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SUMMARY: The dynamic cone penetrometer light (DPL) test has been used extensively for
geotechnical investigation due to its speed, economy and mobility. In this work, we measure the
depth to bedrock using DPL in a natural forested basin of Rio de Janeiro, Brazil. We compare our
definition criteria of soil-bedrock interface with other approaches used internationally. In addition,
we show where, in a river basin or slope, this test is more reliable, as well as places where there
might be bias in the interpretation of the test. We also present a statistical method to delineate
possible heterogeneities between the ground surface and the rock mass surface. This stratigraphic
information is then confronted with laboratory tests, which indicated a low correlation between the

DPL penetration rate and soil texture.
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1 INTRODUCTION

Regolith depth controls a myriad of processes by
influencing subsurface flow paths, erosion rates
and soil moisture. As hillslope interiors are very
difficult and costly to illuminate and access, the
topography of the bedrock surface is largely un-
known. Moreover, at field scale, limited tests, to-
pographic constraints, high gradients and dense
vegetation make estimating depth to bedrock dif-
ficult, time consuming and cost prohibitive.
Several direct and indirect measurement
methods have been used to estimate depth to
bedrock. Examples of direct measurement meth-
ods include rod penetrometers, excavated pits,
hand and gasoline or electric-powered augers,
road cuts and erosion gullies, and dynamic cone
penetrometers. This last measurement device is
particularly promising as it can help delineate
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soil stratigraphy and layers with contrasting hy-
draulic properties. Example of this device is the
dynamic cone penetrometer light (DPL). Indirect
bedrock depth measurement methods include the
use of gravity survey, geophysical, seismic re-
fraction, electrical resistivity tomography, and
airborne electromagnetic. These latter five mea-
surement methods make it possible to determine
noninvasively the physical properties of the sub-
surface, yet inversion methods are required to in-
terpret these indirect observations of the bedrock
depth. Much effort is required to use these mea-
surement methods to characterize bedrock depth
variations at the spatial scale of a hillslope or wa-
tershed.

For many geological and geotechnical condi-
tions found in southeastern Brazil, it is necessary
to determine thick and heterogeneous soils. DPL
is an alternative and cost-effective approach to



Brazil
N

60°0'0"W 40°0'0"W

2
o
BN
&N
N

Atlantlc ocean
T
44°0'0"W 42° 0 o"wW

T
22°57'30"S

field test:

© DPL
®E mechanical auger

Figure 1: Geographic overview (left) and shaded relief image (right) of the Papagaio river basin experimental field site
(red cross) in Rio de Janeiro, Brazil. The white circles (right) denote the DPL measurement locations and the white
squares with black dots represent additional mechanical auger tests. The transect AA’ is used to demonstrate the results
of DPL tests. The transects BB’ and CC’ are also of particular interest.

achieve these requirements. Basically, DPL con-
sists of guide rod, a set of rods, a hammer and a
cone. In general, its operation involves the fall
of a hammer from a determined height, generat-
ing thus energy that guide rods into the ground
at a penetration rate. Hence the penetration rate
is an empirical measure of the soil mechanical
strength.

In this article, we present a detailed field in-
vestigation of a natural region of the Tijuca Mas-
sif, Rio de Janeiro, Brazil (Figure 1). We de-
scribe a method to estimate the soil-bedrock in-
terface of residual soils as well as possible re-
sistant layers between the ground surface and
the underlying bedrock using DPL tests. Ad-
ditional surveys with mechanical auger are also
conducted to obtain information on the sand, silt
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and clay content. Correlations between results of
DPL tests and textural information are explored.

2 FIELD INVESTIGATIONS

Field investigations were carried out in two ad-
jacent watersheds in the Papagaio river basin
in Rio de Janeiro, Brazil. These two water-
sheds have been studied extensively by many
different authors in the literature after mass
movements occurred in 1996 (see for instance
Vieira and Fernandes (2004)). The geographic
location of the field sites is depicted with a red
cross in Figure 1 which also presents (right hand
side) the topography of the two experimental
basins. The white dots signify n = 137 DPL
measurement locations, and the withe squares



with a black dot represent 8 positions where me-
chanical auger probing were also executed. The
hillslope transects are used herein to summarize,
respectively, results of DPL tests (AA’), con-
fidence intervals of a depth to bedrock model
(BB’, Gomes et al. (2016a)) and a slope stabil-
ity investigation (CC’, Gomes et al. (2016b)).
The elevation in the surveyed region ranges be-
tween 190 and 360 meters above sea level with
slopes that vary between O to 57°. The lo-
cal bedrock consists of high-grade metamorphic
rocks (Archer gneiss is most frequent) with gran-
ite intrusions of coarse-medium granular texture
(Vieira and Fernandes, 2004).
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Figure 2: Representative weathering profile of the Archer
gneiss in Tijuca Massif, Rio de Janeiro (Brazil). DPL mea-
sures the depth to slightly weathered bedrock. The main
parts of the DPL apparatus are depicted in the right.

