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Abstract For many years there have been controversial

opinions on the value of dynamic tensile data obtained

through the Kolsky bar spall tension technique. This is

primarily due to the experimental conditions (i.e., speci-

men stress state and strain rate) not being well defined for

these types of tests, thus making data interpretation and

comparisons difficult. In this paper, a new spall theory is

presented that ensures constant strain rate deformation

while maintaining a uniform tensile stress within a large

portion of the specimen. In light of this theoretical

framework, pulse shaping was carefully designed to

experimentally obtain this solution in Kolsky bar experi-

ments. The incident wave generated under the guideline of

the new theory has shown promising results for better

refined Kolsky bar spall tension experiments on brittle

materials.

Keywords Kolsky bar � Spall � Constant strain rate �
Brittle materials

Introduction

Dynamic tensile characterization of concrete materials has

long been a challenging yet highly demanded research

topic. The difficulties associated with this type of testing

have mainly resulted from the extremely low tensile failure

strength and small tensile failure strain, which are both

inherent to this family of materials. Currently, the three

most popular Kolsky bar-based dynamic tensile testing

techniques for concrete are spall tension [1, 2], split tension

(Brazilian disk experiment) [3, 4], and direct tension [5, 6].

Each of these techniques has its own advantages and dis-

advantages. For the spall tension technique, the cylindrical

specimens used in these types of experiments are usually

directly cored from a concrete slab of interest, which

makes them ideal representatives of the bulk material being

investigated. However, the fundamental concepts for the

Kolsky bar spall technique were largely inherited from the

shock spall technique; therefore, the stress state and strain

rate in the test specimens were not well defined compared

to those in the Kolsky bar compression tests. In fact, both

the stress and strain rates vary significantly along the length

of the specimen during a spall test. This is also the main

reason that, for many decades, spall tension data have not

been considered as a direct comparison for dynamic tensile

properties obtained through other relatively well-controlled

dynamic testing techniques. In recent years, a few studies

on concrete spall tension have shown the initial effort to

maintain a constant strain rate deformation at the spall

location of the specimen [7, 8]. These investigations indi-

cated that relative constant strain rate deformation was

realized at the failure location right before fracture occur-

red. Despite these initial findings, it is still unclear how

(and why) the constant strain rate was realized. What’s also

unclear is whether it is possible to achieve both constant
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strain rate and uniform tensile stress over a majority of the

spall specimen. Such experimental conditions, if proven to

be feasible in spall tests, will revolutionize the Kolsky bar-

based dynamic spall technique not only for concrete but

also for other brittle materials.

In this brief technical note, a new analytical approach

was derived based on one-dimensional wave mechanics to

explore the possibility of achieving constant strain rate

deformation as well as uniform tensile stress state in a spall

specimen. The feasibility of incorporating this theory to the

Kolsky bar spall experiment was also demonstrated

through careful pulse shaping. It is believed that novel

experimental techniques built on this new spall theory will

eventually help to bridge the gap in data interpretation

between spall and other dynamic tensile testing techniques.

Analysis

Tensile stress in a spall specimen is generated when the

incident compressive wave reflects back at the free surface

of the specimen as a tensile wave. However, the resulting

tensile stress profile in the specimen is determined by the

overlap between both the incident and reflected waves.

Figure 1 presents a general schematic of wave reflection/

overlap in a spall specimen with a linear elastic material

response. The left-travelling reflected tensile stress wave,

r1 ¼ gðx; tÞ, has the same profile and amplitude as the

right-travelling incident compressive wave, r2 ¼ f ðx; tÞ. At
any location x0 within the region where f ðx; tÞ and gðx; tÞ
overlap with each other, the stress in the specimen is given

by:

rðx0; tÞ ¼ f x0; tð Þ þ g x0; tð Þ ð1Þ

While the stresses at two neighboring locations, x0 þ Dx
and x0 � Dx, are:

r x0 þ Dx; tð Þ ¼ f x0 þ Dx; tð Þ þ g x0 þ Dx; tð Þ ð2Þ
r x0 � Dx; tð Þ ¼ f x0 � Dx; tð Þ þ g x0 � Dx; tð Þ ð3Þ

The strain rate at location x0, for any given time instance

t, is defined by:

oe x0; tð Þ=ot ¼ ðog x0; tð Þ=ot þ of x0; tð Þ=otÞ=E ð4Þ

where E is the Young’s modulus of the specimen. The

strain rates at x0 þ Dx and x0 � Dx are:

oe x0 þ Dx; tð Þ=ot ¼ ðog x0 þ Dx; tð Þ=ot
þ of x0 þ Dx; tð Þ=otÞ=E ð5Þ

oe x0 � Dx; tð Þ=ot ¼ ðog x0 � Dx; tð Þ=ot
þ of x0 � Dx; tð Þ=otÞ=E ð6Þ

Similarly, the strain rate of location x0 at time instances

t þ Dt and t � Dt are:

oe x0; t þ Dtð Þ=ot ¼ ðog x0; t þ Dtð Þ=ot
þ of x0; t þ Dtð Þ=otÞ=E ð7Þ

oe x0; t � Dtð Þ=ot ¼ ðog x0; t � Dtð Þ=ot
þ of x0; t � Dtð Þ=otÞ=E ð8Þ

Considering the respective travelling directions of the

incident and reflective waves, and assuming Dxj j ¼ C0Dt
(C0 is the one-dimensional wave speed in the spall speci-

men), Eqs. (7) and (8) can be rewritten as:

oe x0; t þ Dtð Þ=ot ¼ ðog x0 þ Dx; tð Þ=ot
þ of x0 � Dx; tð Þ=otÞ=E ð9Þ

oe x0; t � Dtð Þ=ot ¼ ðog x0 � Dx; tð Þ=ot
þ of x0 þ Dx; tð Þ=otÞ=E ð10Þ

Fig. 1 Stress wave reflection

and overlap in a spall specimen
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To satisfy the constant strain rate deformation criterion,

the strain rate in the spall specimen should be independent

of either location (x) or time (t). Therefore the following

relation has to hold:

oe x0 þ Dx; tð Þ=ot ¼ oe x0 � Dx; tð Þ=ot ¼ oe x0; t þ Dtð Þ=ot
¼ oe x0; t � Dtð Þ=ot

ð11Þ

Using Eqs. (5), (6), (9), and (10) in light of Eq. (11)

yields:

og x0 þ Dx; tð Þ=ot ¼ og x0 � Dx; tð Þ=ot ð12Þ
of x0 þ Dx; tð Þ=ot ¼ of x0 � Dx; tð Þ=ot ð13Þ

The only solutions for Eqs. (12) and (13) under any

given x0 and Dx are og x; tð Þ=ot ¼ C1; of x; tð Þ=ot ¼ C2,

where C1 and C2 are constants. This solution indicates that

within the section of the specimen where the incident and

reflected waves interact, both waveforms have to present

linear stress profiles to maintain constant strain rate

deformation. Under this condition, Eqs. (2) and (3) can be

re-written as:

r x0 þ Dx; tð Þ ¼ f x0; tð Þ � C2Dt þ g x0; tð Þ þ C1Dt ð14Þ
r x0 � Dx; tð Þ ¼ f x0; tð Þ þ C2Dt þ g x0; tð Þ � C1Dt ð15Þ

If the specimen is under uniform stress state, then:

r x0 þ Dx; tð Þ ¼ r x0 � Dx; tð Þ ð16Þ

Substituting Eqs. (14) and (15) into Eq. (16) leads to

C1 ¼ C2. Note that C1 and C2 are the first order derivatives

in time domain (r� t). To relate them to the stress slopes

in the space domain (r� x) as shown in Fig. 1, one has to

take into account that g x; tð Þ is a left-travelling wave while

f x; tð Þ is a right-travelling wave. Therefore the following

relation has to stand within the region of wave interaction

where constant strain rate is maintained:

og x; tð Þ=ox ¼ �of x; tð Þ=ox ð17Þ

The above analysis has shown that maintaining con-

stant strain rate deformation and uniform stress in a spall

specimen is theoretically possible if a portion of the

incident and reflected waves carry a linear stress profile

with opposite slopes in space domain. Considering that the

reflected wave is actually the tensile version of the inci-

dent wave in Kolsky bar spall experiments, the incident

wave itself essentially needs to carry the two linear stress

profiles with opposite slopes. A possible experimental

solution satisfying this requirement is to design an inci-

dent stress wave that resembles an isosceles triangle, as

illustrated in Fig. 2. For this particular waveform, when

the rising edge of the reflected wave fully enters the spall

specimen and interacts with the trailing edge of the inci-

dent wave, a region with uniform tensile stress is

generated (area between the dotted lines). As both waves

propagate through the specimen, the amplitude of the

uniform tensile stress increases until the brittle specimen

fractures. Note that the isosceles triangular incident

waveform is a special case of the solutions for Eqs. (12)

and (13); therefore, the constant strain rate criterion is

automatically satisfied.

