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Abstract. For the efficient management of geo-infrastructures in the field, engineering properties of the subgrade should be
reliably and rapidly investigated. The objective of this study is to estimate and compare the strength and stiffness parameters of
subgrades using portable in-situ devices. An automated dynamic cone penetrometer (ACP), dynamic cone penetrometer (DCP),
and light falling weight deflectometer (LFWD) are adopted and applied at nine points of soft ground in South Korea. The N-
value from the ACP (Nacp), which efficiently assesses the relatively deep subgrade, is correlated with the dynamic cone
penetration index (DCPI) and dynamic deflection modulus (E.4). Test results show that the DCPI and E\ can be estimated in
terms of Nace. In particular, the relationship between E.s and Nacp is improved when the strain influence factor of the target
ground is considered. For the assessment of strength and stiffness parameters, the California bearing ratio (CBR), relative
density (D), internal friction angle (¢), and elastic moduli determined by the plate loading test (PLT), soil stiffness gauge (SSG),
falling weight deflectometer (FWD) are estimated using Nacp. The ACP test with the relationships between engineering
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parameters and Nace may be an effectively method to assess the overall characteristics of the subgrade.
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1. Introduction

The mechanical properties (e.g., strength and stiffness)
of subgrades have been evaluated in both the laboratory and
the field to obtain engineering parameters for the safety
design and effective management of geo-infrastructures
(Farghaly 2015). In the laboratory, however, it is extremely
difficult to obtain an impeccably undisturbed sample whose
structure completely remains in situ (Mohammadi et al.
2008). In addition, laboratory tests do not sufficiently
predict the mechanical degradation of subgrade materials
due to compaction during construction and repetitive
loading during the operation of geo-infrastructures
(Gidigasu 1980). In the field, conventional in-situ tests such
as the standard penetration test (SPT) and cone penetration
test (CPT) have been widely conducted (Mir et al. 2017,
Kong et al. 2018). However, the heavy equipment in
conventional in-situ devices has limited applicability in
areas with low accessibility (Kim and Lee 2020). To
address this limitation, a number of portable in-situ devices
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have been developed for quantitative evaluations of the
mechanical properties in the field (Alshibli et al. 2005,
Sawangsuriya and Edil 2005, Byun and Lee 2013, Byun
and Kim 2020, Lee and Byun 2020).

Light falling weight deflectometers (LFWD) have been
widely used in the field for the assessment of subgrade
stiffness. The LFWD is efficient in monitoring the stiffness
variation and assessing the quality of compaction during
construction, because it offers advantages of fast testing and
quantitative evaluation (Lee et al. 2014). In particular, the
LFWD is suitable for evaluating the stiffness of subgrades
underneath railway and roadway pavements because the
dynamic deflection modulus (£s) is measured by applying
dynamic loads. Meanwhile, the California bearing ratio
(CBR), which represents the strength, is regarded as the
most convenient and reliable criterion to evaluate the
bearing capacity of soils (Roy 2016). The CBR test is
applicable in the field because of its simplicity and
capability of rapid measurements for subgrade strength
without excavation (Harison 1989). Furthermore, CBR has
been employed for the design of flexible pavements on the
basis of correlations with a number of other engineering
parameters (Usluogullari and Vipulanandan 2011, Putri et
al. 2012, Sujatha et al. 2018). Despite the advantages of the
LFWD and CBR tests, field application is only
recommended for a certain shallow depth owing to the
limited effective depth, which is twice the diameter of the
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loading plate for LFWD (Nazzal et al. 2004) and a depth
less than 1 m, which is similar to the influence depth of a
vehicle load, for CBR (Briaud 2013). Further, the strain
influence factor that varies along the depth must be
considered to analyze the measured representative
mechanical properties.

