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ABSTRACT

Tensile strength plays a crucial role in many engineering activities involving soils and soft rocks.

Currently, several methods for tensile strength determination exist, the most common of which

include the direct tension method, Brazilian test, ring test, axial fracturing test, bending test,

and hydraulic fracturing test. However, outstanding problems associated with these methods,

e.g., undesirable eccentric forces and damage of specimen ends, significantly affect obtained

tensile strength values. To overcome these problems, we propose an alternative direct tension

test method together with the newly developed apparatus. The proposed method uses an

annular specimen that is tension-loaded on the inner hole. The method was evaluated through

a series of tests on undisturbed soil and remolded gypsum-sand mixture specimens. For val-

idation, comparison of results between the proposed method and the International Society for

Rock Mechanics (ISRM)-suggested method was performed. Based on the results of the ex-

perimental program, the proposed method is considered more capable of and more suit-

able for determining the tensile strength of soils and soft rocks than the ISRM-suggested

method.
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tensile strength, test method, test apparatus, hollow disk specimen

Introduction

Tensile strength plays a crucial role in determining soil and rock failure in many

engineering activities, such as hydraulic fracturing of wells or boreholes, blasting and

drilling of rocks, and excavation of soil or rock slopes (Goodman 1989).
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Investigation of tensile strength is therefore of great significance in engineering. However, to date, there exists

no uniform standard method for the laboratory testing of tensile strength of soils and rocks (Coviello, Lagioia,

and Nova 2005).
Laboratory methods for determining tensile strength are generally categorized into direct and indirect tests.

Direct tension, considered the more ideal of the two test types (Mellor and Hawkes 1971), involves axial tension

when a cylindrical specimen is loaded to failure along the central cross section (fig. 1A). Tensile strength is calcu-

lated by dividing the force at failure with the cross-sectional area of the specimen. The process from stretching to

the destruction of the specimen can be observed in this test, providing a visual demonstration of the mechanical

and failure behavior of the specimen under tension. However, the specimen preparation and apparatus operation

for this test is complicated (Mellor and Hawkes 1971). For instance, the connection between the specimen and the

apparatus is difficult to establish. Mechanical caps or polymer glue are usually used for this purpose (fig. 1A), but

these often cause crushing of the specimen ends, especially for soils and soft rocks. The use of mechanical caps

leads to anomalous stress concentrations that usually result in early rupture in these ends. Eccentric force also

often appears because of misalignment between the axis of the specimen and the cap axes. Meanwhile, the speci-

men easily detaches from the apparatus with the use of polymer glue, leading to test failure. Direct tension test is

therefore less used in laboratories for testing soils and rocks.

The difficulties associated with direct tension test have led to the development of a number of alternative

indirect test methods, mainly with application to rocks. Among these are the Brazilian test (Hudson, Brown, and

Rummel 1972; ISRM 1978, Suggested Methods for Determining Tensile Strength of Rock Materials), ring test

FIG. 1 Commonly used test methods for tensile strength: (A) direct tension (ISRM 1978); (B) Brazilian method (ISRM 1978);

(C) ring test (Hobbs 1964); (D) axial fracturing (Dismuke, Chen, and Fang 1972; Kim et al. 2012); (E) three-point (ASTMC99/

C99M-15, Standard Test Method for Modulus of Rupture of Dimension Stone (Superseded)) and four-point bending

(ASTM C880/C880M-15, Standard Test Method for Flexural Strength of Dimension Stone (Superseded)); and (F)

hydraulic fracturing (Hardy and Jayaraman 1970).
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(Hobbs 1964), axial fracturing test (Dismuke, Chen, and Fang 1972; Kim et al. 2012), bending test (Khan and Al-

Shayea 2000; He, Cao, and Evans 1990), hydraulic fracturing test (Zoback et al. 1977; Sadeghi, Nikudel, and

Pahlavan 2018), and hoop test (Xu, De Freitas, and Clarke 1988).

The Brazilian test, also known as the splitting tension test, is carried out by diametrically compressing a

circular plane disk (fig. 1B). Because of the simplicity of operation, this method has been used extensively

for decades. The Brazilian test was recommended by the International Society for Rock Mechanics (ISRM)

for testing rocks (ISRM 1978). However, like in the direct tension test, eccentric force often appears in the

Brazilian test because of the difficulty of keeping the applied force on the vertical diametrical plane of the speci-

men throughout the test. Numerous results have also shown that primary fracture often occurs around the speci-

men-jaw interface, far from the center of the specimen, where the tensile stress is supposed to be at the maximum

(Fairhurst 1964; Hudson, Brown, and Rummel 1972; Erarslan and Williams 2012).

