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Solid-medium deformation apparatuses of the Griggs type have been widely used for experimental studies of rock and8

mineral rheology at high pressure and temperature, but precise determination of differential stress has long been limited9

by friction within solid confining media. In the 1960s, M. Kumazawa independently developed a double piston–cylinder10

type deformation apparatus, which enables independent and simultaneous measurements of axial and confining forces11

using two pairs of load cells. However, the potential of this design for accurate stress measurements has not been fully12

explored. Here, we present a newly developed Kumazawa-type deformation apparatus designed for high-pressure (up to13

2 GPa confining pressure) and high-temperature experiments. The apparatus allows simultaneous, real-time monitoring14

of axial stress and confining pressure, making it possible to quantitatively evaluate frictional stresses acting within solid15

sample assemblies. We review the design principles of the original Kumazawa apparatus, describe the methodology for16

stress measurement and correction, and report results from preparatory calibration tests and deformation experiments17

at room temperature using a newly developed system. The results demonstrate that frictional stress variations during18

pressurization, heating, and axial deformation can be resolved in real time, providing a basis for improving the reliability19

of differential stress measurements in solid-medium deformation experiments.20

I. INTRODUCTION21

Laboratory studies on plastic flow of rocks and minerals22

under controlled confining pressures (Pc) and temperatures23

(T ) have been conducted using triaxial deformation appara-24

tuses and torsion apparatuses, which utilize liquids, gases, and25

solid materials as confining media.1 Gas-medium apparatuses26

equipped with an internal load cell provide the highest accu-27

racy in stress measurements,2–4 but their use is generally re-28

stricted to Pc ≤ 0.3 GPa, corresponding to a depth of ∼10 km29

in the Earth’s upper crust.30

To achieve plastic deformation of quartz in the labora-31

tory, David T. Griggs5 developed a double-piston-cylinder-32

type solid-medium apparatus, which enabled deformation of33

cylindrical samples with a diameter of 3.2 mm at higher Pc.34

Its revised model, equipped with a two-post frame and de-35

signed for larger sample diameters (6.4 mm), referred to as the36

“modified” Griggs apparatus, has become the world standard37

for solid-medium deformation experiments.1,6–8 Weak solid38

confining media such as pyrophyllite, talc, and NaCl enabled39

deformation experiments at Pc < 2 GPa under upper man-40

tle conditions. By adopting the Boyd–England-type loading41

system,9 the pressure range of the Griggs-type apparatus was42

further extended to ∼5 GPa.10–14 However, the considerable43

frictional stress generated in solid materials within the pres-44

sure vessel makes precise determination of differential stress45

difficult. For this reason, some previous studies employed46

dislocation-density piezometers to quantify differential stress47

instead of using direct mechanical data obtained from the ex-48

ternal load cell of the Griggs apparatus.15
49

To reduce friction between the sample and the confining50

medium, eutectic mixtures of salts have also been used imme-51

a)Ichiko Shimizu (corresponding author): shimizu.ichiko.8c@kyoto-u.ac.jp

diately around the sample. A capsule of a eutectic salt mix-52

ture such as NaCl/KCl, referred to as the “molten salt cell,”53

forms a liquid cell at high temperature.16,17 Flow-law param-54

eters for dislocation creep of wet quartz determined using55

molten salt cell assemblies18,19 have been considered among56

the most reliable data sets at high Pc.20 However, calibration57

tests using high-purity metals demonstrated that even when58

the molten salt cell is used in the Griggs apparatus, the mea-59

sured stress values are always ∼25% greater than those ob-60

tained using gas-medium apparatuses.21 These results have61

been duplicated in other laboratories.22
62

For deformation experiments at ultra-high pressures ex-63

ceeding 5 GPa, synchrotron X-ray radiation techniques have64

been introduced for stress and strain measurements using rota-65

tional Drickamer apparatuses (RDA)23,24 and multi-anvil ap-66

paratuses, such as the deformation-DIA (D-DIA)25, Kawai-67

type (6/8-type) presses, and their variations.26,27 Owing to68

these techniques, deformation experiments at pressures ex-69

ceeding 15 GPa and high temperatures under conditions corre-70

sponding to the mantle transition zone and lower mantle have71

been realized.28 In these experiments, pressure and deviatoric72

stress are calibrated based on X-ray diffraction patterns of73

crystals within the sample itself and are therefore not affected74

by friction in the solid confining medium. However, applica-75

tion of this technique to long-term experiments is limited by76

cost and available beamtime. In addition, when low-symmetry77

minerals such as olivine are used, stress values derived from78

different diffraction peaks can deviate significantly owing to79

plastic anisotropy within the polycrystalline sample, making80

the physical meaning of the calculated stress ambiguous.26,29
81

The synchrotron X-ray technique is not applicable to con-82

ventional piston-cylinder apparatuses because the thick walls83

of the pressure vessel prevent penetration of X-ray beams.84

Compared with multi-anvil apparatuses, however, piston-85

cylinder deformation apparatuses offer several advantages,86
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including larger sample sizes, independent control of axial87

