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1 Introduction

Most geological materials encountered in engineering are

particulate materials, which are composed of distinct par-

ticles interacting with each other and associated voids.

Upon loading, the particulates may slide, rotate and crush

or break. The deformation and breakage mechanism of

particulate materials is complicated and many experimental

studies have attempted to characterize this process (see e.g.

Rowe 1962; Drescher 1976; Chappell 1979; Oda et al.

1980; Calvetti et al. 1997; Lanier 2001; Wolf et al. 2003;

Delenne et al. 2004). Furthermore, some researchers use

theoretical and numerical methods to study the failure

mechanism of particulate materials (see e.g. McDowell

et al. 1996; Anandarajah 2004; Chang and Hicher 2005).

The aforementioned experimental and theoretical stud-

ies focused primarily on the microscopic deformation

mechanisms such as sliding and rolling or rotations of

particulates that occur in stiff materials. Upon loading,

however, the particles of an element of soil are crushed or

broken (Hardin 1984; Nakata et al. 2001; Bartake and

Singh 2007). This, in turn, profoundly affects the strength

and stress–strain behavior of the soil elements. Although a

few theoretical methods have been employed to study the

crushing mechanism of granular materials, the simulation

results need to be confirmed using experimental data. To

formulate the constitutive model of particulate materials,

which can take into account the influence of microstructure

deformation mechanisms, tests on crushable blocky mate-

rials at the mesoscale were performed and are the basis for

this technical note.

We tracked the mesoscopical breakage process of par-

ticulate materials. Biaxial compression tests at 0.045, 0.15

and 0.45 MPa lateral stress were performed on an assembly

of blocky materials that were crushable. Finally, we com-

prehensively investigated the deformation mechanism and

breakage processes.

2 Test Methods and Procedures

We devised an apparatus that could be axially loaded using

a sample cell from a high pressure triaxial equipment,

which was laterally loaded by air pressure. Two transparent

rigid glass plates were set in parallel 3 cm apart to keep the

specimen under biaxial loading conditions. The size of the

specimen chamber was 20 cm 9 10 cm 9 3 cm. During

the loading process, a series of pictures was taken to track

the breakage processes of the specimens at the mesoscale.

The blocky materials used in the tests consisted of chalk

and purified water, which were mixed uniformly together

in a mass ratio of 1:1. After the specimens were formed,

they were air-dried under identical conditions. The size of

the block was 1 cm 9 1 cm 9 3 cm, the density was

0.92 9 103 kg/m3, the unconfined compression strength

was 2.1 MPa and the tensile strength was 0.525 MPa.
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The arrangement of the blocky materials is shown in

Fig. 1a. The total number of blocks used for each test was

200. Axial loading was applied by displacement control,

and the corresponding loading velocity was set at

0.125 mm/min. During the loading process, the axial dis-

placement and corresponding axial force were recorded by

the high pressure triaxial apparatus. The lateral displace-

ments were measured using a micrometer, and the corre-

sponding lateral stress was recorded using a pressure

gauge.

The stress path depicted in Fig. 1b was used to carry out

the tests. In Fig. 1b, the OA loading stage denotes the axial

loads and lateral loads being applied equally, and the AB

stage denotes that the lateral pressures remain unchanged

while the axial loads are applied until the sample fails. In

the following, ra,ea,rl and elrepresent the axial stress, axial

strain, lateral stress and lateral strain, respectively.

3 Test Results and Discussion

3.1 Breakage Processes

Figure 2a–c depicts the breakage processes of the block

assembly under the loading stress path presented in Fig. 1b.

Three sets of lateral pressure, 0.045, 0.15 and 0.45 MPa,

were applied. For each set of lateral pressure, the processes

of breakage of the assembly of blocky materials were

different as shown in Fig. 2a–c. When the lateral pressure

is lower, initially the blocks move toward each other and

become closer. At this point, voids appear between blocks,

accompanied by cracking of some of them. The breakage

bands are formed gradually. Finally, some new blocks

crack, leading to additional conjugated breakage bands.

When the lateral pressure is high, the blocks move toward

each other. Some of the blocks break or are crushed and the

breakage bands are formed step by step. The breakage band

is formed by shearing under low lateral pressures and by

shearing and crushing under high lateral pressures.

3.2 Breakage Modes of the Blocky Materials

Takei et al. (2001) proposed models for breakage modes of

chalk bars under one-dimensional compression conditions.