Experimental Feasibility Study

Linear ramp incident waves have been previously used in

Kolsky compression bar testing of various brittle materials

[9–13]. In those dynamic uniaxial compressive experi-

ments, ramp loading is essential to ensure constant strain

rate deformation as well as dynamic stress equilibrium

[14]. In our study, the challenge is to properly design the

pulse shapers so that both the rising and trailing edges of

the incident wave are linear ramps with slopes of the same

amplitude. To test the feasibility of generating an isosceles

triangular incident wave, a 19-mm diameter Kolsky

compression bar setup was utilized for pulse shaping study

with a 200-mm long striker bar. The length of the incident

bar was 3600-mm and the strain gages were placed in the

middle of bar. Through several iterations, it was found

that compound pulse shapers fabricated from Teflon and

annealed copper produced the best results. The dual

material pulse shaper design presents a two-layer assem-

bly, with a small Teflon disk (3.175-mm in diameter by

0.51-mm thick) stacking on top of an annealed copper

disk (7.14-mm in diameter by 1-mm thick). The incident

wave generated by this type of pulse shaper is presented in

Fig. 3. It is evident from Fig. 3 that the incident wave

generally represents an isosceles triangular shape, which is

desired for this novel spall technique. Closer examination

of the waveform reveals that approximately 2/3 of both

the rising and trailing edges exhibit excellent linearity.

The amplitude of the slopes of these two portions are

within ±3 % variation. It is expected that once these two

regions overlap during the spall test, the corresponding

portion of the specimen shall experience constant strain

rate deformation under a relatively uniform tensile stress

state.

For further analysis, the incident wave and resulting

reflected wave were hypothetically overlapped within an

‘‘imaginary’’ cylindrical concrete spall specimen with a

length that fully covers the duration of the loading pulse.

The evolution of the tensile strain profile resulting from

this wave overlap is presented in Fig. 4. In Fig. 4, time ‘‘0’’

marks the onset of tensile strain in the specimen. After 5

ls, the tensile strain becomes reasonably uniform across

approximately 50 % of the specimen’s length. We assume

that the Young’s modulus of the concrete specimen is 50
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GPa, and the density is 2200 kg/m3. The estimated tensile

stress in the specimen is also shown in Fig. 4. The region

with uniform tensile strain gradually decreases with pro-

gression of time, which is due to the incident and reflected

waves travelling in opposite directions and departing from

each other. The amplitude of the isosceles incident wave

can be adjusted through careful pulse shaping while the

duration of the wave is controlled by varying the striker bar

length. These attributes make the new technique extremely

versatile for spall applications on different materials with

different specimen dimensions. The optimal incident wave

can be designed according to simple specimen material

properties such as density and Young’s modulus to ensure

that the tensile strain over a large portion of the spall

specimen has reached a relatively uniform state before

failure occurs. It needs to be noted that the wave dispersion

effects may be negligible on our 19-mm diameter Kolsky

bar especially with pulse shaping. For spall applications on

larger diameter Kolsky bars, however, possible wave dis-

persion effects may impose complications to the data

analysis and therefore need to be thoroughly considered

and investigated before carrying out the stress analysis for

the specimen. The tensile strain rate of the specimen is

determined by the slope of the incident stress wave as

indicated by Eq. (4). As a demonstration of achieving

constant strain rate deformation under dynamic tension, the

stress history profile at the center of the specimen is plotted

in Fig. 5. Evidently, the stress increase shows an excellent

linear relationship with time. For linear elastic materials, a

constant stress rate loading is equivalent to constant strain

Fig. 2 Schematic illustrating

how to create a uniform tensile

stress in the spall specimen

through the interaction of two

isosceles triangular waves

Fig. 3 The incident wave designed through pulse shaping for the

novel controlled spall technique

Fig. 4 Evolution of tensile strain distribution over the length of the

spall specimen
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rate loading. The estimated tensile strain rate in this case

study is around 40/s for a material with Young’s modulus

of 50 GPa.

Summary

This paper derives a new theoretical framework for a

Kolsky bar-based dynamic spall technique. The derivation

leads to the conclusion that, in order to maintain constant

strain rate deformation as well as a uniform tensile stress

state in the specimen, an incident stress wave resembling

an isosceles triangle is required. The interaction of such an

incident wave with its reflected counterpart gives rise to

uniform tension over a considerable portion of the test

specimen. In light of the analytical results, the feasibility to

experimentally realize this special waveform was demon-

strated through well-designed pulse shaping. This prelim-

inary study lays the important foundation to a significant

revolution for the dynamic spall technique, through which

the spall tension results may be, for the very first time,

directly compared with those obtained by other dynamic

tensile testing techniques.
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