WESTERN PACI FI C EARTH SCI ENCES

Vol .1, No.3, P.297-338, 10 Figs., 8 Tabs., August
A PRELIMINARY STUDY ONTHE RELATIONSHIPBETWEEN
ENGINEERING PROPERTIESAND UNIAXIAL COMPRESS VE
STRENGTH OF WEAK SANDSTONES
HonGEY@ENAND ZR ¥ H
D@dpapemenfTabwaGeosci ences, N a

ABSTRACT

This study applied multiple r egression analysis to examine
the relationship between engineering char acteristicsand uniaxial
compressive strength of weak sandstones. The r esults show that
as quartz content increases, wave velocity, uniaxial compressive
strength and slake dur ability decr ease. When water content
incr eases wavevelocity and uniaxial compr essive str ength of weak
sandstones decr ease. The labor atory tests revealed that mineral
composition mainly includes 50% quartz, 30% matrix and 10%
detritus. These results also demonstrate that wave velocity,
uniaxial compressive strength and slaking durability of weak
sandstones incr ease with increasing por osity.
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INTRODUCTION

Therange of uniaxial compressive strength for weak sandsonesisusually between 0.
5Mpaand 25Mpa (GSL,1970; 1SRM, 1981). Thereare5 relevant propertiesin weak rocks: (1)
poor cementation betweenparticles, (2) weathering process, (3) tectonicsdisturbance, and (4)
larger empty voidsbetween particdles and (5) mineral composition(Olivera, 1993). Gunsallus
andKulhaway (1984) and Shakoorand Bondli (1991) foundthat uniaxial compressive strength
hasa strongly positive correlation with quartz content. However, Bell (1978), Ulusay etal.
(1994) thought that quartz content is unrelated to compressive strength. The particlesin a
sandstone rock are considered to have good cementation if thematrix minerds are quartz or
calcite. This strength would begreater than clay matrix (Vutukuri etal.,1974; Barton etal.,
1993).

Uniaxial compressive strength of the weak sandstones decreases when particle size,
porosity andwatercontentincrease(Bdl andCulshaw, 1993; Y uan, 1996). Hugmanand Freldman
(1979), Ondera and Asoka (1980) Dobereiner and deFreitas (1986) and Bell and Culshaw
(1993) also found that rock strength decreases when particlesize increases. Strength of weak
sandstones increases asdensity increases.
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This paper presentspreliminary resultsof various experimental tests of weak sandstones
andquantifiestherdationshipsbetweenphysica factorsandtheiruniaxial compressvedrengths
using multiple regression analyses. These factors include physical properties and mineral
compositions. The weak sandstones were part of the Kweichulin Formation and the Shihti
Formation in theeastern end of the Taipe Basin. Thestudy areaislocated near the intersection
of thehilly and plain areas of the easern partof Taipe City.

GEOLOGICAL CONDITIONS

The Shihti Formation and the south side of the Kweichulin Formation of the Miocene age
(Hg. 1), aretwoidentifiablelayers distributed on bothsides of the Taipei faultin thestudy area
(Huang, 1988). Thestrike of the Kweichulin Formation rangesfrom N45°Eto N50°E, and the
dipissouthward at 30°. Thestrikeof the Shihti Formation rangesfrom N65°W to N75°E, and
the dip issouthward at 80°. The outcrop of the basement appearsin afractured condition. The
Shihti Formation isthe most important formation for coal in the northwestern part of Taiwan.
Itsageisaround 18.8 to 20 Ma.
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Figure 1.Geological map of the study area showing borehol e locations.
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The most common feature of both formations is the presence of laminated, interbedded,
gray-black shale and white sandstone. Thethicknessof laminationisonly afew millimetersto
afew centimeters. The sedimentary environment of thisformation resulted fromashoretide
plain, adetaor aswamp-likearea. Shdeinthe Shihti Formationisdark gray to gray-black and
rich in carbon content. Sandgone isrich infeldspar and condsts of small to medium sized
particles. It usually gppearslightgray towhite.

The Kweichulin Formation, in northern Taiwan, ranges from 4.0to 8.0 Maand isof the
Mid-Mioceneage (Ho, 1986). Itismostly fine-grained and characterized by abundance of
clayey, massive sandstones. Light gray sandsoneisinterbedded with dark gray shale.

Thisgudy took core samplesof 54.7 mmdiameter from 17 boreholes Coresfromboreholes
BH-5, BH-11, BH-4 and BH-10, clearly show lamination and coal layers—eommon
characterigicsof the Shihti Formation.

BoreholesBH-1, BH-2, BH-3,BH-6, BH-7, BH-8, BH-9, BH-12,BH-13, BH-14, BH-
15,BH-16and BH-17mainly providegray gty massvesandstonesof theK weichulin Formation.
Itis characterized by loose cementation and containsinterbedded sandstone and shale. Two
sections of A-A" and B-B' show the thicknessof rock formations inthestudy area (Figures 2
(8 and (b)). Lithological characterigticsof variousrock layersof the gudy area are described
inTablel.

Table 1. Stratigraphic description of thestudy area.
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Figure 2a. Columnar sections showing the Kweichulin Formation and the Shihti Formation, based on
boreholesdata, in relationto the Taipe Fault.
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Figure 2b. Columnar sections showing the Kweichulin Formation and the Shihti Formation, based on
boreholes data, in relation to the Taipei Fault. (Cont'd).
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The boreholespenetrated into four layersof differing geomaterial stratain the Shihti and
Kweichulin Formationsof the study area. The 30metersthick Layer A of the Shihti Formation
is distributed on thesouth side of the Taipei Fault. The rock types arewhite to gray cayey
massive sandstone, coal, andinterbedded with dark gray shale.

LayersB, C, and D are distributed onthe north sdeof the Taipe Fault. They belongto the
Kweichulin Formation. Layers B and D aremore than 40 metersthick. They are compaosed of
fineto medium grained, lightgreenish-gray to dark gray, clayey, massve sandgoneinterbedded
with gray shde. Layer Cis 15 to 25 metersthick. Rock typesconsistof fineto medium grained,
gray, clayey massivesandstone. All of the rock cores gppear poorly cemented and somewhat
fractured.

EXPERIMENTAL METHODS

The study used various experimental methodsto explorethe engineering characteristics
of the sandsone samples, which are 54mmin diameter from al the boreholes. Testsinclude
determination of physical properties, wavevdocity, uniaxial compressivestrength, and slake
durability.

Physical properties of water content, porosty and densty were determined accordingto
the procedures recommended in |SRM (1981). Waveve ocity wasobtained by application of
ultrasonic compressive wave pulses to the testing samples in accordance with the procedures
describedin ASTM (1980).

A compressve wave generator was attached to the testing sample. Wave vdocity was
measured as travel timethrough the core samplefrom the generator to areceiver at the opposite
end. Longitudinad waveand shear wavevd ocitieswere obtained from thegppli cable cd culaion
according to theabove standard procedures.

Uniaxial compressvestrength testing was determined using auniaxial compression test
machine in accordance with the specificaionsin ISRM (1981). Slakedurability testsincluded
two cyclesof teging for each sample, following the specificationsin ISRM (1981).

RESULTS

Mineral composition

Minerd composition of theweak sandstonescong gsof quartz, detritusand matrix materids
asrevealedin an examination of 59 thin sections. Feldspar contentwas found to be lessthan
10.7%. Cdcite and other minerds havea minor distribution intherock samples.

Quartz content variesin the Shihti Formation, ranging from 21.1%to 62.7%. Detritus
content variesfrom 3.7%to 17.3%, and matrix content from 19.8%to 71.9%. These results
show alarge variability in mineral compostion (Tab. 2).

Mineral compositionof the Kwe chulin Formationalso varieswiddy. Quartz rangesfrom
25.0% to 72.3%, detritusfrom 4.3% to 26.7%, matrix from 4.7%to 64.3%. The average
amount of detritusishigher in theKwae chilun Formation than in the Shihti Formation. Feldspar
contentishigher in the Shihti Formation. In general, the samples have approximately 30%
matrix content, primarily of clay materid.
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Table 2. Minerd compostion of thevariouslayers of weak sandstones of thestudy area.

