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This paper presents the design and measuring potential of the latest generation of the
magnetic scanner called Magscanner-Maglab System (MMS) which enables a fast acquisition
of 3D signals from magnetic sensors and their visualization as digitalized magnetic images for
a variety of flat and cylindrical objects. MMS can be used as entirely autonomous or combined
(through common control) with a typical material testing machine for static load and fatigue
tests. The system can be used to investigate magnetomechanical phenomena and identify their
models in experimental mechanics, as well as detect and locate strain fields, areas of plastic
deformations and cracks in industrial processes. It has been used recently to measure the
magnetic field around objects subjected to technological processing in order to check their
quality.

1. Introduction and research objective

Digital visualization is used by various systems (based on discrete sensors or
a matrix of sensors) for the human optical perception of real physical effects.
Optoelectronic CCD digital cameras or thermal infrared imagining cameras are
commonly employed for this purpose. In recent years attempts have been made
to visualize the magnetic field by magnetovision cameras. A new NDT/NDE
method, called magnetovision, based on such cameras has been developed. The
method has found a number of applications in the technology and medicine [1–3].
All ferromagnetic materials can be investigated in this way. The most promis-
ing application areas for magnetovision are inverted magnetostriction (also re-
ferred to as the Villari effect1)) and examination of Smart Magnetic Materials
(SMM) [4]. The current research and engineering aim of such experiments is to
identify physical models of the Villari effect, which could be used to determine
the strain field on the basis of magnetic field strength vector components.

1)Villari Effect – the effect of mechanical deformation (stretching, twisting, and bending)
on the magnetization of a ferromagnetic. Discovered in 1865 by the Italian physicist E. Villari
(1836–1904), the effect is the opposite of magnetostriction, i.e., change in the size of a ferro-
magnetic during magnetization.
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The authors’ earlier papers presented the foundations of the new diagnostic
technique and the possibilities of developing a magnetovision apparatus. They
also described the metrological properties of the Villari effect [1, 5, 6] and dis-
cussed the possibilities of applying magnetovision in fatigue tests, crack tests
[7], and texture tests [8, 9], as well as in athermal martensitic transformations
[10, 11].
The development of magnetovision has several limitations whereby it has not

been as spectacular as that of thermovision or optoelectronic CCD techniques.
The visualization of a scalar quantity, such as temperature, is easy to interpret,
whereas the representation of a vector quantity, such as magnetic field strength,
in the form of 2D or 3D maps, taking into account the investigated object’s
geometry, is a much more difficult task. Another difficulty lies in the fact that
at the moment no magnetic field sensors in the form of matrices (such as CCD
sensor matrices) are available.
Considering the above, a method of measuring the 3D magnetic field in

experimental mechanics was chosen as the main objective of this research. In
order to achieve the objective the following key tasks were planned:

• developing a non-contact magnetic field strength measurement concept;

• constructing an apparatus (scanner) for investigation of, in particular, flat
and cylindrical objects;

• creating a software for measuring, processing and visualization of the mag-
netic field;

• making identification of magnetomechanical cross effects (the Villari effect)
possible;

• providing examples of application of the magnetic field measuring method
in investigation of the state of mechanical and SMM objects.

The mentioned above tasks are discussed successively below.

2. Idea of a non-contact measurement of the magnetic field

It was assumed that a magnetic field strength should be measured without
any contact with the investigated object. Also, the measurement method should
allow one to determine the values of the magnetic field components, respec-
tively Hx, Hy, Hz, at different distances d from the investigated object, starting
from very small distances (as small as 0.10 mm). This is vital since as distance
d increases details are lost in the leakage flux above the object. By scanning
the plane located at dmin and performing scans of successive planes distant by
∆d from each other, one can determine the magnetic leakage flux over the in-
vestigated object and also along the perpendicular axis (Z). The idea of the
measurement is illustrated in Fig. 1.
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Fig. 1. Scanning with the measuring head with passive sensors to determine the magnetic
field strength distribution around the investigated object.

The results of scanning with passive sensors of the plane located at distance
d from the investigated object need to be properly interpreted. In this measure-
ment technique each magnetic field strength reading contains information about
the entire geometry of the investigated object. Figure 2 schematically shows the
location of the measuring head in space and how its position is ascertained by
means of radii Ri and appropriate angles φi. Consequently, the two-dimensional
map obtained for a given magnetic field vector component is the result of the
stereographic projection of the investigated object onto the scanning plane.

Fig. 2. Scanning of the plane above the investigated object. Interpretation of a 2D map for
a given magnetic field vector component, as a stereographic projection of the investigated

object onto the scanning plane.

In order to fully investigate the magnetomechanical phenomenon one needs
various magnetic field sensors. Passive magnetic field sensors (mainly magne-
toresistance sensors and Hall sensors) have been chosen in order to ensure that
the magnetic field strength around the investigated object remains undisturbed.
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Due to advanced passive magnetic field sensors now all the three components of
the magnetic field strength vector can be measured in a single geometric point
in space. Since there is a wide range of sensors available, measurements in a wide
range of magnetic strength values become possible. The types of sensors used
for the particular subranges are:

• weak magnetic fields (0.1–100 µT) – anisotropic magnetoresistance (AMR)
sensors;

• mediummagnetic fields (50 µT – 10 mT) – giant magnetoresistance (GMR)
sensors;

• high magnetic fields (10 mT up to 2000 mT) – Hall elements.

Availability of advanced thin-film magnetic field sensors and the introduc-
tion of motion processors incorporating a real time operation system (RTOS)
have made a 3D visualization of the magnetic field vector by a third generation
scanner (magnetovision camera) possible. The scanner features a range of state-
of-the-art sensors, software, and mechanical structures. For over a decade the
team to which the present authors belong has developed several generations of
cameras and scanners which can take magnetic images of materials subjected to
various kinds of treatment, mechanic loads, and phase transformations.

3. Multisensor magnetic field measuring system

In the literature one can find solutions which can be used to quickly de-
termine a magnetic field distribution by means of a considerable number of
sensors (with identical parameters and characteristics) arranged on a scanning
plane [12]. An earlier version of the multisensor magnetovision system recorded
magnetic field strength by means of its 60×40 mm flat measuring head. The so-
lution was based on a system with a digital signal processor (DSP). The measur-
ing unit consisted of a matrix of 48 Philips KMZ52 magnetoresistance sensors.
It incorporated analogue and digital circuits shaping the signal and reducing
noise as well as ensuring proper data transmission to the signal processing unit.
The DSP card, capable of fast data processing and having a large number of
input/output interfaces, generated magnetic field maps in real time for two mag-
netic field components in 24 points. In order to obtain higher resolution maps
it was necessary to use an XY positioner and scanning mode operation.
Figure 3 shows the structure of the magnetovision system. A Hunt Engineer-

ing HERON card incorporating a C6701 digital signal processor forms its signal
processing unit. Conversion of measurement data into the digital form and their
final processing is the task of this part of the measuring system. Signal pro-
cessing is understood here as digital processing of signals, i.e., decoding, digital
filtration, and Fourier transformation.
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a)

b)

Fig. 3. Multisensor magnetovision system: a) system structure, b) measuring head with
48 magnetic field sensors.

The above system was used mainly to monitor metal sheet forming and to
determine the formability of metal sheets and the texture of the material [8, 9].
Figure 4 shows exemplary results of monitoring the metal sheet forming process
and determining the loss of stability by the metal sheet. The experience gained
in the building of the system was then used to create magnetic field scanning
devices based on 3D sensors.
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a) b)

c)

Fig. 4. Exemplary results of monitoring a metal sheet forming process and determining the
loss of stability by a metal sheet: a) magnetic field map superimposed on the crack area,
b) die stamping with a crack, c) isosurfaces of the magnetic field variation during the forming.

4. Magnetic field scanner and the investigation methodology

The main components of the magnetic field scanner and its software, as well
as exemplary applications of the measuring system in experimental mechanics,
are presented below.
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4.1. Scanner design

The main objectives achieved in the Magscanner system project are:

• a mobile modular measuring system;

• a wide programmable range of mechanical movements of the movable part
incorporating a measuring head;

• scanning parameters, i.e., the set position and scanning speed, controlled
by a motion processor based on RTOS;

• the measuring head (an autonomous part of the system) is a complete
analogue measuring circuit which can be replaced with another one with
different specifications;

• all scanning operations are controlled by a single dedicated software.

A block diagram of the Magscanner system is shown in Fig. 5. The control
unit of Magscanner consists of the following components (Fig. 5a):

• an IBM T30 computer with a docking station using a PCI control card to
serve all Magscanner operations;

• an advanced motion control system APCI-8001 by ADDI-DATA. The mo-
tion controller incorporated in the APCI-8001 controls scanner precision
positioning and ensures its optimal dynamics;

• a sensor signal acquisition system based on DT9804 by Data Translation,
with a digital trigger to synchronize carriage positions and analogue values
from the sensors;

• software dedicated to Magscanner/Maglab, controlling the whole system
and visualizing the results. A lot of effort has been put into the develop-
ment of this software. Recently the part responsible for further processing
of the results has been separated from Magscanner and called Maglab.
This software package enables export of the results to CAD systems and
visualization of the magnetic field vector in a 3D space.

The Magscanner system has been adapted to perform several tasks in the
field of experimental mechanics. Now this magnetovision system has four inde-
pendent magnetic inspection subsystems (shown in Fig. 5b):

• an advanced XYZ scanner which can work in tandem with material test-
ing machines (MTS). The guaranteed resolution of the measuring head
travel is 2160 DPI. In terms of functionality, the measuring head’s po-
sitioning system is based on the same principle as the professional A3+
format scanners, e.g., the AGFA DuoScan series. The working scanning
range is 410 × 180 × 200 mm. The Z axis enables performance of a se-
ries of scans for a set distance from the investigated object, and it is also
needed to install the system on a strength testing machine in order to



104 J. KALETA, P. WIEWIÓRSKI

a)

b)

Fig. 5. Block diagram of the magnetic field scanner: a) computer-aided system,
b) subsystems: XYZ scanner, rotational scanner, tensile testing machine.
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acquire maps of magnetic field distribution maps from, e.g. a fatigue pro-
cess;

• measurement heads based on:

– Honeywell HMC1053 – for WMF and MMF;

– Allegro Micro RMT34 Hall elements – for HMF;

• a rotational axis analyzer – a subsystem designed for measuring and an-
alyzing magnetic field distribution around axisymmetrical elements (e.g.,
cylinders and pipes), mainly with quick industrial tests in mind. The al-

a)

b)

c)

Fig. 6. Magscanner system: a) scanner setup, b) XY scanner, c) scanner for axisymmetrical
objects.
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gorithm can be used for testing of magnetic and electrostatic cylinders in
refabrication of toner cassettes for laser printers. Currently, research on
potential applications in the car industry is being conducted;

• a micro-tensile testing machine – a device enabling precise measurements
of the magnetic field and mechanical quantities for foil materials sub-
jected to static strength tests. The beam scanning movement resolution is
0.25 micrometers. The force of 1.0–500 N can be measured thanks to an
HBM AE101 amplifier (class 0.1%).

All the subsystems are controlled by the same control unit and by the
Magscanner software. The magnetovision scanner and its components are shown
in Fig. 6.
Figure 6a shows the magnetic scanner setup. One of the major advantages of

the system is its mobility. The number of cables has been reduced to an absolute
minimum. A wireless operator panel (based on the wireless USB standard) has
been introduced. The main scanner functions can be controlled from the panel.
Figure 6b shows the measurement zone of the XY scanner including a measuring
head and a CCD camera for recording the scanning of the investigated object.
In order to illustrate the capabilities of the Magscanner, the way of setting up
the subsystem for scanning cylindrical objects is shown in Fig. 6c.

4.2. Scanner measuring specifications

The main specifications of the Magscanner system and its subsystems are as
follows:

• range of magnetic field measurement at 16 bit ADC resolution:

– WMF: a 0.1–100 µT AMR head based on the Philips KMZ5x se-
ries MR,
a 1.0–500 µT AMR head based on a modified Honeywell HMC105x
series MR;

– MMF: a 50 µT – 10 mT AMR head based on the Philips KMZ1x
series MR,
a 1–100 mT head based on Hall elements by Allegro Micro;

– MMF/HMF: a 20–2000 mT head based on RMT34 Hall elements by
Allegro Micro;

• max. scanning speed – 50 000 points/sec;

• max. scanning resolution – 2160 DPI (0.02 mm);

• max. number of scanned magnetic field points – 20 million points (maps
as large as 20000×1000);

• DT 9804 card sampling frequency at 16-bit resolution – 100 kHz.
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4.3. Preparation of measuring heads

The measuring heads are decisive for achieving a satisfactory magnetic field
measurement quality. There is no universal measuring head which could be used
for measurements in the whole magnetic field range. Also, the size and shape
of the head depend on the peculiarities of the investigated object and on the
number and size of the sensors used. A head for measuring flat surfaces will be
different from the one for determining a magnetic field distribution on cylindri-
cal surfaces. In a triaxial head the three magnetic field sensors perpendicular
to each other should be located possibly in one point in space. For example, an
integrated Hall probe was made by sticking together three Hall sensors (for Hx,
Hy and Hz, respectively), each with their own independent conditioning system.
Due to the small dimensions of the Hall-effect magnetic field measuring system
(3× 3× 2 mm3), quasi-point measurements (necessary in the case of cylindrical
surfaces) can be performed. A special head based on Honeywell HMC1053 mag-
netoresistors was developed for the triaxial measurement of the magnetic field
vector on a flat surface. Measurements can also be made using a head based on
Philips KMZ52 or KMZ51 magnetoresistors.

4.4. Maglab software – a complete tool for magnetomechanical evaluation

Maglab software is a major component of the Magscanner system. The pro-
posed method of evaluating the magnetic field distribution around different ob-
jects is based on modified passive sensors made by Honeywell and on the ded-
icated Magscanner/Maglab software which is compatible with industrial para-
metric CAD systems (e.g., ProEngineer and Solid Works) and with NURBS
(Rhinoceros). The measurement technique consists in acquiring a set of points
belonging to equally distant planes, similarly as in tomography and 3D visuali-
sation in CAD under the IGES standard.
The possibilities offered by the Magscaner-Maglab systems are presented be-

low. Two aluminium plates (discs) with circular holes aligned in parallel were the
test objects. The plates that were connected to a power source were subjected to
a quasistatic tension until rupture. The direction of the current (reverse in both
plates) is shown in Fig. 7. Such a process, combining both the mechanical and
electrical loadings of the plates, is hard to describe analytically. Visualization of
the magnetic field with the use of commercially available systems is difficult or
even impossible.
Figure 8 shows Maglab windows with magnetic field strength distribution

maps before uniaxial tension and immediately after the failure of a set of two
plates with holes. As the plates were under tension, a current of 1 A was flowing
through them. Figure 8a shows the image from the photodiode (PD; the geo-
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Fig. 7. Scheme of the uniaxial tension of the aluminium plates connected to a power source.

metric resolution is identical to the resolution of the magnetic sensors) and the
distribution of the H vector components, marked subsequently as Hy, Hz, Hx.
To the right, the courses of these quantities are presented for the cross-section
drawn through the middle of the holes. Analogous characteristics for the final
phase of the sample rupture are shown in Fig. 8b. Additionally, the embedded
colour scheme generator is presented in Fig. 8c.
The main features and modules of the Maglab software are as follows:

• four windows: MagnX, MagnY, MagnZ, showing (with a set resolution) the
distribution of the three magnetic field vector components in the scanned
area, and the Camera window showing a map received from an optical
sensor;

• the possibility of a simultaneous work on 10 different projects stored in
the clipboard for comparisons and further analyses;

• high resolution of the maps, dependent on the sensor distance from the
investigated object;

• the possibility of displaying multiframe projects a movie;

• a built-in module for creating and selecting the best spectrum of colours
(the Pattern of colours in Fig. 8c) to represent the determined distribu-
tions;
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a)

b)

c)

Fig. 8. Features of the Maglab software for the sample subjected to tension and connected
to a power source (as shown in Fig. 7).

• a sensor position correction module enabling fitting of the maps that come
from the sensors located in different points;

• a Cross sections module enabling the user to create and edit linear cross
sections from the acquired maps;

• a Hysteresis module enabling generation of waveforms in specified coordi-
nates and time domain;

• the Magscanner/Maglab software package enables further processing and
visualization of the magnetic field distribution maps in a CAD program
(ProEngineer) or in NURBS (Rhinoceros);

• Maglab allows one to quickly generate maps of the stress distribution,
strains, and the specific energy for the Kirsch problem.

In addition, Maglab has basic magnetostatic models implemented as stan-
dards for experimental measurements. Strong emphasis has been placed on the
way results are presented and on optimization of calculations. Therefore, the
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software package can find many applications also in other areas requiring knowl-
edge of magnetic field distribution. In the nearest future, the main application
area will be identification of magnetomechanical dependences for a plate with
a central hole subjected to fatigue.
Due to visualization of an elementary magnetic field vector distribution as

a stereographic projection [13] it was possible to develop the Dipole Contour
Method (DCM) which has been implemented in the Magscanner-Maglab soft-
ware package [14]. The concept of DCM and other related notions shown in
Fig. 9. This method is used to visually represent information supplied by data.

Fig. 9. Magnetic field distribution as a stereographic projection [14]: a) distance d and sensor
chip are not small enough to measure elementary micromagnetism, b) single point magnetic
object produces stereographic projection, c) stereosphere obtained from the model and from
the experiment (d) as a flat area magnetic field distribution. It should be emphasized that
the stereosphere from the experiment was created with the use of many NURBS surfaces.
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Since due to its size the chip with sensors cannot take precise point mea-
surements, dipole contouring is necessary to:

• find the location of the zero line field in the axially symmetrical roller;

• locate polarity zones between different materials;

• determine the magnetomechanical effect;

• track the movement of the actuator rod;

• trace the magnetic field distribution at a required distance.

An isopleth is an equal value line, and dipole contouring consists in plotting
magnetic isopleths similar to a weather map.
Presentation of the Maglab software package, either as autonomous or work-

ing with material testing machines, would extend far beyond the confines of this
paper. Therefore, only a few selected applications of the software are presented
below.

4.5. Application of the Magscanner-Maglab system to identify the Villari effect

Identification of an inverse magnetostriction (the Villari effect) for a plate
with a circular hole (the so-called Kirsch specimen) subjected to cyclic loading
is described in several papers [1, 5, 6, 15]. Such identification would make it pos-
sible to use a magnetic field image to describe the state of strain of a material
and even the strain field in structural nodes made of ferromagnetic materials.
However, there is a problem with a sufficiently precise local non-contact mea-
surement of the magnetic field for different Kirsch specimen loading configura-
tions. It should also be possible to generate a magnetic field image depending
on the adopted magnetomechanical model of the Villari effect. Therefore, the
Kirsch problem has been implemented in the Maglab software package whereby
it becomes possible to determine the theoretical distribution of:

• a 2D state of stress;

• a 3D state of strain;

• specific energy;

• stress tensor axiator and deviator components.

The Maglab application can simulate the cyclic loading of the Kirsch speci-
men only in the elastic region for the selected geometry, which is signalled in the
application. Using the elementary magnetomechanical models described in [6]
and the Dipole Contouring Method one can obtain a 3D magnetic field distri-
bution, also inside a hole, taking into account the edges of a sample. Figure 10
shows the Maglab windows used for defining the initial parameters and selecting
the magnetomechanical model of the Kirsch specimen. In Fig. 10 no magnetic
field strength H scale is given because the representation of Hx, Hy, Hz distri-
butions around the hole for selected σEF models is of central importance.
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a)

b)

c)

Fig. 10. Implemented DCM model for the plate with a circular hole (Kirsch specimen):
a) the parameters of the sample geometry and loading selected to generate the stress
distribution, b) the obtained stress distribution, c) selection of the magnetomechanical

model [6, 16] and DCM parameters.
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Figure 11 shows magnetic field distributions based on models 1, 2 and 5 [16].

Fig. 11. Shapes of the magnetic field distributions around a circular hole in the loaded
Kirsch specimen, computed in Maglab using the magnetomechanical models [16] and DCM.

The Magscanner-Maglab system uses a point-by-point scanning algorithm
with simultaneous recording of the full loading period divided into a fixed num-
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ber of frames in order to determine the magnetic field distribution around a cir-
cular hole in a real Kirsch specimen subjected to cyclic loading.
Currently, the Magscanner-Maglab system can record periodic changes in

the magnetic field around flat and cylindrical surfaces in the frequency range
of 0.1–200 Hz at the resolution of 1/360. Thus, for repeatable conditions in
the whole scanning range it is possible to produce maps of the magnetic field in
a particular synchronizing signal phase. Cyclic loading of materials in the elastic
range satisfies such requirements. Then the variable magnetic signal component
is the Villari effect model.
Figure 12 schematically shows the point-by-point scanning algorithm and

the generation of four maps, each with 360 frames or a prescribed number of
frames. The current system can repeat point-by-point scanning after a break
lasting a prescribed number of synchronization run periods. The box marked as
‘C’ (other sensor type) means that there is a possibility of using, for example,
a photodiode.

Fig. 12. Method of observing magnetic field vector aberration during a fatigue under
a sinusoid loading.

Figure 13 shows the magnetic field distribution around a plate with a circular
hole subjected to a symmetrical cyclic loading in three display modes: “RGB” –
colours from the RGB palette are assigned to the magnetic field values, Isopleth
– colours are separated by alternately black and white (creating the impression
of contour lines on a map), and “AC” – the differential frame between the
reference frame (reference phase of the signal) and all the recorded frames.
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Fig. 13. Magnetic field distribution around a Kirsch specimen under a fatigue process,
presented in three different modes of maps: RGB, isochromatic and differential isochromatic.

Consequently, a magnetic field distribution being solely the result of the Villari
effect is obtained.

5. Other selected applications

Exemplary applications of the scanner, featuring an earlier version of the
magnetovision camera can be found in the papers [1, 4, 7–11, 14, 17] by the
authors. New applications of the magnetovision system are connected with mea-
suring the magnetic field around objects subjected to technological processing
(cutting, laser ablation, electro-discharge drilling, micro-layer plotting, magnetic
printing, etc.) in order to check their quality.
Figure 14 shows two such applications from the authors’ independent exper-

iments [18]. In the a) case it is the optical and magnetic image of the text which
was laser engraved on steel. In the b) case the magnetic image of a letter ‘A’
sign on a disc is shown.
The Magscanner/Maglab (2010) system in its current version is a complete

tool for magnetic investigations in mechanics. The system is capable of analyz-
ing fatigue processes at low load frequency (up to 200 Hz) and registering the
magnetic field vector in one degree steps (animated movie with 360 magnetic
frames). Also, a handheld 3D digitizer for monitoring magnetic field strength has
been designed, and its prototype has been built. The handheld wireless magne-
toscanner incorporating a precision movement recorder is compatible with the
Magscanner software and the other subsystems. The data acquisition unit is
contained in the small Razer Lachesis computer mouse casing.
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a) b)

Fig. 14. Magnetic field strength disturbance used to detect changes on a ferromagnetic’s
surface: a) laser engraving, b) letter A sign on a disc [18].

The Magscanner/Maglab system can be used to control the quality of induc-
tive hardening. Figure 15 shows magnetic field distributions on the cylindrical
surface of a car axle shaft. The “Critical Zones” are specified as zones which run

Fig. 15. Rotational axis subsystem used for magnetic inspection of a car axle shaft:
a) unhardened and b) after induction hardening.
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the most risk of improper hardening, which shows itself in the larger range of
magnetic field values close to the surface compared to the average distribution
of the magnetic field on the shaft. Due to the use of the system a “Critical
Zone” of the axle shaft can be controlled for improving the quality of inductive
hardening.

6. Conclusions

1. A new generation of magnetic scanner for investigating various problems
in experimental mechanics has been presented. The scanner enables the
simultaneous determination of three magnetic field strength components
Hx, Hy, Hz for flat and cylindrical objects. The non-contact measurement
takes place at a set distance d from the investigated surface.

2. The measuring system is equipped with the Magscanner/Maglab software
which enables signal acquisition, processing and visualization, also with
the use of the Dipole Contour Method (DCM).

3. The possibilities of using the measuring system to identify the Villari effect
model have been demonstrated for a plate with a circular hole subjected
to cyclic loading.

Considering the above, it can be stated that the research objective has been
achieved.
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This paper gives an overview of different testing methods and the mechanical material
behavior including mono-axial and multi-axial testing under high rate loading. Special empha-
sis is laid on difficult loading conditions and loading states such as a high temperature and
high strain loading (ϑ > 1200◦C, ϕ > 1) and multiaxial impact tests. The impact behavior
of selected materials is shown and compared for different loading conditions. Furthermore,
a distinction is made between virgin and manufactured material behavior (e.g. welding) or
pre-damaged materials. Specifically, if the influence of the manufacturing history is investi-
gated. Under certain loading states the impact material properties show a dramatic difference
compared to the virgin state of the material. Some examples of different material behavior
under the conditions previously mentioned are given.

1. Introduction

It is well-known, that the material behavior of construction materials is de-
pendent on strain, strain rate and temperature. Moreover, the knowledge of the
dynamic behavior of materials is of interest, if such processes like cutting or
forming operations are investigated. For many engineering applications, the me-
chanical impact behavior of materials and components also play an essential role.
For example, consider a deployed naval ship operating in rough sea condi-

tions: the loading of this ship‘s structure by a canon fire can be described as
a time-dependent strain loading (Fig. 1). In reality, the loading is measured by
strain gages. If the amplitude of the strain-time signal is multiplied by Young’s
modulus (Hooke’s law), one may find a stress value significantly exceeding the
material flow stress as known from quasistatic and standardized experiments.
Hence, if the assumption is valid, the ship must be deformed plastically. How-
ever, an examination of the strain-time signal shows a complete return to its
initial state, which clarifies that the whole event was purely elastic. Investiga-
tions under dynamic tensile loading, using a universal hydraulic testing machine,
show that the large strain-rate sensitivity of the flow stress of the ship building
steel, during the impact by canon firing, is enhancing the flow stress above that
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Fig. 1. Dynamic loading of a canon shooting on a Navy ship structure.

(elastic) value, what was measured on the stringer at the high strain rate. Thus,
the ship is not being deformed plastically during maneuver operations or its
deployment.
However, the knowledge of the material behavior under loading conditions

matching the intended use, is of special importance in design and construction.
Thereby, the material behavior must be known over a wide range of strains,
strain rates and temperatures. A variety of different experimental techniques
exist to determine the dynamic behavior of materials under the defined loading
conditions and loading states.

2. Impact testing capabilities

Of the experimental work on impact material behavior described in the lit-
erature, mostly the Hopkinson bar testing is mentioned. However, a variety of
different experimental techniques exist to determine the dynamic behavior of
materials under the defined loading conditions and loading states.
For characterization of the mechanical behavior of material investigations

over a wide range of strains, strain rates and temperatures are required. Addi-
tionally, different loading types may lead to different material behavior, even if
only monoaxial loading is mentioned and must be considered in material inves-
tigations and constitutive modeling. In Fig. 2, a summary of different loading
types under monoaxial and multiaxial loading is given.
For dynamic impact testing of materials, only a small amount of universal

testing machines in comparison to quasistatic loading is available. Especially,
accurate force-time measurements are a great challenge for such type of ma-
chines. Due to the large mass, which has to be accelerated during testing, the
force-time signals often show large ringing and lead to increased uncertainties in
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Fig. 2. Testing capabilities needed for impact dynamic material characterization. Testing
facilities in blue are available at Nordmetall GmbH.

the determination of the real material behavior. However, different special de-
signed devices for certain applications of dynamic testing of materials exist, e.g.
Hopkinson bars for compression and tensile testing, rotating wheels for tensile
loading or drop weight towers for compression or flexure loading.
For modeling of the constitutive behavior of materials, uniaxial data are

mostly sufficient for the application of simple phenomenological equations and
for the description of flow stress and strain hardening behavior (e.g. [1, 2]).
If failure is going to be considered, uniaxial experiments are not sufficient for
characterization of the material behavior. Both the flow stress and failure are
significantly influenced by strain, strain rate and temperature. Therefore, the
material must be investigated using a broad range of loading conditions. In addi-
tion, compared to flow stress behavior, failure is largely influenced by stress state
(especially by stress triaxiality). Hence, multiaxial testing by using stress con-
centrators like notches (Charpy impact test) or cracks (fracture toughness) are
necessary. Additionally, complex and defined stress states, e.g. those observed
during forming processes, have to be considered using combined loading states,
e.g. multiaxial tensile testing superimposed by hydrostatic pressure, whereby all
the tests have to be performed at high loading rates (Fig. 2).
Additionally, most of the materials studied under impact dynamic loading

are not loaded monoaxially in later use. Most applications are characterized by
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a complex geometry which normally leads to a complex loading state showing
stress concentrations and high stress triaxialities. To investigate the impact com-
ponent behavior, high quality dynamic measurement data (especially for force
and deformation measurements) is required. Additionally, a large amount of
impact energy is needed for the dynamic deformation of components. This has
lead to the design and development of new testing facilities which are capable
of meeting the new demands of dynamic component testing.
The following sections demonstrate how special emphasis is put on high

strain, high strain rate and high temperature testing, using high speed torsion
loading and multiaxial material and component testing using high energy me-
chanical testing devices for tensile and compression/flexure loading.

3. High speed torsion testing

The parameter identification of constitutive equations used nowadays in
finite element analysis of forming or cutting processes, are mostly based on
monoaxial experimental data from high rate and in some cases high temperature
compression or tensile tests. Thereby, the strain reached in tensile or compressive
deformation of materials is limited and does not match real forming or cutting
process, where plastic strains larger than ϕ = 2 or 3 can be observed (e.g. [3, 4]).
Especially the stress softening behavior due to recrystallization processes during
deformation cannot be measured by compression or tensile tests.
Using torsion loading, this mismatch can be overcome, because no geomet-

rical instability or friction effects lead to limited plastic deformation of the ma-
terial, only the deformation capability of the material itself. Performing torsion
tests to reach high plastic strains is familiar in material testing and characteri-
zation. To ensure a good predictability of material behavior in real engineering
processes like rolling or turning, the material behavior has to be known at high
strain rates and high temperatures. To solve this challenge, a new universal tor-
sion testing machine was designed in cooperation between the Nordmetall GmbH
and Chemnitz University of Technology (Fig. 3). The machine can be used for
quasistatic tests by means of an electrical drive for loading the specimens, as
well as for impact dynamic tests using an integrated flywheel construction.
For quasistatic tests, the specimens are fixed at both ends. Using a high

power electrical drive, the specimen is loaded until failure of the material oc-
curs. The torque during deformation is measured using a calibrated and adjusted
load cell. The deformation is measured either by strain gages applied directly to
the specimen and/or by an incremental gage of the machine. Dynamically, the
force measurement is based on the principles of one-dimensional wave propaga-
tion effect and the Hopkinson principle. Thereby, the specimen is fixed directly
on the Hopkinson bar containing strain gages. The lower end of the specimen
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Fig. 3. Combined static and impact dynamic universal testing machine.

remains free. To ensure an impact loading of the specimen, a rotating wheel
is accelerated by an electrical drive until a desired velocity is reached. Using
a specially designed clutch device, the rotation is launched to the lower end of
the specimen and the material is loaded by an impact torsion load. Due to the
high mass of the flywheel and its rotation, the stored energy is sufficient to de-
form the specimen until fracture. Thereby, shear rates of approximately 200 s−1

can be reached, whereby a high signal quality of the load measurement can be
assured. For both experimental setups, an inductive heating system can be inte-
grated into the process, and high temperature investigations up to 1300◦C can
be performed. Hence, high strain, high strain rate, and high temperature data,
leading to material behavior matching real cutting or forming processes, can be
obtained.
In Fig. 4, an example for the behavior of a low alloyed steel at high strain

rate and high temperature torsion loading is shown. It can be seen that the
plastic deformability of the material is increased significantly from ϕ = 2 at
800◦C to ϕ = 10 at 1200◦C. From the experimental data, the transition from
elastic to elastic-plastic behavior as well as strain hardening behavior can be
evaluated. One of the great advantages of the torsion test is shown in Fig. 4.
After reaching a stress maximum, the onset of recrystallization in conjunction
with decreasing measured flow stresses can be found. This demonstrates that the
onset of softening is strongly dependent on strain, strain rate and temperature.
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Fig. 4. Flow stress evolution of a low alloyed steel at high strains, high shear rate and high
temperatures: comparison of experimental data and modeled data using the Hensel-Spittel

approach [5].

Additionally, from Fig. 4 a comparison between experimental measured and
modeled data, using Hensel-Spittel [5] (Eq. (3.1)) approach, can be evaluated
as described in their publication.

(3.1) kf = A · em1T · T · ϕm2 · em4/ϕ · (1 + ϕ)m5T · em7ϕ · ϕ̇m8 ϕ̇m8T .

It can be seen that experimental and modeled data show a good agreement
over the whole range of plastic strains and temperatures. Even the flow stress
decrease due to recrystallisation processes can be predicted using the Hensel-
Spittel approach. Based on these data, a good prediction of the process behav-
ior e.g. in rolling processes using finite element analysis, can be expected. It
should be emphasised, that most of the common constitutive equations used in
finite element simulations, like Johnson-Cook or Zerilli-Armstrong, cannot pre-
dict dynamic recrystallisation phenomena. Hence, not only experimental data
are required, what matches real process behavior, but also equations used for
the constitutive description of the material behavior under such conditions must
fulfill these requirements.

4. High speed multiaxial testing

Until now only monoaxial material behavior of a virgin material was investi-
gated and discussed. In real engineering applications usually multiaxial loading
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occurs. Additionally, materials used in technical products and components nor-
mally pass through a variety of different manufacturing steps including forming,
as well as cutting and joining technologies. Furthermore, the material or compo-
nent behavior might be changed during its life cycle use. This may be caused by
alteration or fatigue processes, especially in automotive and automobile indus-
try, processes like welding or glueing play a key role in manufacturing today‘s
innovative products. However, less is known about the dynamic behavior of
components under a multiaxial dynamic loading.
A new experimental test setup was designed and built at Nordmetall GmbH

(www.nordmetall.net) to investigate the material behavior under a multiaxial
dynamic loading condition, and to include the influence of manufacturing history
(welding etc.) and pre-damaging, due to fatigue in life cycle use compared to vir-
gin material properties. Special focus is laid on a critical biaxial tensile-tensile
stress state, which might occur for example under blast loading of structures
and vehicles, or even under crash conditions. Normally, component testing un-
der such conditions for automotive applications is performed at high impact
velocities (10–20 m/s) that are obtained by a drop weight device having large
drop heights. Thereby, high quality force-time measurements during deforma-
tion can not be obtained. This is because the large ringing of the signals that
are superimposed on the output signal cannot be filtered out. Therefore, we en-
hanced the weight and reduced the drop height and the impact velocity and get
undisturbed signals. The falling weight of 5 t provides sufficient energy during
the test to deform most of the components to fracture.
The test setup used for dynamic biaxial tensile-tensile loading of steel plates

is shown in Fig. 5. The plate is fixed on the top of a steel tube and impacted
by a semi-spherical punch on the top site. During deformation, the deflection
is measured by an incremental gage. The force-time characteristic is measured
directly on the punch. A high-speed deformation field measuring system tech-
nique was applied in order to measure the real deformation behavior of the steel
plate during impact loading. Thereby, the three-dimensional local deformation
field at the bottom of the steel plate is measured during the entire process, from
onset of plastic flow to fracture.
For the tests, three different states of the steel plates (plain, pre-notched

and cracked, welded stringer) of the same thicknesses and two different materials
were used. The results of the dynamic biaxial tensile-tensile tests are summarized
in Fig. 6 and Fig. 7.
Shown in Fig. 6 are the recovered, biaxially loaded specimens. For both ma-

terials, no failure was observed for the plain steel plate. All the energy provided
by the falling weight was absorbed by the material as plastic deformation. If
the material is pre-damaged, either by a mechanical or a metallurgical notch
(1 mm deep fatigue crack or welded stringer), both materials fail during biaxial
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Fig. 5. Experimental test setup for high speed biaxial tensile-tensile-tests of steel plates,
including high speed deformation field measuring system.

Fig. 6. Failure characteristics for two different materials at different pre-treatment states
after biaxial testing.

tensile-tensile loading. For material II, a straight crack propagated through the
whole specimen, whereas for material I branching occurred during crack propa-
gation. If the measured force-time signals are compared (Fig. 7), one finds the
highest strength for material I, if the material is tested in this virgin state (plain
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Fig. 7. Force-time behavior of two different materials with different stress-states at dynamic
biaxial loading.

condition). If pre-damaging of material I occurs, the measured maximum forces
are decreased dramatically. Only a sixth to a seventh of the initial maximum
load can be sustained until the material fails. For material II, a similar decrease
of the maximum load was observed. However, although material II is weaker in
plain condition, it can be observed that the smaller influence of mechanical or
metallurgical notches of material II leads to a better performance compared to
material I.
Until now, material behavior is mostly considered in its virgin and undam-

aged condition. To ensure a high level of reliability and safety of engineering
products and systems, the influence of manufacturing processes and their in-
fluence on the final mechanical properties of engineering materials have to be
considered as well.

5. High speed tensile testing using a flywheel
with a high stored energy

Based on the experience obtained from drop weight tests with high stored
energy, the principle was transferred to a new flywheel device. This rotating
wheel with a comparably low velocity, but a high stored energy due to a 10 t
mass flywheel, can impact specimen with a maximum velocity of 12 m/s.
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This new innovative testing machine at Nordmetall GmbH enables dynamic
investigations of large engineering components, ensuring that a high quality
measurement of the force-time signal is obtained. A schematic picture of the
machine is shown in Fig. 8. The functionality follows the principles of commonly
known rotating wheel devices (e.g. [6]), but provides a high amount of energy for
the dynamic deformation of high strength and/or high deformable and/or large
parts and specimens. Hence, a new quality of material and component input
data for finite element analysis, as well as for the experimental verification of
numerical results, can be expected.

Fig. 8. Rotating wheel device of Nordmetall GmbH with a high amount of stored energy,
by a 10 t flywheel (∅2 m) for dynamic component testing of engineering materials.

6. Conclusions

This paper contains a short overview about different testing facilities and
the material behavior, including monoaxial and multiaxial testing under high
rate loading. Specifically the overview concerns discussions of difficult loading
conditions and loading states such as high temperature and high strain load-
ing (T > 1200◦C, ϕ > 1) and multiaxial impact tests. Special emphasis was
laid on the influence of the manufacturing history of a material, on the dy-
namic properties under biaxial tensile-tensile loading. A dramatic decrease of
the deformability and loading capacity was observed, if the material being tested
contains a pre-damaged state by a metallurgical or mechanical notch.
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Impact of powders and sewing needles accelerated by explosion on various obstacles has
been studied. Formation of channels up to 100 particle diameters in length has been observed
when corundum and tungsten powders impacts on steel and duralumin at speeds up to 2 km/s.
A mechanism of such super deep penetration of powder jets into metals has been proposed.
The possibility of destroying by needles such objects as plexiglass blocks, antimeteorite screens,
containers with elastic and explosive materials with a released energy exceeding the energy of
needles has been shown. At impact speeds up to 400 m/s the depth of needles penetration
into metals is 3–5 times higher than the one calculated for pointed rods at plastic work.
The obtained results can be useful for modeling of impact of meteorites, space scraps and
technological wasteson space aircrafts and their components.

Key words: impact, microparticles, needles, obstacles, penetration, destruction, modeling,
striker.

1. Introduction

Conducting of space research is complicated recently by growth of cosmic
dust and debris. Modeling of their impact on space equipment is usually carried
out at speeds close to the cosmic ones for spherical strikers under conditions of
both melting and evaporation of the substances. The depth of penetration does
not exceed several diameters for spherical strikers and weakly depends on the
properties of colliding materials [1, 2].
Super deep penetration into targets by powders at speeds up to 3 km/s was

considered in [3]. In accordance with the mechanism of super deep penetration
proposed in [4], the plastic flow of metal does not arise at a high strain rate,
and under brittle fractures particles penetrate into cracks for big depths with
lower energy losses than at plastic flow.
Presented are the results of a study of impact of powders and sewing needles

on obstacles at speeds ranging from 0.1 to 2 km/s when melting and evaporation
have a low effect on penetration. Special attention is paid to the probability and
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mechanism of realization of super deep penetration of powders and needles into
targets. The results can be useful for modeling of impact of meteorites, space
scraps and technological wastes on space aircrafts and their components [5, 6].

2. Experimental arrangement

Targets made of steel, duralumin, aluminum, titanium, plexiglas, aluminum
containers with plexiglas, pressed salt, gunpowder and various explosive sub-
stances were used in the experiments. Powders of both corundum (Al2O3) and
tungsten with the particle diameters up to 50 microns, sewing needles with the
Krupp hardness more than 600 kg/mm2, weights of 0.2–1.3 g, diameters d = 0.9–
2.2 mm, lengths l = (30–50)d, and wires made of copper and annealed steel were
used as strikers. Strikers were accelerated up to the speeds of 0.5–2 km/s by ex-
plosive charges with 60 mm diameter and weights up to 200 g. Some needles
were accelerated to the speeds of 0.15–0.6 km/s in an explosive shock tube with
the mass of the explosives up to 5 g. The velocity U0, impact energy e, depth of
penetration in the obstacle L, volume of the holes V and kinematics of the nee-
dle motion were measured using the electric contact method and a high-speed
movie camera with external illumination.

3. Measurements

After impact of powders on metals, erosion of the target surface and appear-
ance of deep channels on their cross section were observed. The photographs
show the emergence of powder jets accelerated by the explosion. Figure 1 shows
a typical photo (microsection after etching, increased 200 times) of duralumin
D16 after an impact of corundum powder with a particle diameter up to 50 mi-

Fig. 1. Photo of duralumin D16 after an impact of corundum powder at the speed
of 1.5 km/s.
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crons and the speed of 1.5 km/s. The channel length of about 50 powder par-
ticle diameters is more than an order of magnitude larger than typical channel
lengths for high velocity strikes [1, 2]. The number of channels increases with
the thickness of powder. Channels have not been observed at impact velocities
U0 ≥ 2 km/s.
Some results of measurements and calculations of collisions of needles with

metals are shown in Table 1 and following figures, where h is the thickness
of impactor; m, d, e = mU2

0 /2 are the mass, maximum diameter, and kinetic
energy of the needle; L, ∆L are the length of the hole and the height of the
needle tip over the hole in the target; V is the volume of the hole (P ∗ = e/V
in the experiments when needles do not breach the target), H1 is the dynamic
hardness of the material (which does not depend on speed), H2 is the Brinell
hardness, and τ is the shear strength [1, 5].

Table 1.

tests needles measurements calculations

No.
U0

[m/s]
h

[mm]
No.

m

[g]
d

[mm]
e

[J]
L

[mm]
∆L

[mm]
V

[mm3]
P ∗

[GPa]
Vc

[mm3]
Lc

[mm]

Steel-3, Hk = 1.88 GPa, P ∗

1 = 2.9 GPa, τ = 0.25 GPa

28 190 11.5 10 0.36 1.16 6.5 11 0 7.47 0.88 2.2 3.6

29 190 5.75 10 0.36 1.16 6.5 5.75 8

38 190 5.75 10 0.36 1.16 6.5 5.75 8

38a 190 5.75 12 1.3 1.6 23.4 5.75 60

41 233 5.75 10 0.36 1.16 9.8 5.75 10

41a 233 5.75 13 1.3 2.24 35.2 5.75 60

Titan, Hk = 2.14 GPa, P ∗

1 = 2.9 GPa, τ = 0.32 GPa

64 280 14.5 13 1.3 2.24 50.96 12 0 20.3 2.5 16.1 10.2

65 320 14.5 13 1.3 2.24 66.6 14.5 0 28.4 2.35 21.0 12.1

67 350 14.5 13 1.3 2.24 79.6 14.5 3 28.4 2.8 25.3 13.3

69 420 14.5 13 1.3 2.24 115 14.5 10.5

70 430 14.5 13 1.3 2.24 120 14.5 18

Photos on Fig. 2 show the results of impacts of needles on targets of du-
ralumin, steel, and plexiglas. When hardened needles breach metals channels
with the diameter equal to the diameter of the needles are formed. Needles with
the energy of 2 J breach 8 mm of duralumin or 16 mm of aluminum, whereas
needles with the impact energy of about 6 J breach more than 11 mm of steel,
12 mm of duralumin or 20 mm of aluminum, respectively. The minimal specific
energies e/V for channel formation are 0.2, 0.5, 1, and 2 kJ/cm3 for aluminum,
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Fig. 2. Results of the impact of needles on the targets of duralumin, steel, and plexiglas.

D16T, steel, and titanium, respectively. Simultaneous impact of needles along
the diameter of the circle of a target causes its disintegration along these lines.
During the impact of needles No. 13 with the energy 96 J each on a plexiglas

block sized 10 × 7 × 5 cm3 a piece of the 50 cm3 size was thrown out because
the stored elastic energy was released when cracks came out to the surface.
A model of an antimeteorite screen consisting of three 1 mm thick duralumin
plates with 3 mm gaps in between and an additional 12 or 14.5 mm thick du-
ralumin plate positioned behind it were breached through by needles No. 13 at
the speeds of 350 and 430 m/s respectively. Containers with plexiglas and salt
impacted by needles were destroyed or plastically deformed due to allocation of
the stored elastic energy of the samples e = σ2V/2E from their brittle fracture.
The elastic compression σ was previously created on the ends of the container
by bolt clamped plates. Allocation of energy occurs along the axis of an impact,
apparently because the stored elastic energy cumulates there. Containers with
gunpowder, pressed PETN, and RDX were destroyed because of burning of the
samples upon an impact with needles which penetrated through the walls of the
container. Containers with plastic explosives were breached by needles without
significant external effects.
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4. Discussion of the results

In the tests with powders at the impact velocities of U0 ≤ 2 km/s, smaller
than the speed of cracks in metals, conditions of a super deep penetration, when
the length of the channels exceeded a hundred as much the particle diameters,
sometimes were encountered. It was assumed that this was accompanied by
brittle fracture under the action of powder jets when the particles penetrated
into a crack, one after another. Although for microparticles the probability of
a super deep penetration is small, this effect should be taken into account for
their long-term interference with space objects.
Penetration of pointed rods into a hard material was studied in [1, 2, 7]. In

a simplest formulation the following equation of motion is solved when a rod
makes plastic work against the force SP ∗:

(4.1) mUdU/dx = −SP ∗,

where S(x) is the section of the rod. Resistance to penetration P ∗ = P ∗
1 = H1+

H2 = const at U0 ≤ 2–3 km/s, where the dynamic hardness H1 of the material
does not depend on velocity and H2 is the Brinell hardness, was studied in [5].
Calculation of P ∗

1 at these values gives a penetration depth L 3–5 times smaller
than in the tests with needles at the impact velocities of 150–300 m/s. Therefore,
it was suggested that at these impact velocities work of brittle fracture and
friction is defining, plastic flow has no time to develop, and the plastic work is
lower than the calculated one.
Figure 3 shows the dependence of the penetration resistance P ∗ = e/V

on the impact velocity U0 of needles with different sizes. Figure 4 shows the

Fig. 3. Dependence of the resistance P ∗ to penetration of needles on the impact velocity U0.
Squares, triangles, rhombi, and crosses are used for steel, aluminum, duralumin, and

titanium, respectively. For comparison, the parallel lines are the values P ∗

1 = Hk +Hb for
plastic work [2, 7], which equal to 2.9, 2.5, and 0.86 GPa for pointed rods of steel, duralumin,

and aluminum, respectively.
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Fig. 4. Dependence of the penetration depth L on the impact energy e of needles No. 10 for
steel and duralumin as targets (on the left) and of needles No. 7 and 10 for aluminum as
a target (on the right). The meaning of symbols is as in Fig. 3. Solid lines denote calculations
for plastic work at P ∗

1 = 2.5 and 0.86 GPa for duralumin and aluminum respectively.

dependence of the penetration depth L on the impact energy ε. When U0 ≈ 150–
300 m/s, values of P ∗ are several times smaller (and the depths of penetration are
respectively higher) than for rods [3]. With the increase of the impact velocity
values up to 400–500 m/s, the value of P ∗ stops increasing and approaches the
values of P ∗

1 in [3], which characterize the plastic work.
Figure 5 shows the dependence of V (e) on the investigated materials. The

reduction of the kinetic energy of a needle (which determines its penetration)
when the plastic losses are small was estimated. The resistance to penetration
P ∗ of hard rods into elastic-plastic materials was shown in [7]:

(4.2) P ∗ = τ + 2γl/S, γ = γ0 + γ1 = K2/2E,

where τ (≈0.2 GPa for steel) is the shear strength of the target material; γ is
the surface energy of cracks appearance per unit of length l; S is the area of
contact of a rod with the surface of a crack; γ0 is the energy breaking of cracks;
γ1 is the energy of plastic deformation of a crack; K is the parameter of a crack
which according to the static experiments is equal to 200 kg/mm3/2 for steel and
1.7 kg/mm3/2 for glass; and E is the Young’s modulus. When γ0 ≪ γ1 (for steel

Fig. 5. Dependence of the channel volume V on the needle energy e for different materials.
The meaning of symbols is as in Fig. 3. The curve denotes the calculations for plastic work at

P ∗

1 = 2.5 GPa for duralumin.
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γ0 ≈1 N/m and γ1 ≈10
4 N/m) the surface energy of cracks γ = γ0 + γ1 ≈ γ1 is

determined by the plastic work.
At the characteristic for the experiments strain rates dε/dt = U/d ≈ 106–

107 s−1, apparently, the condition γ1 ≪ γ0 is realized, i.e. plastic deformation
has no time to develop. In this case γ ≈ γ0, which strongly reduces the resistance
to deformation upon a little friction, for example, due to melting of the material.
With a reduction of the needle diameter d, the velocity of deformation increases
and the conditions of brittle fracture can be satisfied at lower speeds of impact.
This calculation explains qualitatively the test results, where the possibility of
destruction of large constructions with the minimal impact energy was shown. At
the impact velocities above 300–400 m/s resistance to penetration of the needle
P ∗ ≈ P ∗

1 causes their transverse vibrations and the loss of their stability. Needle
penetration depths are consistent with those obtained for pointed rods [2, 7].

5. Conclusion

Impact of corundum and tungsten powders and sewing needles on various
barriers was studied at the velocities of 0.1–2.5 km/s when melting and evapora-
tion has little effect on penetration. It was observed that powders at the speeds
of up to 2 km/s and sewing needles at the speed of 0.6 km/s penetrate into
metals on depths over 100 and 50 impactors’ diameters respectively. Formation
of powder jets was noted when powder was accelerated by blasts. A mechanism
of such a super deep penetration of powder jets into metals wass proposed,
i.e. brittle fractures occur with minimal losses of energy, therefore, plastic flows
have no time to develop. An accurate estimation of the probability of a super
deep penetration of powder is not possible. The possibility of destruction of
various designs, e.g. blocks of plexiglas, antimeteorite screens, containers with
elastic and explosive materials, was shown. This happens due to the release of
the stored energy, which is much greater than the energy of the needles. The
results can be useful in industry and nanotechnology for modeling of impact of
meteorites, space scraps and technological wastes on space aircrafts and their
components [5, 6].

References

1. N.A. Zlatin, G. I. Mishin, Ballistic devices and their use in experimental studies, Mir
Publishers, Moscow, 344, 1974.

2. S. S. Grigoryan, Dynamics of impact, Mir Publishers, Moscow, 1985.

3. S. S. Grigoryan, On the nature of super deep penetration of hard microparticles in hard
materials, Dokladi AN SSSR, 202, 6, 1319–1323, 1987.



138 B.D. KHRISTOFOROV

4. K. I. Kozorezov, V. I. Maksimenko, S.M. Ushirenko, Selected problems of modern
mechanics. Part 1, Moscow State University, Moscow, 1981.

5. V.O. Soloviev, B.D. Khristoforov, Development of methods for simulation of high-
power radiation on the walls of the reactor chamber pulsed nuclear energy devices, Prob-
lems of Mechanic Engineering, Automation, 3, 56–61, 2008.

6. B.D. Khristoforov, Experimental simulation of the impact of space dust and debris on
aircraft and their components, Cosmic Research, 3, 263–268, 2011.

7. K.A. Alekseevskii, On the penetration of the rod in the barrier at high speed, Fizika
Gorenia i Vzryva, 2, 99–104, 1966.



ENGINEERING TRANSACTIONS • Engng. Trans. • 58, 3–4, 139–151, 2010
Polish Academy of Sciences • Institute of Fundamental Technological Research

MECHANICAL RESPONSE OF HPFRCC IN TENSION
AND COMPRESSION AT HIGH STRAIN RATE

AND HIGH TEMPERATURE

E. C a d o n i 1), A.M. B r a g o v 2), A. C a v e r z a n 3),
M. d i P r i s c o 3), A. K o n s t a n t i n o v 2), A. L o m u n o v 2)

1) University of Applied Sciences of Southern Switzerland
DynaMat Laboratory

Switzerland

2) State University of Nizhny Novgorod
Research Institute of Mechanics

Russia

3) Politecnico di Milano
Department of Structural Engineering

Italy

The mechanical response of High Performance Fibre-Reinforced Cementitious Composite
(HPFRCC) has been analyzed at high strain rates and high temperature. Two experimental
devices have been used for compression and tension tests: the traditional Split Hopkinson
Pressure Bar for compression and the JRC-Split Hopkinson Tension Bar for tension. The
HPFRCC was thermally damaged at 3 temperatures (200◦C, 400◦C and 600◦C) in order to
analyze the dynamic behaviour of this material when explosions and fires took place in a tunnel.
Results show that significant peak strength increases both in tension and in compression. The
post-peak strength in tension depends on the thermal damage of the material. Its strain-
rate sensitivity and thermal damage have been illustrated by means of a Dynamic Increase
Factor. These results show that it is necessary to implement new expression of the DIF for the
HPFRCC, therefore more and more accurate and experimental studies using Kolsky–Hopkinson
Bar methods are needful.

1. Introduction

The mechanical response of concrete structures subjected to impact loading
and high temperature, main load conditions present in explosions and fires in
tunnel, cannot be ignored in the design, but they have to be predicted and con-
trolled starting by investigation into proper material models for cementitious
composites, including strain-rate effects and thermal damage. The mechani-
cal behaviour of cementitious composites when they are subjected to extreme
temperatures, impacts or blast has still many aspects open to investigation.
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As a matter of fact, a scanty information provided so far by such special equip-
ments as the Split Hopkinson Pressure Bar (SHPB) and Split Hopkinson Ten-
sion Bar (SHTB) for very high strain rates (as in explosions) shows significant
increases in peak strength. However, dynamic peak strength is not sufficient
to design a structure subjected to a dynamic load. Moreover, fibre cementitious
composites are often used to improve the impact resistance, preventing scabbing
and fragmentation problems, due to their ability in energy absorption, but the
link between the dynamic energy and the static energy absorption, its strain-
rate sensitivity and thermal damage influence are not clear as yet. The work
described herein focuses on the behaviour of thermally damaged High Perfor-
mance Fibre-Reinforced Cementitious Composites subjected to high strain-rate
in tension and compression that is presented and compared with results obtained
in a static range.

2. Experimental program

Compression and tension loading tests were carried out on 20 mm high, cylin-
drical specimens with a 20 mm diameter (see Fig. 1). The specimens subjected
to tension test were pre-notched (notch = 1.5 mm) in order to prevent multiple
fractures.

Fig. 1. Specimen for tension.

These specimens were tested under quasi-static conditions by a closed-loop
electro-mechanical press and under high strain rates by a SHPB and a SHTB
for compression and tension tests respectively.

2.1. Materials

The mix design of the HPFRCC material is specified in Table 1. Steel fibres
are high carbon, straight fibres, 13 mm long, with a 0.16 mm diameter; their
content is equal to 100 kg/m3 [1].
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Table 1. HPFRCC Mix design.

Dosage (kg/m3)

Cement type I 52.5 600

Slag 500

Water 200

Super plasticizer 33 (l/m3)

Sand 0–2 mm 983

Fibres (lf = 13 mm; df = 0.16 mm) 100

Manufacturing process was composed by more phases. First of all, a 30 mm
thick, 1.6 m wide and 0.60 m deep was cast in plane. The casting was carried out
by applying a unidirectional flow in order to guarantee a certain fibre orientation.
Twelve prismatic samples, 40 mm wide and 600 mm long, were sawn from the
slab taking the larger side of beam samples parallel to the casting flow direction.
Three specimens were tested in bending at room temperature [2–3]. Nine beam
specimens, with the same geometry, were used to investigate the degradation
of post-cracking residual strengths in bending after exposure to high tempera-
tures [2–3]. From the bent specimens, several small cylinders, investigated here,
were cored in the direction of tensile stresses to be tested in uniaxial tension
at different loading rates. The thermal treatment of the samples was carried
out in a furnace by performing thermal cycles up to three different maximum
temperatures: 200, 400 and 600◦C. A heating rate equal to 50◦C/h was imposed
up to the maximum thresholds, and then two hours of stabilization were guar-
anteed in order to assure a homogeneous temperature distribution within the
sample volume. The temperature was then reduced with a rate of 25◦C/h down
to 100◦C and then a cooling process at room temperature was carried out (see
Fig. 2). For each cycle, three nominally identical samples were introduced into
the furnace.

Fig. 2. Thermal cycles.



142 E. CADONI et al.

3. Static and dynamic testing set-ups

3.1. Quasi-static tension and compression tests

In order to characterize the material behaviour in the static field, several uni-
axial tension tests were carried out on notched cylinders with 20 mm diameter,
and 20 mm height (notch depth = 1.5 mm), glued to the press platens by means
of an epoxy resin. The tests were carried out by means of close-loop electro-
mechanical press INSTRON 5867, in the laboratory of Politecnico di Milano –
Polo Regionale di Lecco. The press has a maximum loading capacity equal to
30 kN. Two aluminium cylinders connected to the press by a knuckle joint were
used as press platens. In both cylinders, a 5 mm deep cylindrical cavity with
a 22 mm diameter was made in order to increase the glued sample surface. Stroke
was considered as a feedback parameter during the tests. The displacement rate
imposed during the tests was equal to 5× 10−5 mm/s up to 1.5 mm and it was
progressively increased up to 10−3 mm/s. For each temperature (room condi-
tions, 200◦C, 400◦C and 600◦C), three samples were tested. The compression
tests were carried out by means of an electro-mechanical press INSTRON 8562.
The aluminium press platens were replaced by two steel platens. A thin layer
of stearic acid was placed between samples and platens in order to reduce the
friction.

3.2. Dynamic tension tests

The dynamic direct tension tests were performed using a modified Hopkin-
son Bar called JRC-Split Hopkinson Tensile Bar (JRC-SHTB) [4–5], installed
in the DynaMat laboratory of the University of Applied Sciences of Southern
Switzerland (SUPSI) of Lugano (Fig. 3).

Fig. 3. Dynamic direct tensile testing set-up.



MECHANICAL RESPONSE OF HPFRCC IN TENSION AND COMPRESSION. . . 143

The JRC-SHTB consists of two circular aluminium bars, called input and
output bars, having the lengths respectively of 3 m and 6 m, with a diameter
of 20 mm, to which the HPFRCC specimen is glued using an bi-component
epoxy resin. The input bar is connected with a high-strength steel pretension
bar with a length of 6 m and a diameter of 12 mm. The pretension bar is
used for the generation of the pulse loads. The hydraulic actuator placed at
the end of the system is directly connected to one end of the pretension bar.
The pretension bar is clamped at the other end by a blocking device. Pulling
the pretension bar, the elastic energy is stored in it. Rupturing the fragile bolt
in the blocking device, a tensile mechanical pulse of 2.4 ms duration is pro-
duced. It propagates along the input and output bars leading to fracture of the
specimen.
The pulse propagates along the input bar with the elastic wave velocity C0,

during the propagation phase the wave shape remains constant. When the in-
cident pulse (εI) reaches the HPFRCC specimen, part of it (εR) is reflected by
the specimen whereas another part (εT ) passes through the specimen propa-
gating into the output bar, as shown in Fig. 4. The relative amplitudes of the
incident, reflected and transmitted pulses, depend on the mechanical proper-
ties of the specimen. Strain-gauges glued on the input and output bars of the
device are used for the measurement of the elastic deformation (as a function
of time), created on both half-bars by the incident/reflected and transmitted
pulses, respectively. In Fig. 4 the raw signals measured on the input and out-

Fig. 4. Signals measured on the input and output bar versus time curves of HPFRCC.
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put bars of the JRC-SHTB are shown. We can observe the clean resolution of
incident, reflected and transmitted pulses, the sharp rise time of the incident
pulse of the order of 30 µs, and the nearby constant amplitude of the incident
pulse. Moreover during the fracture process the specimen is subjected to the
load equilibrium because the signals (εI + εR) and εT are equal.
By using the theory of the elastic wave propagation in bars, and the well sub-

stantiated assumption of specimen equilibrium attainment, the stress (Eq. (3.1))
and strain (Eq. (3.2)) as well as the displacement (Eq. (3.3)) and the strain-rate
(Eq. (3.4)) in the specimen can be calculated [4–5]:

σ(t) = E0
A0

A
εT (t),(3.1)

ε(t) = −
2 · C0

L

t
∫

0

εR(t)dt,(3.2)

δ(t) = −2 · C0

t
∫

0

εR(t)dt,(3.3)

ε̇(t) = −
2 · C0

L
εR(t),(3.4)

where E0 is the elastic modulus of the bars; A0 their cross-sectional area; A is
the specimen cross-section area; L is the specimen gauge length; C0 is the sound
velocity of the bar material; t is time.

3.3. Dynamic compression tests

The dynamic compression tests were performed using a Split Hopkinson
Pressure Bar (SHPB), installed in the Dynamic Testing of Materials Labora-
tory of the Research Institute of Mechanics-Nizhny Novgorod University (Rus-
sia), which consists of an input (2) and an output (5) bar with the specimen (4)
sandwiched between them, what is schematically shown in Fig. 5. When the
strike bar (1) impacts onto the input bar, a compressive incident wave εI(t)
travels along the input bar. Once it reaches the specimen, a reflected wave εR(t)
and a transmitted wave εT (t) are generated, propagating along the input and
output bar respectively. According to the one-dimension wave propagation the-
ory, the forces and particle velocities/displacements at the two faces of specimen
can be determined by those three waves recorded.
In Fig. 5a the Lagrangian graph describing the strain history of the two

bars is also shown. In Fig. 6 the signals of the input and output of a dynamic
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a)

b)

Fig. 5. Dynamic compression testing set-up: a) scheme and Lagrangian graph; b) view.

Fig. 6. Signals measured on the input and output bars versus time curves of HPFRCC.
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compression tests of HPFRCC specimen are shown. It can be observed that the
failure of the specimen is reached just in the first loading cycle. By comparing
Fig. 4 and Fig. 6 it can be noted that in the case of compression, the time
necessary to bring the specimen at failure is about 100 µs, while in the case of
tension, more than 1.5 ms is needed.

4. Results and discussion

The comparison between the tensile and compression behaviour at high
strain rates of HPFRCC with different thermal damage is here presented. The
tests were performed with a strain rate of 150 s−1 in tension and 500 s−1 in
compression. The results are summarized in Table 2.

Table 2. Dynamic results.

Temperature
[◦C]

Compression
strength
[MPa]

DIFC
(500 s−1)

Tensile
strength
[MPa]

DIFT
(150 s−1)

20 117.4±18 2.20 24.96±2.3 2.85

200 162.0±25 2.58 26.08±1.0 2.61

400 134.4±21 3.07 25.28±3.9 2.27

600 132.0±30 2.45 32.49±1.5 5.40

High temperature exposure influences both the static and dynamic material
behaviour. The comparison between static and dynamic tensile stress versus dis-
placement curves are shown in Fig. 7. In order to highlight the first linear elastic
branch and post peak behaviour close to the peak, a detail of the peak zones
is plotted. Observing Fig. 7 it is possible to note that the behaviour changes as
a function of the exposition to high temperature. As in a static tests, specimens
cured at room conditions show a post-peak stress plateau up to a displacement
of 0.4 mm. The constant stress plateau decreases with temperature growth. At
600◦C the behaviour is significantly changed, becoming weakly softening in the
post-peak region. At this velocity, the peak increases with the exposition to high
temperature as well as the post-peak strength decreases to disappear for higher
temperatures.
By observing the fracture surface of the specimen it is evident as the failure

type has changed (Fig. 7). In the first case (Fig. 7a), the observable hole in the
specimen demonstrates the fibre pullout process occurrence, while in the second
one (Fig. 7b) all the fibres are broken.
In Fig. 8 the stress versus displacement curves of the compression test, both

in quasi-static and dynamic condition, are shown. The HPFRCC exhibits an
increase of strength with increasing strain-rate, also in compression
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a) b)

c) d)

e) f) g) h)

Fig. 7. Comparison of the tension quasi-static and dynamic stress vs. displacement curves of
the tests at different temperature: a) 20◦C; b) 200◦C; c) 400◦C; d) 600◦C.
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a) b)

c) d)

Fig. 8. Compression quasi-static and dynamic stress vs. displacement curves of the tests at
different temperatures: a) 20◦C; b) 200◦C; c) 400◦C; d) 600◦C.

4.1. Dynamic Increase Factor

Dynamic Increase Factor (DIF) has been extensively used in order to quan-
tify the strain-rate effects for concrete, and some expressions of the DIF for the
tensile and compression have been proposed. However, no expressions of DIF are
available for HPFRCCs due to the lack of experimental results. Often these ex-
pressions are generated by experimental data obtained by different experimental
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techniques, as the tensile strength obtained from direct or indirect tension tests
(splitting, spalling, bending, etc.).
The most comprehensive model for predicting the strain-rate enhancement

of concrete is presented by the CEB Model Code [6]. It provides specifications
for the DIF for concrete in tension and compression.
The suggested expression are the following:

(4.1) DIFCEB,tension =




















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



1 ε̇d ≤ ε̇s,

(

ε̇d
ε̇s

)1.016α

ε̇s < ε̇d ≤ 30 s−1,

γ

(

ε̇d
ε̇s

)0.33

ε̇d > 30 s−1,

with γ = 10(7.11α−2.33); α = 1/(10+6fc/10); fc is the static compressive strength
in MPa, and ε̇s = 3 · 10−6 s−1.

(4.2) DIFCEB,compression =


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1 ε̇d ≤ ε̇s,

(

ε̇d
ε̇s

)1.026α

ε̇s < ε̇d ≤ 30 s−1,

µ

(

ε̇d
ε̇s

)0.33

ε̇d > 30 s−1,

with µ = 10(6.156α−2); α = 1/(5 + 9fc/10); fc is the static compressive strength
in MPa, and ε̇s = 30 · 10−6 s−1.
The prediction has been carried out by assuming a perfect uncoupling be-

tween thermal damage and strain effect, a compressive strength variable, with
the temperature on the basis of performed experimental tests and a variation
with high strain-rate according to CEB formulation. This prediction is indicated
in Fig. 9 as “CEB” DIF: the comparison with experimental results is shown in
Fig. 9.
The CEB formula overestimates the compression strength comparing those

actually recorded in the tests for all four exposure temperatures. The overesti-
mation may be due to the effect of fibres and their distribution. The analyzed
material has fibres oriented in the direction of the load. As reported in [7] for
the tension tests, increasing of the temperature the DIF does not significantly
change up to the maximum temperature of 400◦C, DIF is close to 2.5 till 400◦C
and suddenly goes up to 5.5 at 600◦C. Looking at the results obtained in the
compression tests, increasing of the temperature the DIF increase up to a max-
imum of 3 for 400◦C, and slightly lower value than 2.5 for 600◦C.
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Fig. 9. Comparison between the experimental and CEB DIF at different temperature.

The CEB formulations were developed for concrete and its suboptimal esti-
mate for other fibre-reinforced material; in a future paper, a new DIF formula-
tion for HPFRCC will be proposed.

5. Concluding remarks

The following remarks can be drawn from this study on the tension and com-
pression behavior of HPFRCC under high strain-rates and high temperatures.

• The undamaged material showed a stress plateau in region close to the
peak strength. This plateau was observed at different strain rates. Increas-
ing the strain rate from 10−6 to 150 s−1 the stress plateau grows from 8.5
to 15 MPa. This stress plateau seems to be rate-sensitive as well as the
tensile strength.

• The material is strain hardening at room temperature in tension and under
quasi-static loads; high temperature exposure up to 400◦C does not de-
crease the tensile peak strength, slightly decreases the ductility before the
single crack localization and progressively decreases the post-peak fracture
energy; an abrupt peak strength decrease can be observed at 600◦C.

• At high strain rate, the dynamic factor related to tensile peak strength
is increased by high temperature exposure, passing from about 2.5 up to
400◦C to more than 5 at 600◦C at a strain rate of 150 s−1.

• The compression strength increases with increasing the strain rate, ob-
taining at least two times the static value. This increase is influenced by
the temperature.

• The dynamic compression strength could be influenced by the fibres, which
are parallel to the load direction in the samples tested. New experimental
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tests will be carried out on plain material in order to investigate the fibre
influence.
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ANALYSIS OF LOADS AND STRESSES IN STRUCTURAL ELEMENTS
OF HOISTING INSTALLATIONS IN MINES
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Shaft steelwork-conveyance interactions are present in the literature on the subject avail-
able in Poland, these problems have been extensively studied by the research teams from
AGH-UST, the Central Mining Institute and the Silesian University of Technology. Despite
novel and original solutions in this field, fresh problems tend to appear which have to be solved
promptly. In this context an attempt to determine the force of steelwork-conveyance interac-
tion due to irregularities of the guiding string might prove useful in the strength analysis of
the conveyance or the shaft steelwork.
This study attempts to determine the steelwork-conveyance interaction force and carrying

elements stresses based on the dynamic analysis of the hoist operation, taking into account the
irregularities or misalignment of the guiding string and their random occurrence. To validate
the model some experiment on a real object were done.

Key words: mine hoists, dynamics, loading.

1. Introduction

Conveyances have to be transferred to the shaft landing for the purpose of
loading or unloading. This is made possible by the headframe structure which
supports the head-gear pulleys and, in some cases, also the winder machine.
The headframe design is chosen depending on the projected functions of the

hoist and the shaft, and of the shaft location on the surface. We can have braced
structures or hoist towers where the hoists are located in the head gear. The
schematic diagram of a hoisting installation with the winder machine placed in
a hoist tower is shown in Fig. 1a. Figure 1b shows the schematic diagram of
a hoisting installation with the winder installed on the shaft landing.
Nowadays the majority of towered head gears are erected to handle multiple

rope hoisting installations only. Apart from the winder mechanisms, their house
driving wheels, ventilators, rectifiers or converters. The head structure is also
required, to accommodate the guiding systems, fender beams and jack catch
devices. Since the multiple-rope towered hoists with pulley blocks have now
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a) b)

Fig. 1. Schematic diagram of a multiple rope hoisting installation: a) winder in the hoist
tower; b) winder on the brink of the shaft.

become the most widespread, this work will be restricted to hoisting installations
most popular in our conditions, shown schematically in Fig. 2.

Fig. 2. Schematic diagram of the hoisting installation.
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The components of the hoisting installation include:

1 – low-torque dc motors, the inertia moment of their armature being Is;

2 – multiple rope Koepe pulley of diameter D and inertia moment IN ;

3 – deflecting pulleys of the inertia moment IL;

4 – skips (conveyances) of the mass q and loading capacity Q, the upper skip
being loaded;

5 – branches of hoisting ropes arranged in parallel, of the rope density γN and
stiffness under tension ANEN ;

6 – branches of tail ropes arranged in parallel, of the rope density γW and
stiffness under tension AWEW .

Normative standards [1–3] to be applied when designing structural elements
of a conveyance (item 4 in the hoist diagram, see Fig. 2) take into account the ver-
tical loads only (loads due to the suspension systems and the tail ropes), whilst
the rectilinear vertical motion of the conveyance is disturbed by unevenness of
the guide column along which the guide rollers, attached to the conveyance,
have to slide. This unevenness (or guide misalignment) gives rise to horizontal
forces: the forces of conveyance-shaft steelwork interactions, which are respon-
sible for damaging of the strings connecting the structural components of the
conveyance (head, skip hopper, lower frame). So far, many attempts [4–6, 9]
have been made to determine those forces, yet the results are still far from sat-
isfactory. In other words, we still lack theoretical relationships defining their
value, verified by experiments done on a real object. The authors made a great
effort to address this problem, basing on numerical analysis of the FEM model
and the results of experiments done on a real object in a colliery in Poland.
Furthermore, the authors investigated the state of stress in strings connecting
the structural components of the conveyance.

2. Conveyance model (FEM 3D)

The numerical model of the conveyance (FEM 3D) was developed, inter alia,
to find the interaction forces between the conveyance and shaft steelwork and to
determine the state of stress and strain in selected elements of the conveyance.
Numerical models of conveyances (FEM 3D) of the lifting capacity 17 Mg

(Fig. 3) are based on the technical data of real mine shaft conveyances operated
in a colliery in Poland, where the guide misalignment is measured, too.
The numerical model of the conveyance is a beam and surface model, incor-

porating the following elements (Fig. 4):

• head structure modelled with beam elements;

• skip hopper modelled by beam elements (hopper frame) and by surface
elements (hopper panelling);
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Fig. 3. Numerical (FEM) model of a skip of the lifting capacity 17 Mg.

Fig. 4. Structural elements of the skip considered in the FEM model.

• lower frame modelled by beam elements (likewise the head structure);

• load-bearing strings, connecting those three structural components, mod-
elled as beams;

• front and lateral guide bars modelled as elastic-damping elements.
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The numerical model (Fig. 4) captures the operating conditions of the mine
shaft conveyance. In the vertical direction, the model is supported on the head
structure (conveyance suspension) at the attachment point of the hoisting rope
thimble (Fig. 5), and at the point where tail ropes (Fig. 6) are attached to the
lower frame (tail rope suspension), the time-variant force is applied equivalent
to the instantaneous skip loading, due to the weight of tail ropes.

Fig. 5. Attachment of tail ropes for the skip with the support point in the FEM model
revealed (red ring).

Fig. 6. Bottom guide bar assembly and attachment of tail ropes.
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At the point where the conveyance interacts with the shaft steelwork, the
model is supported in the lateral (horizontal) direction via the roller guides sys-
tems (on the front and on the sides) by elastic-damping elements, their elasticity
and damping factor being equal to relevant elasticity and damping coefficients
of the guide bar systems on the front and on the sides (Fig. 7).

Fig. 7. Top guide bar assembly for the skip.

Horizontal displacements of the system during the conveyance travel up and
down at the fixed speed v, are induced by misalignment (irregularities) of the
guide column x(t), obtained by measurements taken on a real plant. These
irregularities impact on the guide bars at the front and on the sides. For the
skip travel at the fixed speed v, it is assumed that the function governing the
displacements of the lower guide bars, fixed to the bottom frame x(t+τ), is back-
shifted with respect to that governing the displacement of upper guides fixed
to the head structure, for the period of time τ = 1/v equal to that required by
the conveyance to travel the distance l between the upper and lower guide bars
(Fig. 8).
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Fig. 8. Schematic diagram of skip loading by the displacement x(t).

In numerical analysis we consider a loaded skip, modelled by mass elements
(invisible in model diagrams).

2.1. Strength analysis

The numerical model of a conveyance is further utilized in the endurance
analysis (the state of stress and strain) in structural elements of the system
during the full hoisting cycle (loading, hoisting up from the shaft bottom, steady
ride, reaching the top station, unloading, ride down of an empty skip). The
endurance analysis would yield the conveyance-shaft steelwork interaction forces
acting during the conveyance ride at the speed v. Spectral densities of those
forces, are obtained, too.
Figure 9 shows a plot of the conveyance-shaft steelwork interaction forces

in the system comprising upper and lower front guide bars (Fig. 10). Plots
of conveyance-shaft steelwork interaction forces reveal the maximal values of
these forces and their amplitudes. Figure 11 shows the plots of spectral densities
of conveyance-shaft steelwork interaction forces (for three hoisting velocities
v = 12, 16, 20 m/s), based on the results of the dynamic analysis of the FEM
model (FEM 3D).
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Furthermore, the endurance analysis reveals the state of stress in structural
elements of the conveyance while it is hoisted from the loading station at the
shaft bottom. Figure 12 shows the plots of stresses in cross-sections of strings at
their attachment points to the head structure, for the steady ride v = 16 m/s,
when the loaded conveyance is hoisted up from the loading station at the bottom.

3. Experiments on a real object

Roller guides (Fig. 13) in hoisting installations are used to guide a conveyance
along the vertical guides in the shaft. Therefore they have to transmit the
conveyance-shaft steelwork interaction forces. Deformation of elastic elements
of the roller guide might be used to determine the extent of this interaction.

Fig. 13. Roller guide assembly- at the bottom.

Figure 14 shows the schematic diagrams of the front roller guide mechanism
(Fig. 14a) and of the lateral guide (Fig. 14b), being the elements of the tested
hoist. To determine the shaft steelwork-conveyance interaction forces, we recall
the procedure of measuring of the displacement X2 (displacement of the roller
housing with respect to the guide bar, permanently fixed to the head structure,
lower frame) of the conveyance (Fig. 14).
The formula governing the load acting upon the front and lateral roller guide

system, as a function of its displacement X2 and the displacement X2 is derived,
basing on laboratory data for various types of guide bar systems summarized in
the papers [7].
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a) b)

Fig. 14. Diagrams of the roller guide systems: a) front; b) lateral.

Figure 15 shows the static characteristic of the front roller guide (loading
force P vs. the total displacement X1, the displacement X2 being simultaneously
registered). The static characteristic of the lateral guide is given in Fig. 16. In
both cases, the indicated linearized characteristics P (X1) and P (X2) agree well
with those obtained experimentally.
Measurements of displacement (X2 in Fig. 15a) were taken with induction

sensor and strain gauges attached to the measuring beam, in a device fabricated
especially for the purpose of the research program [7].

Fig. 15. Static characteristic of the front roller guide obtained by measurements (X1 – total
displacement; X2 – displacement of the roller housing) and its linearized form.
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Fig. 16. Static characteristic of the lateral roller guide obtained by measurements (X1 –
total displacement; X2 – displacement of the roller housing) and its linearized form.

The data obtained from periodic overhauls of skips and cages operated in
Polish mines indicate that a majority of the reported conveyance failures are
caused by fatigue cracking [6]. These cracks appear and propagate mostly in
load-bearing strings or in welded sections, in the areas where they are attached
to the conveyance structure. In order to find the real value of stress in the areas
where fatigue cracks are registered, measurements are taken with strain gauges
in the service conditions.
Measurements of the conveyance-shaft steelwork interaction force are taken

for the hoisting installation, in which the guide misalignment was measured
(lifting capacity Q = 17 Mg, hoisting distance H = 1020 m, hoisting speed
16 m/s).
The measurements covered a full cycle of skip operations:

1. Ride down to the charging station (on the shaft bottom);

2. Loading (17 Mg);

3. Hoisting of a loaded skip to the shaft top;

4. Unloading at the shaft top.

Measurements were taken during three consecutive full cycles of skip opera-
tion. Figure 17 shows the arrangement of measuring sensors and numbering of
relevant guide bars. