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Abstract: This paper presents the results of borehole investigations and laboratory tests carried out to
characterize the soils derived from in situ weathering of tuff in Central Java, Indonesia. The 70 m
thick weathering profile of the Quaternary tuff consisted of residual soil and completely to highly
decomposed rocks. The relatively low dry unit weight and cohesion but high water content, porosity,
plastic and liquid limits, and angle of internal friction of the soils in the present study were related
to the dominance of halloysite clay minerals. The established relationships to predict soil shear
strength parameters from the soil plasticity index and standard penetration test (SPT) N-values were
examined, and linear and non-linear relationships for soils derived from in situ weathering of tuff
were proposed.
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1. Introduction

In situ rock weathering produces weathering profiles and soil properties that vary
across geographic areas depending on the range and inter-relationship of various factors,
such as parent material, climate, drainage, hydrology, geomorphology, geological setting,
and vegetation [1–4]. The distinct engineering properties and behavior of soils derived
from rock weathering, as compared to soils derived from weathering of sedimentary rocks
or sedimentary (transported) soils, have been receiving increasing attention. The soils
derived from in situ rock weathering generally have engineering properties closely related
to those of their parent rocks. Brenner et al. [5] describe how density, void ratio, and shear
strength of sedimentary soils are influenced by the stress history, while those of the soils
derived from in situ weathering depend on the weathering degree of the parent rock.

Of particular interest in the present study are the soils derived from in situ weathering
of tuff, a pyroclastic rock consisting of > 75% volcanic ash, which are widespread in volcanic
regions. The relatively high porosity and permeability may cause the pyroclastic rock to
weather rapidly into clay minerals (e.g., [6–8]). Soils derived from in situ weathering of
tuff have been considered to have high shear strength. Sandeep et al. [9,10] found that the
friction angle of completely decomposed tuff taken from a landslide in Hong Kong was
relatively high. In particular, the engineering properties and behavior of halloysite-rich
soils derived from in situ weathering of tuff have been receiving increasing attention. The
halloysite-rich soils are also commonly considered to have relatively high angles of internal
friction and, consequently, the natural steep slopes comprising such soils are commonly
stable [11]. The halloysite-rich soils may, however, lose shear strength significantly once
the structure breaks down, triggered by external factors such as rainfall or earthquake [12].
The high sensitivity of the halloysite-rich soils has been related to a number of slope failure
cases in volcanic areas (e.g., [13–15]). Detailed investigations of soil mineralogy and the
relationship with the engineering properties are, therefore, essential to better understand
the ground behavior in the planning of construction projects.
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The use of standard penetration tests (SPTs) for determination of in situ shear strength
of soils derived from rock weathering have been criticized, mainly due to their inconsistency
and high variability. Despite its limitations, however, the considerably low-cost and simple
in situ test is routinely carried out as part of ground investigation. Correlations of SPT
N-values with soil shear strength parameters are mostly made for granular and cohesive
sedimentary (or transported) soils (e.g., [16–18]). In practice, the empirical correlations
of SPT N-values with the soil shear strength parameters of sedimentary soils are often
applied to designs of construction projects in soils derived from in situ rock weathering. As
highlighted by several authors (e.g., [19,20]), the estimation of shear strength parameters
of soils derived from in situ rock weathering from SPT N-values should be based on
correlations established from local geological conditions rather than those using general
relationships of sedimentary soils in the literature. An attempt has been made by Priddle
et al. [21] to correlate SPT N-values with undrained shear strength (Su) of residual soil
derived from weathering of tuff in South East Queensland, but a relatively poor SPT N-
value–Su relationship was observed, probably due to the limited data used in the analysis.
To date, the relationship between SPT N-values and shear strength parameters of soils from
in situ weathering of tuff is still poorly understood and, therefore, requires further studies.

In relation to construction planning of a road tunnel in Central Java, Indonesia, this
paper presents the results of borehole investigations and laboratory tests conducted to
characterize the materials along the tunnel route (Figure 1). Emphasis is given to the
characteristics of materials comprising the 70 m thick weathering profile of tuff, variations
in the soil properties with depth and rock weathering degree, and relationships between
the index properties, penetration resistance, and shear strength parameters of the soils.
The empirical correlations between the plasticity index and SPT N-values and soil shear
strength parameters developed in the present study is expected to provide insight into the
estimation of shear strength of soils derived from in situ weathering of tuff.
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2. Materials and Methods