and confining piston movements, and the ability to jacket88

samples with metal tubes. Although metallic jackets may89

also be used in multi-anvil deformation apparatuses (e.g., D-90

DIA), their use is often limited in synchrotron-based studies91

due to X-ray absorption and diffraction interference. These92

features are particularly important for studies of microstruc-93

tures and lattice preferred orientation (LPO) in polycrystalline94

aggregates,15,30,31 deformation mechanisms in the brittle–95

ductile transition zone,32 and the influence of fluids and chem-96

ical environments on crustal deformation.33,34 Probing the97

actual stress state within the pressure vessel therefore re-98

mains a major technical challenge in high-pressure and high-99

temperature deformation experiments on Earth materials.12,35
100

In this paper, we describe a sophisticated stress measure-101

ment method that was first implemented in a solid-medium102

piston-cylinder apparatus developed by Mineo Kumazawa in103

1963–1965.36 This apparatus was originally designed to ex-104

plore mantle anisotropy resulting from lattice preferred ori-105

entation of minerals,37–41 although its maximum designed Pc106

was limited to 1 GPa, corresponding to continental Moho107

depths. Deformation and recrystallization microstructures of108

wet quartz were also investigated using this apparatus.42,43
109

However, Kumazawa’s original concept for stress measure-110

ments was not fully utilized in these early studies and was not111

further pursued until its potential for precise determination of112

differential stress was later demonstrated.44,45 We have devel-113

oped a new Kumazawa-type apparatus capable of achieving114

confining pressures up to 2 GPa and tested the performance of115

its stress measurement system. In the following sections, we116

briefly review the design of the original Kumazawa apparatus117

and its stress measurement method, then describe the details118

of the new Kumazawa-type apparatus, the procedures for ini-119

tial calibration tests, and preliminary results on internal stress120

states within the solid assemblies.121

II. ORIGINAL KUMAZAWA APPARATUS122

A. Overview of design123

The original Kumazawa apparatus (MK65S) was con-124

structed at Nagoya University in 196536 (Figure 1a,b). Al-125

though it was developed independently, its basic concept was126

similar to that of the modified Griggs apparatus: a pressure127

vessel equipped with two concentric pistons, where the outer128

piston generates confining pressure and the inner piston ap-129

plies axial deformation to the sample. A major difference is130

that, in the Kumazawa apparatus, both pistons are driven from131

the lower side, whereas in the Griggs apparatus they are driven132

from the upper side. The axial movement of the inner piston is133

controlled by a motor–gear train coupled with a ball screw and134

thrust bearing, allowing a wide range of displacement rates135

from 2× 10−2 to 2× 10−7 mm s−1, corresponding to strain136

rates of 10−3–10−8 s−1 for a sample length of 20 mm. A dis-137

tinctive feature of Kumazawa’s design is the vertical symme-138

try of the upper part of the apparatus, where two pairs of load139

cells are installed: the inner load cells measure axial stress140

(σ ), whereas the outer load cells monitor confining pressure141

(Figure 1c,d).142

The pressure vessel consists of two concentric steel cylin-143

ders, with vertical water-cooling channels machined into the144

outer ring (Figure 1a,c). The apparatus was originally de-145

signed to accommodate relatively large cylindrical samples,146

typically 10 mm in diameter and less than 25 mm in length, in147

order to investigate lattice preferred orientation development148

in polycrystalline aggregates. This sample size is compara-149

ble to that used in early gas-medium apparatuses46 and sig-150

nificantly larger than that of early Griggs-type solid-medium151

apparatuses.5 It is also similar to those used in recent gen-152

erations of Griggs-type apparatuses.12 Samples are internally153

heated using a graphite furnace, and thermal insulation is154

achieved by a thick solid confining medium with an outer155

diameter of approximately 40 mm (Figure 1e,f). The maxi-156

mum designed confining pressure and axial stress were 1 GPa157

and 2 GPa, respectively. To generate high pressures in such158

large assemblies, a 200 ton four-post press and a hydraulic159

pumping system capable of oil pressures up to 100 MPa were160

employed. The electric power required to heat the sample161

to 1000◦C was approximately 3.5 kW, supplied through a162

200 V AC to 20 V AC transformer with a rated capacity of163

4 kVA. In practice, deformation experiments were conducted164

at confining pressures up to 0.8 GPa37 and temperatures as165

high as 1265◦C.40,41
166

B. Principle of stress measurements167

1. Loading system168

In deformation experiments using the Griggs apparatus, the169

axial force acting on the inner piston is measured by an exter-170

nal load cell placed above the pressure vessel (Figure 2a). To171

minimize the effects of friction during initial pressurization,172

the sample, ceramic pistons, and confining medium are loaded173

together through a Pb spacer, while the outer and inner pis-174

tons are advanced either alternately or simultaneously. Before175

deformation, the inner piston is finally advanced to establish176

contact with the sample. Confining pressure estimated from177

the oil pressure deviates from the axial stress measured by178

the load cell due to friction of packing rings and resistance of179

the pressure medium.12,14,35 The differential stress is therefore180

evaluated relative to the hit point, assuming a near-hydrostatic181

stress state, where the axial stress approximates the confining182

pressure. In contrast, in the Kumazawa apparatus (Figure 2b),183

the internal pistons are engaged from the beginning of pres-184

surization, and both axial stress (σ ) and confining pressure185

are increased simultaneously and independently. Two pairs186

of load cells are used to monitor axial and confining forces187

separately.188

Before an experiment, the pressure vessel is positioned be-189

tween deformable spacers that support its weight. During190

pressurization, the distance between the upper and lower con-191

fining pistons decreases owing to compaction of the solid192

confining medium. With increasing Pc, the frictional force193

between the pressure vessel and the sample assembly ex-194
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FIG. 1. The original Kumazawa apparatus: (a) a copy of the original blueprint drawn in 196536; (b) the 200 ton press and hydraulic pumping
system at Nagoya University; (c) pressure vessel placed between electrode plates and the upper outer load cell (OLC); (d) the lower inner load
cell (ILC) extracted from the central hole of the lower OLC; (e) a representative sample assembly37,38; (f) assembly parts using pyrophyllite
and talc for the outer and inner sleeves, respectively.