For the crushable blocks under biaxial compression pre-

sented in Fig. 2a–c, three types of breakage modes are

shown in Fig. 3a–c. From the breakage processes presented

in Fig. 2, we observe that more of the blocks are vertically

split (Breakage Mode A) or failed by shear (Breakage

Mode B) when the lateral pressures are low, whereas more

blocks are locally crushed (Breakage Mode C) when the

lateral pressures are high upon loading. The different

breakage modes result from the local stress states of the

blocks within the sample. For some samples tested, the

three breakage modes A, B and C could be observed

simultaneously. Because of differences in loading condi-

tions, the local stresses experienced by individual blocks

are different, and thus the blocks fail according to unique

breakage modes.

3.3 Stress–Strain Behavior

The stress and strain herein refer to the average stress and

the average strain of the specimen consisting of the

assembly of blocky materials. Figure 4a, b shows the

stress–strain and volumetric strain–axial strain curves for
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tests. Deformational features are summarized as follows:

(1) the specimen exhibits strain hardening under low lateral

pressure and strain softening under high lateral pressure;

and (2) when the lateral pressure is low, the volumetric

strain is compressive and then expansive with the increase

of axial strain. When the lateral pressure is high, however,

the volumetric strain is compressive all the time.

a = 3.30%  a =2.54MPa  a = 6.30%  a = 1.92MPa a = 13.35%  a = 2.03MPa

(a)

a =7.09 %  a =3.59MPa a =11.30 %  a =3.46MPa a =18.82 %  a = 3.12 MPa 

(b)

a = 8.05%  a = 4.34MPa a =14.65 %  a = 4.86MPa a = 18.14%  a = 5.04MPa

(c)

Fig. 2 Breakage processes: a rl = 0.045 MPa, b rl = 0.15 MPa,

c rl = 0.45 MPa

(b) 

(c) 

(a)

Fig. 3 Breakage modes: a breakage mode A (dashed line indicates

crack resulted by vertically splitting), b breakage mode B (dashed
line slide plane by shear failure) and c breakage mode C (dashed line
indicates the profile of the block after locally crushed)

Fig. 4 Strain–stress and axial strain–volumetric strain relationship

curves: a stress–strain curves and b axial strain–volumetric strain

curves
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4 Breakage Mechanism Analysis

4.1 Rotation Analysis

During the loading processes, we observed that the blocks

slid, rotated and were crushed, because of the different

lateral pressures. When the lateral pressures are low, the

blocks located along the breakage bands slide, rotate and

are crushed (shown in Fig. 5a corresponding to Fig. 2a,

which were recorded from another surface of the biaxial

compressional apparatus through a transparent rigid glass

plate). The other blocks which are located outside of the

breakage bands only slide and move closer, having very

few rotations. This happens because some of the blocks

slide and are split first and then are crushed. This is then

accompanied by the emergence of large voids between the

blocks under low lateral pressure. The blocks are then able

to rotate and form the breakage bands, whereas the other

blocks outside of the breakage bands only slide and barely

rotate. When the lateral pressures are high, the blocks

mainly slide and are crushed, undergoing very few rota-

tions (shown in Fig. 5b corresponding to Fig. 2c). This

occurs because many of the blocks slide and are crushed in

a manner that forces them to move closer until no room is

present between them with high lateral pressure. Finally,

the breakage bands, which is wider under low lateral

pressure, forms.

4.2 Breakage Analysis

Table 1 lists the stress state, axial strain and cumulative

crushing ratio of the tested samples corresponding to the

breakage processes presented in Fig. 2, respectively. The

cumulative crushing ratio (Takei et al. 2001), Rcc, is

defined as follows:

Rcc ¼
ncc

nALL

; ð1Þ

where ncc is the cumulative number of crushed blocks at

each loading stage, and nALL is equal to 200, which is the

total number of blocks in the specimen. The numbers of

crushed blocks at each loading stage were visually counted

and recorded.

From Table 1, we can conclude that upon loading, the

cumulative crushing ratios at failure increase greatly with

the increase in lateral pressure. For example (see Table 1),

the cumulative crushing ratio at failure is only 14.5% when

the lateral stress is 0.045 MPa, whereas it is increased to

88.0% when the lateral stress is 0.45 MPa. This occurs

because when the lateral pressure is low, the crushable

blocks can easily rotate and slip upon loading. Thus, the

energy produced by the external loads is dissipated by

the rotation and slip of the blocks, and only a fraction of the

energy is dissipated by crushing them.