One of the most applicable in-situ devices for subgrade
characterization is a dynamic cone penetrometer (DCP);
hence, the DCP has been used for pavement design using
correlations with LFWD and CBR (Gabr ef al. 2000, Chen
et al. 2005, George et al. 2009). The DCP is portable, and
its test procedure is simple and convenient for obtaining a
continuous subgrade profile (Hong et al. 2016). The
remarkable advantage of the DCP is that the dynamic cone
penetration index (DCPI), whose unit is the penetration
depth per blow, represents the strength for each measured
depth. Thus, the consideration of the strain influence factor
with respect to depth, which is recommended for the
evaluation of mechanical properties using LFWD and CBR,
is not necessary. However, manual hammer blowing and
measuring each DCPI individually extends the test duration,
and the small difference in diameters of the driving rod and
the cone tip generates frictions between the ground and the
driving rod, which causes the loss of driving energy. Thus,
the total penetration depth of the DCP is typically 2-3 m. In
contrast, an automated dynamic cone penetrometer (ACP)
equipped with an automatic hammer system is applied for
subgrade assessments by measuring blow counts per 100
mm, which is the inverse concept of unit for DCPI. The
automatic hammer system and measuring unit concept
shortens the time required for the in-situ test, as compared
to the DCP test. Furthermore, the impact energy of ACP
with a 294.3 N hammer and the 200 mm drop height, which
is greater than that of the DCP with a 78.5 N hammer and a
575 mm drop height, provide a deeper test depth.

The objective of this study is to evaluate the strength
and stiffness of a subgrade using portable in-situ devices
and compare the measured mechanical properties. First, this
study introduces the specifications and testing procedures of
ACP, DCP, and LFWD. Thereafter, the in-situ test results of
nine points are presented by the N-value (Nacp) from the
ACP, DCPI from the DCP, and dynamic deflection modulus
(Eva) from the LFWD. Finally, Nacp is correlated with DCPI
and E,4, considering the strain influence factor to verify the
adaptability of ACP. In addition, the relationships of Nacp
with the strength and stiffness parameters of the soils are
estimated to expand the applicability of ACP.

2. Description of mobile devices
2.1 Automated dynamic cone penetrometer (ACP)

ACP is a portable in-situ penetration testing apparatus
that characterizes the strength of the target ground. The
ACP is composed of a cone tip with a diameter of 35.6 mm
and an apex angle of 60°, an extendable driving rod with a
diameter of 20 mm, and a drop hammer with a weight of
294.3 N, as shown in Fig. 1. The drop hammer is lifted
using a hydraulic motor to a drop height of 200 mm; thus,
the cone tip of the ACP dynamically penetrates the target
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Fig. 1 Automated dynamic cone penetrometer (ACP)

ground with a potential energy of 58.86 N-m. The N-value
of ACP (Nacp) is obtained via the experimental results for
ACP. Nacp, which is blow count of the dropped hammer
required for a penetration depth of 100 mm, is calculated as

counts
100 "™ (1)

= N(D+100)mm - N(D)mm

Nycp |blow

where Np+100ymm and Npymm are the cumulative blow counts
of the hammer at the depths of (D + 100) mm and (D) mm,
respectively. It should be noted that Nacp is obtained by
applying a permanent displacement to the target ground,
thus, it can be used for the strength characterization of the
target ground, similar to the N-value of the SPT.

The ACP can be carried and operated via manpower and
characterizes the target ground at relatively greater depths
owing to its automated hammer blowing system employing
a hydraulic motor. Therefore, studies on the relationships
between the Nacp and other engineering properties are
required for effective in-situ investigations using an ACP.

2.2 Dynamic cone penetrometer (DCP)

The conventional DCP, introduced by Scala (1956), is a
miniaturized in-situ penetrometer. The components of the
DCP are simpler than those of ACP: a cone tip with a
diameter of 20 mm and an apex angle of 60°, a driving rod
with a diameter of 16 mm, and a drop hammer with a
weight of 78.5 N (ASTM D6951 2009), as shown in Fig. 2.
The drop hammer is manually lifted and freely falls from a
drop height of 575 mm, and the cone tip dynamically
penetrates the target ground with a potential energy of 45.14
N-m. During penetration, blow counts and corresponding
penetration depths of the cone tip are recorded to calculate
the penetration depth at each hammer blow, which is
defined as the DCPI (mm/blow).

