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Abstract: The sand-cone method is commonly used to measure the in situ density of compacted soils.
While determining field density with this method, differences in the sand-filling process between the
test hole and the calibration container can cause errors. The differences can result from various in situ
conditions such as the shape and size of the test hole and the moisture conditions of the filling sand
and test ground. Temporary rainfall can increase the moisture content of both in situ soils and filling
sand. This study examined the effect of wetting conditions on the accuracy of the sand-cone method
in a laboratory. Compacted soils with different water contents (2-16%) were prepared in a small
circular container in the laboratory, and the sand-filling process was simulated for cylindrical, conical,
and roof-shaped test holes with depths of 10 and 15 cm. As the water content of the compacted soils
increased, the sand-cone method underestimated the volume of sand accumulated in the test holes
by up to 20%, resulting in the calculated density being overestimated by an identical amount. Slightly
moist sand was poured into artificial test holes. When the water content of the filling sand was below
1%, no significant error was observed in the calculated volume.

Keywords: sand-cone method; in situ density; sand; compaction; moisture

1. Introduction

Various field-density testing methods have been developed to determine the in situ
density of compacted soils. They include the sand-cone, rubber-balloon, and nuclear
methods. These methods are of the utmost importance to ensure that the specified dry
density of soil is achieved during compaction. The method is usually chosen based on
several factors that are considered important during construction, including the availability
of specialized equipment and material, logistics, the complexity of the method, and the
time required to perform the test [1]. The sand-cone is the most commonly used method,
since it is relatively simple and inexpensive compared to other methods.

Park [2] showed that errors in the sand-cone method could be minimized by preparing
a test hole with a flat base and a depth of at least 20 cm, as well as by using rounded
sand with a coefficient of uniformity (Cu) of less than 1.5 and mean grain size (Dsp) of
approximately 0.5 mm. He used artificial test holes of various shapes, which were possibly
made in the in-situ test holes. During field compaction, temporary rainfall or an increase
in the groundwater level can increase the moisture content of the compacted ground.
However, the wetness of the field ground has not been considered in previous studies.
Furthermore, though dry sand must be used to fill the test holes, the stored dry sand can
be wetted by rain or atmospheric humidity, even if it has been dried before, resulting in
increased moisture content. Therefore, this study examined the effects of wetting conditions
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of the ground and the moist filling sand on the dry density, as determined using the sand-
cone method in a laboratory. A small model of the ground containing in situ soil with
different water content was used for simulating moist ground conditions in the laboratory.
Different proportions of kaolinite were added to the in situ soil to simulate the various soils.
In addition, an artificial, cylindrical test hole with a known volume was used to determine
the effect of moist sand filling.

2. Density Tests Using Sand-Cone Method
2.1. Considerations in Sand-Cone Method

The calculations involved in the sand-cone method are described in ASTM D 1556-
07 [3], BS 1377-9 [4], and KS F 2311 [5]. The volume of the excavated hole, V, can be
determined using the following expression:
M,
Pd(sand)

V:

M

where M is the mass dry sand used for filling the hole and p(s,,4) is the dry density of the
sand used for the calibration. A calibration container has a known volume and a dry and
smooth inner surface.

The extent to which sand is packed or the test hole is filled can be influenced by the
wetness of the test hole and filling sand, decreasing the reliability of the determined in situ
density. Depending on the wetness of the inner surface of the hole, sand grains may stick to
the surface and to each other, resulting in the formation of voids and the underestimation
of the hole volume, as shown in Figures 1 and 2.

l Sand grain ®©) l Sand grain

v Dried ground surface

Figure 1. Sand-filling process in dry (a) and wet (b) ground holes.

