Some factors affecting the uniaxial
strength of weak sandstones
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Abstract The paper reports on a study of the weak
sandstones of the Shihti and Kweichulin Formations
to the east of Taipei, Taiwan. The results indicate
that the wave velocity and uniaxial compressive
strength (UCS) of the samples decreased as water
content increased, while wave velocity, UCS and
slake durability increased with increasing porosity.
Regression analyses demonstrated that wave
velocity, UCS and slake durability decreased with
increased quartz content. The values of these
engineering properties also increased with a higher
proportion of matrix/detritus, although the exact
nature of the interrelationships between these
factors is not clear.

Résumé L’article présente une étude de gres tendres
des formations de Shihti et Kweichulin a T'est de
Taipeh (Taiwan). Les résultats indiquent que la vitesse
du son et la résistance a la compression simple des
échantillons diminuent quand la teneur en eau
augmente et que la résistance a la compression
simple et I'indice d’altérabilité augmentent quand la
porosité augmente. Les analyses de régression
ont montré que la vitesse du son, la résistance a
la compression simple et lindice d’altérabilité
diminuent lorsque la teneur en quartz augmente.
Par ailleurs, les valeurs de ces parametres augmentent
lorsque le rapport matrice/éléments détritiques
augmente, bien que l'explication de cette relation ne
soit pas claire.
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Introduction

A typical property measured when analyzing the engi-
neering behaviour of weak rock is its uniaxial compressive
strength (UCS); in the case of weak sandstones, this is
usually between 0.5 and 25 MPa (Geological Society Lon-
don 1970; Brown 1981). Factors affecting the properties of
weak rock include poor cementation, weathering, tectonic
disturbance and large pore spaces (Olivera 1993). In
addition, the mineral composition of the rock is also
important, as well as porosity, water content, density and
particle size—properties that are known to influence the
wave velocity, compressive strength and slake durability of
weak sandstone (Bell and Culshaw 1993).

Although some researchers have found that UCS has a
strong positive correlation with quartz content (Gunsallus
and Kulhaway 1984; Shakoor and Bonelli 1991), others,
such as Bell (1978) and Ulusay et al. (1994), considered the
quartz content to be unrelated to UCS values. However, if
sandstone is well cemented with matrix minerals of quartz
or calcite, they will impart a greater strength to the rock
mass than when a clay matrix is present (Vutukuri et al.
1974; Barton et al. 1993). Work by Bell and Culshaw (1993)
and Yuan (1996) indicates that the UCS of weak sand-
stones decreases when the particle size, porosity and the
water content increase, while Onodera and Asoka (1980)
also report a decrease in rock strength with an increase in
particle size.

This paper presents the results of various experimental
tests on weak sandstones from the Kweichulin Formation
and the Shihti Formation in the eastern part of the Taipei
Basin and attempts to quantify the relative importance of
the different factors affecting their compressive strength
using multiple regression analyses.

Geological conditions

The study area is located near the intersection of the hilly
and lowland areas of the eastern part of Taipei City. It is
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well vegetated and surrounded by hills on the southern,
eastern and western sides. The trend of the hills is north-
west/south-east while the beds dip towards the south.
The study area includes the region of the Taipei fault
(Huang 1988), which separates the Shihti Formation and
the south side of the Kweichulin Formation of Miocene age
on the north (Fig. 1). The trend of the Kweichulin For-
mation ranges between N45°E and N50°E, with a southerly
dip of 30°. The orientation of the Shihti Formation varies
between N65°W and N75°E and the dip is southward at
80°. Where seen in outcrop, the bedrock appears in a
fractured condition.

The Shihti Formation is the most important formation for
coal in the northwestern part of Taiwan. It is of Miocene
age—18 to 20 million years old. The most common feature
of the formation is the presence of laminated, interbedded,
grey-black shale and light grey sandstone. The thickness of
the laminations varies from a few millimetres to a few
centimetres, indicating a tidal shore, delta or a swamp-like
accumulation. The shale in the Shihti Formation is dark
grey to grey-black and rich in carbon. The sandstone is rich
in feldspar and is usually light grey to white.

In the north part of Taiwan, the Kweichulin Formation is
of Mid-Miocene age and is characterized by an abundance
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Geological map of the study area showing borehole locations
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of clayey massive sandstones (Ho 1986). The sandstone is
light green in colour and interbedded with dark grey shale.

