modulus

modulus, and damping ratio, but decreases the induced shear strain on the specimen.

1- Introduction

According to the current code of practice, soil stabilization
with lime or cement alone is questionable for soil with a fine
grain percentage of less than 25% and PI1> 10, and treating with
both materials simultaneously is recommended in different
layers of the pavement, especially the base materials [1].
One of the main features of in-situ chemical stabilization and
modification of soil, whether as a base, sub-base, or modified
subgrade, is to improve its engineering characteristics to meet
minimum design and operation requirements and reduce
costs [2]. The most widely used chemicals for traditional
stabilization are lime and cement [3]. The mechanism of
chemical stabilization mainly depends on the type of soil, the
type of additive, the mixing method, and even the purpose of
stabilization [4]. In general, although the addition of cement
increases the strength and resilient modulus, but it reduces the
ductility with higher shrinkage percentages and the specimen
reaches its maximum strength at lower strains [5].

2- Methodology

Soil stabilization tests with cement-lime and Nicoflock
admixture include determination of soil-lime proportion
requirements (ASTM D6276), dry-wet durability (ASTM
D559), freezing-thawing evaluation (ASTM DS560), the
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California bearing ratio-CBR (ASTM D1883), the uniaxial
compressive strength,UCS (ASTM D1633/D5102) and
indirect (Splitting) tensile strength, INTS (ASTM C496).
Three curing conditions including normal, thaw-freeze,
and wet-dry were employed. Dynamic tests include triaxial
tests to determine shear modulus and damping ratio (ASTM
D3999) and resilient modulus (AASHTO T307) as well as the
determination of permanent settlement. The soil used in these
experiments has with maximum grain size is about 25 mm
and fine grain of 23 percent. The average liquid limit, plastic
limit, and plasticity index of natural soil are 23%, 11%,
and 12, respectively, and its G_ is 2.65. The soil is GM-SM
according to the unified classification system and according
to ASSHTO is classified as A-2. A soundness of aggregates
test (ASTM C88/C88M-18) was performed and the weight
loss of the treated soil specimen was 11% (1% for the coarse
grain part with the size of 4.75-25 mm and 10% for the fine
grain part with the grain size of 0.3-9.5 mm) was acquired.
All the specimens were compacted with a dry density of 22
kN/m? (ASTM D1557), initial moisture content of 8%, and
6% in 3 layers with the same thickness. The specimens were
cured for 3, 7, 28, 56 and 90 days in the humidity room, and
then they were tested.
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Fig. 1. Results of uniaxial compressive strength

Table 1.Results of resilient modulus and shear modulus, damping ratio and shear strain according to AASHTO T307
and isotropic stress state and untreated (UTS) and treated (TS) soils for the base and sub-base of the road and runway

Frequency M; (kPa) G (kPa) D (%) Shear Strain (%)

(Hz) UTS TS UTS TS UTS TS UTS TS
Tomonic Confini 10 219.1 867.4 87.0 3772 19.7 132 0.0114 0.0037
;;Sr:":: ( A;’“ nmg 5 159.2 760.7 64.7 330.7 133 6.6 0.0250 0.0056
v 2 147.8 750.3 59.9 3262 7.0 22 0.0276 0.0056
10 3013 944.6 120.4 4107 19.7 14.6 0.0121 0.0049
g;smo 307 5 2284 885.0 90.6 384.8 12.5 7.4 0.0217 0.0067
2 203.1 871.4 80.6 378.9 6.3 2.1 0.0286 0.0074
. 10 519.8 1489.4 194.5 647.6 185 14.7 0.0133 0.0052
%‘;‘:i‘é‘)‘ AASHTO 5 393.8 1411.4 164.4 613.6 122 8.9 0.0313 0.0130
2 324.9 1286.7 135.7 559.4 72 3.1 0.0622 0.0277