2.1 DPL tests

Figure 2 shows a typical weathering pro-
file found in many gneissic regions of Brazil
(Pastore, 1995). The main components of the
DPL Nilsson (Nilsson, 2008), used in this study,
are also represented in Figure 2. The test consists
of a steel cone that is driven into the soil by the
falling energy of a 10 kg hammer. The hammer
slides over the driven rod and transmits an exact
amount of energy (of a fixed height of 50 cm) to
an anvil (static part of DPL). The driven rod is
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coupled to a set of 1 m length steel rods. The
set of rods can be propagated up to 13 m into the
soil. A wood cushion between the hammer and
the anvil serves as a shock absorber. With the
hammer impact, the set of rods penetrates ver-
tically and number of blows to advance 10 cm
(Nyp) is computed. The higher the Nyy-value, the
more resistant is the soil. DPL tests can be eas-
ily conducted from the top soil (organic layer) to
the B horizon. After this stage a notable increase
in the Nyg-value is observed in the penetrograms
(soundings).

By dismantling the DPL ensemble in small
parts we have safely transported the equipment
to forested, high gradient regions of Figure 1.
Only two people are needed to perform the test,
although three persons is desirable for efficiency.
The rod’s verticality was guaranteed with a bub-
ble level placed every 10 cm of penetration for
the first rod and every 20 cm for the second
rod. However, in some cases, even with this con-
trol, heterogeneities related to roots and small
rocks have caused difficulties to maintain verti-
cality of the test. To illustrate this issue, Figure
2 shows small rocks next the soil surface (collu-
vium layer), where the rods needed to keep ver-
tical.

2.2 Mechanical auger tests

Eight mechanical auger tests have been executed
near specific DPL tests for reproducibility (see
Figure 1). We have collected disturbed samples
for various soil layers. Laboratory tests have
been conducted in 52 soil samples to characterize
the soil textural classes of the study site.

3 DEFINITION OF THE SOIL-BEDROCK
INTERFACE

In this work, we implement the following criteria
to measure the bedrock-depth surface:

1. 100 blows to advance 10 cm;

2. 80 or more blows to advance 3 consecutive
segments of 10 cm;



3. 60 or more blows to advance 5 consecutive
segments of 10 cm;

4. depth greater than 12~13 meters.

DPL has a limitation to achieve depths greater
than 13 m, since the extraction of the rods may be
compromised. Therefore, not always the depth
at which the test was stopped corresponded to
bedrock. However, our field experiments demon-
strated that measured regolith depth was predom-
inantly in the range between 0 and 13 meters.
What is more, our criteria used to define the soil-
bedrock boundary is consistent with approaches
adopted in the literature. This stopping criteria
was proposed by Nilsson and Cunha (2004) as
DPL field limit (capacity).

Njp-value or penetration rate is an empirical
measure of the soil mechanical resistance. To
gain insights on the results of the DPL tests, Fig-
ure 3 illustrates the behavior of Ny with depth
considering the four situations in which soil-
bedrock interface was assumed. The criterion #1
line shows that V| reaches the maximum value
of 100 blows to advance 10 cm. The criterion #2
line indicates that the estimated regolith depth is
slightly lower than 6m-depth. The criterion #3
line demonstrates a hard layer about 10 m-depth,
whereas the criterion #4 line represents that test
stopped at 12 m-depth.

Njp record is a good example of information
about soil stratification. An increase in Nipg is
observed in a soft layer as the cone tip reaches
an underlying stratum of higher resistance; in the
other hand, the penetration resistance decreases
in a dense soil as the cone tip approaches a lower
softer layer. Although the results presented in
Figure 3 indicate different stratigraphic condi-
tions, a common feature of these plots is that af-
ter an intermediate value of Nyy > 30, the pen-
etration resistance variability increases substan-
tially, which suggests the presence of a highly
weathered saprolitic zone (Figure 2). This might
be related with anisotropy in the vertical direc-
tion. We will revisit this issue further in this
work.
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Figure 3: Penetration resistance versus depth for typical
penetrograms (soundings) registered in the study site. The
four different criteria used to identify the soil-bedrock in-
terface are depicted.

Regolith depth ranged from O to 14 m (Fig-
ure 4). The distribution of the collected bedrock
depth data is quite uniform until 6 m depth. Af-
ter this depth, the histogram of Figure 4 shows a
decrease in the measurement density. Note that a
peak occurs at 12 m depth. As explained before,
our field survey has been limited to this depth.
However, some low frequency points have been
collected beyond this point.
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Figure 4: Histogram of depth to bedrock data collected by
DPL tests.