Stratigraphy

The study took rock core samples of 54 mm diameter from
17 boreholes. Boreholes 4, 5, 10 and 11 clearly showed the
common characteristics of the Shihti Formation with
laminations and coal layers. Boreholes 1 to 3, 6 to 9 and 12
to 17 mainly penetrated the grey silty massive sandstone of
the Kweichulin Formation, which is characterized by a
loose cementation and contains interbeds of sandstone
and shale. The thickness of rock formations is shown in
section A-A’ (Fig. 2). The lithological characteristics of the
rock layers are given in Table 1.

Four lithostratigraphic layers were distinguished in the
Shihti and Kweichulin Formations in the study area. Layer
A, on the south side of the Taipei Fault, is part of the Shihti
Formation and more than 30 m thick. The rock types are
white to grey, clayey massive sandstone and coal inter-
bedded with dark grey shale. Layers B, C and D are on the
north side of the Taipei Fault and belong to the Kweichulin
Formation. Layers B and D are some 40 m thick and are
composed of fine- to medium-grained, light greenish-grey
to dark grey, clayey massive sandstones interbedded with
grey shale. Layer C is between 15 and 25 m thick and
consists of fine- to medium-grained, grey, clayey massive
sandstone.

All the rock cores appeared to have poor cementation and
were in a fractured state.

Experimental methods

Cylinders of 54 mm diameter were taken from the differ-
ent layers and tests undertaken to determine the physical
properties, wave velocity, uniaxial compressive strength
and slake durability of the materials. To establish the
physical properties, water content, porosity and density
were determined following the International Society of
Rock Mechanics methods (Brown 1981). The longitudinal
and shear wave velocity were calculated from the travel
time through the core sample from the generator to a
receiver at the opposite end, following the procedures
described in ASTM (1980).

UCS was determined following ISRM methods (Brown
1981). Slake durability testing included two cycles for each
sample and again followed ISRM methods (Brown 1981).

Results

Mineral composition
Mineral composition was determined from an examination
of 59 thin sections. The sandstones studied were found to
consist of quartz, detritus and matrix materials. The
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Table 1
Stratigraphic description of the study area
Formation Layer Description
Shihti Formation A The rock type consists of fractured white to grey sandstone and shale with interbedded coal. It is more than

Kweichulin Formation B

30 m thick. This layer is found on the south side of the Taipei Fault

This layer is more than 40 m thick and located on the northern side of the Taipei Fault. The rock
cementation is poor and the rock mass fractured. The rock is a fine- to medium-grained, light greenish-grey
to dark grey massive sandstone interbedded with grey shale. The massive sandstone has a high clay content

C The thickness of this layer ranges from 15 to 25 m. It is distributed on the northern side of the Taipei Fault,
below layer B. The rock type is a fine- to medium-grained massive sandstone interbedded with dark grey
shale

D This layer is located below layer C on the northern side of the Taipei Fault and is more than 40 m thick. The

rock is a fine- to medium-grained, massive muddy sandstone interbedded with dark grey shale and contains

some shell fossils. The cementation is poor and the rock is highly fractured

Table 2
Mineral composition (in %) of the various layers of weak sandstone in the study area
Formation/layer Quartz Feldspar Calcite Detritus Matrix Others
Shihti/layer A 21.1-62.7 1.5-10.3 0-2.7 3.7-17.3 19.8-71.9 0-4.7
Kweichulin/layer B 34.3-69.7 1.3-7.3 0-2.3 4.3-19.2 13.7-51.3 0-4.3
Kweichulin/layer C 37.7-56.5 0.3-3.0 0-25.2 13.7-26.7 1.7-34.3 0-1
Kweichulin/layer D 25.0-72.3 2.0-10.7 0-12.7 7.0-19.3 4.7-64.3 0-2.3

feldspar content was less than 10.7%, while there were only
minor amounts of calcite and other minerals.

In the Shihti Formation the quartz content varies from
21.1 to 62.7%, the detritus from 3.7 to 17.3% and the
matrix material from 19.8 to 71.9% (Table 2). The mineral
composition of the Kweichulin Formation also varied
widely: quartz from 25 to 72.3%, detritus from 4.3 to 26.7%
and the matrix material from 4.7 to 64.3%.