DCPI[mm/blow] = D,y 1 — D, 2)

where Dy and D, are the depth of the cone tip at the blow
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counts of n+1 and n, respectively.

Owing to the simple testing procedure and equipment of
DCP, the relationships between the DCPI and other
engineering parameters such as relative density, internal
friction angle, and elastic moduli have been investigated by
several researchers for a wide range of applications of DCP
(Lee et al. 2014, McElvaney and Bundadidjatnika 1991,
Mohammadi et al. 2008). Accordingly, the DCP has been
adopted as a standard instrument for managing and
evaluating compacted subgrades during and after the
construction of transportation infrastructures. However,
because of the hand-operated hammer blowing system and
low driving energy, the DCP is limited to characterizing
target grounds at a shallow depth.

2.3 Light falling weight deflectometer (LFWD)

Even though the ACP and DCP offer significant
advantages in that they are portable and characterize the
target ground with depth, these approaches only determine
the strength parameters. To evaluate the stiffness of the
target ground, LFWD is being employed. The LFWD is a
portable device that evaluates stiffness by applying a
dynamic load on the loading plate by dropping hammer
with a weight of 98.1 or 147.2 N, as shown in Fig. 3.
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Fig. 3 Light falling weight deflectometer (LFWD)
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Fig. 4 Typical experimental result of light falling weight
deflectometer (LFWD) test

When a dynamic load is applied on the loading plate, the
plate is deflected; this deflection is measured in the time
domain by using a geophone installed on the loading plate
with the stress acting on the target ground, as shown in Fig.
4. The dynamic deflection modulus (£,s;), which is the
elastic modulus evaluated via the LFWD test, is calculated
using the peak stress acting on the target ground (oopeqt) and
the peak deflection of the loading plate (dopear), as follows

A-(1-v?) -0 T
E,,d[MPa] _ ( ) Opeak

3)

dOpeak

where A is the shape factor for stress distribution in the
target ground, v is Poisson’s ratio, and r is the radius of the
loading plate.

The LFWD evaluates E,; within a short testing time and
does not disturb the target ground; thus, the LFWD is
highly applicable for the constructed geo-structures.
However, the E,q produced by LFWD is an equivalent
modulus within the depth of the influence zone, which
corresponds to twice the diameter (2B) of the loading plate
(Elhakim et al. 2014, Fleming et al. 2007), as shown in Fig.
3. Accordingly, an error may occur if a discontinuity lies in
the influence zone, and the ground deeper than the influence
zone cannot be evaluated using the LFWD test.

3. Field tests

For the evaluation and comparison of Nacp, DCPI, and
E,4, the ACP, DCP, and LFWD tests were conducted in the
selected study sites. Nacp and DCPI along the depth were
compared to determine whether the strength indices indicate
complementary results. In addition, E,; evaluated by LFWD
was compared with Nacp to describe the consideration of
the strain influence factor.

3.1 Site description

The ACP, DCP, and LFWD tests were carried out at
three sites in South Korea, as shown in Fig. 5. Each site
comprises three testing points; accordingly, the test results
of nine points (Point-1 to 9) were compared. The testing
points were determined by adopting soft ground that can
undergo easy settling, resulting in engineering problems.
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Fig. 6 Grain size distribution curves of samples

Table 1 Index properties of samples

Index Site
property 1 2 3
Dio [mm] 0.12 0.07 0.09
Dso [mm] 0.32 0.29 035
Dso [mm] 0.80 0.59 0.79
Deo [mm] 1.10 0.74 1.02

Cul] 9.17 10.28 10.85

Cel] 0.94 0.86 133
USCS [ ] SP SW

*Dn denotes grain size that corresponds to n% finer by weight.
Cu, Cc, and USCS denote coefficient of uniformity, coefficient of
curvature, and unified soil classification system, respectively