5 Conclusions

We conclude the following: (1) the blocky materials slide,

rotate and are crushed under stress states and, as a result of

this process, the breakage bands are formed; (2) the spec-

imens show strain hardening or strain softening due to the

loading conditions and stress state, and the volume and

lateral deformation are different for each loading stress

state; (3) the breakage modes of the blocky materials are

Fig. 5 Slide, rotation and crush (the ‘‘?’’ lines are mutually

orthogonal in the vertical and horizontal directions at the beginning

of loading) a rl = 0.045 MPa, ra = 2.59 MPa; b rl = 0. 45 MPa,

ra = 5.04 MPa
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primarily vertically split, with shear failure and local

crushing occurring in response to the local stress states

induced; (4) upon loading, under lower lateral pressures the

blocky materials mainly slide, rotate and are crushed,

whereas under higher lateral pressure they primarily slide,

are crushed and scarcely rotate.

Acknowledgments The author thanks the anonymous reviewers for

their careful review, contributions and critics, which led to the

improvement of the manuscript. The author is deeply indebted to

Prof. Zhujiang Shen of Tsinghua University and Dr Tielin Chen of

Northern Jiaotong University for their valuable discussion and help in

performing the tests. This work was funded by The Ministry of Water

Resources of the People’s Republic of China (Grant No. 200801014)

and National Science Foundation of China (Grant No. 90815024 and

51009103).

References

Anandarajah A (2004) Sliding and rolling constitutive theory for

granular materials. Earth Space, pp 73–77

Bartake PP, Singh DN (2007) A generalized methodology for

determination of crushing strength of granular materials. Geo-

tech Geol Eng 25:203–213

Calvetti F, Combe G, Lanier J (1997) Experimental micromechanical

analysis of a 2D granular material: relation between structure

evolution and loading path. Mech Cohes Frict Mater 2:121–163

Chang CS, Hicher PY (2005) An elasto-plastic model for granular

materials with microstructural consideration. Int J Solids Struct

42:4258–4277

Chappell BA (1979) Deformational response in discontinua. Int J

Rock Mech Mining Sci Geomech 16:377–390 Abstract

Delenne JY, Youssoufi MSE, Cherblanc F et al (2004) Mechanical

behavior and failure of cohesive granular materials. Int J Numer

Anal Methods Geomech 28:1577–1594

Drescher A (1976) An experimental investigation of flow rules for

granular materials using optically sensitive glass particles.

Geotechnique 26(4):591–601

Hardin BO (1984) Crushing of soil particles. J Geotech Eng

111(10):1176–1192

Lanier L (2001) Micro-mechanisms of deformation in granular

materials: experiments and numerical results. In: Vermeer PA

et al (eds): LNP 568, pp 163–172

Mcdowell GR, Bolton MD, Robertson D (1996) The fractal crushing

of granular materials. Int J Mech Phys Solids 44:2079–2102

Nakata Y, Hyodo M, Hyde AFL et al (2001) Microscopic particle

crushing of sand subjected to high pressure one-dimensional

compression. Soils Found 41(1):69–82

Oda M, Konishi J, Nemat-Nasser S (1980) Some experimentally

based fundamental results on the mechanical behavior of

granular materials. Geotechnique 30(4):479–495

Rowe PW (1962) The stress–dilatancy relation for static equilibrium

of an assembly of particles in contact. Proc R Soc Lond A

269:500–527

Takei M, Kusakabe O, Hayashi T (2001) Time-dependent behavior of

crushable materials in one-dimensional compression tests. Soils

Found 41(1):97–121

Wolf H, K}onig D, Triantafyllidis T (2003) Experimental investigation

of shear band patterns in granular material. J Struct Geol

25:1229–1240

Table 1 Stress state, axial strain and cumulative crushing ratio (%)

Test no. (MPa) Axial stress, strain and cumulative crushing ratio (%)

rl = 0.045 2.54 MPa, 3.30% and (1.5%) 1.92 MPa, 6.30% and (9.5%) 2.03 MPa, 13.35% and (14.5%)

rl = 0.15 3.59 MPa, 7.09% and (9.0%) 3.46 MPa, 11.30% and (22.5%) 3.12 MPa, 18.82% and (34.0%)

rl = 0.45 4.34 MPa, 8.05% and (6.0%) 4.86 MPa, 14.65% and (53.5%) 5.04 MPa, 18.14% and (88.0%)

Deformation and Breakage Properties of Crushable Blocky Materials 377

123


	Deformation and Breakage Properties of Crushable Blocky Materials
	Introduction
	Test Methods and Procedures
	Test Results and Discussion
	Breakage Processes
	Breakage Modes of the Blocky Materials
	Stress--Strain Behavior

	Breakage Mechanism Analysis
	Rotation Analysis
	Breakage Analysis

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