The average amount of detritus was higher in the Kwei-
chilun Formation compared with the Shihti Formation,

while the feldspar content was higher in the Shihti For-
mation. In general, approximately 30% of the samples of
weak sandstone in the study area consisted of a matrix of
primarily clay material.

The results of the X-ray diffraction demonstrated that the
Shihti Formation has more than 50% kaolinite (46 to 84%)
but a chlorite content generally less than 1%. In the
Kweichulin Formation, the kaolinite content does not rise
above 30.3%, but, as seen in Table 3, the chlorites can
reach as high as 53% (layer D). The maximum illite found
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Table 3
Results of semi-quantitative analysis of clay minerals in various layers (in %)
Formation/layer Smectite Ilite Chlorite Kaolinite
Shihti/layer A 0 15.8-53.8 0-1.1 46.2-84.2
Kweichulin/layer B 8.1-22.3 42.4-54.1 11.1-26.3 18.5-30.3
Kweichulin/layer C 5.1-17.4 40.3-52.1 20.6-20.7 21.7-22.1
Kweichulin/layer D 0-20.1 18.4-54.5 19.6-53.3 0-26.4
Table 4
Physical properties of various layers in the study area (in %)
Formation/layer Water content Porosity Density Specific gravity
Shihti/layer A 0.61-3.43 4-19.5 2.14-2.39 2.54-2.68
Kweichulin/layer B 0.43-2.37 7.5-26.5 1.95-2.45 2.55-2.65
Kweichulin/layer C 0.17-1.05 3.2-134 2.33-2.60 2.61-2.68
Kweichulin/layer D 0.45-3.5 8.0-25.1 2.00-2.43 2.58-2.66

was 54.5% in layer D, although each of the layers has a
maximum illite of over 50%. No smectite was found in the
Shihti Formation or in some samples from layer D of the
Kweichulin. In layers B, C and D the maximum smectite
present varied between 17 and 22% (Table 3).

Physical properties

The results of the water content, porosity and density tests
are shown in Table 4. It can be seen that the average water
content of the weak sandstone in the study area is less than
3.5%. In general, layer A (Shihti Formation) has the
highest water content while layer C (Kweichulin Forma-
tion) has the lowest. The average porosity of the weak
sandstone in the study area ranged from 3.2 (lowest value
in layer C) to 26.5% (highest value in layer B). In general
there was little difference in the porosity of the individual
lithological layers.

The density ranged from 1.95 (lowest value in layer B) to
2.60 g/cm’ (highest value in layer C). It will be noted from
Table 4 that in the Shihti Formation the difference in
density is within 0.25 g/cm®. Whilst a similar difference
was recorded in layer C of the Kweichulin Formation
(0.27 g/cm’), it rose to 0.43 g/cm’ in layer D and 0.5 g/cm’
in layer B. Although not obvious from Table 4, the higher
densities correlate with the lower porosity values and the
thin section observations.

The specific gravity of the weak sandstone ranged from 2.54
to 2.68, with no evidence of an influence of the kaolinite
and coal known to be present in the Shihiti Formation.

Wave velocities

The results of the longitudinal and shear wave velocity
measurements are shown in Table 5. The longitudinal
wave velocity ranged from 0.48 to 4.84 km/s, while the
shear wave velocity varied between 0.32 and 2.98 km/s. As
seen in the table, the measurements were generally higher
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Table 5
Results of longitudinal and shear wave measurements for various
layers in the study area (in km/s)

Formation/layer Longitudinal wave Shear wave

Shihti/layer A 0.92-2.01 0.50-1.14
Kweichulin/layer B 0.48-2.75 0.32-1.66
Kweichulin/layer C 2.00-4.84 1.29-2.98
Kweichulin/layer D 0.50-1.98 0.34-1.31

for the material from the Kweichulin Formation than from
the Shihti Formation, although the results from layer A
were similar to those from layer D, with layer C having the
highest measurements. These results are lower than some
others reported in the literature. Bieniawski (1984) found
that the longitudinal wave velocity of sandstone ranged
from 1.1 to 4.5 km/s, while Yuan (1996) reported results
from experiments on material from the Kweichulin For-
mation indicating longitudinal wave velocities of 1.64 to
2.51 km/s and shear wave velocities of 1.3 to 2 km/s.