Figure 1 presents a schematic of the sand-filling process in test holes with dry and
wet surfaces, and Figure 2 shows photographs of real sand-filled dry- and wet-compacted
grounds and hole surfaces after the removal of the sand. The soils had water contents of
2% and 16%, respectively, and a dry unit weight (density) of 16.59 kN/m3 (1.69 g/cm3).
Detailed soil properties are presented in the test-procedure section, and fill sand was
painted in red to show the color difference from the ground. Thus, the difference in sand-
filling processes between dry and wet test-hole surfaces was examined. In addition, the
use of moist sand to fill a test hole may also cause sand grains to stick to the hole surface
and each other. Therefore, these two factors (moist compacted ground and moist filling
sand) were investigated in this study.
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Figure 2. Cross-sections showing dry (a,c) and wet (b,d) compacted grounds filled with sand (a,b) and after removal of

sand (c,d).

2.2. Test Sand and Calibration

The sand used to fill the test hole has to adhere to the standards. ASTM D 1556-07 [3]
recommends the use of sand with a Cu less than 2.0, a maximum particle size smaller
than 2 mm, and that less than 3% of the weight pass through a 0.25 mm sieve. KS F
2311 [5] specifies the use of sand that can pass through a 2-mm sieve but is retained on
a 0.075-mm sieve. Jumunjin sand was used in this study, and the results of the sieve test
and its particle-size distribution curve are shown in Table 1 and Figure 3, respectively. The
physical properties of the sand are shown in Table 2. The specific gravity (Gs) was 2.65, and
the diameters through which 10%, 30%, and 60% of the particles passed (D19, D39, and D)
were 0.31 mm, 0.45 mm, and 0.62 mm, respectively. The C, was 1.98, and the coefficient
of curvature (C.) was 1.05. Based on the results, the sand was classified as poorly-graded
(SP) according to the Unified Soil Classification System (USCS). Therefore, Jumunjin sand
satisfied the specifications of both ASTM and KS.

Table 1. Sieve-analysis results of Jumunjin sand.

Sieve number 4 10 20 40 60 100 200
Mesh size (mm) 4.75 2.00 0.85 0.425 0.25 0.15 0.075
Soil passing (%) 100 100 99.80 25.60 1.00 0.60 0.00

Before the sand-cone test, the dry density of the test sand had to be determined.
This determination process is known as calibration. The dry density of the test sand was
calculated in accordance with ASTM D 1556-07 [3] by using a compaction mold with a
diameter of 15 cm, a height of 17.5 cm, and a volume of 3093 cm®. The dry unit weight
(density) of the Jumunjin sand used in this study was calculated to be 13.40 kN/ m?>
(1.37 g/cm3).



Appl. Sci. 2021, 11, 718 40f10
100 @ @ @ =
& —@— Jumunjin sand
<
-
=
20
O
=
>
o 50
-
0]
g
=
+~
=
O
O
=
O
a N
0 ——©@
10 1 0.1 0.01
Grain size (mm)
Figure 3. Grain-size distribution curve for the Jumunjin sand used in this study.
Table 2. Soil-physical properties of Jumunjin sand.
Specific Dgo Dj3p Dqo Coefficient of Coefficient of Umﬁ'e'd 8911
. . . Classification
Gravity, Gs (mm) (mm) (mm) Uniformity, C, Curvature, C,
System
2.65 0.62 0.45 0.31 2.00 1.06 SP

2.3. Artificial Ground and Test Procedure

To examine the effect of a moist ground on the sand-cone method, artificial test
holes with three shapes (cylindrical, conical, and roof-shaped) and with depths of 10 and
15 cm were used. Detailed sizes and shapes of the holes are shown in Figure 4. The
soil was obtained from a construction site located at Youngchun, Kyungbuk Province,
Korea, and compacted into a test vessel with a diameter of 41.5 cm and a height of 17 cm.
The soil properties are shown in Table 3. The soil was thoroughly mixed with a specific
amount of water (2,7, 12, and 16% of the weight of the soil). The wetness of a compacted
ground was simulated based on the field conditions of road and railway embankments in
Korea; wetness levels of 2, 7, 12, and 16% were defined as slightly wet, wet, moderately
wet, and completely wet, respectively. Subsequently, the moist soil was compacted in a
vessel whose weight and volume were known. As shown in Figure 5a,b, a plate with the
dimensions 14.5 cm x 14.5 cm X 2 cm was placed on the soil, and three-layer compaction
was performed using a 2.5-kg rammer, with a drop height of 30 cm and 15 blows per layer.
The small rammer was used to compact the areas which were not in contact with the plate,
especially the edges. After compaction, the entire test vessel was weighed to determine the
bulk density of the compacted soil.