Deformable spacer

Pressure vessel

Basal platen

Top platen

Inner load cell (U) Outer load cell (U)

Inner load cell (L)
Outer load cell (L)

Pb 

Kumazawa apparatusGriggs apparatus

(b)(a)

FIG. 2. Schematics of loading and stress measurement systems in (a) the Griggs apparatus and (b) the Kumazawa apparatus. Red and blue
triangles indicate loading directions of the inner and outer pistons, respectively. Grey triangles show Boyd–England-type end loading on the
pressure vessel for higher-Pc (>3 GPa) experiments adopted in some Griggs-type apparatuses.

ceeds the gravitational force, causing the vessel to be lifted195

upward. Because no external forces act on the pressure196

vessel other than its own weight, the confining medium is197

compressed symmetrically from the upper and lower sides,198

thereby minimizing pressure gradients within the confining199

medium. A similar technique, known as floating-die com-200

paction, is widely used in powder pressing to produce ho-201

mogeneous products. In this configuration, relative motion202

between the sample and the confining medium is minimized,203

and the influence of friction at the inner wall of the pressure204
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(b)(a)

PV

FIG. 3. Force balance in the sample assembly with respect to (a) the
sample column and (b) the confining medium. See text for details.
PV: pressure vessel.

vessel on Pc measurements is reduced.205

2. Axial stress206

The axial stress is calculated from the axial force (F) acting207

on the horizontal cross-sectional area (Ain) of the cylindrical208

sample:209

σ =
F

Ain . (1)210

However, the axial forces measured at the upper and lower211

sides of the assembly, denoted as F in
up and F in

low, respectively,212

are generally different from the axial force at the center of213

the sample owing to shear forces acting within the confining214

medium (Figure 3a). Here, the central part of the assembly215

consisting of the sample and ceramic pistons is referred to as216

the “sample column”. The force balance for the upper and217

lower halves of the sample column is expressed as218 {
F in

up = F +Sin
up

F in
low = F −Sin

low,
(2)219

where Sin
up and Sin

low are the shear forces acting on the upper220

and lower halves of the sample column, respectively. The to-221

tal shear force required to drag the sample column upward is222

given by Sin = Sin
up +Sin

low.223

The axial stresses acting on the top and basal surfaces of224

the sample column are written as σup = F in
up/Ain and σlow =225

F in
low/Ain, respectively. The sample assembly of the Ku-226

mazawa apparatus is designed to be vertically symmetric (Fig-227

ure 1c). Therefore, as a first approximation, we assume228

Sin
up = Sin

low =
Sin

2
. (3)229

Under this assumption, the effects of shear forces can be elim-230

inated by averaging F in
up and F in

low. From Eqs. (1)–(3), we ob-231

tain232

σ =
σup +σlow

2
. (4)233

From Eq. (2), the shear stress τ acting on the sample column234

can also be evaluated as235

τ =
Sin

Ain
s
=

F in
up −F in

low

Ain
s

. (5)236

Here, Ain
s denotes the side area of the cylindrical surface of the237

sample column.238

3. Confining pressure239

The pressures acting on the upper and lower sides of the240

confining medium, denoted as Pup and Plow, respectively, are241

expressed as242 {
Pup = Fout

up /Aout

Plow = Fout
low/Aout ,

(6)243

where Fout
up and Fout

low are the forces measured by the outer load244

cells placed at the upper and lower sides of the assembly, re-245

spectively (Figure 3b). Owing to frictional stresses acting on246

both the outer and inner surfaces of the confining medium,247

pressure gradients develop within the solid confining medium,248

and consequently Pup and Plow deviate from the confining249

pressure at the center of the assembly. In addition, because250

of the finite shear strength of the solid confining medium, the251

vertical stress is generally not equal to the radial confining252

stress acting on the side surface of the cylindrical sample.47
253

We therefore assume that the mean value254

Pmean =
Pup +Plow

2
(7)255

is proportional to the confining pressure Pc:256

Pc = γPmean. (8)257

The proportionality coefficient γ is determined by pressure258

calibration tests.259

III. NEW KUMAZAWA-TYPE APPARATUS260

A. Overview of configuration261

The new deformation apparatus (named CHERRY), built262

by Sumitomo Heavy Industries, Ltd., is installed at Kyoto263

University (Figure 4). This apparatus follows the original264

Kumazawa design but employs a smaller sample assembly to265

generate higher pressures, and the overall size of the machine266

was reduced for easier handling. The upper four posts sustain267

a total load of 100 tons (∼1000 kN), whereas the lower two268
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posts support an axial load of 20 tons (∼200 kN). The total269