3- Results and Discussion

Figure 1 presents the results of uniaxial compressive
strength (UCS) of tested materials. According to the design
requirements for the road and runway base, C7L2 specimen
(containing 7% cement and 2% lime) has the best performance
in terms of UCS. Moreover, UCS value for CN7L2, specimen
containing the Nicoflock [6] as well is almost constant after
7 days of

curing. The UCS of C7L2 and C7L3 specimens in the un-
brushed freezing-thawing test are half of those of the brushed
one. The secant modulus of C7L2 specimen with increasing
curing time is higher than for the curing times of 56 and 90
days. The secant modulus of C7L0 specimen is increased
up to a curing time of 28 days of and then almost constant.
The addition of Nicoflock for the CN7L2 specimen causes a
decrease in the values of the secant modulus over time. The
increase of moisture from 6% to 8% in the melting-freezing
test causes a slight decrease in uniaxial compressive strength
and secant modulus. The uniaxial compressive strength of
specimens in the wet-dry test is higher than the values such
as freezing-thawing and increases with increasing moisture
content during the construction stage. Based on the results
of freezing-thawing and wet-dry conditions, specimen C7L2
is more suitable for the base layer in hot-dry conditions. The
tensile strength of CN7L2 specimen is lower than C7L2 and
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both of them are lower than C7L0 values.

The CBR values of the dry C7L2 specimen are about
5 times the values of the untreated dry specimen, which is
higher than the minimum values required for the road base
and sub-base with values of 80 and 25, respectively.

The weight loss of the specimen after treated specimen
with cement-lime in freezing-thawing and wet-dry tests was
10.85 and 8.5%, respectively, which is less than the allowed
value of 14%.

The highest percentage of volume change of freezing-
thawing and wet-dry tests for brushed specimen CN7L2 and
8% moisture is 1.89% and 1.457%, respectively, which is less
than the allowed values of 2%. The percentage of volume
changes of the specimen treated with cement only in the
freezing-thawing test for moisture percentage between 6 and
8% is -2 and -4.1%, respectively.

Table 1 shows the results of resilient modulus and
shear modulus, damping ratio, and shear strain according
to AASHTO T307 under isotropic stress state for untreated
(UTS) and treated (TS) soils for the base and sub-base of the
road and runway. The average values of maximum elasticity
modulus under the frequency of 10 Hz, 5 Hz, and 2 Hz for
treated and untreated dry soil are 1018.6, 964.3, 961.1, and
404.7, 351.1 and 324.7 MPa, respectively. Therefore, soil
modification for frequencies of 10 Hz, 5 Hz, and 2 Hz causes
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an increase of 2.5, 2.75, and 3 times the average maximum
modulus of elasticity compared to untreated soil. The
maximum damping ratio for the frequency of Hz 2, Hz 5,
and Hz 10 for the treated specimen is 4%, 11%, and 17%
respectively, and for the untreated specimen is 10%, 15%,
and 22% respectively.

The results show that untreated materials are more
dependent on anisotropicity than treated materials. With
the increase of anisotropicity, for the treated specimen, the
effect of other factors on the damping ratio is insignificant
compared to the frequency, while for the untreated specimen,
the effect of other factors on the damping ratio compared
to the frequency is slightly higher than the other treated
specimen before cracking.

The average values of the resilient modulus for all test
conditions in the treated state are more than 3.5 times the
same values in the untreated state (328.5 MPa compared to
1148.1 MPa). The ratio of similar values for shear modulus
values is about 3.8 times. The ratio of average damping ratio
and shear strain of untreated to treated specimens are equal
to 1.5 and 2.6.

The post-cyclic monotonic strength of specimen C7L2
is equal to 5.8 MPa for 15 days of curing time, which is
comparable to the UCS values of wet-drying and freezing-
thawing, and also untreated natural soil with the values of
7.18 MPa, 3.37 MPa, 5.3 MPa respectively for 28-day curing.

The secant modulus of the C7L2 specimen obtained from
the UCS test is approximately one-fourth to one-fifth of the
values of the post cyclic monotonic test under the confining
pressure of 34.5 kPa.