Borehole investigations, including core sampling, in situ permeability test, and SPT,
were carried out by PT JJB [22] for designs of the road tunnel construction method and
support system. The core sampling was carried out using thin-walled tubes in conjunction
with rotary drilling. The in situ permeability test was conducted using the constant head in-
jection method, while the SPT was conducted by driving a split-barrel sampler at two-meter
intervals. The ground investigations were carried out following the procedures described
in ASTM International [24]. The core samples were carefully handled and transported to
minimize sample disturbance. The extruded core samples were encased in plastic wrap, alu-
minum foil, and paraffin to preserve the moisture. Visual observation of the core samples
from the ground surface down to the depth of 70 m from 10 boreholes were carried out in
the present study to estimate the rock weathering profile along the tunnel route (Figure 2).
The rock composition and fabric were confirmed by conducting petrographic analyses of
thin sections. Abrar [25] and Tamado [2] conducted laboratory tests of core samples to
investigate the soil index properties and shear strength parameters mainly for stability
analyses of the tunnel portal zone. Their laboratory testing programs were extended in
the present study to account for the spatial variability of the rock weathering degree. The
index properties of core samples were determined following the procedures described in
ASTM International [24], while the shear strength parameters of the core samples were
determined by direct shear tests, as specified in ASTM International [26]. The present study
was initially intended to assess the tunnel stability during or immediately after excava-
tion, and, therefore, the soil’s undrained shear strength parameters were investigated. As
previous authors (e.g., [11,12]) indicated that the internal friction angle (ϕ) values of soils
derived from in situ weathering of pyroclastic rocks were relatively high and, therefore,
could not be neglected, both the undrained cohesion (cu) and internal friction angle (ϕ)
values were measured. The borehole investigations indicated that the soil permeability
values were in the range of 1.1 × 10−7 to 6.6 × 10−7 m/s. A shearing rate of 0.5 mm/min
was applied during the direct shear tests to simulate the undrained conditions during
the in situ penetration resistance tests. Although the true undrained conditions during
the direct shear tests might not be attained, as the drainage could not be controlled, the
cohesion and internal friction angle values reported in the present study are considered to
be the undrained shear strength parameters (i.e., cu and ϕ). The SPT N-values presented
in this paper are essentially the field SPT N-values that have been corrected for the 60%
energy and are denoted as SPT N60-values. Although several boreholes were drilled down
deeper, only the SPT N-values down to the maximum depth of 70 m were analyzed in
the present study, as the penetration tests were generally terminated once the N-values
exceeded 60, which were considered as a refusal. The index properties and N60-values were
correlated with the respective shear strength parameters for the development of empirical
correlations, allowing the estimation of shear strength parameters of the soils derived from
in situ weathering of tuff.
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Figure 2. Borehole locations and depths from PT JJB [22] are plotted on the engineering geological
map and cross section developed in the present study. The material weathering grade in each borehole
estimated from the present study is drawn. The base map is from the Geospatial Information Agency
of Indonesia [23].

3. Results and Discussion
3.1. Weathering Profile

The road tunnel was planned to pass through Quaternary volcanic rocks, which
Thanden et al. [27] defined as the Kaligetas Formation (Qpkg) and Gilipetung Volcanic
Rocks (Qg). Thanden et al. [27] also reported that the Kaligetas Formation (Qpkg) might
have a thickness ranging from 50 to 200 m and consisted of volcanic breccia, lava flows, tuff,
tuffaceous sandstone, and claystone. The geological map and profile in Figure 2 show that
the tunnel route is dominated by the tuff of this rock formation. Tuff breccia exists in the
northeast side of the tunnel route. Abrar [25] indicated that vesicular lava of the younger
Gilipetung Volcanic Rocks (Qg) could also be observed locally along the riverbeds.

The upper 8 to 10 m of the tuff weathering profile is typically the residual soil (grade
VI). The thickness of the residual soil, as well as the underlying completely decomposed
tuff (grade V), varies with topography and typically becomes thinner toward the slopes.
Less than 2 m thick residual soil layers may be observed along the river slopes (Figure 3).
The core samples of the residual soil at the 0–10 m depth interval were brown to reddish
brown in color, but the upper 0.5 to 1 m layers were typically dark brown to yellowish
gray due to humus content (Figure 4a,b). The parent rock-forming minerals were mostly
altered to clay minerals, and the parent rock texture was completely destroyed. They were
typically easily crumbled by hand and finger pressure into constituent grains.
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Figure 3. Typical outcrop of brown residual soil and yellowish brown completely and highly
decomposed tuffs. RS: residual soil; CD: completely decomposed tuff; HD: highly decomposed tuff.
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Figure 4. Typical core samples. (a,b) Residual soils at 2–3 m and 9–10 m depths; (c,d) completely
decomposed tuffs at 14–15 m and 24–25 m depths; (e,f) Highly decomposed tuff at 69–70 m depth.