Table 3. Properties of the compacted soil.

No.200 Passing Liquid Limit, Plastic Index, Unified Soil
Rate (%) LL (%) PI (%) Classification System

92.2 40.1 17.7 CL
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Figure 5. The test procedure (a): detailed compaction process, (b): compacted soil and rammer,
(c): sand-cone method tools, and (d): the hole filled with test sand).

The compacted soil was dug to form the same size hole as the artificial hole. The
soil was dug until it fitted into the hole frame by putting the frame into the digging hole.
Subsequently, the sand-cone method was used (Figure 5c), and the test hole was filled with
the sand (Figure 5d). Meanwhile, kaolinite was mixed with the soil to investigate whether
voids due to the sand sticking appeared, regardless of the soil type. The mixture was
compacted to make an artificial ground that has the same shape as Figure 2. The kaolinite
used in this study was the same kaolinite used by Park and Nong [6], and the liquid limit
(LL) and plastic limit (PL) of the kaolinite were 60% and 40%, respectively. It was mixed
at a ratio of 0.2, 0.4, 0.6, 0.8, and 1.0 to the soil, and the moisture contents of compacted
grounds used were 16% at a ratio of 0.2 and 0.4 and 20% at 0.6, 0.8, and 1.0, respectively.

The effect of moist sand filling was investigated by adding moisture to the test
sand. The moisture content was gradually increased to 0.8% of the weight of dry sand. A
10-cm deep cylindrical test hole made of a galvanized iron sheet was used, and its volume
was determined using the water-filling method [2]. The sand-cone method was used to
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determine the mass of the moist sand required to fill the test hole, and the volume and
density of the sand were then calculated.

3. Results and Discussion
3.1. Effect of Moist Ground

Table 4 summarizes the results of the sand-cone method for four different moist
ground conditions. It compares the effect of a moist ground for test holes with different
shapes and depths. The exact dry unit weight (Yq(exact)) was calculated with the weight
and volume of the vessel, which included the compacted soil before digging the artificial
hole. The experiment dry unit weight (Yq(experiment)) i the result of the sand-cone method.
The dry unit weight determined from the sand-cone method (vq(experiment)) increased as
the water content of compacted soil increased from 2% to 16%, regardless of the shape and
depth of the test hole, as shown in Figure 6. In general, the unit weight of soil increased
until the moisture content reached the optimum moisture content (OMC). The increase in
the unit weight of soil, as shown in Figure 6, also illustrated this trend.

Table 4. The results of the effect of moist ground.