4- Conclusion

In this research, a soil specimen with a fine percentage
of 23% and PI of more than 12%, which is not suitable for
use as a base for roads and runways in unmodified form,
was subjected to various tests in treated and untreated form.
The results show that soil modification by combining an
optimal percentage of cement and lime under suitable curing
conditions improves soil behavior in cyclic loadings. Also,

the increase in the loading frequency causes an increase in
the resilient modulus, shear modulus, and damping ratio, and
a decrease in the applied shear strain on the specimen. The
resilient modulus (in MPa) for dry untreated soil is equal to
10*CBR and for C7L2 is approximately equal to 20¥*UCS or
3*CBR in soaked state or 2.5*CBR in the dry state for 1.25
mm penetration.
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Fig. 1. Aggregate with grain size of 12.5-19 mm after aggregate soundness test (ASTM C88) for untreated
soil specimen
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Table 1. UCS results of specimens constructed 8% moisture in MPa, corresponding axial strain, AS (%), secant
modulus, E_50 (MPa) under room curing condition, freezing- thawing (FT) cycles tests and wetting-drying (WD)
cycles tests

Sample 3-Days 7-Days 28-Days 56-Days 90-Days

Name UCsS AS E50 UCS AS E50 UCS AS E50 UCsS AS E50 UCsS AS E50
C5L3 250 0.008 4328 3.57 0.011 4317 3.88  0.014 3776 3.64 0016 260.0 436 0.023 240.6
C5NL3 266 0010 271.0 1.83 0.019 166.1 331 0.015 2773 330 0015 2757 292 0.016 298.8
C7L2 262 0013 3132 381 0.015 3337 530 0.015 360.6 409 0017 389.0 438 0.011 5349
CN7L2 228 0013 2486 3.59 0.014 3948 3.99  0.017 400.0 4.03 0.018 3156 4.01 0017 2952
C7L3 212 0.021 2308 1.64 0.017 168.8 332 0.011 3242 554 0018 350.0 649 0.027 295.0
CN7L3 198 0011 3037 3.12 0.014 3308 2.04  0.006 250.0 454 0011 3142 9.03 0.023 504.6
C7L0 330 0.018 2552 4.62 0.023 3285 459 0.013 3833 459 0.020 3793 489 0.020 384.6
C7L2-6 (FT) - - - - - - 8.65 0.0270 3682 - - - - - -
C7L2-8 (FT) - - - - - - 6.63 0.0235 3706 - - - - - -
C7L2-6*%(FT) - - - - - - 3.69  0.034 176.8 - - - - - -
C7L2-8*(FT) - - - - - - 337 0.0249 1618 - - - - - -
C7L2-6 (DW) - - - - - - 597 0.0295 2365 - - - - - -
C7L2-8 (DW) - - - - - - 7.18  0.0247 3195 - - - - - -
C7L3-6 (FT) - - - - - - 520 0.0200 368.0 - - - - - -
C7L3-8 (FT) - - - - - - 443  0.0204 3756 - - - - - -
C7L3-6*(FT) - - - - - - 2.56  0.0271 1259 - - - - - -
C7L3-8*(FT) - - - - - - 338 0.0184 226.1 - - - - - -
C7L3-6 (DW) - - - - - - 511 0.0253 2757 - - - - - -
C7L3-8 (DW) - - - - - - 561  0.0279 2506 - - - - - -
COLO 024 0.024 128 029 0.023 139 0.39  0.025 13.8 030 0.018 244 039 0.025 142
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Fig. 2. UCS of different specimens under room different curing time

sl o)lgen spsl Jas ooy ptaliEl b CTL2 (g0 58 S0
s ONTL2 iges (slyy SMosSs 19938) el ols Ly s
— i Gl 5 39 olej Bl (Bl Jste olis ials
o Lo Cugy ol Bl Cgd—lais 03)95 o sladiges 3 09D
Jste 59 o B S 2 2980 B Jgro S Ll
CTL2 @505 95 yo sly ol 520 03)956 0y (slodiges (518w