The representative grain size distribution curves of the
samples from each site are shown in Fig. 6, and the index
properties related to grain size characteristics are
summarized in Table 1. At each testing point, the LFWD
test was conducted to evaluate the soil stiffness of the in-
situ ground before the disturbance that can be caused during
the ACP and DCP tests. For the LFWD tests, a loading plate
with a diameter of 300 mm was adopted, as shown in Fig. 7.
Thereafter, ACP and DCP tests were performed until the
hard ground layer emerged, or up to a depth of 10 m and 8
m, respectively. The spacing between the ACP and DCP

7
7

ACP test DCP test
'
) L)
‘ 600 mm ‘
< |
Target ground

Fig. 7 Experimental setup on target ground

points was maintained at 600 mm to minimize the boundary
effect of both penetration tests.

3.2 N-value (Nacp)

The values of Nacp measured at Point-1 to Point-9 are
presented in Fig. 8. The Nacp at Point-1, 2, and 3 gradually
increase along the depth because of the effective
overburden pressure. At Point-2, the Nacp abruptly
increases at a depth of 2 m due to obstacles such as stone or
gravel and returns to a gradually increasing line affected by
the overburden pressure. The Nacp values at Point-1 and 3
significantly increase beyond 60 blow counts/100 mm at the
depth of 4.5 m when the hard ground layer emerges. At
Point-4, 5, and 6, as shown in Fig. 8(b), Nacr values
gradually increase along the depth, but the effect of the
overburden pressure was lower than that at Point-1, 2, and
3. The Nacp at Point-6 abruptly increases up to 40 blow
counts/100 mm at a depth of 0.5 m, similar to that for a
depth of 2 m at Point-2. In contrast, the Nacp at Point-7, 8,
and 9 repeatedly increased and decreased along the depth
up to 2 m because of naturally existing roots and gravels.
Beyond a depth of 2 m, the ACP test is ceased because
extremely soft and hard ground layers were noted at a depth
of 2 m at Point-7 and 3.5 m at Point-8.

3.3 Dynamic cone penetration index (DCPI)

The DCPIs obtained at Point-1 to Point-9 at each site are
plotted in Fig. 9. The low confining pressure near the
ground surface induces large DCPIs for all tests. Note that a
large DCPI corresponds to a low Nacp due to the inverse
units of [mm/blow] and [blow counts/100 mm]. Therefore,
the DCPI profile shows more fluctuation as the resolution
of DCPI is higher than that of Nacp, where the measuring
interval is fixed at 100 mm. In addition, the smaller
diameter of DCP compared to that of ACP induces a more
fluctuating profile due to the influence of relatively small
particles (Batachowski 2007). At Point-1 and 2, the DCPIs
gradually decrease along the depth owing to the effective
overburden pressure as indicated in the ACP result, and
converge at 5 mm/blow and 7 mm/blow, respectively. At
Point-3, the DCPI shows a relatively low value compared to
that at Point-1 and 2, which corresponds to the result of
ACP (see Fig. 8(a)). The DCPIs at Point-4, 5, and 6
gradually decrease along the depth, but the DCPIs converge
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Table 2 Dynamic deflection modulus (E,4) obtained using
light falling weight deflectometer (LFWD)

Testing point 1 2 3 4 5 6 7 8 9
Ew[MPa] 63 39 128 7.7 4.0 9.0 46 155 55

at 10—-12 mm/blow, which is greater than those at Point-1, 2,
and 3 owing to the smaller effective overburden pressure. In
particular, the DCPI at a depth of 0.5 m at Point-6 reveals
obstacles in the ground layer, which corresponds to the ACP
result (see Fig. 8(b)). The DCPI at Point-7 is measured to be
5—10 mm/blow at depths of 0.8-2 m and 815 mm/blow at
2.5-3 m. Meanwhile, the DCPI at Point-8 is evenly
measured to be 5-20 mm/blow from the ground surface to a
depth of 7.5 m, and the DCPI at Point-9 is measured to be
2—-18 mm/blow at a depth of 0.5-2 m. From the ground
surface to a depth of 2 m, the DCPIs at Point-7, 8, and 9
show lower values compared to the other points due to the
roots and gravels, which is in-line with the ACP results.