height of the press is approximately 1.3 m, and its total weight270

is about 600 kg (Figure 4a). Because the pressure vessel of271

the Kumazawa-type apparatus is not end-loaded (Figure 2),272

the theoretical limit of pressure resistance is approximately 3273

GPa. Focusing on brittle-to-ductile (plastic) deformation in274

the middle to lower crust and in subducting slabs down to275

depths of about 60 km, we designed the pressure vessel for276

a maximum confining pressure of 2 GPa (Figure 4b).277

In the new apparatus, the confining force is generated by278

a center-hole hydraulic cylinder (Riken Seiki Co., Ltd.) op-279

erated at oil pressures up to 100 MPa. The hydraulic ram280

is actuated by a hand pump equipped with an analog pres-281

sure gauge and an adjustment syringe. The inner piston is282

driven by a servomotor connected to a worm jack through a283

gear reducer. The vertical displacement of the worm jack is284

calculated from the gear ratio and the rotation angle of the285

servomotor (Mitsubishi Electric Co.) and is displayed on a286

touch panel of the control box (Figure 4d). The resolution of287

vertical motion, defined as the minimum step per servomotor288

pulse, is 0.015 µm/pulse. The movements of the axial pistons289

at the position indicators are independently monitored using290

laser displacement meters (OPTEX FA Co., Ltd., CD33) with291

a repeatability of 2 µm (Figure 5a). The axial displacement292

velocity can be continuously varied from 2×10−1 to 1×10−6
293

mm s−1, yielding strain rates on the order of 10−2–10−7 s−1.294

The pressure vessel consists of three concentric rings with295

cooling-water jackets at the top and base (Figure 4b; Fig-296

ure 5a). The tapered cylinder core, made of high-speed tool297

steel (JIS SKH51), withstands an internal pressure of 2 GPa298

with a safety factor greater than 1.9 at room temperature. A299

sample assembly with an outer diameter of 24 mm is inserted300

into the center hole of the cylinder core; this assembly size is301

comparable to the standard 25.4 mm (1 inch) diameter used in302

conventional Griggs apparatuses. The inner and outer forces303

are transmitted to the sample assembly through σ pistons and304

center-hole Pc anvils made of tungsten carbide (WC), respec-305

tively, which are designed for cylindrical samples with diam-306

eters of either 8 mm or 6 mm (Figure 4c). The compressive307

strength of WC is approximately 5.7 GPa. Using 8 mm inner308

pistons, the outer force reaches ∼800 kN at the designed max-309

imum confining pressure of 2 GPa, and the inner-force capac-310

ity of 200 kN corresponds to a maximum axial stress of 4 GPa.311

Using 6 mm inner pistons, the outer force reaches ∼850 kN312

at Pc = 2 GPa, while the corresponding inner-force capacity is313

∼150 kN, giving a maximum axial stress of approximately 5314

GPa.315

Figure 5b shows examples of the sample assemblies, which316

consist of ceramic inner pistons sandwiching the sample, in-317

ner and outer sleeve confining media, a graphite heater, a ther-318

mocouple, and ceramic tubes. Alumina or zirconia is com-319

monly used for the inner pistons. A Teflon sheet with a thick-320

ness of 0.1 mm is placed along the inner wall of the pressure321

vessel to reduce friction and to electrically insulate the vessel.322

No packing ring is used at the upper and lower rims of the323

combining medium.324

B. Heating and cooling systems325

Power is supplied to the graphite heater by a single-phase326

200 V/50 A power source through a 200 V AC to 10 V AC327

transformer with a capacity of 6 kVA, which can deliver328

currents of up to 600 A. The press frame and load cells329

are electrically insulated from the heater circuit by mica330

sheets (Figure 5a). The specific electrical resistivity of the331

graphite heater, manufactured by TOYO TANSO Co., Ltd.,332

is 11.0 µΩm at room temperature. Using a graphite sleeve333

with a thickness of 1 mm, the power required to heat the334

sample to 1000◦C was approximately 2.5 kVA. The measured335

temperature–power relationship indicates that maximum tem-336

peratures exceeding 1500◦C are attainable with the same as-337

sembly. At present, deformation experiments are conducted at338

temperatures up to 1100◦C using a K-type (alumel–chromel)339

thermocouple sheathed with MgO in a metal jacket with a di-340

ameter of 1 mm, which minimize significant drift and break-341

age at temperatures above 800◦C, associated with the so-342

called the green rot phenomenon. The thermocouple is con-343

nected to a proportional–integral–derivative (PID) tempera-344

ture controller (Chino Corporation) via an extension lead ca-345

ble. For experiments at higher temperatures or requiring346

higher accuracy, an R-type (Pt/Pt–13%Rh) or a S-type (Pt/Pt–347

10%Rh) thermocouple can be used with the same control sys-348

tem.349

During high-temperature experiments, the pressure vessel350

as well as the upper and lower electrode plates are cooled by351

circulating water. Cooling water supplied by a 1400 W re-352

circulating chiller (AS ONE Corporation) is first introduced353

into the pressure vessel, then passes through the upper and354

lower electrode plates in sequence, and finally returns to the355

chiller. Because the inner wall of the pressure vessel ex-356

periences the highest circumferential tensile stress, effective357

cooling of the cylinder core is essential to prevent rupture.358

To enhance cooling efficiency and maintain the mechanical359

strength of the core, the second ring made of die steel (SKD)360

is penetrated by twelve vertical channels through which cool-361

ing water circulates sequentially (Figure 5b). This cooling362

concept is inherited from the original Kumazawa apparatus36
363

(Figure 1a), and similar internal cooling systems are adopted364

in several recent high-pressure deformation apparatuses.12,48
365

Thermosensitive papers recorded maximum temperatures of366

approximately 110◦C on the upper surface of the cylinder core367

and 70◦C on the outer surface of the third ring, confirming the368

effectiveness of the cooling system. The quench time required369

to cool the sample from 1000◦C to 500◦C was about 7 s, and370

further cooling to below 100◦C was achieved within 1 min.371

C. Data acquisition system372

Axial and confining forces are measured using inner and373

outer load cells installed below and above the pressure vessel,374

respectively (Figure 5a). Because there is insufficient space to375

accommodate commercially available load cells with capaci-376

ties of 200 kN and 1000 kN, structural steel components of the377

apparatus, each instrumented with four strain gauges, are used378
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FIG. 4. (a) New Kumazawa-type apparatus (CHERRY) installed at Kyoto University (Sumitomo Heavy Industries, Ltd., 100-ton press). (b)
Pressure vessel; the outer ring has a diameter of 180 mm. (c) Pistons, anvils, and solid components of the sample assemblies; the diameters of
the sample and inner pistons are either 8 mm or 6 mm. (d) Servomotor control box and PC-based monitoring system.