Dge (S Jgto polie UCS wlie b o (iulidl Swl 5K

D9 0 UCS a8l cow célo cogb,y iuls3l CTL3 3 CTL2
2 Gasldes @t saploj > e sdiges Sl oo mbs
C5L3 4:94).) 0}9) \ 9 Ay U.uLgv.d Js—\.c .Cuu‘DJu.f: djl)l (u 9 u.”—\") ng)
CSL3 (ola d905 059, YA Jodo oy (Sl Ciglds cowl jludo oy yidin
Jos liles sl CTL2 &g (58 Jgdo ccowl yuig CNTL2
sl 2elS sl Jos ooy Sl b CSL3 wiges (Sl Jgoe

Cwl 0)5)Y‘rJQJ)J)LQoMJ9J> 0)9) Qe uLo) )lJ.:u )1..\.0.09

Yoo



Yoo Y5O dxbo MYV Jl.w N Q)Lo.w AT 0)9d ‘)MS)M‘ LJ‘)""C L;\»._\.\.Q(a 4.:).;“_»

600
# 3-Days
7-Days
500 28-Days
W 56-Days
% -
200 % w§
— 7 N N
| § " \
S0 | il s (0 A 10
S0 Ll 0 e lwad L
F sz N0 IR N M -1 %
Z 0 0 SR 0 iR &
200 |20 S0 N8 (S8 ISR N Y
i B R R R
M Bl BBl BA BB
R BRI ERIE BRI BB
M Bl BE BB BB
wo |2 XH (N0 LR XR SR SR
250 7 |0 8 0 3R | R R o
2S00 xR0 SR | SR | SR 0 &
(S8 S0 0 R R R
. R EE R e .
o |z ZIRN ZURN Z0NN 20Nl 20N 700 L v
c5L3 CN5L3 c712 CN7L2 713 CN7L3 c7L0 coLo
Sample
600
BC5L3 mCN5SL3 - C7L2 mCN7L2
500 | ®mC7L3 ®WCN7L3 %C7L0 mCoLo
400
7 7
E . 1
Bz 7 .
£ a00 I . .
S | :
> 8. | 7 7
w 7 | 7
. 1 7
1 : 7
200 . [ ‘ .
7 7 7
. % .
1 | : .
100 % I é I %
: ] 7
i 2 i .
| ¢ | .
| | 1 .
0 é- é- %- g. i Zm
3-Days 7-Days _ 28-Days 56-Days 90-Days
Curing Time (Day)

Fore (59l des Blitio slayle; 10 Bl (srdiges UCS (46 S— i (sbd,ldg0d 51 Jols o518 Jguo ¥ JSW

Fig. 3. Secant modulus form UCS stress-strain curves for different specimens under different usual curing time
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Table 2. Indirect tensile strength (Brazilians) test results (*unbrushed)

3-Days 7-Days  28-Days

Sample In-

C5L3 278 0.0059 75.9 347 0.0089  43.7 516 0.0059 73.6
CN5L3 155 0.0039  43.0 241 0.0059 463 404 0.0050 80.7
C7L2 304 0.0062 55.5 430 0.0059  80.0 441 0.0059 72.0
CN7L2 246 0.0031 80.5 235 0.0069  38.0 665 0.0074 80.3
C7L3 292 0.0059 75.0 496 0.0079  62.5 690 0.0074 100.5
CN7L3 158 0.0040 50.0 433 0.0089  47.8 404 0.0069 58.2
C7L0 584 0.0083 70.0 - - - 135 0.0079 155.5
C7L2-6 (FT) - - - - - - 665 0.0169 80.4
C7L2-8 (FT) - - - - - - 771 0.0114 102.5
C7L2-6*%(FT) - - - - - - 203 0.0100 21.1
C7L2-8*(FT) - - - - - - 347 0.0149 37.6
C7L2-6 (DW) - - - - - - 619 0.0089 85.7
C7L2-8 (DW) - - - - - - 817 0.0076 117.7
C7L3-6 (FT) - - - - - - 427 0.0165 28.9
C7L3-8 (FT) - - - - - - 619 0.0139 1193
C7L3-6*(FT) - - - - - - 235 0.0119 43.4
C7L3-8*(FT) - - - - - - 301 0.0136 28.9
C7L3-6 (DW) - - - - - - 613 0.0069 83.0
C7L3-8 (DW) - - - - - - 544 0.0089 76.8
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Fig. 4. Indirect tensile strength test results for different specimens under different curing times
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Table 3. CBR Tests results