The residual soil layer is underlain by the completely decomposed tuff (grade V)
and, subsequently, the highly decomposed tuff (grade IV). Dearman [28] used the term of
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extremely decomposed rock for the rock material weathering grade V. The core samples
of the completely decomposed tuff were typically brown to yellowish brown in color, but
they could be mottled (Figure 4c,d). Although the minerals comprising the completely
decomposed tuff (grade V) were mostly decomposed, the rock texture was still recogniz-
able, particularly using hand lenses and in thin sections. The core samples often contained
weathered coarse lithic fragments and less weathered specimens of yellowish white, highly
decomposed tuff (grade IV) and light gray, moderately decomposed tuff (grade III). Pla-
gioclase minerals are hardly recognizable by the naked eye but could still be identified
in a few thin sections (Figure 5). The visible relict joints in the completely decomposed
tuff (grade V), as well as in the highly decomposed tuff (grade IV), were often filled with
quartz or marked with iron staining. The core samples of the completely decomposed
tuff were increasingly denser with depth, but they were also typically easily crumbled by
hand and finger pressure and were classified as soft soils to extremely weak rocks with the
estimated uniaxial compressive strength (UCS) values less than 0.5 MPa. The core samples
were mostly slake in water. The slake durability index values of the core samples from
7 to 40 m depth reported in the previous study by PT JJB [22] were relatively low, ranging
from 0.75 to 26%. Based on the strength and penetration resistance, the core samples from
10 to 20 m depth were marked as the more intensely weathered rock of the completely
decomposed tuff, while the soils from 20 to 30 m depth were considered the least weathered
rock of the completely decomposed tuff. The interface between the completely and highly
decomposed tuff (grades V and IV) was estimated to be located at about the depth of
30 m. The scatter data of the soil mineralogy, index properties, and penetration resistance
from 20 to 30 m depth might suggest the spatial inhomogeneity of rock weathering in the
zone of transition from highly decomposed tuff (grade IV) to completely decomposed tuff
(grade V).
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Figure 5. Photomicrographs of core samples classified as crystal tuffs in parallel polarized light (left)
and crossed polarized light (right) [1]. (a) Completely decomposed tuff (17–18 m depth); (b) highly
decomposed tuff (31–32 m depth); (c) highly decomposed tuff (67–68 m depth).
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The core samples of the highly decomposed tuff (grade IV) from 30 to 70 m depth
were mostly brown to brownish gray in color and mottled and often contained a significant
proportion of lithic fragments and less weathered corestones of white to yellowish white,
moderately decomposed (grade III), and light gray, slightly decomposed tuff (grade II)
(Figure 4e,f). The core samples were increasingly coarser and denser with depth. The core
samples could, however, still be crumbled by hand and finger pressure and were classified
as very weak to weak rocks with the estimated UCS values to be less than 2 MPa. The
relatively low UCS values were confirmed by the relatively low penetration resistance
and shear strength values described in the following section. Hencer and Martin [29] and
GEO [30] defined the highly decomposed volcanic rocks in Hong Kong as having UCS
values from 0.5 to 5 MPa. As the UCS values of the tuff from the depth range of 30 to
70 m in the present study were on the low side of those of the commonly described highly
decomposed volcanic rocks, the core samples in this depth interval were considered to
represent the intensely weathered rocks of the highly decomposed tuffs (grade IV). The
term soil used in this paper refers to all materials that make up the entire weathering profile
down to the depth of 70 m, following the terminology commonly applied in engineering
geology (e.g., [30]). Characteristics of the core samples in the present study are summarized
in Table 1.

3.2. Mineral Composition

Figure 5 shows typical photomicrographs of crystal tuffs, which dominate the study
area. The core samples predominantly consist of clay minerals. Weathered lithic, pla-
gioclase, iron oxide, hornblende, clinopyroxene, and quartz minerals were commonly
observed in less than 12%. Quartz minerals were often observed in veins. Figure 6a shows
the distribution of the clay minerals in the tuff weathering profile ranging from 76 to 97%.
The amount of clay minerals increases with the increase in the rock weathering degree.
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Table 1. Characteristics of tuff weathering profile.

Depth (m) Material Weathering
Degree

Core Description
+ Index Properties

* SPT N60

+ Shear Strength

Gs w γb γd n S LL PL IP IL cu ϕ

0–10 RS

Typically brown to reddish brown in color, the upper 0.5 to 1 m layers are typically
dark brown to yellowish gray due to humus content; parent rock-forming minerals

were mostly altered to clay minerals, and parent rock texture is completely
destroyed; easily crumbled by hand and finger pressure into constituent grains.

2.63–
2.67

75–
91

14.5–
15.1

7.5–
8.6

66–
71

97–
99

80–
86

29–
30

51–
56

0.9–
1.1 2–6 16–17 28–33

10–20

CD

Intensely
weathered

Typically brown to yellowish brown in color, may be mottled; minerals are
completely decomposed, but the rock texture is still recognizable using hand
lenses and in thin sections; contain weathered coarse lithic fragments and less

weathered specimens of yellowish white, highly decomposed tuff (grade IV) and
light gray, moderately decomposed tuff (grade III). Plagioclase minerals are hardly

recognizable by the naked eye but may be identified in a few thin sections;
typically easily crumbled by hand and finger pressure and classified as soft soils to

extremely weak rocks; mostly slake in water.

2.57–
2.71

56–
86

13.3–
16.6

7.2–
10.6

58–
73

86–
105

65–
85

26–
49

25–
56

0.6–
1.2

4–9

22–56 21–35

20–30 Least
weathered

4–18

30–70 HD Intensely
weathered

Mostly brown to brownish gray in color and mottled and often contain a
significant proportion of lithic fragments and less weathered corestones of white
to yellowish white, moderately decomposed (grade III) and light gray, slightly
decomposed tuff (grade II); may be crumbled by hand and finger pressure and

classified as very weak to weak rocks.

2.46–
2.72

44–
73

13.2–
16.5

7.8–
10.9

56–
69

73–
108

51–
88

26–
50

11–
46

0.3–
1.1 7–69 32–140 30–42

Gs: specific gravity; w: in situ water content (%); γb: bulk unit weight (kN/m3); γd: dry unit weight (kN/m3); n: porosity (%); S: saturation degree (%); LL: liquid limit (%); PL: plastic
limit (%); IP: plasticity index (%); IL: liquidity index; cu: undrained cohesion (kPa); ϕ: total angle of internal friction (◦); * based on analyses of data points from PT JJB [22]; + based on
analyses of data points from Tamado [2] and present study.
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The common minerals comprising the core samples from 20 to 50 m depth reported in
the previous study [22] are plotted in Figure 6b. The core samples commonly consist of
halloysite (22–46%), sanidine (14–23%), cristobalite (13–22%), quartz (11–15%), magnetite
(10–29%), and hematite (10–19%). The less common minerals, which include chloritoid,
muscovite, sepiolite, and monetite, were detected only in several core samples and typically
in less than 10%. The types of minerals observed in the present study commonly present
in volcanic ashes erupted from volcanoes in other parts of Central Java and East Java, as
reported in the previous study by Supriyo et al. [31].

