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ABSTRACT 

This study examines the brittleness index and sensitivity ratio of two gypseous sand soils under saturation 

conditions improved by nano-clay. The soil samples were obtained from the cities of Al-Najaf and Tikrit 

containing 29% and 55% gypsum, respectively. The tests were performed on remolded specimens in a 

direct shear box. The soil specimens were examined mainly under saturated conditions for both different 

soil and nano-clay contents (0, 2, 5, and 7 %) under three normal stress levels: 25, 50, and 100 kPa. 

Additional tests were performed under dry soil conditions for comparison. The calculations of the 

brittleness index and sensitivity ratio of the saturated soil specimens were dependent on the newly 

suggested definitions of the peak values of the shear stress. The P is the peak value in the dry condition, 

whereas the R is the peak value in the saturation condition. The results emphasize that the values of the 

brittleness index and sensitivity ratio require more attention to the possibility that the soil is brittle owing 

to increased gypsum dissolution and the demolition of the soil structure. The brittleness index and 

sensitivity ratio increased with increasing gypsum content and decreased with increasing nano-clay content 

and average stress levels. The optimum percentage of nano-clay for both soil specimens was found to be 

5%. 
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I. INTRODUCTION 

Estimating the Brittleness Index (BI) is a prominent method 
for assessing soil-strain-softening tendency. When brittle 
materials fail for the first time, they frequently exhibit 
significant strength loss [1]. Brittleness indicates a decrease in 
the shear resistance of the soil after achieving its maximal 
strength [2]. The values of shear strength reduce throughout the 
first two weeks of the soaking process and then rise when the 

grains come back into contact after a month of soaking [3]. In a 
saturation process, the values of the angle of internal friction 
for soils with gypsum content of 29 and 55% decrease by 
approximately 25% [4]. Long-term water-soaking durations 
have a more complicated influence on settlement behavior than 
the parameters of shear strength [5]. Many variables, such as 
the permeability, wetting procedure, void ratio, gypsum 
content, soil wetting interval before loading, and initial 
saturation degree, affect the collapse potential [6-11]. More 
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significantly, the mean net stress during the soaking process 
causes the unsaturated state of gypseous sand soil to collapse 
more severely [12-15]. Due to the re-bonding of the gypseous 
sand grains during the initial reduction of the matric suction 
(wetting), settlement dropped barely one week after the 
remolding [16]. The shear strength parameters were reduced by 
increasing the matric suction (dry condition) [17]. During the 
pre-loading curing process, in the oedometer collapse test, the 
gypsum did not cause fake re-bonding of the particles owing to 
the nano-clay [18]. It has been shown that 6% of nano-clay is 
the ideal percentage for decreasing gypsum dissolving [19]. 

According to previous test results, BI increases as the fine 
content increases and decreases when the effective normal 
stress increases [1]. Bishop [20] developed the concept of soil 
brittleness and defined the BI as the difference between the 
soil's peak (τP) and residual shear strength (τR), normalized by 
τP, as indicated in (1) [2]. The authors of [21] developed the BI 
connected to the soil Sensitivity Ratio (SR), as described in (2) 
[2]: 
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BI ranges from 0 to 1. When BI is 0, the peak stress is equal 
to the residual stress, implying a ductile regime. When BI is 1, 
the residual stress is 0, an absolute brittleness regime. 

Recent studies have used a strain control direct shear device 
on remolded specimens with a precise initial density to 
investigate the brittleness and sensitivity of gypseous sand, 
which is then improved with nano-clay and subjected to a 
soaking process. 

II. RESEARCH MATERIALS AND METHODOLOGY 

A. Soil 

Two soil samples were collected from two locations: the 
northern district of Al-Najaf city, south of Iraq, named "GS-
29," and Tikrit city, central Iraq, named "GS-55." Figure 1(a) 
and b show the grain size distribution and standard Proctor test 
results of the samples. Table I details the experimental results 
for identifying and classifying the soil samples. A non-toxic 
nano-clay, "Montmorillonite K10," with a particle size of 100 
nm, density of 2.3-2.5 g/cm³, pH of 3-4, and a surface area of 
220-270 m²/g, was added to the soil specimens [21]. 