Water CBR (%)in  CBR(%)in CBR (%) in
Additive Age(days)  State Penetration:  Penetration:  Penetration:
Content 1.25mm 2.5mm Smm
47.15 69.3 91.64
o
6% : Dry 483 732 98.1
COLO 4 2.65 4.03 5.88
8% Soaked 3.7 5.5 7.4
6 5.68 7.36 10
3 Dry 217.7 330.2 442.4
Soaked 211 319.8 428.3
o
C7L2 8% 56 Dry 439.1 666.1 -
Soaked 3294 499.7 -
3 Dry 275.6 505.3 -
3 Soaked 230.8 350.2 469.3
o0
C7L3 8% 56 Dry 530.3 - -
56 Soaked 631.8 - -

()03 ,95% 9 03,95 w1 (S BAIg0d 9d — lindey L Aiged (piulo;l gl .F Joua

Table 4. Tests results under freezing- thawing cycles tests for brushed and un-brushed (*) specimens

Sample Moisture of Moisture percentage after Weight loses ~ Volume changes
P Tamping (%) freezing and thaw cycles (%) (%)
C7L2* 6 15 7.35 -0.495
C7L2 6 15 10.85 -1.66
C7L2* 8 14.72 6.3 -0.59
C7L2 8 14.72 7.05 -1.895
C7L3* 6 15.45 9.0 -0.32
C7L3 6 15.45 9.2 -0.13
C7L3* 8 13.77 4.45 -0.325
C7L3 8 13.77 4.45 -2.495
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Table 5. Tests results of water absorption measurement, density and volume change for wetting-
drying test for C7L2 specimens

Sample C7L2 C7L3
Moisture of Tamping (%) 6 8 6 8
Average 27.84 4.945 39.135 5.185
Moisture absorption percentage after wetting and drying cycles Max Cycle 1 5941 20.12 66.04 34.23
Min Cycle 12 19.965  -11.695 31.42 -0.005
Weight loses (%) -8.505 -8.395 -8.405 -9.515
Volume changes (%) -0.66 -1.475 -0.805 -1.11
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Table 6. Tests program for determination of Yang modulus, damping ratio and maximum Yang Modulus for
treated under different initial axial stress, a: only for untreated, b: only for treated, c: for both treated and
untreated soil specimens

No.  of Effective E (MPa)
Sequence Confining  Initial Axial o' (kPa) at Frequency of (Hz)
Pressure Stress (kPa) m 10 5 B
(kPa) TS UTS TS UTS TS UTS
ISO(0) ¢ 20.7 2119  253.7 2263  209.1 241.9 183.8
1 207 20.7 ¢ 27.6 489.8 309.5 476.0 2504 5084 2249
) 414 ¢ 34.5 527.8 3299 467.0 279.4 487.6  261.6
62.1c¢ 414 899.2  349.6 834.3 308.2 780.9 255.6
ISO(0) ¢ 34.5 852.6  300.2 815.7 238.8 830.8 235.9
345¢ 46.0 899.7  300.2 827.0 238.8 820.8 2359
2 34.5 689 ¢ 57.5 939.4  336.2 868.5 2989 868.7 261.6
1034 ¢ 69.0 970.5 336.2 911.1 208.8 8947 261.6
1723 a 91.9 - 369.8 - 319.2 - 293.9
ISO(0) ¢ 68.9 - 311.0 891.5 250.1 999.2 2439
68.9 ¢ 91.9 946.8 3532 908.9 3122 905.0 300.6
103.4 ¢ 103.4 985.8 4129 - - - -
3 68.9 1379 ¢ 114.7 994.5 451.6 958.6 3539 958.1 357.9
206.8 ¢ 137.8 1098.8 471.0 1025.6 439.1 1008.1 402.8
344.7* ¢ 183.8 12029 626.3 11555 5409 11449 5069
413.6*b 206.8 1283.8 - 11979 - 12069 -
ISO(0) ¢ 103.4 1116.8 3345 996.3 2942 951.5 270.0
689 ¢ 126.4 10644 402.6 1008.5 351.0 977.7 319.0
4 103.4 103.4b 137.9 1073.0 4352 10362 381.1 10140 3439
) 206.8 ¢ 172.3 1124.6 509.3 1073.2 452.6 10704 416.2
413.6a 2413 - 6719 - 605.6 - 571.0
620.0* ¢ 310.1 1486.0 - 14925 - 1466.7 -
ISO(0) ¢ 137.9 1036.7 346.8 985.3 309.4 985.5 285.1
5 137.9 1034 ¢ 172.4 1146.6 441.1 1070.8 3964 1067.4 366.2
) 1379 ¢ 183.9 11414 467.9 1086.9 423.1 10657 3734
2758 ¢ 229.8 1218.1 5922 11604 524.0 1158.0 495.5
825.0%b 4129 17358 - 1670.6 - 1654.0 -
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Fig. 5. Results of modulus of elasticity-axial strain under confining pressures, (a) 20.7 kPa, (b) 34.5 kPa, (c) 68.9 kPa,