3.4 Dynamic deflection modulus (Eva)

The deflection curves resulting from the impulse load
obtained using the LFWD for all testing points are
presented in Fig. 10. Prior to the LFWD test, the ground
surface was cleaned and smoothened without any
protruding materials to ensure uniform contact between the
loading plate and ground surface. The LFWD test is
performed for at least three falling weight sequences, and
the dynamic deflection modulus (E.s) is measured unless
the difference is greater than 3% (ASTM E2583 2007). The
peak deflections generated by the impulse load at Point-1 to
Point-9 are 3.58, 5.82, 1.75, 2.92, 5.69, 2.50, 4.84, 1.45, and
4.07 mm, respectively. E,s values estimated by substituting
the measured peak deflection in Eq. (3) are 6.3, 3.9, 12.8,
7.7,4.0,9.0, 4.6, 15.5, and 5.5, as summarized in Table 2.

4. Analyses and discussion
4.1 Correlations of Nace with DCPI and Npce

The DCPI has been widely used for the strength
characterization of target ground and correlated with several
engineering properties of soils such as relative density,
internal friction angle, and elastic moduli (Hong et al. 2017,
Lee et al. 2014, Mohammadi et al. 2008). Thus, the
relationship between the DCPI and Nacp was constructed to
extend the applicability of Nacp. To correlate the DCPI with
Nacp, the DCPI was averaged at depths of every 100 mm,
and the averaged DCPI and Nacp at corresponding depths
are plotted in Fig. 11. The DCPI was fitted as a function of
Nacp, as follows

DCPI = 128.24N,¢p " (4)

In addition, the cumulative blow counts of DCP at
depths of 100 mm (Npcp) were calculated to verify the
relationship between the DCPI and Nace (Eq. (4)) in
identical dimension. The calculated Npcp is linearly
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Fig. 12 Relationship between Nacp and Npcp

proportional to Nacp, as shown in Fig. 12. Therefore, the
relationship between the DCPI and Nacp is considered as a
valid equation and can be used for the estimation of DCPI
from the results of the ACP tests.

4.2 Estimation of strength parameters using Nacp
Both Nacp and DCPI are not strength parameters but

indices that characterize the strength of the target ground.
For assessing the strength parameters of engineered soils



Subgrade assessment using automated dynamic cone penetrometer to manage geo-infrastructures 867

1000

California bearing ratio, CBR [%]

0.1 1 10 100

N-value from ACP, Nucp [blow counts/100 mm]

(a) California bearing ratio (CBR)

100 80
—_ =
X D, = 14.5xNpcp®53 E=3
- o)
o 4 40 i)
= 5]
2 4 5
-- - 0.13 k<
g ¢ = 27.75xNpcp 3
g 20 =
g
& Relative density %
----- Internal friction angle -

1 10

0.1 1 10 100
N-value from ACP, Nycp [blow counts/100 mm]

(b) Relative density (D;) and internal friction angle (§)

Fig. 13 Estimation of strength parameters using Nacp

and pavements, the CBR, relative density (Dr), and internal
friction angle (§) are evaluated (Lee er al. 2019). To
estimate the CBR using the portable penetration testing
method, several researchers have suggested the following
relationship between the logarithmic CBR and DCPI

log(CBR) = a — B log(DCPI) %)

where a and S are correlation factors ranging from 2.44 to
2.56 and 1.07 to 1.16, respectively, according to the
material characteristics of pavements (Harison 1987, Kleyn
1975, Livneh 1989, Livneh et al. 1995, McElvaney and
Djatnika 1991, Webster et al. 1992). In addition, the relative
density (Dr) and internal friction angle (¢) are correlated
with the power of the DCPI, as follows

a

Pr¢=perm

(6)
where a and b are equal to 189.93 and 0.53 for D, and 52.16
and 0.13 for ¢ (Mohammadi et al. 2008), respectively.