Ground Moist Moisture Content (%) Dry Unit Dry Unit
Hole Water Depth  Volume Unit Weight Weight Err0r3
Type Content (cm) (CmS) Weight Microwave  Drying Yd(experiment) Yd(exact) kN/m
(%) (kN/m?3) Oven Oven (KN/m?) (kN/m?3) (%)
C 2 1815.52 12.87 2.44 2.43 12.56 12.80 —0.24(—1.88)
Y 7 1695.46 14.68 7.10 7.12 13.70 13.43 0.27(2.01)
L 12 10 1558.57 15.69 11.97 11.95 14.02 13.66 0.36(2.64)
I 16 1465.59 18.40 16.16 16.13 15.84 15.08 0.76(5.04)
N 2 2803.07 13.89 2.47 2.47 13.55 13.41 0.14(1.04)
D 7 2735.07 15.21 7.18 7.18 14.19 14.01 0.18(1.28)
E 12 15 2135.43 17.27 11.90 11.95 15.42 15.15 0.27(1.78)
R 16 2114.20 18.84 16.27 16.24 16.20 15.71 0.49(3.12)
2 972.18 12.12 2.52 2.53 11.82 9.99 1.83(18.32)
7 801.61 13.00 7.21 7.22 12.12 10.07 2.05(20.36)
C 12 10 756.22 13.92 12.22 12.20 12.40 10.21 2.19(21.45)
(@] 16 737.92 14.57 16.05 16.03 12.56 10.25 2.31(22.54)
N 2 1539.53 13.08 2.28 2.24 12.80 11.18 1.62(14.49)
E 7 1222.55 14.12 7.08 7.07 13.19 11.25 1.94(17.24)
12 15 1145.68 15.17 12.31 12.29 13.51 1147 2.04(17.79)
16 1112.74 15.77 16.37 16.34 13.55 11.49 2.06(17.93)
2 1196.93 12.63 2.56 2.56 12.32 11.45 0.87(7.60)
7 1171.30 13.95 7.20 7.18 13.01 11.51 1.50(13.03)
R 12 10 1080.53 15.13 12.13 12.11 13.50 11.92 1.58(13.26)
(@) 16 1046.12 17.18 16.18 16.12 14.79 12.88 1.91(14.83)
o 2 1667.64 13.60 2.46 2.46 13.28 12.76 0.52(4.08)
F 7 1587.12 14.40 7.13 7.14 13.44 12.84 0.60(4.67)
12 15 1486.82 16.91 12.09 12.05 15.09 14.27 0.82(5.75)
16 1462.66 18.27 16.08 16.01 15.75 14.55 1.20(8.25)

Dry unit weight (density) of the test sand = 13.40 kN/m? (1.37 g/cm®).

The variation in the calculated dry unit weight and its error, depending on the water
content of the compacted ground, were compared for the different types of holes (Figure 7).
As the base shape of the test hole was changed from flat to sharp, and as the moisture
content of the compacted soil increased, the error became increasingly severe. As the hole
depth increased from 10 to 15 cm, the error generally decreased, regardless of the test-hole
shape and the water content in the ground. In particular, the result for the cylindrical test
hole with a flat base and a depth of 15 cm under slightly wet conditions (2%) had the lowest
error, 1.04%. By contrast, the value for the conical test hole with a sharp base and a depth
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of 10 cm under fully wet conditions (16%) showed the highest error, i.e., 22.54%. When
the density degree of soil was expressed as loose and dense in previous studies [7-9], the
difference in dry unit weight (density) between loose and dense appeared as 2-3 kN/m?
(0.20-0.31 g/cm?). In this study, the result of the conical test hole, showing the highest dry
unit-weight (density) error, showed a difference of 2.31 kN /m? (0.24 g/cm?), which can
cause a very large defect when judging the compaction condition of the soil. On the other
hand, the results of the cylindrical test hole with a depth of 15 cm showed a difference of
less than 0.491kN/m? (0.05 g/cm3).

1 8 T T T

—@— Cylinder (10cm) —A— Cone (15cm)
—©— Cylinder (15cm) —— Roof (10cm)
—— Cone (10cm) —+ Roof (15cm)

Dry unit weight (kN/m?)

Water content (%)

Figure 6. Variation in the calculated dry unit weight of moist ground for different types of holes.
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Unit weight error (kN/m?)
Unit weight error (%)

Water content (%) Water content (%)

Figure 7. Variation of the error in unit weight with moist ground for different types of holes ((a): kN/m unit, and
(b): percentage of the exacted value).

Figure 8 shows several wet, compacted grounds filled with dry colored sand. Similar
behavior was observed, regardless of soil types, as shown in Figure 8a—d. Therefore, the
tield density could be incorrectly evaluated due to the ground wetness. When investigating
the dry unit weight with the sand-cone method in the field, the use of a deep hole in a
cylindrical shape can minimize the error due to ground wetting.
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(c) Ground with 0.6 ratio of the kaolinite (d) Ground with 1.0 ratio of the kaolinite

Figure 8. Cross-sections showing compacted grounds filled with sand.