(d)103.4 kPa, and (e) 137.9 kPa and loading frequencies of 2, 5 and 10 Hz under isotropic and unisotropic stress condi-
tion for untreated(UTS), show with a smaller signs and treated soil (TS) specimens, show with bigger signs(Continued)
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Fig. 5. Results of modulus of elasticity-axial strain under confining pressures, (a) 20.7 kPa, (b) 34.5 kPa, (¢) 68.9 kPa,
(d)103.4 kPa, and (e) 137.9 kPa and loading frequencies of 2, 5 and 10 Hz under isotropic and unisotropic stress condi-
tion for untreated(UTS), show with a smaller signs and treated soil (TS) specimens, show with bigger signs
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Fig. 6. Results of modulus of elasticity ratio-axial strain under different confining pressure, un-isotropic stress
condition and loading frequencies for untreated and treated soil specimens and a comparison with related
curves in literature for rock, sand and gravel
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Fig. 7. Results of D — &, under isotropic and un-isotropic stress condition and different loading frequencies
under sinusoidal wave for untreated and treated soil specimens
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Table 7. Test program and results of resilience modulus, shear modulus, damping ratio and shear strain un-
der different stress according to AASHTO T307 for untreated and treated soil with 7% cement and 2% lime
specimens under dry condition(Continued)