To estimate the CBR based on Nacp, the relationship
between the DCPI and Nacp (Eq. (4)) is applied to Eq. (5);
thus, the CBR can be estimated from Nacp, as follows

log(CBR) =o'+ ff'1og(N ;) (7

where o' and f’ are correlation factors ranging from 0 to
0.304 and 1.07 to 1.16, respectively. It should be noted that
o' is determined by both a and f in Eq. (5) and that £ is
identical to £ in Eq. (5). The relationship between CBR and
Nacp is plotted in Fig. 13(a). The upper and lower bounds of
the CBR are determined, where o' and ' are 0.304 and 1.07
and 0 and 1.16, respectively. In addition, the relationship
between the DCPI and Nacp (Eq. (4)) is substituted in Eq.
(6) to estimate the relative density (D;) and internal friction
angle (¢) based on the Nacp. D, and ¢ can be estimated
from Nacp using Eq. (8) and Eq. (9), respectively, and these
parameters are plotted on a logarithmic scale in Fig. 13(b).

D, = 14.5N,p%> ®)
¢ = 27.75N,cp° "3 9)

Therefore, Nacp can be used for the simple estimation of

strength parameters such as CBR, D,, and ¢ by using Eq.
(N-9).

4.3 Correlations of Evq¢ with Nace and
weighted Nacp

The elastic modulus of the ground is one of the most
important engineering parameters and can be used for
evaluating the stiffness of the target ground. In this section,
the relationship between the dynamic deflection modulus
(Eva) determined by LFWD tests and Nacp was investigated
to estimate the stiffness characteristics of the ground based
on results of the ACP tests. For the comparison of E,; and
Nacp, the Nacp values measured to a depth of 600 mm were
averaged (NAcp (averaged)), Which corresponds to the influence
zone (2B) of the LFWD loading plate, and plotted with Eq,
as shown in Fig. 14. The relationship between E,; and Nacp
is expressed as

Eva = 0-547NACP(averaged) +2.928 (10)

Although E,q is linearly correlated with Nacp, the data
sets are dispersed from the linear fitting line, and the
determinant coefficient (R?) is calculated to have a
relatively small value of 0.715, because the LFWD
evaluates an equivalent elastic modulus without considering
the different strain levels within the influence zone.
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Fig. 14 Relationship between averaged Nacp and dynamic
deflection modulus (E,4)
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Fig. 15 Strain influence factor induced by LFWD test

To establish a reasonable relationship between E,q and
Nacp while considering the strain levels induced by the
LFWD test, a method for the estimation of the strain
influence factor, suggested by Schmertmann et al. (1978),
was adopted. The strain influence factor linearly increases
from the surface and reaches a peak value at a depth
corresponding to 0.5 B (150 mm); moreover, this factor
linearly decreases to 0 at the depth of 2.0 B (600 mm), as
shown in Fig. 15.

Based on the area of the strain influence factor, the
weighting factors for depths of every 100 mm are calculated
as

W= A (11)
" °_ A, 157425

where W, and 4, are the weighting factor and area of the

strain influence factor curve at the n-th layer, respectively.

In addition, the weighted Nacp (Nacp(weighied)) Was calculated

as
6

Nacrweigien = Y Nacrny % W (12)

x=1

where Nacpm) is the Nacp value at the n-th layer.
Nacpweighted) 15 plotted with E,y in Fig. 16; Nacpweighted)
exhibits an improved linear relationship with E,;, with a
determinant coefficient of 0.927. E,; is calculated using
Nacp(weighted) @S

Eva = 0.887Nacpweignteay + 2.114 (13)

Therefore, the dynamic deflection modulus (£,4) can be
estimated using Eq. (13), and the stiffness of the target
ground can be characterized along the depth based on the
results of the ACP tests.