Halloysite is a common clay mineral in soils derived from in situ weathering of py-
roclastic rocks (e.g., [14,32]). The 1:1 structure of clay mineral may be formed from the
weathering of volcanic glass and plagioclase comprising volcanic ash or from the weath-
ering of allophane clay mineral [33–37]. The natural occurrence and morphology of the
halloysite mineral are described in detail in Bailey [38] and Joussein et al. [39]. Irfan [40]
reported that halloysite is abundant in the least weathered rocks of completely decomposed
tuff, but kaolinite is dominant in the more intensely weathered rocks of completely decom-
posed tuff and in transition grade soil in Hong Kong. Duzgoren-Aydin [32] found that
halloysite is the dominant clay mineral in the moderately to highly decomposed pyroclastic
rocks in Hong Kong. Despite the limited clay mineralogy data presented in Figure 6b, the
trend of halloysite being the dominant clay mineral in the completely to highly decomposed
tuff in the present study is similar to that in Hong Kong. The relatively high proportion of
halloysite minerals is likely responsible for the distinct soil engineering properties.

3.3. Index Properties

The soil index properties are plotted in Figures 7 and 8, and the ranges of index
properties for each material weathering degree are summarized in Table 1. The in situ
water content (w) values range from 44 to 86% and approach the saturation degree (S)
values, which range from 73 to 105%. The dry unit weight (γd) values range from 7.2 to
10.9 kN/m3, while the porosity (n) values range from 56 to 73%. The values of plastic
limit (PL) and liquid limit (LL) range from 26 to 50% and from 51 to 88%, respectively. The
plasticity index (IP) values range from 11 to 56%, while the liquidity index (IL) values range
from 0.3 to 1.2. The specific gravity values of the soils range from 2.46 to 2.72. In general,
the in situ water content, porosity, degree of saturation, liquid limit, plasticity index, and
liquidity index values of the soils tend to increase with the increase in the rock weathering
degree. Meanwhile, dry unit weight and plastic limit values of the soils tend to decrease
with the increase in the rock weathering degree. The increase in the specific gravity values
of the soils toward the ground surface are possibly caused by the increase in the magnetite
and hematite minerals, as detected in the XRD analyses (Figure 8b).

Three out of 27 core samples analyzed for the particle size compositions contained
approximately 55% sand-size and 45% fine-grained fractions and were classified as silty
sand (SM) based on the Unified Soil Classification System (USCS). The remaining 24 core
samples contained from 90 to 99% fine-grained fractions and were classified as high-plastic
clay (CH) and high-plastic silt (MH) based on the Unified Soil Classification System (USCS).
Figure 6c shows that the upper part of the tuff weathering profile (i.e., from 10 to 30 m
depth) is dominated by soils classified as high-plastic clay (CH), while the middle and
lower parts (i.e., from 30 to 70 m depth) are dominated by soils classified as high-plastic silt
(MH). Wesley [41] defined a representative zone for the halloysite-rich soils to include the
soils with the liquid limit (LL) and plasticity index (IP) values plotted below and above but
parallel to the “A” line of the Casagrande plasticity chart. Such soils would be classified as
high-plastic silt (MH) and high-plastic clay (CH) based on the USCS soil classification. The
liquid limit (LL) and plasticity index (IP) values of halloysite-rich soils derived from in situ
weathering of pyroclastic rocks in New Zealand compiled by Moon [12] largely confirm
the representative zone for halloysite-rich soils defined by Wesley [41], particularly the
zone below the “A” line of the Casagrande plasticity chart. In general, the formation of
the high-plastic silt (MH) soils, related to the dominance of the halloysite, in the middle
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and lower parts of the tuff weathering profile in the present study also largely confirm the
representative zone for the halloysite-rich soils defined by Wesley [41]. Due to limited data
of the clay mineral type, however, the formation of the high-plastic clay (CH) soils in the
upper part of the tuff weathering profile of the present study (Figure 6c) may only be related
to increased formation of clay minerals as the weathering degree increases (Figure 6b).
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(d) profile of porosity; (e) profile of saturation degree; (f) profile of specific gravity (data points are
partly from Tamado [2]). Dashed line indicates general trend.
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of liquidity index (data points are partly from Tamado [2]). Dashed line indicates general trend.

Moon [12] compiled data of index properties of halloysite-rich soils derived from
weathering of pyroclastic rocks published by authors from various countries. The data
presented in Moon [12] and in this study are listed in Table 2 for easy comparison. In
general, the index properties of the soils in the present study fall within the range of those
in the previous studies. The in situ water content (w) and saturation degree (S) values of the
soils in the present study are partly in the low side of those in the previous studies. While
the weathering states of soils presented in the previous studies are not precisely known, the
soils in the present study include the residual soils (grade VI), completely decomposed tuff
(grade V), and highly decomposed tuff (grade IV). The relatively low in situ water content
(w) and saturation degree (S) values of the soils in the present study are only observed for
the highly decomposed tuff (grade IV) below the 40 m depth (Figure 7). The in situ water
content (w) and saturation degree (S) values of the completely decomposed tuff (grade V)



Geosciences 2024, 14, 213 12 of 22

and residual soil (grade VI) in the present study are similar to those of the soils in previous
studies. There might be some drying that occurred prior to the index testing. However,
as demonstrated in the present study, the soil index properties vary with rock weathering
degree. Lower in situ water content (w) and saturation degree (S) values, as compared
to those of the previous studies, are expected for the soils at greater depths, as the pore
volume decreases with increasing depth or with decreasing the rock weathering degree.