' Initial M:; (kPa) G (kPa) D (%) Shear Strain (%)
O, Axial Frequency g,
a
103.4 10 357.4 7672 1554 333.6 183 16.7 0.0095 0.0075 137.9
103.4 103.4 5 272.6 698.2 1082 303.6 123 9.1 0.0253 0.0077 137.9
103.4 2 256.8 681.1 1019 296.1 56 3.1 0.026 0.0093 137.9
ISO(0) 10 1745 5029 693 2187 185 13.8 0.0064 0.0029 20.7
ISO(0) 5 1355 187.7 538 81.6 119 &1 0.0104 0.0069 20.7
ISO(0) 2 1385 2009 55 873 53 2 0.0086 0.0061 20.7
20.7 10 205 489.7 814 2129 19.6 9.6 0.0062 0.0023 27.6
20.7 5 176.7 4675 70.1 2033 11.6 5 0.0075 0.0032 27.6
207 20.7 2 1749 5084 694 221 5.7 1.5 0.0083 0.0022 27.6
’ 41.4 10 2269 4945 90 215 203 13.7 0.0116 0.004 345
41.4 5 1819 4592 722 199.7 129 69 0.0156 0.0047 34.5
41.4 2 1889 4833 749 210.1 63 1.7 0.0135 0.0046 34.5
62.1 10 265.7 899.2 1054 391 203 13.6 0.0158 0.0038 41.4
62.1 5 200 8254 794 3589 13.1 6.8 0.0257 0.0045 414
62.1 2 1939 7759 769 3373 64 1.6 0.0204 0.0046 41.4
ISO(0) 10 191.8 8133 76.1 353.6 21.6 9.1 0.0161 0.0021 34.5
ISO(0) 5 142.8 7752  56.7 337 132 3.6 0.0147 0.002 345
ISO(0) 2 1299 8234 51.6 358 7.3 1.8  0.0218 0.0027 34.5
34.5 10 2272 852.6 90.1 370.7 214 11.1 0.0101 0.0023 46
345 5 181.8 7823 722 3402 135 39 0.0153 0.0024 46
345 345 2 179.7 8063 713 350.6 6.9 1.5 0.0137 0.0028 46
’ 68.9 10 2323 9142 922 3975 198 143 0.0118 0.0039 57.5
68.9 5 186.7 8684 741 377.6 13.6 7.1 0.0276 0.0046 57.5
68.9 2 159.1 865.1 63.1 3762 7 1.7 0.0292 0.0047 57.5
103.4 10 2752 9704 1092 4219 20.2 14.5 0.0099 0.004 69
103.4 5 1927 911.1 765 396.1 13.7 7.6 0.0264 0.0051 69
103.4 2 156.7 8772 622 3814 7.7 22 0.0442 0.0062 69
ISO(0) 10 202.5 80.4 202 - 0.0104 - 68.9
ISO(0) 5 150.5 8593 59.7 373.6 13.8 57 0.0265 0.004 689
ISO(0) 2 1343 867 533 377 7.7 2.1 0.0288 0.0043 68.9
68.9 10 2669 946.7 1059 411.6 195 147 0.0098 0.0043 91.9
68.9 5 221 901.6 87.7 392 124 7.6 0.015 0.0053 919
68.9 2 1975 8929 784 3882 64 21 0.0208 0.0054 919
103.4 10 2923 950.7 116 4134 196 15.6 0.0128 0.0063 103.4
137.4 10 347.6 9942 1379 4322 18.8 149 0.0094 0.0053 114.7
137.4 5 2552 9542 1013 4149 131 8 0.0254 0.0065 114.7
68.9 1374 2 206.7 9354 82 406.7 75 2 0.0418 0.0064 114.7
206.8 10 401 1066.7 159.1 463.8 184 154 0.0092 0.0056 137.8
206.8 5 349.6 9839 138.7 4278 11.1 86 0.0139 0.0117 137.8
206.8 2 3333 9565 1323 4159 46 26 0013 0.0133 137.8
344.7 10 4783 11772 189.8 511.8 188 159 0.0153 0.0081 183.8
344.7 5 3613 11221 1434 4878 124 9 0.0323 0.0134 183.8
344.7 2 294.1 11042 116.7 480.1 7.7 27 0.0669 0.0135 183.8
413.6 10 1266.9 550.8 - 15.1 - 0.0055 206.8
413.6 5 1174.6 510.7 - 88 - 0.0198 206.8
413.6 2 1136.9 4943 - N 0.0218 206.8
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Table 7. Test program and results of resilience modulus, shear modulus, damping ratio and shear strain un-
der different stress according to AASHTO T307 for untreated and treated soil with 7% cement and 2% lime
specimens under dry condition

' Initial M:; (kPa) G (kPa) D (%) Shear Strain (%)

O, Axial Frequency o,

(kPa) Stress (Hz) UTS TS UTS TS UTS TS UTS TS (kPa)
(kPa)
ISO(0) 10 2922 11168 1159 4856 17.6 157 0.0069 0.0054 103.4
ISO(0) 5 1925 996.2 837 4331 135 7.7 0.0359 0.0071 103.4
ISO(0) 2 1689 946.1 734 4114 69 1.8 0.0384 0.0064 103.4
68.9 10 286.2 10644 113.6 462.8 19.8 14.6 0.0174 0.0038 126.4
68.9 5 2413 1000.6 958 4351 125 6.1 0.0263 0.0036 1264
68.9 2 2213 9764 87.8 4245 6 1.9 0.0267 0.0045 1264
103.4 10 1097.6 4772 - 154 - 0.0044 137.9
103.4 5 1030.7 448.1 - 79 - 0.0058 137.9