We now investigate a common stratigraphic
structure observed in the study area. Figure 5 il-
lustrates cross section AA’ where DPL tests have



been executed. The penetrograms are exhibited
next to each investigated borehole. The colors
representing Ny values are coded to match the
colors for each corresponding criterion, as shown
in Figure 3. In summary, the results indicate
a thick regolith in the hilltop and thin layer in
the drainage channel. The later condition has
been frequently identified near drainage channels
(boreholes #108, #107 and #111). Boreholes ex-
ecuted near drainage regions reached N;o = 100
blows and due to the high hammer rebound, we
suggest that fresh bedrock was hit. Moreover, in
this region, the decrease in penetration resistance
above bedrock surface is an indicative of aquifer
zone (borehole #107), where high water content
is expected to appear. Similar finding was ob-
served by Kosugi et al. (2009). The criterion 2
has been mainly noted in sideslopes (boreholes
#133 and #110). Borehole #100 depicts a test
that has been stopped because no refusal (termi-
nation condition) has been found. This condition
has been mostly identified at hillslope crests and
divides. Test #110 shows high N;, peak near 4
m-depth, probably associated with quartz gravel
or a small colluvium rock.

3.1 Comparison between light penetrometers
used to estimate the soil-bedrock interface

To compare the performance between differ-
ent penetrometers, it is usual (Matos Fernandes,
2014) to adopt the specific energy per blow (£).
This is a measure of the hammer kinetic energy
per unit of cone section area, expressed as:

E = MgHg4/A, (1)

where M is the hammer mass [M]; g represents
gravity [LT']; Hy indicates the drop height [L];
and A depicts the cone area [L?]. Let N; and Ny;
be Njp-values corresponding to the light pen-
etrometers / and //. The combination between
the energies (Equation 1) of both penetrometers
is (Matos Fernandes, 2014):

E[N;/L; = E;Nyr/Lypy, (2)
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where L is the penetration length unit, generally
10 cm. Eq. 1 and 2 are adopted here to facilitate
the comparison between different penetrometers,
although it should be mentioned that the energy
transmitted to the soil depends on other variables
not included, such as the weight of the anvil and
the weight of the rods.
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Figure 5: DPL tests executed in the transect AA’ of the
study site. The colors representing N1 are coded to match
the colors for each corresponding criteria, as shown in Fig-
ure 3. Vertical axis in the small plots represent depth in
meters.

Table 1 presents a review of different dynamic
cone penetrometers used in the literature to delin-
eate the soil-bedrock interface. Cone area (A),
hammer mass (M), drop height (H4) and pen-
etration length (L) have been reported by dif-
ferent authors. The symbol N;i represent the
value adopted by past investigators to describe
the soil-bedrock interface. The N:? value varies
from 30 to 100, but this value must be compared
with the DPL used in this work. By using equa-
tions (1) and (2) we calculate, respectively, the
kinetic energy per unit of cone section area (£)
and the corresponding Nj, value equivalent to
the DPL Nilsson, N{JP”L. Table 1 indicates that
the energy is very different for each penetrom-
eter due to differences in A, M and L. As a
consequence of variations in E, NJJP* also have
significant difference. The results show that the
soil-bedrock interface correspond to Ny, ranging
from 30 to 162. This large difference reflects het-
erogeneities found in the saprolitic zone, as well



as different site specific conditions. However, the
mean value of NJ7'* is 68, which is substantially
lower than the criteria used in this work to delin-
eate the soil-bedrock interface. This finding in-
dicates that DPL Nilsson is a robust option to de-
scribe bedrock surface and heterogeneities (hard

layers).
4 DEFINITION OF HARD LAYERS

In geotechnical site characterization, definitions
are needed for demarcation of vertical bound-
aries of soil layers. In this paper, we fol-
low Hegazy and Mayne (2002) to delineate soil
stratigraphy from DPL tests based on cluster
analysis. Cluster analysis is a statistical method
for grouping data with similar mathematical in-
formation, i.e., it is a numerical method of clas-
sification.