Quartz | Feldspar | Calcite | Detritus Malrix Others
(%) (%) (Yo} (4] {*%) (<)

Shihti
Fl:}l'['l'lﬂ.tiﬂl'l 21]""—"62.? 15"""1(}3 B"“"’z? 3.?“"’1?3 1{}8_‘*?19 ﬂ"‘""ﬂ-j

{A layar)

kweichulin
F(}rmﬂliﬂn ! 54.3"""59.? 1.3““"‘?.3‘ D""‘"E-.:i 4.3"“" ]9.2 IE.T"“"’EI.S ﬂ“""‘"‘".j

{B layer)

Kvweichulin -

(. layer)

Kweichulin '
Formation |230~723{20~107/0~127[7.0~193 | 47~64.3 | 0~23

(T layer)

Theresults of X-ray diffraction demonstratethatthe Shihti Formation hasa higher content
of kaolinite (not including chorite). Both kaolinite and chorite are didributed in very similar
proportions inthe Kweichulin Formation. No amecite wasfoundinthe Shihti Formation butitis
presentin the Kweichulin Formation.

[llitecontent inthe Shihti Formationislessthan that in theKweichulin Formation. Smecite
and kaolinite proportionsinlayer D of the Kweichulin Formation arelessthan thosein layersB
and C. However, chloritecontentis higher inthisformation (Tab. 3).

Physical properties

The results of physical property analyses(including water content, porosty and density)
areshown in Table4.

The average water content of theweak sandstones acrossall samplesinthestudy areais
under 3.5%. Ingeneral, layer A inthe Shihti Formation has higher water content, and layer C
in the Kweichulin Formation has lower water content. The average porosity of the weak
sandgonesrangesfrom 3.2% to 26.5%. There islittle differencein the porosty of theindividual
layers.

Theaveragedensty of theweak sandstonesrangesfrom 1.95g/cm?® and 2.60g/cm®. Layers
Cand D of the Kweichulin Formation average 2.40g/cm3and 2.23g/cm?, respectively. Layer C
of the Kweichulin Formation hasahigherdensity. Theseresults match the porosity vaues and
thethin section measurements.



Chen and Hu: Uniaxial Compressive Srength of Weak Sandstones

Table 3.Results of semi-quantitativeandysis of clay mineralsinvariouslayers.

Smactite THite Chlorie Kaolinite
[ %o} (") {%c) (%)
. Shiht Formation :
il 15.E~53 8 0~1.1 43,2~ 84.2
(A layer)
Kweichulin ‘
Toyrmarion B.1--223 424-~541 | 11.1—20.3 " |85~303
(T laver)
Ewcichubin
Formation S 1174 | 403521 | 206~207 | 21.7—22.1
{C layer)
Kweichulin
Formation 0~20.1 [18.36~545] 10.6~533 | 0~264
(13 Taxer) :

Table 4. Thephysical properties of variouslayers of the study area.

Warer content | Porosity Dlensity Specriie
o () (e’ gravity
Shilti _
Formstion il ~—3.43 A= 1105 214~-230 | 2584208
{A laver)
Ewelchulin
Formativn 043~2.37 | 75~2635 | 199~243 | 2ay~203
(B layer)
Kweaichulin
Formutinn 017 ~1.05 A2~134 | 233~2.460 | 2.61~2.68
(0 lavar)
Kweichulin
Formation 045~35 | B0~251 | 2.00~243 | 2.58~2.66
(D layen)
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The average specific gravity of the weak sandstonerangesfrom 2.54t02.68. Layer Ain
the Shihti Formation has alower specific gravity than the aboveresults probably because of
distributions of kaolinite and cod inthe layer.

Wave velocities

The experimental results regarding longitudinal wave and shear wave velocity
measurements ontheweak sandstonesare shown in Table 5. Longitudinal wavevel ocity ranges
from 0.48 km/sec to 4.84km/sec, while shear wavevelocity from 0.32km/secto 2.98km/sec.
Theresultsin Table5 show that wavevelocity inthe Kwe chulin Formation is higher than that
inthe Shihti Formation. Itisthesamein layersA and D of the Kweichulin Formation. Layers
B and Chave higher wave veocity.