The ring test overcomes the problem of primary fracture development away from the specimen center

through the application of diametrical compression on a hollow disk specimen (fig. 1C; Price and Knill

1966; Hudson 1969; Hobbs 1964; Hiramatsu and Oka 1970). Experimental data from Jaeger (1967), Hardy

and Jayaraman (1970), and Coviello, Lagioia, and Nova (2005) indicate that the hole at the center of the specimen

enables the fracture to develop at the “proper location.” However, the obtained tensile strength values far exceed

those obtained from the ISRM-suggested direct tension test.

The axial fracturing test, which is based on plastic theory, was proposed by Dismuke, Chen, and Fang (1972).

This test is carried out by axially loading the cylindrical pads at the two ends of a cylindrical specimen until the

specimen ruptures along the axial direction (fig. 1D). The pad diameter is 0.2–0.3 times the diameter of the specimen.

Because of ease of operation, the axial fracturing test is also widely use in geotechnical engineering. However, ec-

centric force likewise tends to occur during loading because of the difficulty of maintaining the alignment of the

cylindrical pad axes with the specimen axis. The result of the axial fracturing test is affected by many factors, in-

cluding the pad diameter and specimen thickness, but uniform standards for these parameters do not exist.

The bending tests (fig. 1E), including the three-point and four-point tests, are adopted by ASTM for de-

termining the tensile strength of variable materials (e.g., rocks, cement, and building stones). The test is per-

formed by applying loads to one or two points in the direction normal to the axis of a simple support bar.

The tensile strength is evaluated by applying the well-known Navier-Stokes formula to the fiber farthest from

the neutral axis at rupture. However, there are limits to the applicability of this formula: it is only valid when the

loaded sections are spaced more than two heights apart and the fracture develops in that part of the specimen

(Coviello, Lagioia, and Nova 2005).

In the hydraulic fracturing test, a hollow cylindrical specimen is brought to failure by fluid pressure (fig. 1F;

Hardy and Jayaraman 1970) and the tensile strength is evaluated using the elastic theory. This test is not suitable

for soils and soft rocks because pressurized liquid can result in unexpected damage to the internal structure of the

specimen because of the permeability of these materials.

In figure 2, results of various direct and indirect tension tests on sandstone specimens are plotted. As can be

seen, the tensile strength values obtained from indirect tension tests are overestimates relative to those obtained

from the direct tension test. It can also be noted that, for the same specimen, different indirect tension test meth-

ods yield different strength values (Coviello, Lagioia, and Nova 2005; Perras and Diederichs 2014).

The problems with the tensile tests outlined become even more serious when dealing with soils and soft

rocks. This is because of the greater geometric tolerances that need to be accepted in the specimen preparation

and the difficulty in obtaining smooth surfaces with these materials (Coviello, Lagioia, and Nova 2005). To over-

come the shortcomings of the various tension test methods, we propose and present in this paper a new direct

tension test. The main features, procedures, and requirements of the test are in accordance with the Chinese

specification of rock test (GB/T 50266-2013, Standard for Test Methods of Engineering Rock Mass), ISRM stan-

dard (ISRM 1978), and ASTM standard (ASTM C496/C496M-11, Standard Test Method for Splitting Tensile

Strength of Cylindrical Concrete Specimens (Superseded)). In the following sections, we describe this proposed

method, associated apparatus, test parameters, performance evaluation, and basic requirements of the test.
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Description of the Proposed Method

APPARATUS

For the proposed method, we developed an apparatus as shown in figure 3. It adopts a servo-controlled tension

system and consists of a drawbar device (fig. 3B), tension sensor, displacement sensor, and data acquisition and

analysis system. The tension test frame is encased for protection. This apparatus is internationally patented.

The most important part of the apparatus is the drawbar device (fig. 3B), which is attached to the fixed frame

and the lateral movable frame via connecting plates. The drawbar device consists of a left movable pull seat, left

FIG. 2 Comparison between the tensile strengths of sandstone obtained from direct and indirect test methods.