Graphite  

Tungsten carbide

Outer sleeve

Inner sleeve

Alumina or zirconia

Sample

Thermocouple

Mullite tube

8 mm

Teflon sheet

6 mm

    

PV

ILCOLC

PI

CW

TB

M

E

HC

(a) (b)

FIG. 5. (a) Schematic cross section of the upper part of the new Kumazawa-type apparatus. PV, pressure vessel; ILC, inner load cell; OLC,
outer load cell; CW, cooling-water passage; E, electrode; M, mica sheet; PI, position indicator for the axial piston; TB, tie bar; HC, hydraulic
cylinder. (b) Examples of sample assemblies using cylindrical samples with diameters of 8 mm (left) and 6 mm (right); see also Figure 4c.
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7

as load cells. These custom-made load cells were calibrated379

against commercially available load cells with capacities of380

200 kN and 1000 kN.381

Analog signals from the load cells, thermocouples, and382

laser displacement meters are collected and digitized using383

a 16-channel data logger (PCD300A and PCD320A, Kyowa384

Electronic Instrument Co., Ltd.) and transferred to a personal385

computer. The available sampling rates range from 1 Hz to386

5 kHz, although typical recording is performed at 2–5 Hz.387

Data processing, real-time visualization on a CRT monitor,388

and recording on the PC are managed using a LabVIEW-based389

system (National Instruments Corporation). The raw load-cell390

outputs are transformed into F in
low, F in

up, Fout
low , and Fout

up using391

nonlinear calibration relations. The axial stress (Eq. 4), con-392

fining pressure (Eq. 8), and shear force acting on the sample393

column (Eq. 5) are calculated and displayed on the monitor in394

real time (Figure 4d).395

IV. CALIBRATION TESTS396

A. Machine stiffness397

Uniaxial compression tests of a tungsten carbide rod with398

a diameter of 8 mm and a length of 28 mm were conducted399

to evaluate the elastic distortion of the apparatus (Figure 6).400

The stress (or force)–displacement curve shows a non-linear401

increase at low stresses, and the slope of the curve represents402

the machine stiffness (G). Because the inner piston assembly403

consists of multiple WC and steel components (Figure 5a),404

the initial slope reflects the stiffness associated with asperity405

contacts between individual parts. At axial stresses exceeding406

1 GPa, these solid–solid contacts are nearly fully closed, and407

G attains a constant value of 95.7 kN mm−1.408

A
x
ia

l 
s
tr

e
s
s
 [
G

P
a
]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

1.0

2.0

3.0

0

50

100

150

Displacement [mm]

Axial force [kN]

φ 8 x 28 mm WC

E = 608 GPa

φ 8 x 20 mm alumina

E = 370 GPa

Whole machine stiffness

G = 95.7 kN/mm

FIG. 6. A uniaxial compression test using a tungsten carbide rod with
a diameter (φ ) of 8 mm. Axial stress is plotted against the displace-
ment of the inner piston calculated from the rotation angle of the
servomotor. The slope of the fitted line (black) represents the overall
machine stiffness G at axial stresses greater than 1.0 GPa. Elastic
deformation of the WC rod (blue) and alumina pistons (orange) cal-
culated from Young’s modulus E are also shown.