TABLE I.  RESULTS FROM THE SOIL SAMPLES TESTS  

Test parameter 
Values 

GS-29 GS-55 

Sand (%) 96.7 94.4 
Fine (%) 2.65 5.6 

Soil classification (USCS) SP SP-SM 
Specific gravity (Gs) 2.38 2.54 
Gypsum content (%) 29 55 

Maximum dry density (gm/cm3) 1.825 1.77 
Optimum moisture content (%) 15 11.8 

 

(a) 

 

(b)

 

Fig. 1.  Soil properties of GS-29 and GS-55. (a) grain size distribution of 
GS-29 and GS-55, (b) results of the standard Proctor test for GS-29 and GS-
55. 

B. Devices and Tools 

A direct shear apparatus, which has a box area of 6×6 cm2 
and height of 2 cm was used for the tests. The device is shown 
in Figure 2. The tests were conducted at the Andera 
Engineering Tests Laboratory in Baghdad, Iraq. During testing, 
the strain was set to 1 mm/min and a constant strain method 
was used. 

 

 
Fig. 2.  Direct shear device. 

C. Materials and Methods 

The test was performed using a strain-controlled direct-
shear instrument. The distributed soil specimens were 
remolded with a constant initial density of 1.643 gm/cm3 for 
both soil samples (GS-29 and GS-55). The soil specimens were 
examined mainly under saturated conditions for both soils and 
different nano-clay contents (0, 2, 5, and 7 %) under three 
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normal stress levels: 25, 50, and 100 kPa. Additional tests were 
performed under dry soil conditions for comparison. The 
calculations of BI and SR of the saturated soil specimens were 
based on the newly suggested definitions of the shear stress 
peak values. τP is the peak value under dry conditions and τR is 
the peak value under saturation conditions. The peak value of 
shear stress was controlled with a maximum strain of 10% of 
the sample length (6 mm). Table II illustrates the testing 
protocol. 

TABLE II.  SUMMARY OF THE TESTING PROTOCOL 

Test No. Soil specimen Saturation state Nano-clay (%) 
Normal stress 

(kPa) 

1 

GS-29 

Dry 0 
25 

2 50 
3 100 
4 

Saturated 

0 
25 

5 50 
6 100 
7 

2 
25 

8 50 
9 100 

10 
5 

25 
11 50 
12 100 
13 

7 
25 

14 50 
15 100 
16 

GS-55 

Dry 0 
25 

17 50 
18 100 
19 

Saturated 

0 
25 

20 50 
21 100 
22 

2 
25 

23 50 
24 100 
25 

5 
25 

26 50 
27 100 
28 

7 
25 

29 50 
30 100 

 

III. RESULTS OF DIRECT SHEAR TESTS 

A. Dry Specimens 

Figure 3(a) presents the results of the shear stress versus 
shearing displacement under Normal Stress (NS) of 25, 50, and 
100 kPa for GS-29 under dry conditions. The initial shear stress 
of the soil increased rapidly, i.e., the shear modulus of the soil 
apparently increased. The peak values were within ≤ 6 mm of 
the shearing displacement according to the failure criteria (10% 
strain). The shear stress then gradually decreased after the peak 
value, exhibiting strain-softening characteristics. This state may 
be attributed to the crushing process of the apparent cementing 
by gypsum under the peak value of the shearing stress. The 
peak-residual shearing stresses were 71-46, 98-67, and 140-127 
kPa under normal stresses of 25, 50, and 100 kPa, respectively. 
Figure 3(b) shows the BI and SR calculated according to (1) 
and (2), respectively. These indices and ratios are related to the 
τP and τR from Figure 3(a) for each average stress level. The 
values of BI decreased with an increase in the normal stress 