FIG. 3 Test apparatus developed in this study: (A) overview, (B) drawbar device, (C) left movable pull seat, (D) left

movable arm, (E) right fixed pull seat, and (F) right fixed arm.
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movable arm, right fixed arm, and right fixed pull seat (fig. 3C–F). Each of the two pull seats has a half-pull rod

that is joined to the other to form a full cylindrical rod whose diameter (12 mm) is equal to the diameter of the hole

at the center of the specimen. The specimen is mounted on the base by sliding the inner hole onto the cylindrical

rod.

During testing, the left movable pull seat is motor-driven to pull the specimen laterally apart through the

half-pull rod until the specimen breaks. The left movable pull seat, right fixed pull seat, and central axis of the

specimen are perfectly aligned, ensuring that fracture develops along the normal diametrical plane and that ec-

centric force is minimized. The surface of the base, where the specimen is seated, is smooth and thus offers

minimal frictional resistance when the specimen is loaded.

The apparatus is equipped with a tension sensor (accuracy of 0.1 N) that is connected to the lateral movable

frame to detect the generated tension, while a linear variable displacement transducer with an accuracy of

0.001 mm measures the displacement of the left movable pull seat during testing. Both the tension and displace-

ment sensors are easy to replace in case of malfunction. During the test, the data acquisition and analysis system

displays in real time the tension force, displacement, and plot of tension versus displacement.

SPECIMEN GEOMETRY AND PREPARATION REQUIREMENT

The proposed apparatus requires a hollow disk specimen, as shown in figure 4. The outer diameter size was

determined from laboratory investigation of size effect (see the “Size Effect” section), while the decision re-

garding the inner hole diameter size (12 mm) and thickness (25 mm) was largely dictated by operability and

practicality, as based on actual laboratory experience. On one hand, with a smaller inner hole diameter, the pull

rod is not able to withstand enough load to break the specimen. On the other hand, with a bigger diameter, it is

difficult to prepare the specimen without damage or disturbance. A specimen thickness of 25 mm that con-

forms to the standard was adopted. With thicker specimens, the pull rod may deform during loading, while

with thinner specimens, it is extremely difficult to drill inner holes without damage. Note that ISRM (1978)

recommends that for the circular disk specimen of the Brazilian test, thickness should be approximately equal

to the specimen radius. This guideline was also considered in the choice of specimen thickness for the proposed

method: 25 mm approximates the effective specimen radius (outer radius minus the inner radius) of 24 mm. It

is also worthwhile to note that several researchers (e.g., Jaeger and Hoskins 1966; Mellor and Hawkes 1971)

used a specimen thickness of 1 in (25.4 mm) for their ring tension test, a test with similar specimen geometry as

our proposed method.

Because of the specific specimen geometry requirement of the proposed method, additional accessories for

sample preparation are essential. For an intact specimen, a wire-cutting machine (fig. 5A) is needed to obtain a

disk specimen and a table–based driller (fig. 5B) to make the inner hole. For a remolded specimen, a mold with a

center column is needed (fig. 5C).

FIG. 4

Hollow disk specimen

used in the proposed

method: T= thickness;

Do= outer diameter; and

Di= inner hole diameter.
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EVALUATION OF TENSILE STRENGTH

While the full-field stress expressions within a circular ring have been determined for certain types of load, such as

uniformly distributed internal or external radial load, or both (Pilkey 2005), and internal/external concentrated

line load (e.g., Timoshenko 1922; Billevicz 1931), no such expression exists for the loading condition of the pro-

posed method. For the evaluation of tensile strength with the method, therefore, the average tensile stress at

failure on the central diametrical plane normal to the load direction, given by equation (1), was first assumed

as a valid tensile strength representation:

σt = 1,000
Fmax

TðDo − DiÞ
(1)

where σt is tensile strength in kPa, Fmax is the measured peak tension force in N, Do and Di are the outer and inner

diameters of the specimen in mm, respectively, and T is the specimen thickness in mm. Equation (1) assumes that

the material is linearly elastic, homogeneous, and transversely isotropic.

The validity of the aforementioned equation was then confirmed through computational stress analysis. In

this regard, a finite element soil model was created in Abaqus Standard 2017. The model was meshed with about

15,000 solid linear elements with reduced integration. No symmetry was introduced. The soil was modeled as a

linearly elastic material with the following elastic constants: Young’s modulus= 15,000 kPa and Poisson’s ratio=
0.23. The loading rod was simulated as a rigid body, half of which was fixed while the other half was load-con-

trolled and moved in the +y direction. There was no bonding between the soil and the rod.