103.4 103.4 2 996.5 4333 - 2 - 0.0063 137.9
206.8 10 368.2 1116 146.1 4852 19.2 157 0.0132 0.0054 172.3
206.8 5 286.9 1048 113.8 455.6 13,5 89 0.0361 0.0111 1723
206.8 2 2248 10208 89.2 4438 83 26 0.0693 0.0135 1723
413.6 10 561.3 199.1 18.1 - 0.0112 - 241.3
413.6 5 426.3 185.4 12 - 0.0303 - 241.3
413.6 2 355.6 154.6 6.7 - 0.0574 - 241.3
620 10 15553 676.2 - 142 - 0.0038 310.1
620 5 1465.1 637 - 89 - 0.0131 310.1
620 2 1291.8 561.6 - 33 - 0.035 310.1
ISO(0) 10 2346 1036.7 93.1 450.7 20.6 143 0.017 0.0045 1379
ISO(0) 5 1748 9852 694 4284 142 8.1 0.0376 0.0078 1379
ISO(0) 2 1672 914.1 664 3974 7.6 33 0.0405 0.0087 1379
103.4 10 306.1 1128.8 121.5 490.8 20.1 15.6 0.0165 0.0054 172.4
103.4 5 2542 1070.6 1009 465.5 129 73 0.0255 0.0047 1724
103.4 2 2399 1039.1 952 4518 64 1.8 0.0259 0.0062 1724
137.9 10 3124 1107.6 124  481.6 21.1 159 0.0162 0.0072 183.9

137.9 1379 5 243 1071 96.4 465.6 14 83 0.0363 0.0072 183.9
137.9 2 230.1 1032.8 913 449 73 24 0.0395 0.0096 183.9
275.8 10 450.7 11969 178.8 5204 193 16.3 0.0149 0.0074 229.8
275.8 5 345.1 1114.1 137 4844 131 9 0.035 0.0181 229.8
275.8 2 286.2 10945 113.6 4759 8 2.8  0.0649 0.0193 229.8
825 10 1735.8 7547 - 14 - 0.0037 412.9
825 5 1646.9 716 - 88 - 0.0126 412.9
825 2 1464.1 636.6 - 33 - 0.0345 412.9
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Table 8. Summary result of resilience modulus, shear modulus, damping ratio and shear strain according to
AASHTO T307 and isotropic stress condition for untreated and treated soil specimens as base and sub-base of
road and runway

Frequency M, (kPa) G (kPa) D (%) Shear Strain (%)
(Hz) UTS TS UTS TS UTS TS UTS TS
Isotropic 10 219.1 867.4 87.0 377.2 19.7 13.2 0.0114  0.0037
Confining 5 159.2 760.7 64.7 330.7 13.3 6.6 0.0250  0.0056
Pressure (A) 2 147.8 750.3 59.9 326.2 7.0 2.2 0.0276  0.0056
10 301.3 944.6 120.4  410.7 19.7 14.6 0.0121  0.0049
83/;;SHTO 1307 5 228.4 885.0 90.6 384.8 12.5 7.4 0.0217  0.0067
2 203.1 871.4 80.6 378.9 6.3 2.1 0.0286  0.0074
Modified 10 519.8 14894 194.5 647.6 18.5 14.7 0.0133  0.0052
AASHTO T307 5 393.8 14114 164.4 613.6 12.2 8.9 0.0313  0.0130
(©) 2 324.9 1286.7 135.7 559.4 7.2 3.1 0.0622  0.0277
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Fig. 8. Micro-crack in surface of C7L2 specimen after post cyclic monotonic triaxial test
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Fig. 9. Deviatoric stress-axial stress curve under post cyclic monotonic test for untreated and treated soil
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