(0.36-0.095), as also observed in the literature. The soil was in 
a medium to ductile state under a normal stress of 100 kPa, 
according to the values of BI (< 0.5), as shown in Figure 3(b). 
The values of the SR were less than 2 (1.6-1.1), indicating low 
sensitivity according to the literature [22]. With a higher 
gypsum material content (55%), GS-55 exhibited a different 
stress-strain behavior with a lower peak shearing stress than 
GS-29. However, the values of the peak stress were still within 
the failure strain range (≤6 mm or ≤10%), as shown in Figure 
4(a). After reaching the peak value of shear stress, the shear 
stress did not decrease. The GS-55 sample exhibited strain 
hardening characteristics. The peak residual shearing stresses 
were 61-54, 93-91, and 136-135 kPa under normal stresses of 
25, 50, and 100 kPa, respectively. The values of BI and 
sensitivity ratios were lower than those for specimen GS-29 as 
a result of the shear-strain behavior, i.e., ductile behavior. The 
values of BI were between 0.11 and 0.006, whereas the values 
of SR ranged from 1.12 to 1. 

 

(a) 

 

(b)

 
Fig. 3.  (a) Shear stress vs. shearing displacement curves and (b) BI and 
SR curves for dry GS-29 samples. 

B. Saturated Specimens 

With the saturation process, there was a significant decrease 
in the peak values of the shearing stress within the greater 
shearing displacement for both soil specimens, GS-29 and GS-
55, as shown in Figure 5. However, the specimen with a higher 
gypsum content (55%) exhibited a larger decrease in the 
shearing stress, which may have contributed to the larger 
dissolution of gypsum owing to the saturation process. Both 
soil specimens were in the hardening state after reaching 
failure, according to the criteria of 10% strain (6 mm). The 
peak shearing stresses were 33, 58, and 82 kPa for GS-29, and 
26, 46, and 71 kPa for GS-55 under normal stress of 25, 50, 
and 100 kPa, respectively. 
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(a) 

 

(b)

 

Fig. 4.  (a) Shear stress vs. shearing displacement curves and (b) BI and 
SR curves for dry GS-55 samples. 

(a) 

 

(b) 

 

Fig. 5.  a) Shear stress vs. shearing displacement curves after the saturation 
process for (a) GS-29 and (b) GS-55. 

C. Nano-Clay Treated Specimens 

For the improvement process, nano-clay was added to the 
soil, where it was supposed to cover the gypsum and decrease 
its solution in a saturated state. Figure 6 presents the shearing 
stress versus shearing displacement for both soil specimens 
with 2% nano-clay. There was a recovery in the peak shearing 
stress, and this recovery decreased with increasing gypsum 
content. The peak shearing stresses were 37, 72, and 94 kPa for 
GS-29, and 30, 49, and 91 kPa for GS-55 under normal stress 
of 25, 50, and 100 kPa, respectively. 

 

(a) 

 

(b)

 
Fig. 6.  Shear stress vs. shearing displacement curves with 2% nano-clay 
after saturation. 

A slight change, or increase, in the values of the peak 
shearing stress was observed with the addition of 5% nano-
clay, especially at the higher normal stress level (100 kPa), as 
shown in Figure 7. At the same time, these peak shearing 
stresses demonstrate a shearing displacement lower than that of 
the 2% nano-clay sample. The peak shearing stresses were 37, 
72, and 100 kPa for GS-29, and 29, 50, and 93 kPa for GS-55 
under normal stress of 25, 50, and 100 kPa, respectively. It is 
not worth increasing the nano-clay content to more than 5%. 
Figure 8 illustrates that there was no significant improvement 
in the shearing stress with the addition of 7% nano-clay. The 
peak shearing stresses were 35, 58, and 94 kPa for GS-29 and 
29, 48, and 90 kPa for GS-55 under normal stress of 25, 50, 
and 100 kPa, respectively. 
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(a) 

 

(b)

 

Fig. 7.  Shear stress vs. shearing displacement curves with 5% nanoclay 
after saturation. 

(a) 

 

(b) 

 

Fig. 8.  Shear stress vs. shearing displacement curves with 7% nanoclay 
after saturation. 