BieniawsKki (1984) found that longitudinal wavevelocity of weak sandstonesrangesfrom
1.1km/secto4.5km/sec. Y uan (1996) showed by experimentd results that longitudind wave
vdocity of the Kweichulin Formation ranges from 1.64km/sec to 2.51km/sec, whereasshear
wavevdacity from 1.30km/secto 2.00km/sec. Theweak sandstoneshavelowerwave vel ocity
than the averagesfoundin the earlier studiesmentioned above.

Table 5. Reaults of longitudinal and shear wave measurementsfor various layer of the study
area.

Longitndinal wave Shear wave
km/sec) ! (km/fsec)
Shihtr Formation
D2~2. ~1.13
(A layer) 0.9 01 .50~ 1.129
Kweichulin
Formation 0.48~2.75 0.32~1.66
{B luyer)
Kwelchulin
Formation 2 00~4 84 1.20~2.04
(C laver)
Kweichulin
Farmation 0.50~1.9% 0.34~1.31
(D layen)
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Uniaxial compr essive strength

Uniaxial compressve grength of the 59 weak sandstone sampleswastested with astandard
compressivetesting machine. Longitudind andlateral grain measurementswere obtained using
LVDT (Linear Variable Differential Transformer). A few gran meterswerededroyed during
thetesting procedure. Therefore, the total volume changesfor those sampleswere derived
from LVDT data and converted to a strain measurement.

Table6 showsvariationchangesinuniaxial compressive strength of the weak sandstones.
Compressive strength ranges from 2.57kg/cm 2to 949.6kg/cm2. Most of the strength vaues
of the weak sandstone sampleswere under 200kg/cm?. Axial strainisnormaly lower than
1% as measured by strain meter. The strain change measured from LVDT is 2-4 times
higher than the results from the strain meter. A clear-ended effect occurred with all the
samples during compressive tests. The associated lateral strain was lessthan 0.6%.

Uniaxid compressivestrengthinlayer A of the Shihti Formationaverages 21.94kg/cm?. It
is the lowest among the four layers of the study area. Axial strain is alsothe lowest at an
average of 0.34%. Lateral strains average 0.20%. Higher uniaxial compressive strength in
layer C of the Kweichulin Formation averages166.61kg/cm?.

Axial andlateral strainsin layer Careonly alittledifferent compared tothose in layer B.
Uniaxial compressivestrengthinlayer D of the Kweichulin Formation averages40.94kg/cm?.
Axial grain ishigher than that in the other four layers.

Table6 also showsthat layersB and C havehigher uniaxial compressive strength than A
andD. Axial and lateral strainsfor samplesfrom the Kwechulin Formation are higher than
thosefor samplesfrom the Shihti Formation.

Uniaxid compressivestrength for rocksis normally classfiedinto 7 grades(ISRM, 1978),
designated by thecodesRO0, R1, R2, R3, R4, R5and R6. The uniaxial compressve strength for
the sandgones of the gudy area fallswithin RO to R2 categories. Approximately 69.2%of the
experimentd samplesinlayerA of the Shihti Formation belongtotheR1 grade (i.e. very weak
rock). The Kweichulin Formation sampleswere categorized as R2 grade. Itwasfound that 61.
1%of layer B and 75% of layer C samplesfell inthis grade. Most samplesfrom layer D of the
Kweichulin Formation ranged between ROto R2 (Tab. 7).

Slake dur ability

Thirty samples weretested for their slake durability. Thetest results were categorized
usngthe Gamble's(1971) classification. The slake durability index was found to range from
"very low" to "medium". Mog samplesinlayer A of the Shihti Formationandinlayer D of the
Kweichulin Formation werefound to beof "very low" grade. LayersB and Cof theKwe chulin
Formation were classified inthe"low" to "medium" grades(Tab. 8).

RESULTSAND ANALYSS

Theaboveresultsarecombined and analy zedbe ow in termsof their uniaxial compressive
strength.