B. Calibration of confining pressure409

The calibration constant γ in Eq. (8) was determined at410

room temperature using the phase transition points of am-411

monium fluoride (NH4F). A simple all-talc assembly contain-412

ing surface-ground specimens of Sivec marble with a diam-413

eter of 8 mm and a height of 10 mm was used for a series414

of calibration tests (Figure 7a). Sivec marble, produced in415

North Macedonia, is white in color and is homogeneous and416

isotropic, consisting of nearly 100% calcite with typical grain417

sizes of 0.2–0.5 mm (Figure 7b). Figure 8a shows representa-418

tive mechanical data obtained during a calibration test. While419

the hydraulic ram was driven upward using a hand pump, the420

movement of the inner piston was manually controlled so that421

the axial stress σ increased simultaneously with Pc. Although422

both the outer and inner pistons were continuously advanced,423

the increase in Pc was temporarily halted at the I–II transi-424

tion (0.36 GPa) and the II–III transition (1.2 GPa) of NH4F. In425

this figure, the calibrated upper and lower pressures, γPup and426

γPlow, are replotted as Pup and Plow, respectively.427

C. Constant strain-rate tests428

During the pressure calibration test, the axial stress σup429

increased faster than σlow because the sample and alumina430

pistons were dragged upward by the confining medium (Fig-431

ure 8a). After pressurization to 1.5 GPa, both the outer and432

inner pistons were held stationary for 10 min. Subsequently,433

the inner piston was moved upward to deform the sample at a434

constant strain rate of 2.0×10−4 s−1. During this stage, σlow435

caught up with σup and then exceeded it. The values of Pup436

and Plow changed slightly in opposite directions, whereas the437

confining pressure Pc remained nearly constant.438

Figure 8b shows a similar example of a constant strain-rate439

test. In this case, the sample was pressurized to the first phase440

transition point of NH4F (360 MPa) and then axially deformed441

at a slower strain rate of 6.7× 10−6 s−1. These mechanical442

behaviors can be understood in terms of the shear force asso-443

ciated with the upward movement of the inner piston.444

The force balance with respect to the confining medium is445

expressed as446

Fout
low = Fout

up +Sin +Sout , (9)447

where Sout is the shear force acting on the outer surface of448

the sample assembly. At the beginning of the experiment, the449

weight of the pressure vessel (∼15 kg) is supported by de-450

formable spacers (Figure 2b). With increasing confining pres-451

sure, however, the frictional force acting on the outer surface452

of the assembly exceeds the gravitational force, and the pres-453

sure vessel is lifted upward. For example, even when a Teflon454

sheet with a friction coefficient of 0.02 is used, the frictional455

resistance exceeds 6 kN at a confining pressure of 100 MPa,456

which is much larger than the gravitational force of the pres-457

sure vessel (∼0.15 kN). In this state, Sout is balanced by the458

gravitational force acting on the pressure vessel.459
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8 mm

Plow

Pup

σlow

σup

Tungsten carbide

Talc

Alumina

NH4F

Marble

Teflon sheet 

(a) (b)

500 μm

FIG. 7. (a) The all-talc assembly used for pressure calibration. NH4F powder was inserted between the upper and lower talc pieces. Arrows
indicate the upper and lower axial stresses (σup and σlow) and confining pressures (Pup and Plow), respectively. (b) A microphotograph of a
thin section of starting Sivec marble taken under crossed polarized light.

FIG. 8. Mechanical data acquired during (a) a pressure calibration test and constant strain-rate tests of Sivec marble at a confining pressure of
1.5 GPa and a strain rate of 2.0×10−4 s−1 (CIV07), and (b) a confining pressure of 0.36 GPa and a strain rate of 6.7×10−6 s−1 (CIV03).
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µ

FIG. 9. Pressure stepping test (CIV04) conducted at room tempera-
ture. (a) Variations in apparent stresses during stepwise pressuriza-
tion. Arrows indicate the timing of upward movements of the in-
ner piston. (b) Changes in shear stress acting on the side surface of
the sample column, calculated using Eq. (5). The inner piston was
moved upward at the times indicated by the numbered arrows.

Neglecting the weight of the pressure vessel, another ex-460

pression for Eq. (5) is obtained:461

τ =−
Fout

up −Fout
low

Aout
s

, (10)462

where Aout
s is the side area of the solid assembly. It follows463

that464

−∆P
∆σ

=
Aout

s

Ain
s

· Ain

Aout , (11)465

where ∆P = Pup −Plow and ∆σ = σup −σlow. In the present466

case, −∆P/∆σ = 0.38. The observed changes in the outer467

pressures on the upper and lower sides (Figure 8d) are there-468

fore reasonably explained by the effect of internal friction. In469

contrast, the net change in confining pressure during axial de-470

formation was negligible (Figure 8d).471

D. Pressure stepping test472

To investigate the frictional behavior of the solid confining473

medium, a pressure stepping test was conducted at room tem-474

perature using an all-talc assembly (Figure 8a). In this test,475

the outer and inner pistons were moved alternately while the476

other piston was held stationary. The force data recorded by477

each load cell are shown in Figure 9a.478

When the hydraulic ram was actuated by the hand pump479

and the confining pressure Pc increased, the inner pistons were480

kept at fixed positions. During this stage, the apparent axial481

stress σup increased automatically, whereas σlow decreased. In482

contrast, when the inner pistons were moved upward at a con-483

stant velocity by the servomotor while the outer pistons were484

held fixed, σlow increased and σup decreased. These contrast-485

ing behaviors of Pc and σ can be explained by changes in486

the dragging force acting on the sample column (Figure 3).487

Figure 9b shows the shear stress τ , calculated from Eq. (5),488

plotted as a function of Pc.489

During pressurization by the outer pistons, τ approached490

an envelope with a slope of approximately 0.1. This slope is491

consistent with the friction coefficient (µ) of talc reported in492

the literature (0.1–0.2).49 When the inner pistons were moved493

upward, τ deviated from the line with a slope of 0.1. The494

transient increases and decreases in τ associated with piston495

movements represent the elastic component of shear deforma-496

tion in the talc confining medium.497

E. Heating test498

Internal friction during heating was examined using an as-499

sembly similar to that shown in Figure 5b, in which talc was500

used for both the inner and outer sleeves. For comparison with501

the room-temperature tests (Figure 9), the Sivec marble sam-502

ple was not jacketed, except for copper discs placed at the top503

and bottom of the sample. After hydrostatic pressurization,504

the sample was heated stepwise to 900◦C over a period of 90505

minutes. Although the outer and inner pistons were held at506

fixed positions during heating, both the confining pressure Pc507

and axial stress σ increased from approximately 1.0 GPa to508

1.2 GPa in response to the temperature increase (Figure 10a),509

due to thermal expansion. At the same time, the friction coef-510

ficient µ decreased from about 0.1 to 0.05 (Figure 10b).511

F. Room-temperature experiment with a liquid cell512

To clarify the effects of the solid confining medium on513

the mechanical data, a talc–graphite assembly enclosing high-514

viscosity silicone oil with a dynamic viscosity of 1 million cSt515

was tested at room temperature (Figure 11a). The sample was516

covered with a heat-shrink tube and separated from the lower517

alumina piston by the silicone oil. The sample was therefore518

expected to be hydrostatically compressed before contact with519

the inner piston. However, the inner stress observed was ap-520

proximately 30 MPa lower than the confining pressure Pc de-521

termined from the outer load-cell measurements (Figure 11b).522

After the hit point was confirmed, the inner piston was523

moved upward at a constant rate. When the upper and lower524

axial stresses increased by about 350 MPa, clear yielding was525

observed. Notably, even when using a “liquid cell”, ∆σ did526
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FIG. 10. Changes in axial stress (σ ), confining pressure (Pc), and
friction coefficient (µ) acting on the surface of the sample column
during pressurization and heating of Sivec marble. Talc was used for
both the inner and outer sleeves (CIV16).