IV. BRITTLENESS AND SENSITIVITY FOR 
SATURATION CONDITIONS 

To investigate the effect of saturation on the brittleness and 
sensitivity of the soil, modifications of (1) and (2) were made. 
The modifications are presented as new definitions for the peak 
and residual shear stress. The τP is the peak value in the dry 
condition, whereas the τR is the peak value in the saturation 
condition. 

A. Brittleness Index 

Figure 9 shows the values of the BI (see (1)), and the 
sensitivity ratio in (2), related to the new definitions of the peak 
values for both soils (GS-29 and GS-55). These values start 
from 0.5 and generally decrease with an increase in the normal 
stress and nano-clay content. The specimen with a higher 
gypsum content (55%) exhibited less effect when the nano-clay 
content was increased. In general, 5% was the optimum 
percentage of nano-clay for both soil specimens. The resulting 
values attract more attention to the possibility of soil brittleness 
due to increased gypsum dissolution and the demolition of the 
soil structure. 

B. Sensitivity Ratio 

Figure 10 presents the results of sensitivity ratios for the 
saturated soil specimens (GS-29 and GS-55) related to the new 
definitions of peak shearing stresses—similar trends to those in 
the brittleness index. The values of SR started to be larger than 
two and then decreased with an increase in the normal stress 
and nano-clay content. The SR of the saturation is more 
distinguishable, as for the BI, which increases with an increase 
in gypsum content. The nano-clay was effective for gypsum 
contents of less than 55%. 

 

(a) 

 

(b)

 

Fig. 9.  IB values for saturated gypseous soil (a) GS-29 and (b) GS-55 with 
different nanoclay percentages and normal stress levels. 
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(a) 

 

(b) 

 

Fig. 10.  The SR values for saturated gypseous soil (a) GS-29 and (b) GS-55 
with different nano-clay percentages and normal stress levels. 

C. Fitting Equation 

Equations (3) and (4) were used as fitting models to predict 
the BI and SR with R2 of 0.72 and 0.98, respectively: 

�
 � 0.53 � 0.25 ∗ ��!"#
$%� & 0.025 ∗ √() &
                                     0.27 ∗ ��!"#
(��                       (3) 

�� � 
� ∗ 4.2    (4) 

where GC is the gypsum content (%) in the soil specimen, Nc 
is the added nano-clay (%), and NS is the normal stress (kPa). 

 

 
Fig. 11.  Relationship between predicted and observed BI. 

Equation (3) emphasizes that the BI increases with 
increasing gypsum content and decreases with increasing nano-
clay and normal stress levels. Within the ranges of gypsum and 

nano-clay content, nano-clay was less significant among the 
studied factors. A direct relationship exists between BI and SR, 
as shown in (4). Figures 11 and 12 illustrate the correlation 
between the observed and predicted values of BI and SR. 

 

 
Fig. 12.  Relationship between predicted and observed SR. 

V. CONCLUSIONS 

This study assessed the Brittle Index (IB) and Sensitivity 
Ratio (SR) for two gypseous sand soils, containing 29% and 
55% gypsum, under dry and saturated conditions. The BI and 
SR of the soil were calculated using standard formulas. 
However, a new suggested definition of the peak and residual 
shear stress, where the P is the peak value in the dry condition 
and the R is the peak value in the saturation condition. The 
resulting values of BI and SR require more attention to the 
possibility of soil brittleness due to increased gypsum 
dissolution and the demolition of the soil structure. BI started at 
0.5, and generally decreased with an increase in the normal 
stress and nano-clay content, which matches the literature 
observations. The values of the SR started to be larger than two 
and then decreased with an increase in the normal stress and 
nano-clay content. 5% was found to be the optimum amount of 
nano-clay addition for both soil specimens according to the 
improvement level. A fitting model was proposed, which can 
predict the BI with an R2 of 0.72 by using the gypsum and 
nano-clay content (%), and average stress (kPa). A direct 
relationship was observed between BI and SR, with an R2 value 
of 0.98. 
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