I nterrelationships of physical properties
The relationship of each of physcd properties(water content, porosity and dendty) with
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uniaxial compressive strengthis shown in Figure 3. Figure 3 (@) shows an inverse parabolic
relationship between uniaxial compressvestrengthand water content. Therd aionshipsbetween
the above properties for both the Kweichulin Formation and the Shihti Formation arenot very
significant (r=-0.48, -0.66). Atkinson (1982) pointsout that chemical reaction of water with
SO2in sandstonecan form the ionic reaction [H-O-H]H-S-O-S-] = [-S-OH.HO-S-]. This
stress corrosion phenomenon produces alower strength in uniaxial compression tests.

Table 6. Results of compressive strength teds and stress-strain measurementsfor various
layersof study area.

Liniaxial
compressive | Axial strain Il Axial strain? | Lateral strain?
strength (% {52 (%)
(kufem)
Shihti
Formation 2.57~5243 0.37~2.1 0.13~0.77 .07 ~0.52
(A laver)
Kweichulin |
(B laver)
Kweichulin
Formation | 14638—~19374 | 1.13~1.43 025007 U.0Y~047
{C layer}
Ewcichulin
Foarmalion 321~ 10382 (r42 227 D00~ 48 n.“3 """“'ﬂrjﬁ‘
(I laver)

1: LVDT measurements

2:  Strain gauze measurements
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Table7. The percentage of various grades of uniaxia compressive

strength of weak sandstonein variouslayers of the study area.

Rl |

10 R2
Extremely Very woeak Woeak 1ok
weak rock rock
Sl 3 wets 9 2218 15zl

Farmwtiomn (23.1% (69.26) (3.7
CA4 laver)

Eweichnlin 1am & suely 11 sefs
Fommarion (5.0%] (33.34%) (61,160
(B layer)

Eweichulin — — 3 sers
Farmnrion (TR5)
1 lawer)

Kweichulin T nets 0 sl B oscts
Femmalion (253.2%) (37.5%) (13.3%.)
(1 luyer)

Table 8. Resultsof slake durability testsfor variouslayers of study area.

Firal eyele indes

Second cyele indea
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) HhG~-¥4.3 (5~ 34.0 Yery low
LA laver)
Eweichulin
Feomenglion 13.8—%7.4 1.0~T752 Lo -roediur
(B laye )
EKweichulin
Fonmation B 1-183 1.3~—855 I ow—medinm
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When water content of the weak sandstone samples isunder 1%inthisstudy, uniaxial
compressive drength decreasesrapidly with increasing water content. However, the decrease
inuniaxid compressive grengthis much lessfor water content valuesin excess of 1%. These
results dsoindicate that pore water pressuredid not affect uniaxial compressive grength. This
summary is congruent with the resultsof Hawkins and McConnell (1992).

Figure 3 (b) showsincreased sgnificance of an inverseparabalic relationship between
uniaxial compressive strength and porosity (significance level: r=-0.78, -0.72). Uniaxial
compressive strengthdecreasesasporosty increases. When porosity isunder 15%, the uniaxial
compressvestrengthrgpidly increasesasporosity decreases These resultsreveal that porosity
can beamajor factor in those voidsand thereby in reducing rock strength.

Uniaxial compressive strength aso increases asdensity increases. Figure 3 (¢) showsthat
apositiveparabolic re ationship between uniaxial compressve srength and densty isalo quite
significant (r=0.73,0.75). When density ismorethan 2.3g/cm?,uniaxid compressivestrengthis
dramatically higher. Thistrend isalmostexactly opposite thedownwardtrend observedregarding
density and porosity.

Theabove results show that denser weak sandstone has a higher uniaxial compressve
strength. When the porosty islower than 15% or thedensity ishigher than 2.3g/cm?3, uniaxial
compressvestrength of the weak sandstoneincreases.