One of 137 DPL tests conducted by the au-
thors is shown in Figure 6. The penetrogram
depicted in (a) shows a 10 m depth regolith.
Dark grey regions in (a) represent hard-soil lay-
ers obtained by cluster analysis. These layers
have at least 0.5 m thickness and mean Njj
greater than 30. The minimum layer thickness
of 0.5 m has been adopted based in the work
of Hegazy and Mayne (2002), whereas the Ny
threshold has been chosen according to the re-
sults present in Table 1. The dashed blue line
represents the top of layers (0.5 m thickness or
higher) in which Njo-value is greater than 30.
This line agrees well with the first hard layer de-
fined by cluster analysis in Figure 6 (a). In Figure
6 (b), we show a common output of the devel-
oped code for cluster analysis. We have chosen
N, = 6 number of clusters to divide our bore-
hole results. The light grey regions denotes four
layers with similar behavior due to penetration
resistance. The corresponding mean Niy-value
for each layer is indicated in the plot. In sum-
mary, two main groups can be separated between
ground surface and the soil-bedrock interface: a
top “weak” layer and a bottom “hard” layer. The
remaining groups can be classified as outliers. In
the interface between these two layers, it is ex-
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pected that mechanical and hydrological proper-
ties might change (Kosugi et al., 2009). We use
now textural results to investigate possible dif-
ferences in sand, silt and clay content. Figure 6
(c) illustrates that sand and silt content increases
with depth. This finding might suggest some cor-
relation between penetration resistance and soil
textural classes.
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Figure 6: Interpretation of cluster analysis of DPL data.
In (a), three hard-soil layers are depicted with a dark grey
color. The dashed blue line represents the top of the layer
in which Njg-value is greater than 30. In (b), a typical out-
come of the statistical analysis indicates two main groups
of soils (thick black vertical lines). The light grey layers
represent clusters. In (c) we show the corresponding tex-
tural information for this borehole: sand (dark gray), silt
(medium grey) and clay (light gray).

5 CORRELATION WITH TEXTURAL IN-
FORMATION

Table 2 presents correlations coefficients of the
measured Nyo-values and percentages of sand,
silt and clay. A weak correlation exists between
penetration rate and textural classes: sand (0.31),
silt (-0.22) and clay (-0.29). As noted in section
4, sand contend increases with depth. This result
has also been reported by Vieira and Fernandes
(2004) for the present study site. The strong neg-
ative correlations between sand and silt contents
(-0.82) and sand and clay contents (-0.89) in-
dicates that the greater the percentage of sand,



Table 1: Characteristics of dynamic cone penetrometers used to limit the soil-bedrock interface.

A M Hy L Nt E NRPL
Reference (cm?) (kg) (cm) (cm) blows/L (kJ/m?) blows/10 cm
Ohnuki et al. (1997) 3.00 5.00 50 10 40 81.75 65
Shanley et al. (2003) 2.40 5.00 63 5 15 128.76 77
Uchida et al. (2003) 0.95 1.17 20 4 100 24.16 121
Katsuyama et al. (2005) 1.95 1.17 20 4 100 11.77 59
Kosugi et al. (2006) 7.07 5.00 50 10 50 to 100 34.69 35 to 69
Fujimoto et al. (2008) 0.71 1.17 20 4 100 32.33 162
Ohnuki et al. (2008) 491 5.00 50 10 50 49.95 50
Kosugi et al. (2009) 3.14 2.00 50 10 50 to 100 31.24 31 to 63
Springman et al. (2009) 10.00 10.00 50 10 30 49.05 30
Tsuchida et al. (2011) 4.91 5.00 50 10 55 49.05 55
Askarinejad et al. (2012) 10.00 10.00 50 10 30 49.05 30
Wiegand et al. (2013) 1.25 10.00 30 10 30 235.44 141
Masaoka et al. (2016) 2.00 2.00 50 10 100 49.05 98
This work 10.00 10.00 50 10 30 49.05 100

the lower the content of the remaining textural
classes. The correlation between silt and clay
contents is less evident (0.45). In summary, cor-
relation coefficients showed in Table 2 indicate
that it is difficult to predict penetration resistance
values from measured textural information. This
was our main intended goal. We conclude that,
due to the lack of information on soil heterogene-
ity, the measured soil textural information could
be used as mean values for all regolith depth (ho-
mogeneous soil).

Table 2: Correlation coefficients of the measured Nig-
values (from DPL tests) and textural classes (from mechan-
ical auger tests).

correlation coefficients

variable  unit  Npg sand silt clay
Nio 1 1.00

sand % 0.31 1.00

silt % -0.22  -0.82  1.00

clay % -029 -0.89 045 1.00

1 blows/10 cm

6 CONCLUSIONS

In this paper we have detailed a field investi-
gation to delineate the soil-bedrock interface by
DPL tests. Our criteria used define this bound-
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ary is consistent with approaches adopted inter-
nationally, and has the advantage of being more
robust, which can lead to less biased estimates of
regolith depth. Two-dimensional plots demon-
strated that DPL. measurements are efficient for
shallow depths (up to 12 m-depth). In thick slope
crests, DPL data might underestimated bedrock
depth.

DPL measurements are particularly promis-
ing as it can help delineate soil stratigraphy
and layers with contrasting hydraulic properties.
We have proposed a method to identify hard-
soil layers using DPL data by cluster analysis.
The method can be useful to characterize ade-
quately heterogeneity within Brazilian residual
soils. Due to the lack of correlation between tex-
tural classes and DPL data, we suggest that the
soil in the study site can be modeled as homoge-
neous.
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