4.4 Estimation of stiffness parameters using Nacp
For estimating the stiffness parameters of the target

ground, elastic moduli were evaluated via the plate loading
test (PLT), soil stiffness gauge (SSG), and falling weight

6 o’
o & E,=0887 Nece eies + 2114
s 950 R®= 0,027

4

Dynamic deflection modulus, E, 4 [MPa]

0 2 4 6 8 10 12 14 16 18 20
Weighted Njcp [blow counts/100 mm]

Fig. 16 Relationship between weighted Nacp and dynamic
deflection modulus (E,4)

deflectometer (FWD). Similar to the estimation of strength
parameters in Egs. (5) and (6), the elastic moduli
determined via PLT (Eprr), SSG (Essc), and FWD (Epwp)
are correlated with DCPI, as follows

c
Epp7)Essey Erwp = m (14)

where ¢ and d are 2460 and 1.285 for Eprr, 755.2 and 0.671
for Essg (Alshibli et al. 2005), and 338 and 0.39 for Erwp
(Sawangsuriya and Edil 2005), respectively.

To assess the stiffness characteristics of the target
ground using Nacp, the relationships between the DCPI and
Nacr (Eq. (4)) are applied to Eq. (14). Thereafter, the
relationships between the elastic moduli determined from
the PLT (EPLT), SSG (Essc,), and FWD (EFWD) and the NACP
were constructed as shown in Fig. 17. Eprr, Essg, and Erwp
are calculated using Nacp, as follows

Epyr = 4.81N,p -2 (15)
Egsc = 29.1N,cp"6"" (16)
EFWD = 50'9NACP0.39 (17)

Therefore, Nacp can be used for the simple estimation of
stiffness parameters such as Eprr, Essg, and Erwp by using
Eqgs. (15)-(17).

1000 ¢

100 b Erwp = 50.9xNagp?% _

Epur = 4.81xNycp' 288

Determined by PLT
Determined by SSG
----- Determined by FWD

Elastic moduli, E [MPa]

0.1 1 10 100
N-value from ACP, N,cp [blow counts/100 mm]

Fig. 17 Estimation of elastic moduli via PLT, SSG, and
FWD using Nacp
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5. Conclusions

The objective of this study was to evaluate the
engineering properties of subgrades using portable in-situ
devices—the ACP, DCP, and LFWD—and to estimate
engineering parameters based on the results of the ACP,
DCP, and LFWD tests. These tests were conducted at nine
testing points in South Korea. Based on the results of the
ACP, DCP, and LFWD tests, the values of Nacp, DCPI, and
E,; were evaluated. In addition, the relationships between
Nacp and the strength and stiffness parameters, i.e., the
CBR, relative density (D), internal friction angle (¢), and
elastic moduli determined by the PLT, SSG, and FWD, were
constructed to efficiently evaluate the subgrade conditions
based on Nacp. The remarkable conclusions are as follows:

e The DCPI has been widely used and correlated with
a number of engineering parameters owing to the
simple procedure and equipment of the DCP test.
Meanwhile, Nacp can more effectively reflect the in-
situ subgrade, because the ACP can rapidly
characterize the deep layer owing to the automated
hammer system. In addition, the portable LFWD can
easily estimate the stiffness of the subgrade;
however, the strain influence factor should also be
considered.

e For an effective investigation of the in-situ subgrade,
the value of Nacp from the ACP test is correlated
with the values of the DCPI and E,; from the DCP
and LFWD tests, respectively. The relationship
between the DCPI and Nacp is valid and suitable for
the estimation of the DCPI, which is widely
correlated with numerous engineering parameters.
The correlation between E,; and Nacp improves
when the strain influence factor is considered.

e To expand the applicability of ACP, the relationships
between Nacp and the strength and stiffness
parameters, which are empirically and widely
correlated with DCPI, are established. The CBR, D,,
¢, and elastic moduli determined via the PLT, SSG,
and FWD are reliably estimated using Nacp, proving
that the Nacp can be applied for the assessment of
engineering parameters by using the correlations
determined in this study.
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