Mineral composition relationships

Comparison of uniaxial compressive strength, wave velocity and slake durability
measurementswith mineral composition isshown in Figure 4. Figure 4 (a) showsaninverse
linear relaionship between quartz content and uniaxid compressive grength. Thereisno clear
trend indicated and no statigicd significance found in the Shihti Formation. TheKweichulin
Formation dso exhibitsno dgnificant relationship (r=-0.48).

Figure 4 (b) showsapositive linear rdationship between the proportion of matrix and
uniaxial compressive strength. Thereisalso no clear trend indicating statistical significance
foundin theShihti Formation. TheKwei chulin Formation also showed no significantrel ationship
(r=0.43). Uniaxid compressive grength and proportion of detritus dataarecombined in Figure
4 (c). The corrdation coefficient r remains very low a -0.31 and 0.5.

TheKweichulinweak sandgtoneshowsa positiverelationshipbetweenuniaxia compressve
strength with matrix and detritus content. In the Shihti Formation, minerd (quartz and matrix)
contentsseemto haveno clear relationship or rendwith regardto uniaxial compressve strength.

Relation in wave velocity

Figure5 showsa positivelinear relationship between uniaxid compressive strength and
wave vdocities(longitudinal wave and shear wave) of the weak sandstone. Therelationship
between the two propertiesfor both the Kweichulin and Shihti Formationsis quite significant
(r=0.89, 0.85and 0.84,0.87 regectively).

These resultsdemongraeapostivetrend such that whenwavevdodity ishigher, uniaxial
compressive grengthishigher. Thecorrelation coefficient (r) between longitudind wave and
uniaxial compressive grengthis0.75. The corrdation coefficient (r) between shear wave and
uniaxial compressvestrengthis0.79. The correlation coefficient (r) betweenboth longitudinal
waveand shear waveis 0.99. They display apostivelinear correlation. Theregression andys's
formulaeisVs=0.62x Vp.
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Figure 6 showsdifferent relationshipsbetween wavevelocdty and physcal properties.
There isawedk relaiionship betweenwavevelocity andwater content, and astrong relationship
of wavevelocity andporosty with density. Thecorrelation coefficients(r) of porosity (Figures
6 (c) and (d))anddensity (Figures6 (e) and (f)) are dl quite significant (porosity: r=-0.80, -
0.81;density: r=0.85, 0.86).

Figure 7 showsthe relationshipsbetween wavevelocity and mineral contents. The data
are too randomto be gatistically significant.
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Relationship of slake dur ability

Figure 8 shows aposdtive linear relaionship between first cycle and second cycle slake
durability index valuesanduniaxia compressivedtrength. Thefirg cycleindex of slakedurability
yieldsamoresignificant correlation coefficient r=0.73 only intheKwe chulin Formation (Fig.
8(a)). Thesecond cycle index of slakedurability (Fg. 8 (b)) showslow significance (r=0.68).
Theresults of slake durability (first cycleindex and second cycleindex) comparisonswith
respectto mineral contentsare gill not very clear (Fgures9 and 10). Thismeansthat theindex
of slake durability doesnot have avery good relaionshipwith uniaxial compressive strength
and mineral content.

CONCLUSIONS

1. Themajor constituent of thematrix of therocksin thestudy areais clay mineral. The
types of clay minerals in the Kweichulin and the Shihti Formations are quite different. The
former containsonly rare amounts of smectite and chorite but isrich in kaolinitewhereasthe
later contains moreillite and chorite.

2. When the weak sandstone is denser, uniaxial compressive strengthis higher.

3. Thetest resultspoint out that when porosity islower than 15% or density isover 2.3
g/m 3, decreasing porosty will affect uniaxial compressivestrength of the weak sandstone.

4. The experimental results show apositive trend between uniaxid compressvestrength
and contents of matrix and detritus. However, uniaxial compressive srength shows only a
minor increase with increasing quartz content. Thismeans thatmineral compostion cannot be
considered asamajor factor affecting uniaxial compressive strength and wavevedocity of the
weak sandgone studied.

5 Theregression andy s sshowsthat wavevel ocity hasapositive linear trend with uniaxial
compressivestrength.

6 Theresultsshow that the slake durability index does not have a good relationship with
uniaxial compressivestrength andminerd contents.
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