not diminish, but instead remained at an approximately con-527

stant value of ∼100 MPa after yielding. This value likely re-528

flects internal friction within the solid parts of the assembly,529

particularly at the interfaces between the alumina pistons and530

graphite.531

V. STRESS–STRAIN CURVES532

A. Data processing after deformation experiments533

In the standard procedure of high-temperature deformation534

experiments using the Kumazawa-type apparatus, Pc and σ535

are continuously and simultaneously increased and adjusted to536

the experimental conditions (Figure 8a, 10), or σ is set slightly537

smaller than Pc (Figure 8b, 11c), and then the inner piston is538

moved upward at a constant displacement rate. To construct539

stress–strain curves, we assume that axial deformation starts540

when σ exceeds Pc. The differential stress, σdiff, is calculated541

from the real-time values of σ and Pc as542

σdiff = σ −Pc (12)543

The axial shortening strain (ε) is defined as the axial dis-544

placement divided by the initial length (L0) of the cylindrical545

sample. Here, the displacement is calculated from the strain546

rate and the duration of deformation (∆t). The apparent dis-547

placement, given by ∆x = ε̇∆t, includes elastic deformation of548

(a)

(b)

6.7 x 10−6 sec −1

Constant strain rate

Hit point

Hit point

Crossover point

∆P

∆σ

FIG. 11. A constant strain-rate test (CIV14) on Sivec marble con-
ducted at room temperature using a silicone oil cell. (a) Sample as-
sembly. A heat-shrink tube was used to center the sample within the
assembly. (b) Mechanical data.

the entire loading system. If the machine stiffness is constant,549

the sample strain is derived as550

ε =
1
L0

(
∆x− A0

G
σdiff

)
(13)551

where A0 is the initial cross-sectional area of the cylindrical552

sample. However, the machine stiffness determined from uni-553

axial compression tests of a WC rod changes nonlinearly with554

axial force, as described above. For convenience, appropriate555

ranges of axial force were selected for each experiment, and556

G was determined by linear regression.557

The Young’s modulus (E) of the WC rod used for the cal-558

ibration test is much higher than that of the alumina pistons559

used in the sample assembly, but the influence of this differ-560

ence in E is negligibly small compared with the total defor-561

mation of the apparatus (Figure 6) and was therefore not con-562

sidered in the stiffness correction. As the axial stress on the563
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WC rod varied nonlinearly with displacement, an appropriate564

value of machine stiffness was selected for each experiment565

based on linear regression within a selected stress range.566

During deformation experiments, the cross-sectional area567

of the sample increases, leading to apparent strain hardening568

in the stress–strain curves. Based on a simple shape-change569

model, the differential stress was corrected as570

σ
∗
diff = (1− ε)σdiff (14)571

where σ∗
diff is the area-corrected differential stress (Appendix572

A).573

Using Eq. (14), stress–strain curves of Sivec marble de-574

formed at room temperature and 360 MPa confining pressure,575

using an all-talc (+NH4F) assembly (Figure 7a) and a sili-576

cone oil + talc assembly (Figure 11a), are constructed (Fig-577

ure 12a). In the experiment using silicone oil, the measured578

value of Pc was slightly larger than σ , and hence the differen-579

tial stress given by Eq. (12) was not zero at the hit point (Fig-580

ure 11b). Therefore, stress–strain curves were constructed in581

two ways: one assuming that the differential stress was zero582

at the crossover point of Pc and σ , and the other assuming that583

σdiff was zero at the hit point. The strength of the heat-shrink584

tube covering the sample was neglected.585

0 1 2 3 4 5 6 7
0

500

1000

Strain [%]

D
if
fe

re
n
ti
a
l 
s
tr

e
s
s
 [
M

P
a
] Pc = 360 MPa, RT

strain rate = 6.7 x 10−6 sec−1

Silicone oil + talc

(a)

(b)

Crossover point

Hit point

500 µm

Talc

FIG. 12. (a) Stress–strain curves of Sivec marble obtained from con-
stant strain-rate tests at room temperature using talc (CIV03) and
silicone oil assemblies (CIV14). (b) An optical micrograph of de-
formed Sivec marble (CIV03) taken under crossed polarized light.
The compression direction is vertical. Intra- and transgranular cracks
are abundant. Twins and undulose extinction are present.