Uniaxial compressive strength

The UCS of the 59 weak sandstone samples was deter-
mined and longitudinal and lateral strain measurements
obtained using the linear variable differential transformer
(LVDT). A few strain gauges were destroyed during the
testing procedure; for these samples the total volume
changes were derived from the LVDT data and converted
to a strain measurement.

Table 6 shows that the UCS of the tested samples from the
Shihti Formation (layer A) varied between 0.25 and
5.14 MPa, the average value being 2.15 MPa. Samples from
this layer also gave the lowest axial strain, although the
lateral strain obtained from strain gauge measurements
was similar to those of layers B, C and D from the
Kweichulin Formation. Layer C had a relatively consistent
strength of 14.35 to 18.98 MPa, compared with layers B
and D where some low strengths were recorded (as low as
0.31 MPa in layer D).



Table 6
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Results of uniaxial compressive strength (UCS) tests and stress—strain measurements for the various layers in the study area

Lateral strain®

Formation/layer UcCs Axial strain® Axial strain®
(MPa) (%) (%) (%)
Shihti/layer A 0.25-5.14 0.37-2.1 0.13-0.77 0.07-0.52
Kweichulin/layer B 0.77-19.21 0.87-1.76 0.1-0.82 0.04-0.49
Kweichulin/layer C 14.35-18.98 1.13-1.43 0.25-0.67 0.09-0.47
Kweichulin/layer D 0.31-10.17 0.42-2.27 0.09-1.48 0.03-0.56
“LVDT measurements
PStrain gauge measurements
Table 7
Percentage of various grades of UCS for the layers in the study area
Formation/layer RO R1 R2
Extremely weak rock Very weak rock Weak rock
Shihti/layer A 3 sets 9 sets 1 set
(23.1%) (69.2%) (7.7%)
Kweichulin/layer B 1 set 6 sets 11 sets
(5.6%) (33.3%) (61.1%)
Kweichulin/layer C - - 3 sets
(75%)
Kweichulin/layer D 7 sets 9 sets 8 sets
(29.2%) (37.5%) (33.3%)
Table 8
Results of slake durability tests for various layers in the study area (in km/s)
Formation/layer First cycle index Second cycle index Grade
Shihti/layer A 10.6-84.3 0.5-59.0 Very low
Kweichulin/layer B 13.8-87.4 1.9-75.2 Low-medium
Kweichulin/layer C 8.1-78.3 1.3-65.5 Low-medium
Kweichulin/layer D 2.4-88.5 0.2-73.4 Very low
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The strain gauge results suggest that there were clear end
effects, which probably influenced the results of all the
compressive tests. The associated lateral strain was less
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than 0.6% in all cases.
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Uniaxial Compressive
Strength (MPa)

Uniaxial Compressive Strength (MPa)

The UCS for rocks is sometimes classified into seven
grades (ISRM 1978) designated by the codes RO to Ré.
Approximately 69% of the samples from the Shihti For-

mation would be classified as R1 (very weak rock). For the
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various linear relationships between uniaxial
compressive strength and minerals compo-
sition (a quartz content; b matrix; c detritus)
in the Shihti and Kweichulin Formations



Kweichulin Formation samples, 61% of layer B and 75% of
layer C were in category R2, while all the tested samples
were graded between RO and R2 (Table 7) with the
exception of 25% of layer C which was graded above cat-
egory R2.

Slake durability

Slake durability tests were undertaken on 30 samples in
order to determine their resistance to weathering. The
results were categorized following Gamble (1971) as shown
in Table 8. The slake durability index was found to range
from “very low” to “medium”, with most of the samples
from layers A and D falling into the “very low” category
and those from layers B and C in the low to medium grade.

Discussion

Interrelationships between physical properties

The relationships between water content and porosity and
UCS are shown in Fig. 3. Figure 3a shows a weak (r=—0.48,
—0.66) inverse parabolic relationship between UCS and
water content. Atkinson (1982) points out that the chem-
ical reaction of water with the SiO, in the sandstone can
form an ionic reaction [H-O-H]+[-Si-OH.HO-Si-]. This
stress corrosion phenomenon produces a lower strength in
the UCS tests.