Table 2. Comparison of index properties of halloysite-rich soils derived from weathering of pyroclastic
rocks compiled by Moon [12] and present study.

w γd n S PL LL IP IL Source
(%) (kN/m3) (%) (%) (%) (%) (%)

31–51 100 55–75 70–110 20–45 Wesley [11,41]
18–29 34–77 16–48 Simon et al. [42]

60–100 65–80 15–30 Smalley et al. [43]
29 71 42 González de Vallejo [44]

20–45 Ishihara and Hsu [45]
60–89 46–67 68–99 22–46 0.3–0.8 Jacquet [46]
76–106 7.8–9.5 59 39–48 55–72 10–33 1.0–2.1 Keam [47]
54–101 6.7–10.6 33–70 29–66 42–98 11–40 0.5–2.4 Arthurs [48]
64–109 6.7–10.1 61–71 91–109 35–49 52–89 15–44 1.1–2.2 Moon et al. [49,50]
94–160 4.7–6.5 Wang et al. [51]
44–86 7.2–10.9 56–73 73–105 26–50 51–88 11–56 0.3–1.2 Present study

w: in situ water content; γd: dry unit weight; n: porosity; S: saturation degree; PL: plastic limit; LL: liquid limit; IP:
plasticity index; IL: liquidity index.

The halloysite-rich soils derived from in situ weathering of pyroclastic rocks typically
have low dry unit weight but high water content, porosity, and plastic and liquid limits.
The small-size halloysite minerals allow the soils to have high porosity that can contain
large amounts of water. The small-size clay minerals also cause the soils to have small pore
size and, therefore, allow the soils to create strong capillary forces, keeping the natural
water content to close to saturation. As large amounts of water content can be contained
and kept within the soil pores, the soils have high plastic and liquid limits.

Soils having high liquidity index values are commonly considered sensitive soils.
Although such soils can be relatively strong, they can flow like a liquid once the structure
breaks down [52]. In general, the liquidity index (IL) values of the soils in the present study
are relatively high. The liquidity index (IL) values of the soils in the upper 20 m of the
soil profile tend to be greater than one (Figure 8d). The soils may, therefore, exhibit high
sensitivity when the structure is disturbed. Moon [12] explains that the high sensitivity
of halloysite-rich soils is attributed to the open microstructure, high porosity and natural
water content.

3.4. Penetration Resistance and Shear Strength

The ranges of penetration resistance and shear strength parameters for each material
weathering degree are summarized in Table 1. Figure 9a shows that the SPT N60-values
in the residual soil (grade VI) zone (i.e., from 0 to 10 m depth) range from 2 to 8. The
SPT N60-values in the completely decomposed tuff (grade V) zone (i.e., from 10 to 30 m
depth) range from 3 to 18, while those in the highly decomposed tuff (grade IV) zone
(i.e., from 30 to 70 m depth) range from 7 to 69. In general, the SPT N60-values of the
soils in the present study increase exponentially with depth. The increased penetration
resistance of the soils derived from in situ rock weathering with depth is also reported in
previous studies (e.g., [21,53]). Of particular note is the penetration resistance of the highly
decomposed tuff at depths greater than 35 m, which shows wider scatter values. This is
likely attributed to the spatial inhomogeneity in the tuff weathering state. The presence of
corestones of less weathered rock, more intensely weathered rock, and relict discontinuities
may distort the penetration resistance values.
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Direct shear testing is commonly carried out to determine the shear strength of a soil.
Despite its limitations (e.g., drainage condition cannot be controlled, pore water pressure
cannot be measured, and failure surface is forced through a designated horizontal plane),
the laboratory test is preferred mainly due to its simplicity and lower potential of sample
disturbance during preparation as compared to the triaxial test (e.g., [5,54]). Based on
the published shear strength data of halloysite-rich soils measured by various methods,
Moon [12] concluded that the peak cohesion values of the undisturbed halloysite-rich soils
were characteristically low, although the soil cohesion values reported by [48] varied from
0 to 70 kPa. Furthermore, the peak friction angle values typically ranged from 25 to 37◦,
although values as low as 2◦ and as high as 56◦ were reported by Jacquet [46] and Keam [47],
respectively. Halloysite minerals most commonly have a tubular shape (e.g., [14]). The
relatively high friction angle of the halloysite-rich soils, as compared to soils containing
platy clay minerals, is attributed to the irregular morphology of the halloysite clay minerals
and the aggregation [12].

The soil shear strength parameters are plotted in Figure 9b,c. The soil cohesion values
tend to increase exponentially with depth, while the internal friction angle values tend
to increase logarithmically with depth. The trend of increased cohesion following that of
penetration resistance may suggest that the penetration resistance is greatly affected by the
soil cohesion. It has been known that the penetration resistance of cohesive soils is affected
by the undrained shear strength (e.g., [19]). The peak cohesion values of the soils range
from 16 to 140 kPa, while the peak internal friction angle values range from 21 to 42◦. The
cohesion values of the soils down to the 38 m depth measured in this study are relatively
low and within the range of values reported in the previous studies. However, at depths
greater than 38 m, the cohesion values increase further and beyond the values reported
in the previous studies. Although different testing methods may result in different soil
shear strength values (e.g., [55]), the relatively higher cohesion values of the soils at depths
greater than 38 m measured in the present study as compared to those of the previous
studies may be attributed to the fact that the measured cohesion values in the present study
include those of the intensely weathered rocks of the highly decomposed tuffs (grade IV),
which are still defined as soils. On the other hand, the peak friction angle values of the
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soils down to the 70 m depth measured in the present study are within the range of those
obtained from previous studies.