B. Interpretation of mechanical data586

The stress–strain curve of Sivec marble obtained from the587

all-talc assembly exhibited continuous strain hardening, with588

the yield stress (σY ) around 400 MPa. The thin section of589

the deformed sample shows semi-brittle deformation charac-590

terized by microcracking, broad twins possibly of deforma-591

tion origin, and undulose extinction (Figure 12b). In contrast,592

Sivec marble deformed in the silicone oil + talc assembly ex-593

hibited clear yielding at slightly lower stress (∼300 MPa),594

and the differential stress remained nearly constant up to 3%595

strain. A shear fracture cutting through the specimen was visi-596

ble after the experiment. Although talc is moderately weak, its597

yield strength (σY ≃ 150 MPa at Pc = 200–400 MPa47,50) is598

not negligible compared with the room-temperature strength599

of calcite rocks. It is therefore likely that shear failure of Sivec600

marble in the all-talc assembly was suppressed by plastic re-601

sistance of the talc inner sleeve, and that the apparent strain602

hardening was partly due to deformation of the talc confining603

medium.604

The strength of calcite rocks such as marble and limestone605

has been extensively studied in laboratory experiments using606

oil- and gas-medium deformation apparatuses. At room tem-607

perature, the mechanical behavior of Carrara marble system-608

atically changes from strain weakening (Pc < 100 MPa) to609

strain hardening (Pc > 100 MPa).50,51 The yield strength is610

about 350 MPa at Pc = 400 MPa. Our results on Sivec marble611

obtained at Pc = 360 MPa are broadly consistent with these612

previous studies.613

VI. SUMMARY AND FUTURE PERSPECTIVES614

In this paper, we described the design of the Kumazawa615

apparatus and its stress measurement system, and presented616

results of preparatory experiments obtained using a new617

Kumazawa-type apparatus. Two pairs of load cells placed618

above and below the pressure vessel revealed complex behav-619

iors of axial stresses and confining pressures during pressur-620

ization and axial deformation. These behaviors can be ex-621

plained by a spring–slider model of shear forces acting on the622

sample column. Generation of thermal stresses at elevated623

temperatures, associated with a reduction in frictional force624

within the solid assembly, was also captured by the real-time625

stress measurement system. Preliminary results of deforma-626

tion experiments on Sivec marble at room temperature were627

discussed to demonstrate the capability of differential stress628

measurements using the Kumazawa-type apparatus.629

In deformation experiments using the Griggs apparatus,630

NaCl is most commonly used as the confining medium631

because of its weakness at high temperatures.50 Holyoke632

and Kronenberg21 performed calibration tests on NaCl and633

molten-salt cell assemblies using high-purity metals as stan-634

dard samples, and compared the results with those obtained635

from gas-medium apparatuses at 300 MPa confining pressure636

to correct for the effects of internal friction. Subsequent ex-637

periments using talc as a confining medium yielded extremely638

overestimated stresses.52 Our results for the all-talc assem-639
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bly, showing apparently very high stresses at the loading side640

(σlow), are consistent with these previous findings.641

By using upper and lower load cells, the influence of fric-642

tion was successfully reduced in the present study. However,643

a significant difference still remains between the mechanical644

data obtained from the all-talc assembly and those obtained645

using a liquid cell composed of silicone oil. Therefore, further646

improvement of sample assemblies employing weaker confin-647

ing media is essential for the effective use of the Kumazawa-648

type apparatus. To this end, we are currently conducting cali-649

bration tests on talc, NaCl, and other confining media at high650

pressure and high temperature using the new Kumazawa-type651

apparatus.53 Detailed results will be reported elsewhere.652
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Appendix A: SAMPLE AREA CORRECTION757

Using the real-time stress measurement system, the axial758

stress σ is calculated from the initial cross-sectional area, A0,759

of the cylindrical sample as760

σ =
F
A0

(A1)761

However, deformed samples after experiments are generally762

barrel-shaped and the cross-section area at the center of the763

sample is increased (Figure 13a). To correct the effects of764

sample deformation on the mechanical data, we simply as-765

sume that the volume of the sample is preserved during de-766

formation, which is commonly assumed for plastically de-767

forming rocks and minerals, and approximate its shape as a768

cylinder (Figure 13b). The corrected cross-section area, A∗, is769

given as770

A∗ = A0 +∆A (A2)771

where ∆A is an increase in cross-section area of the cylindri-772

cal sample. The axial shortening strain (ε , positive for short-773

ening) is defined by774

ε =
L−L0

L0
(A3)775

where L0 and L are the sample length before and after de-776

formation, respectively. Conservation of the sample volume777

gives778

A0L0 = A∗L (A4)779

Combining Eqs. (A3) and Eq. (A4), we have780

A0

A∗ = 1− ε (A5)781

In the case of a uniaxial compression test (Pc = 0), the axial782

stress, σ∗, acting on the sample area A∗ is balanced with the783

axial stress on the inner piston given by Eq. (A1) (Figure 13b,784

middle). Hence,785

σ
∗ =

A0

A∗ σ (A6)786

Using Eq. (A5), we obtain787

σ
∗ = (1− ε)σ (A7)788

In the case of triaxial deformation experiments under con-789

fining pressure (Pc > 0), we must note that a part of the sample790

bulging out from the inner piston is subjected to vertical force791

as well as horizontal one from the confining medium (Figure792

13b, right). Hence, direct application of Eq. (A7) underesti-793

mates the axial stress. The force balance on the upper half part794

of the deformed sample yields795

σ
∗A∗ = σA0 +Pc∆A (A8)796

Using Eqs. (A2) and (A5), we obtain797

σ
∗ = (1− ε)σ + εPc (A9)798

sample

A0

(a)

(b)
ΔA

L0

L
σ*

Pc = 0

σ

σ*

σ

Pc

L

Pc > 0

A0

A0

A*

Increasing strain

FIG. 13. Correction of the sample cross-section area for stress–strain
curves. (a) Schematic illustration of sample deformation in axial
compression tests. (b) A simple cylinder model used for the sample-
area correction. See text for detailed explanation.

The differential stress after sample-area correction is given by799

σ
∗
di f f ≡ σ

∗−Pc (A10)800

From Eq. (A9), we have801

σ
∗
di f f = (1− ε)(σ −Pc) (A11)802

Using Eq. (12), Eq. (A11) is rewritten as803

σ
∗
di f f = (1− ε)σdi f f (A12)804
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