Additionally, the water content was measured by drying in a microwave oven for
15 min. The measured value was similar to the value measured after drying in an oven for
over 24 h. The measurement of soil moisture content using a microwave oven was based
on ASTM D 4643-08 [10], which has been reported to yield reliable values. For example,
Park et al. [11] also tested various soils (sand, kaolinite, and organic soils) and showed
similar results. The microwave oven is also portable and readily available [12].

3.2. Effect of Moist Sand

The presence of high humidity at some sites is unfavorable and can render sand
calibration unreliable in density tests involving the sand-cone method [13]. The calculated
dry unit weight of moist test sand is presented in Table 5. For the cylindrical artificial test
hole, the calculated volume of the test hole decreased as the water content of the sand
increased from 0% to 0.8% (Figure 9). With an increase in the soil moisture, a smaller mass
of sand filled the test hole because of the bulking of sand, and, therefore, the test-hole
volume was underestimated. Moisture creates a thin film around sand particles and causes
them to move away from each other, increasing the sand volume. This phenomenon is
known as bulking of sand. The percentage of bulking is inversely proportional to the particle
size [14]. In addition, the test sand clumped together at moisture content of 1% (and above),
thereby rendering the sand calibration difficult. At 1% moisture content, the clumped sand
blocked the valve, and the sand did not reach the hole.
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Table 5. The results of the effect of moist sand.

Unit Weight
. Calculated I}l elg Calibrated Unit
Moisture Vol P with Moist Weicht
Condition of 0 ume trom Sand, eight, Error (kN/m?)
The Sand the Filled Y d(experiment) Yd (calibrated)
Sand (cm3) (IZGE/’;";;“ (KN/m3)
0% 215791 13.57 0.17
0.5% 2129.07 13.76 13.40 0.36
0.8% 2094.37 13.98 0.58

Dry unit weight (density) of test sand = 13.40 kN/m? (1.37 g/cm®).

0.6

-0- Cylinder (10cm)

e N e
W EN W

Unit weight error (kN/m?)

<
[}

0 0.25 0.5 0.75 1
Water content (%)

Figure 9. Variation of the error in unit weight with the sand wetness.

4. Conclusions

In this study, the effect of wetting conditions on the determination of the density of
compacted soil with the sand-cone method was investigated for a moist ground and moist
filling sand. The unit weight of soil was determined in the laboratory by using a small
model of the ground. The ground model contained field soil classified as CL and was
compacted in a cylindrical container (with a diameter of 41.5 cm and height of 17 cm). The
water content of the ground surface varied between 2% and 16%. Furthermore, artificial
test holes with cylindrical, conical, and roof shapes, and with depths of 10 and 15 cm, were
considered. For these conditions, the test hole volume was determined by the sand-cone
method and the dry unit weight was calculated. The results obtained can be summarized
as follows:

1. As the water content of the compacted ground increased from 2% to 16%, the calcu-
lated volume of the test hole decreased and the dry unit weight was overestimated by
up to 20%. The accumulation of moisture increased the number of voids in the test
hole, and, therefore, the calculated volume was lower than the actual volume.

2. For the cylindrical hole, the dry unit weight obtained was similar to the actual dry
unit weight. When a sand-cone method is conducted after heavy rainfall at a site,
appropriate precautions should be taken since the presence of moisture can lead to the
relative compaction of the ground being overestimated. The error in the calculated
density can be minimized by considering the wetting condition of the ground. The
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water content measured after heating in a microwave oven for 15 min was similar to
that obtained after heating in a dry oven for 24 h.

3. The effect of moist test sand was relatively insignificant. However, the experimental
results showed that the calculated volume of the test hole decreased as the water
content of the sand increased from 0% to 0.8%.

4. Atamoisture content of 1% (and above), the test sand clumped together, rendering
the sand calibration difficult. Therefore, sand used for sand-cone tests should be dry.
In humid environments, the moisture content of the sand should not exceed 0.8%.
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