(I) Shihti Formation

Some factors affecting the uniaxial strength of weak sandstones

When the water content of the weak sandstone samples
was less than 1%, the UCS decreased rapidly with
increasing water content. However, the decrease in UCS
was much less where the initial water content was higher.
The results also suggest that the pore-water pressure did
not affect the UCS—consistent with the findings of Haw-
kins and McConnell (1992).

Figure 3b shows the increased significance of the inverse
parabolic relation between UCS and porosity (significance
level: r=—0.78, —0.72). While the UCS decreases as the
porosity increases, when the porosity is less than 15%, the
UCS increases rapidly with further decreases in porosity.

Interrelationships with mineral composition
The results of the tests of UCS, wave velocity and slake
durability are compared with mineral composition in
Fig. 4. Figure 4a shows an inverse linear relationship be-
tween quartz content and UCS, although there is no sta-
tistically significant trend for the material in the Shihti
Formation and the result for the Kweichulin Formation
samples is of marginal significance (r=—0.48). Figure 4b
shows a positive linear relationship between the propor-
tion of matrix material and UCS, although again this is not
statistically significant for the Shihti Formation samples
and for the samples from layers B, C and D (r=0.43).
Figure 4c indicates both positive and inverse relations
between UCS and proportion of detritus with correlation
coefficients (r) of 0.5. A positive relationship between UCS
and matrix/detritus content was found for the Kweichulin
Formation samples, but for the Shihti Formation material
the positive trend is not clear. This would suggest that the
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proportions of quartz and matrix material have no clear
relationship with UCS.

Interrelationships with wave velocity
Figure 5 shows a positive linear relationship between UCS
and both the longitudinal and shear wave velocity of the
weak sandstone, with quite significant results (r=0.89, 0.85
and 0.84, 0.87) for the Kweichulin and Shihti Formations
respectively. The results indicate that when the wave
velocity is higher, the UCS is higher, the correlation
coefficient for the longitudinal wave velocity/UCS being
0.85 and for the shear wave velocity/UCS r=0.87. The
regression analysis formulae is Vs=0.62xVp.
Figure 6 shows the different relationships between wave
velocity and physical properties. It can be seen that there is
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Some factors affecting the uniaxial strength of weak sandstones

a weak relationship between wave velocity and water
content but a strong correlation with porosity and density
(Fig. 6a-f). The correlation coefficients are all quite sig-
nificant: r=—0.80, —0.81 (porosity) and 0.85, 0.86 (density).
The relationships between wave velocity and mineral
content are scattered and no clear trends can be distin-
guished.

Interrelationships with slake durability
Figure 7 shows a positive linear relationship between the
first and second cycle slake durability index values and
UCS. The first cycle index has a more significant correla-
tion coefficient (r=0.73) in the Kweichulin Formation
(Fig. 7a), while the results for the second cycle (Fig. 7b)
are less significant (r=0.68), and statistically the other
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Regression correction coefficient
and the various linear relation-
ships between uniaxial compres-
sive strength and slaking
durability [a first cycle index
(Id1); b second cycle index (I1d2);
¢ matrix; d quartz content;
e detritus] in the Shihti and
Kweichulin Formations
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results indicate that there is no clear relationship between
slake durability and either UCS or mineral content.

Conclusions

Although the main constituent of the matrix of the rocks
in the study area is clay minerals, the types found in the
Kweichulin and Shihti Formations are quite different. The
Shihti Formation contains only rare amounts of smectite
and chlorite but is rich in kaolinite, whereas the Kweich-
ulin Formation contains more illite and chlorite.

When the weak sandstone is denser, the UCS is higher.
When the porosity is less than 15% or the density is more
than 2.3 g/cm’, the decreasing porosity affects the UCS.
The results indicate a positive relationship between UCS
and the proportion of matrix/detritus material. Although
UCS increases slightly with increasing quartz content, the
relationship is unclear and it is concluded that mineral
composition cannot be considered a major factor affecting
either the UCS or the wave velocity of the weak sandstone
studied.

The regression analyses showed a positive linear correla-
tion between wave velocity and UCS. Slake durability is
not significantly related to either UCS or mineral content.
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