FIG. 5

Equipment for specimen

preparation: (A) wireless

cutting machine for

intact specimen, (B)

table–based driller to

create the inner hole, and

(C) self-made mold with

a center column for

preparing remolded

specimen.
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Figure 6A shows the distribution of the principal stresses on the surface of the soil specimen. The mag-

nitude and orientation of these stresses are also shown. From the closeup view, it can be seen that along the

symmetrical plane from which equation (1) is reckoned, the state of stress is purely tensional and generally

uniaxial in loading direction, which are important criteria for the applicability of the equation. The full 3-D

model in figure 6B shows that this symmetrical plane possesses the maximum tension, in agreement with the

laboratory observation of failure along this plane. To verify whether equation (1) indeed represents the average

stress at failure on the symmetrical plane, the respective failure load was applied, and numerical simulation was

run for each of the specimen sizes considered in this study (see the “Size Effect” section). Table 1 compares the

average stress obtained from the numerical simulation and that from the analytical calculation using equa-

tion (1). It can be seen that for all the specimen sizes, the two values are in good agreement, with an error of

only 1.31 %.

With the aforementioned results, the question that then remains is whether the use of average stress as a

measure of tensile strength is valid, particularly since, as figure 6A and 6B show, the stresses along the sym-

metrical plane are nonuniformly distributed. There is considerable stress concentration at the periphery of the

FIG. 6 Results of linear elastic finite element modeling: (A) distribution of principal stresses in the soil specimen (60 mm

outer diameter). Magnitude and orientation are shown. Positive sign (+) represents tension stress. Closeup view

(to the right) shows that the stresses along the symmetrical plane are purely tensional and generally uniaxial in the

direction normal to loading. (B) Half of the soil specimen showing mean pressure at failure load, clearly indicating

that tensile stress is maximal at the symmetry plane. Stress concentration at the periphery of the inner hole is

evident. Value is in N/mm2; Avg., average; Max., maximum; Mid., middle; Min., minimum.
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inner hole, which explains the initiation of failure in this area. This question cannot, however, be addressed

through linear elastic finite element analysis (FEA). This is because while the said analysis can effectively depict

the stress distribution in the soil specimen upon tensile loading, it cannot demonstrate the evolution of tensile

stress along the potential failure plane since it does not allow the development of large strain and cracks. For this

reason, discrete element modeling (DEM) was also conducted using MatDEM. The model was made up of 32,828

particles with similar properties as in FEA. Simulation was run only for the specimen geometry recommended for

the proposed method (60-mm outer diameter; see the “Size Effect” section). Consistent with the FEA results, the

DEM results show nonuniform stress distribution where the stresses are higher near the inner hole and lower

toward the outer boundary of the specimen (fig. 7E). However, this is only at the beginning of loading. At failure

point (corresponding to the peak load), the stresses become more evenly distributed (fig. 7F). Average stress at

this point is 30.87 kPa, which is in good agreement with the 30 kPa obtained from equation (1) (Table 1). Based

on all the foregoing information, equation (1) is deemed a valid expression for the evaluation of tensile strength by

the proposed method.

TABLE 1
Comparison of average stress values at failure along the potential crack obtained
from equation (1) and FEA for specimens of different outer diameters

Outer Diameter, mm

Average Stress, kPa

Error, %Equation (1) FEA

40 23.71 23.92 0.87

50 26.32 26.56 0.95

60 30.00 30.39 1.31

80 31.18 31.53 1.15

100 31.82 32.23 1.30

FIG. 7 Preliminary results fromDEM analysis: (A) stress within the specimen before tension test; (B) early stage of tension

test where the stress on the potential crack (the red line in (A)) is of triangular distribution (in (E)); (C) the status

just before the specimen fails, showing a rather even distributionwithmaximum,minimum, and average stresses of

42.8, 19.9, and 30.9 kPa (in (F)), respectively, on the potential crack; (D) postfailure stage.
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Evaluation of Test Method

TEST MATERIAL AND SPECIMEN

The soil samples used in this study were loess soil collected as blocky samples (30 by 30 by 30 cm) from 2-m deep

trial pits dug in a slope in Yuci, Shanxi Province, China. The soil has a characteristic yellowish color and porous

structure. With the silt fraction accounting for 71.45 % (clay fraction 11.01 % and sand fraction 17.54 %) and a

plastic limit of 19.2 %, the soil is classified according to the Chinese standard (GB/T 50145-2007, Standard for

Engineering Classification of Soil) as clayey silt. The physical properties of the soil are shown in Table 2. The dry

density and specific gravity were determined using the cutting ring and densimeter methods, respectively, while

the liquid and plastic limits were measured using a photoelectric cone penetrometer (Nanjing Soil Instruments,

GYS-2). The particle size distribution was determined using a laser particle size analyzer (Malvern Instruments,

MS2000). All the aforementioned measurements were conducted following the stipulations of the Chinese

Specification of Soil Test (GB/T 50123-2019, Standard for Geotechnical Test Method).

For the investigation of size and rate effects, intact soil specimens were used. A set of 25 specimens, 5 for each

of the 5 outer diameters considered (40, 50, 60, 80, and 100 mm), were used for size effect evaluation, while

another set of 25 specimens, 5 for each of the 5 displacement rates considered (0.05, 0.1, 0.3, 0.5 and

0.7 mm/min), were used for rate effect evaluation. All the specimens were first oven-dried at 50°C to ensure

uniform moisture state for tension test.

For evaluating the performance of the proposed method relative to the direct tension test, artificial gypsum-

sand mixture was used to ensure specimen uniformity, and therefore make the comparison meaningful.

Moreover, as this artificial mixture could be prepared at a higher density and stiffness, it allows the simulation

of soft rock and therefore the evaluation of the capability and performance of the apparatus over a wider range of

tensile strengths. The dry density and porosity of the gypsum-sand specimens range from 1.57 to 1.82 g/cm3, and

the uniaxial compressive strengths range from 351 to 1,339 kPa. The properties of the standard sand, gypsum, and

gypsum-sand mixture are shown in Tables 3 and 4.

To prepare the gypsum-sand specimen for the proposed method, predetermined proportions (Table 4) of

standard sand, gypsum, and distilled water were placed into a container, stirred evenly, and poured into the self-

made mold. For easy demolding, the inner wall of mold was coated evenly with Vaseline. Using the static pressing

method, the material was compacted, and then the mold with sample was placed in the oven at 50°C for 12 h.

TABLE 2
Physical properties of the soil specimens

Property ρd, g/cm
3 Gs WL, % Wp, % e

Value 1.34 2.71 26.7 19.2 1.172

Note: ρd= dry density; Gs= specific gravity; WL= liquid limit; Wp= plastic limit; e= void ratio.

TABLE 3
Properties of the standard sand and gypsum used for gypsum-sand mixture

Material Property Symbol Value

Standard sand Moisture content ω, % <0.2

Silica content Cs, % >98

Particle size distribution mm <0.25 0.25–0.5 0.5–2.0

% 13 20 67

Gypsum Specific gravity Gs 2.32

Solubility S, g/L 2.0

Specific heat capacity c, kJ/kg·m 0.84
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The sample was demolded and finally oven-dried at 50°C to a constant mass. For the direct tension test, the

gypsum-sand mixture was prepared into cylindrical specimens of 50-mm diameter and 100-mm height

(fig. 8A), which were then notched using a self-made groove device (fig. 8B). This created a 15-mm wide

section with a reduced diameter (40 mm) at the middle of the specimen (fig. 8C). For each test method, four

sets of gypsum-sand specimen were prepared, and each set consisted of five samples of the same dry density

(Table 4).

FAILURE BEHAVIOR

To investigate the failure behavior of the specimens, a high-speed camera with a resolution of 1,280 by

1,024 pixels was used to record the tests at a filming rate of 1,000 frames per second. Figure 9 displays typical

images of the specimens at different loading stages: preloading, cracking, overall failure, and postfailure stages.

It can be observed that cracking is initiated at the periphery of the inner hole (fig. 9B), propagating toward the

outer periphery (fig. 9C) and eventually creating a jagged fracture along the central diametrical plane

perpendicular to the loading direction (fig. 9D). It usually takes about 2/1,000 s between crack initiation

and complete crack propagation, indicating that failure happens instantaneously and almost simultaneously

with the initial cracking.

SIZE EFFECT

Tests of soil specimens with varying outer diameter (40, 50, 60, 80, and 100 mm) were carried out at a displace-

ment rate of 0.5 mm/min to explore the effect of specimen diameter on the measured tensile strength and de-

termine the optimal specimen size for use with the proposed method. Note that only the outer diameter was

varied in the tests since, as noted in the “Specimen Geometry and Preparation Requirement” section, the inner

hole diameter size was fixed to 12 mm for the reason of operability and practicality.

Results are shown in figure 10A, where it can be seen that for all specimen diameters, the load-displacement

curve gradually develops into a near-linear segment from the start of loading up to the peak load, after which there

was a sudden force drop to zero, indicating brittle failure after the peak load (fig. 10A). Both peak tension and

FIG. 8

Preparation of specimen

for ISRM direct tension

test: (A) cylindrical

specimen, (B) self-made

groove device, and (C)

specimen with an

indentation in themiddle.

TABLE 4
Properties of the gypsum-sand mixtures

No. ρd, g/cm
3 R σu, kPa E, kPa

1 1.57 6:1:0.6 351.2 4.82 × 107

2 1.73 5:1:0.6 610.4 9.13 × 107

3 1.77 5:1:0.6 987.3 1.33 × 108

4 1.82 5:1:0.6 1,339.3 1.73 × 108

Note: ρd= dry density; R= ratio for standard sand, gypsum and distilled water; σu= uniaxial compressive strength; E= elastic modulus.
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displacement increase with increased specimen outer diameter. The peak tension ranges from 16.6 to 75.3 N and

the displacement at peak load ranges from 0.07 to 0.287 mm.

Figure 10B shows the curves of stress versus normalized displacement. The latter was calculated by dividing

the measured lateral displacement by the specimen outer diameter. As can be seen, the stress at failure and the

corresponding normalized displacement both fall within a narrow range, from 24 to 31 kPa and 0.15 to 0.3 %,

FIG. 9

Photos of the soil

specimens at different

loading stages: (A)

preloading, (B) cracking,

(C) overall failure, and

(D) postfailure stages.

Images in (B) and (C) are

consecutive, meaning

that the crack

propagation happened

and ceased in 2/1,000 s.

FIG. 10 Curves of (A) tension force versus displacement and (B) stress versus normalized displacement for different

specimen outer diameters.
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respectively, indicating the general independence of the stress–strain curve from specimen diameter. Deviations

may be explained by inhomogeneity, potential directional property, and imperfect elasticity of the specimen.

To determine the optimal specimen diameter for the proposed test method, the simple approach suggested

by Kuruppu and Funatsu (2012) was adopted. In this approach, the fracture toughness values obtained by testing

specimens with a range of different sizes are plotted against diameter. If testing is done using specimens up to the

largest practical size, the trend line is expected to yield the size-independent fracture toughness. Hudson (1969)

used a similar approach to establish the critical hole size of the specimen for the ring tensile test, positing that the

point at which the tensile strength becomes constant represents the critical hole size below which the hole has no

influence anymore. Following this approach and referring to figure 11A, 60 mm is determined to be the critical

specimen outer diameter size for the proposed method. As can be seen, below this critical outer diameter size, a

noticeable increase in tensile strength is observed with increase in the outer diameter. Beyond this, however, a

further increase in the outer diameter size did not have an obvious effect in the measured tensile strength any-

more. This is generally consistent with the results of Zhu and Huang (2019) on subjecting sandstone specimens to

the ring tensile test, which showed that when the inner-to-outer diameter ratio is greater than 0.2 (the same ratio

we have when the outer diameter is 60 mm since the inner diameter is 12 mm), the peak load decreases rapidly.

However, for the ratio in the range of 0.12 to 0.2, the peak load undergoes only a small reduction. For the pro-

posed method, 60 mm is adopted as the minimum specimen outer diameter size with which the tensile strength

can be obtained free from the size effect since with larger outer diameters, the probability of occurrence of

material flaw and the difficulties in specimen preparation are increased.

RATE EFFECT

Another series of tests were conducted to investigate the effect of varying displacement rates (0.05, 0.1, 0.3, 0.5,

and 0.7 mm/min) on measured tensile strength. Following the results of the “Size Effect” section, specimens with

outer diameter of 60 mm were used. As the results in figure 11B show, the measured tensile strength increases

with displacement rate. This is in good agreement with the findings of Backers and Stephansson (2012).

Figure 11B also shows that the results are very unstable for the displacement rates of 0.5 and 0.7 mm/min with

coefficients of variation of 11.35 and 31.22 %. On the other hand, the coefficients of variation are within 8 % for the

displacement rates of 0.05, 0.1, and 0.3 mm/min. Of these three rates, 0.1 mm/min (equivalent to a strain rate of 0.2

%/min) yields the most stable test results, with a minimum coefficient of variation of 4.15 %. Because, in addition to

giving stable results, tests can be performed within a reasonable time with this displacement rate, the displacement

rate of 0.1 mm/min is recommended and adopted for use with the proposed method. This is in agreement with both

ASTMD2166/D2166M-16, Standard Test Method for Unconfined Compressive Strength of Cohesive Soil, and BS EN

ISO 17892-7:2018, Geotechnical Investigation and Testing—Laboratory Testing of Soil, Part 7: Unconfined

Compression Test, which suggest that the strain rate should not exceed 2 %/min for testing rocks.

FIG. 11 Influence of (A) specimen outer diameter and (B) displacement rate on the measured tensile strength.
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PERFORMANCE EVALUATION

To evaluate the performance of the proposed method and the newly developed apparatus, another test campaign

was conducted to compare the tensile strength obtained with the proposed method against that obtained from the

ISRM-suggested direct tension method. As mentioned in the “Test Material and Specimen” section, artificial

gypsum-sand specimens were used to ensure sample uniformity, thereby making the comparison more mean-

ingful. As the mixture can be prepared to simulate soft rock, the use of the artificial mixture also allowed the

capability range of the proposed apparatus to be tested. The ISRM-suggested test was conducted using a universal

testing frame (fig. 12). For both test methods, a displacement rate of 0.1 mm/min was applied following the results

of the “Rate Effect” section.

As shown in figure 13, both tests resulted in the development of tension cracks along the central dia-

metrical plane normal to load direction. Typical tension force-displacement curves from both methods are

shown in figure 14, where the following can be observed: (1) the ISRM-suggested method gives a slightly

greater tensile strength than the proposed method; and (2) the displacement at peak point in ISRM-suggested

method is greater than that in the proposed method. The progressive failure of the specimen in the proposed

method is considered responsible for the relatively low strength obtained, although like in the soil specimen,

crack initiation and eventual propagation to failure happened within 2/1,000 s. The significantly bigger dis-

placement at peak load in the ISRM-suggested method is ascribed to the relative slippage (about 0.2 mm as

observed by using the high-speed camera) between the fixture and the specimen.

Results further show that in both methods, the tensile strength increases with increase in dry density

(fig. 15A). For all tested specimens, the ISRM-suggested method gives greater values of tensile strength than

the proposed method. However, for the same dry density, the coefficient of variation (Cv= σ/μ, where σ is

FIG. 12

Setup of the modified

ISRM direct tension test.

Geotechnical Testing Journal

LI ET AL. ON A NEW DIRECT TENSION TEST METHOD 1329 

Copyright by ASTM Int'l (all rights reserved); Fri Dec 18 03:15:02 EST 2020
Downloaded/printed by
TU Darmstadt (TU Darmstadt) pursuant to License Agreement. No further reproductions authorized.



the standard deviation of the strength values and μ is the average value) of the measured tensile strengths from the

proposed method is significantly lower than that from the ISRM-suggested method (fig. 15A). For instance, at a

dry density of 1.57 g/cm3, the Cv of the former is 0.09, as compared with the latter’s 0.58. This indicates that the

proposed method gives more stable results than the ISRM-suggested method. In figure 15B, it can be seen that

there is a tight linear relationship (σt-prop= 0.9958σt-ISRM− 17.85, R2= 0.97; σtprop and σt-ISRM are in kPa) between

FIG. 14

Tension force-

displacement curves for

the proposed and ISRM

methods.

FIG. 15 Comparison between the results of the proposed and ISRM methods: (A) measured strength versus dry density

and (B) relationship between the measured strengths from both methods.

FIG. 13

Postfailure feature of the

gypsum-sand specimens

in the (A) proposed

method and (B) ISRM

method.
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the tensile strength values (σt-prop) obtained from the proposed method and those from the ISRM-suggested

method (σt-ISRM). This further indicates the capability of the proposed method for the determination of tensile

strength.

Basic Requirements

Based on the results and experience in the tests and considering established testing standards, we present in the

following the basic requirements of the proposed method.

The end surfaces of the specimen to be tested must be flat to 0.02 mm and should not deviate from the plane

perpendicular to the longitudinal axis of the specimen by more than 0.001 rad or 0.05 mm in 50 mm (ISRM 1979,

Suggested Methods for Determining the Uniaxial Compressive Strength and Deformability of Rock Materials). The

inner and outer side surfaces of the hollow disk specimen should be smooth and free of any irregularities and

straight to within 0.1 mm over the full thickness of the specimen. Otherwise, abnormal stress concentrations may

occur at such irregularities. Proper abrasive paper may need to achieve the flatness of specimen surfaces, especially

for coarse grained soft rocks.

The diameter of the test specimens must be measured to the nearest 0.1 mm. The outer diameter (Do) and the

inner hole diameter (Di) are each determined by averaging three measurements taken at a right angle to the

vertical axis and at three different levels along the thickness of the specimen. The thickness (T) of the specimen

is measured to the nearest 1.0 mm. These requirements are consistent with ISRM (1978) and ASTM C496/

C496M-11.

The minimum number of specimens within a set must be determined on a case-by-case basis. Usually, at

least five specimens are required for testing under the same condition (ISRM 1978).

At the minimum, peak tension forces (Fmax) must be collected during the test. However, continuous mea-

surement of tension force (accuracy of 0.1 N) and displacement δ (accuracy of 0.001 mm) is recommended. With

the recommended constant displacement rate of 0.1 mm/min, collection of data at a rate of four data sets per

second is considered sufficient.

When the test is finished, the fractured specimen shall be preserved for in-depth observation of the failure

mode. To avoid misevaluation of the tensile strength, the test shall be considered unacceptable if the plane of the

crack deviates from the diametrical plane of the specimen by more than 0.05Do. In our experiments, the unac-

ceptable failure modes mainly fall into two categories. In the first category, specimens failed into two unbalanced

pieces with irregular failure surface, as shown in figure 16A. In this case, the measured tensile strength could be

twice the value obtained under acceptable failure mode. In the other category, specimens fractured into three or

more pieces (fig. 16B). This case usually gave a relatively low tensile strength. About 7 % unacceptable tests were

FIG. 16 Typical unacceptable failure modes for the proposed method: (A) Modes I and II; (B) Modes III and IV.
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encountered in our experiments. The rough preparation of specimen, nonstandard test operations, and inherent

defects in the specimen were found to be mainly responsible for these failures.

Together with the test conditions and results, the following information needs to be recorded for each test:

specimen storage and preparation procedure, moisture content and adjustment thereof, and specimen size.

Any macroscopic characteristics of the specimen surfaces as well as any adjustment made with the specimen

conditions shall also be reported. The surrounding environmental conditions shall also be recorded if

applicable.

Limitations and Outlook

This study aims to propose a new test method and apparatus for testing the tensile strength of weak materials (soil

and soft rocks). As a preliminary study, a laboratory approach was mainly used to establish the test parameters

and evaluate the method’s performance and capability. Thus, only an initial computational analysis was con-

ducted. Further studies may therefore be aimed at more rigorous numerical simulations. For instance, a nonlinear

FEA may be conducted to track the development of tensile stress and strain with crack propagation at failure

point for further validation of equation (1). Regarding the specimen size, fixed inner hole diameter and thickness

were employed in this study in consideration of actual operability and practicality and with reference to relevant

standards and the work of other researchers that used the same general specimen geometry. Test results showed

general agreement with the results of other researchers. This notwithstanding, exploring how the different com-

binations of inner diameter, outer diameter, and thickness affect measured tensile strength can be the subject of a

more extensive study in the future. Further study may also focus on optimizing the stress distribution as by slight

modification of specimen geometry and on developing empirical formulas to enlarge the scope of applicability of

the method in terms of material type. It would also be of high interest to know how the obtained tensile strength

values vary with temperature and pressure for evaluation of in situ cases. This, however, also requires a more

detailed and elaborate test program.

Summary and Conclusion

To address the deficiencies of the currently existing tension test methods, especially when used for soils and soft

rocks, we proposed a new direct tension test method and developed the associated apparatus that are particularly

well-suited for these materials. A hollow disk specimen with outer diameter of 60 mm, inner hole diameter of

12 mm, and thickness of 25 mm is used with the proposed method and apparatus. A displacement rate of 0.1 mm/

min is recommended to avoid possible dynamic effects during testing while still allowing the test to be performed

within a reasonable time.

The specimen preparation and test operation in this new method are simple, and the eccentric force that is a

common problem with the currently available methods is minimized. Performance of the conducted experiments

indicated that the proposed method and apparatus are more capable of and suitable for determining the tensile

strength of soils and soft rocks than other currently available methods.
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