For sedimentary soils, the shear strength depends mainly on the particle size distri-
bution and stress history or previous degree of compaction. However, the shear strength
of soils derived from in situ rock weathering is influenced by the weathering degree
(e.g., [5,56]). For residual soils, in which mineral bonds reduce significantly as the parent
rock is completely decomposed and disintegrated, the cohesion values decrease, while
friction angle values increase with depth as more fine grains are formed in the upper soil
layers or more coarse grains are developed in the lower soil layers (e.g., [57]). For the soils
in the present study, which consist of residual soils (grade VI) to completely decomposed
rocks (grade VI), the shear strength increases with depth as the in situ mineral bonds
increase with depth, approaching mineral bonds of the less weathered parent rocks. In
other words, as the tuff weathering degree increases toward the ground surface, the mineral
bonds progressively collapse, resulting in the lower soil shear strength. Irfan [40] details
that cohesion in the highly and completely decomposed volcanic rocks is derived from a
relict primary bonding between unaltered, partially altered, or completely altered minerals.
As the rock weathering degree increases, the relict primary interparticle bonding gradually
disappears. The cohesion in the transition soil grade and residual soils is, subsequently,
dominantly derived from the weak secondary bonding due to cementation effects and
the electrical attractive forces between clay minerals. The decrease in the friction angle
values with the increase in the tuff weathering degree is likely attributed to the decrease in
the frictional contact between grains as the relict primary interparticle bonding gradually
disappears and the soils become loose. The changes in the soil dry density, porosity, clay
content, and internal friction angle in the present study appear to be consistent with the
change in the tuff weathering degree, as commonly observed for soils derived from in situ
weathering of volcanic rocks (e.g., [53,56]).

3.5. Correlation between Plasticity Index and Shear Strength Parameters

Several equations have been proposed to estimate soil undrained shear strength from
plasticity index based on the ratio of undrained shear strength to penetration resistance
(Su/N) (Table 3). Unfortunately, such a relationship for soils derived from in situ weathering
of tuff is poorly understood. Sivrikaya and Togrol [18] analyzed the relationships between
the ratio of undrained shear strength to penetration resistance (Su/N) and the plasticity
index (IP) of various types of fine-grained soils in Turkey. Although a poor coefficient of
determination was obtained in Sivrikaya’s and Togrol’s statistical analysis (R2 = 0.38), the
Su/N ratio was found to increase linearly with the increase in plasticity index (IP).

Table 3. Comparison of Su/N and cu/N60 ratios.

Reference Su/N cu/N60 Soil type

Sowers [58] 7.1–16.5 High-plastic clay (CH)
Stroud [17] ≥ 6 IP < 20

4–5 35 < IP < 65
Sivrikaya and Togrol [18] 2–17.5 Fine-grained soil

2.25–17.5 High-plastic clay (CH)
2–6.88 High-plastic silt (MH)

Present study 1.7–8.2 Soils from in situ weathering of tuff

A similar trend to the relationship between cu/N and plasticity index (IP) was obtained
for the soils derived from in situ weathering of tuff in the present study (Figure 10a). The
cu/N ratios of the soils in the present study were in agreement with those of the high-plastic
silt (MH) soils in Sivrikaya and Togrol [18] and Stroud [17] (Table 3), but they were lower
than the Su/N ratios of the high-plastic clays (CH) in Sowers [58]. Based on the relationship
between the cu/N ratio and plasticity index (IP) obtained from the present study (R2 = 0.36),
the soil cohesion can be estimated using the following equation (Figure 10a):



Geosciences 2024, 14, 213 15 of 22

Geosciences 2024, 14, x FOR PEER REVIEW 15 of 23 
 

 

3.5. Correlation between Plasticity Index and Shear Strength Parameters 

Several equations have been proposed to estimate soil undrained shear strength from 

plasticity index based on the ratio of undrained shear strength to penetration resistance 

(Su/N) (Table 3). Unfortunately, such a relationship for soils derived from in situ weather-

ing of tuff is poorly understood. Sivrikaya and Togrol [18] analyzed the relationships be-

tween the ratio of undrained shear strength to penetration resistance (Su/N) and the plas-

ticity index (IP) of various types of fine-grained soils in Turkey. Although a poor coefficient 

of determination was obtained in Sivrikaya’s and Togrol’s statistical analysis (R2 = 0.38), 

the Su/N ratio was found to increase linearly with the increase in plasticity index (IP). 

Table 3. Comparison of Su/N and cu/N60 ratios. 

Reference Su/N cu/N60 Soil type 

Sowers [58] 7.1–16.5  High-plastic clay (CH) 

Stroud [17] ≥ 6  IP < 20 

 4–5  35 < IP < 65 

Sivrikaya and Togrol [18] 2–17.5  Fine-grained soil 

 2.25–17.5  High-plastic clay (CH) 

 2–6.88  High-plastic silt (MH) 

Present study  1.7–8.2 Soils from in situ weathering of tuff 

A similar trend to the relationship between cu/N and plasticity index (IP) was obtained 

for the soils derived from in situ weathering of tuff in the present study (Figure 10a). The 

cu/N ratios of the soils in the present study were in agreement with those of the high-

plastic silt (MH) soils in Sivrikaya and Togrol [18] and Stroud [17] (Table 3), but they were 

lower than the Su/N ratios of the high-plastic clays (CH) in Sowers [58]. Based on the re-

lationship between the cu/N ratio and plasticity index (IP) obtained from the present study 

(R2 = 0.36), the soil cohesion can be estimated using the following equation (Figure 10a): 

cu = (0.44IP0.63) N60 (1) 

Figure 10b shows that a better coefficient of determination (R2 = 0.70) is obtained 

when the soil cohesion is directly correlated with the plasticity index (IP) using the follow-

ing relationship: 

cu = 312.1 − 71.25ln IP (2) 

The relationship suggests that the soil cohesion decreases with the increase in the soil 

plasticity index (IP), as higher soil plasticity binds more water. 

  
(a) (b) 

Figure 10. (a) Relationship between ratio of cohesion to SPT N-values and plasticity index; (b) rela-
tionship between cohesion and plasticity index.

cu = (0.44IP
0.63) N60 (1)

Figure 10b shows that a better coefficient of determination (R2 = 0.70) is obtained when the
soil cohesion is directly correlated with the plasticity index (IP) using the following relationship:

cu = 312.1 − 71.25ln IP (2)

The relationship suggests that the soil cohesion decreases with the increase in the soil
plasticity index (IP), as higher soil plasticity binds more water.

In addition to the undrained shear strength, the angle of internal friction has also been
related to the plasticity index for fine-grained soils. The total angle of internal friction (ϕ)
and plasticity index (IP) values of the soils in the present study are plotted in Figure 11.
The effective angle of internal friction (ϕ′) and plasticity index (IP) values of the halloysite-
rich soils reported by Arthurs [48] and Moon et al. [50] and the ϕ′-IP relationship for
sedimentary soils established by Terzaghi et al. [59] are also presented in Figure 11 for
comparison. It is shown that most of the internal friction angle and plasticity index values
of the halloysite-rich soils are located on the high side of the relationship suggested by
Terzaghi et al. [59]. This confirms the statement made by Terzaghi et al. [59] that the friction
angle of clayey soils, which corresponds to random arrangement of clay particles, is mainly
influenced by the clay mineral content and clay mineralogy.

Although the ϕ-IP data are scattered around the trend line, Figure 11 also shows that
the angle of internal friction tends to decrease with the increase in the soil plasticity. A
similar trend is also observed in the previous studies for the ϕ′-IP data of sedimentary soils
(e.g., [11,59,60]). The correlation between the angle of internal friction and plasticity index
values for the soils in the present study is best represented by the following relationship
(R2 = 0.24):

ϕ = 51.3 − 5.15 ln IP (3)

Establishing a correlation between plasticity index and shear strength parameters
may not be a good method for soils derived from in situ rock weathering, as the soil
properties vary with rock weathering degree. While relatively good correlation between
the soil cohesion (cu) and plasticity index (IP) was established, poor correlation between
the soil internal friction angle (ϕ) and plasticity index (IP) was obtained from this study.
The scattered data of the plasticity index and shear strength parameters around the trend
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lines observed in the present study are also observed in previous studies. Such correlations,
however, allow simple and quick estimation of soil shear strength parameters, particularly
the cohesion, from the plasticity index. Preprocessing the data of SPT, shear strength
parameters, and plasticity index by identifying anomalies and discounting outliers may
result in better coefficients of determination and correlation, but it does not reflect the
spatial inhomogeneity of the natural soils. Due to the widely scattered data and relatively
poor coefficients of determination and correlation, care should be taken in estimating
soil shear strength parameters by using the plasticity index. Detailed analyses of large
differences between the ratio of cohesion to SPT and the friction angle under the same
plasticity index require a larger dataset and further detailed studies and are beyond the
scope of the present study.
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3.6. Correlation between Penetration Resistance and Shear Strength Parameters

Several authors (e.g., [19,55,61]) have suggested that the field-measured penetration
resistance be corrected, particularly the energy and effective overburden pressure, to allow
correlations between the soil penetration resistance and engineering properties. Unlike
the mechanical properties of transported soils, which are affected by the stress history,
those of soils derived from in situ rock weathering are independent of stress history [5].
While all researchers agree that energy correction is essential, there have been arguments
about whether or not overburden correction is required for penetration resistance in fine-
grained soils or soils derived from in situ rock weathering. Howat [53] suggested that
penetration resistance of completely decomposed granite be fitted to the dry density and
proposed an empirical equation for the overburden correction. Décourt [55], Clayton [19],
Saran [62], McGregor and Duncan [63], and Look [20] are among others who suggested
that overburden correction was not required for the SPT N-values in fine-grained soils. As
the applicability of effective overburden correction is beyond the objective of the present
study, the soil penetration resistance values from field measurement were only corrected
for the energy.

Pair data of the soil penetration resistance and undrained cohesion in Figure 9 are
plotted in Figure 12. As rock weathering degree changes gradually and the penetration
resistance, cohesion, and friction angle values change nonlinearly with depth, nonlinear re-
lationships between the penetration resistance and soil shear strength parameters, therefore,
exist. The fitting curve describing the relationship between the penetration resistance and
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cohesion values of the soils in the present study with a good coefficient of determination
(R2 = 0.88) is expressed as follows (Figure 12):
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cu = 11N60
0.6 (4)

Numerous authors have proposed equations to correlate soil penetration resistance
with undrained shear strength of fine-grained soils (e.g., [16–18,64]) and residual soils
(e.g., [5,21]). As the relationship between soil penetration resistance (N60) and undrained
cohesion (cu) is not available in the literature, the published relationships between soil
penetration resistance (N or N60) and undrained shear strength (Su) for fine-grained, clay,
and residual soils are listed in Table 4 and plotted in Figure 12 for comparison. While
most authors proposed linear equations, Hara et al. [64] proposed a non-linear N-Su
relationship for clay soils. Figure 12 shows that for soils with N60-values < 20, the pair data
of penetration resistance and cohesion obtained from the present study mostly fall within
the published relationships. However, for the N60-values > 20, the published relationships
tend to overestimate the cohesion values of the soils in the present study. This confirms
the previous findings that the halloysite-rich soils derived from in situ tuff weathering
have relatively low cohesion values as compared to sedimentary soils or residual soils of
high-plastic clay (CH).

Figures 6–9 show that the rate of change in the clay content, index properties, N60-
values, and shear strength parameters with depth start to differ approximately at the depth
of 30 m. Down to the depth of 30 m, the tuff weathering produces soils dominated by the
high-plastic clay (CH) soils, while from 30 to 70 m depth, the rock weathering produces
soils dominated by the high-plastic silt (MH). When a regression line forced through the
origin is drawn through the pair data of cohesion and N60-values down to the depth of
30 m (Figure 13), the following linear relationship (R2 = 0.64) is obtained:
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Table 4. Comparison of published N-Su and N60-Su relationships and N60-cu relationships proposed
in the present study.

Reference Relationship Soil type

Terzaghi and Peck [16] Su = 6.25N Fine-grained soils
Hara et al. [64] Su = 29.125N0.72 Fine-grained soils

Stroud [17] Su = 4.2N High-plastic clays (CH)
Sivrikaya and Togrol [65] Su = 6.82N60 High-plastic clays (CH)
Sivrikaya and Togrol [18] Su = 7.8N60 High-plastic clays (CH)

Brenner et al. [5] Su = 5N Residual soils
Priddle et al. [21] Su = 5.5N Residual soils

Present study cu = 11N60
0.6 Soils from in situ weathering of tuff

cu = 5.18N60 N60 < 20 (residual soils to completely decomposed tuff)
cu = 1.25N60 + 46.6 N60 > 20 (highly decomposed tuff)
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cu = 5.18N60 (5)

Meanwhile, the regression line drawn through the pair data of cohesion and N60-
values from 30 to 70 m depth gives the following linear relationship (R2 = 0.69):

cu = 1.25N60 + 46.6 (6)

The linear N60-cu relationship for the soils dominated by the high-plastic clay (CH)
in the present study is close to the linear N-Su relationships for the clayey residual soils
proposed by Brenner et al. [5] and Priddle et al. [21]. However, the N60-cu relationship
from the present study is far different from the N60-Su relationships for sedimentary soils
proposed by Stroud [17], Sivrikaya and Togrol [18,65], Terzaghi and Peck [16], and Hara
et al. [64]. Therefore, estimation of cohesion values of the residual soils and completely
decomposed tuff from penetration resistance using the published relationships for residual
soils (i.e., cu = 5N to 5.5N) is considered reasonably accurate. Meanwhile, estimation
of cohesion values of the highly decomposed tuff using Equation (6) is suggested. For
practical purposes, however, Equation (4) is suggested to be used for estimation of cohesion
values of soils derived from in situ tuff weathering, as the relationship covers a wider range
of rock weathering degree.

Figure 14 shows the relationship between the penetration resistance and drained angle
of internal friction values of the soils in the present study. The fitting curve describing this
relationship is expressed as follows (R2 = 0.42):
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ϕ = 2.92ln N60 + 25.9 (7)

Figure 9 also shows that the rate of change in the soil friction angle starts at approxi-
mately 30 m depth. Unlike the soil cohesion, the widespread data of the soil internal friction
angles are, however, too large for meaningful statistical analyses. Plotting the penetration
resistance to resistance to movement component apparently results in a relationship with a
better coefficient of determination (R2 = 0.92), as follows:

σ tan ϕ = 238.6ln N60 − 243.1 (8)

This may suggest the strong dependence of the relationship between the soil penetra-
tion resistance and angle of internal friction on the overburden pressure.

4. Conclusions

The 70 m thick weathering profile of the Quaternary tuff in Central Java, Indonesia,
consisted of the residual soil and completely to highly decomposed rocks. The in situ water
content, porosity, degree of saturation, liquid limit, plasticity index, and liquidity index
values of the soils increase with the increase in the rock weathering degree. Meanwhile,
dry unit weight and plastic limit values of the soils decrease with the increase in the rock
weathering degree. The soils are dominated by halloysite clay mineral and dominantly
classified as high-plastic silt (MH). The soils are characterized by distinct soil properties,
which are low dry unit weight and cohesion but high water content, porosity, plastic
and liquid limits, and angle of internal friction. Fairly good correlations between the soil
plasticity index and shear strength parameters are observed. As rock weathering degree
changes gradually and the soil penetration resistance, cohesion, and friction angle values
change nonlinearly with depth, non-linear relationships between the penetration resistance
and shear strength parameters for soils derived from in situ weathering of tuff are proposed.
Linear relationships between soil penetration resistance and shear strength parameters
exist for particular rock weathering degrees.
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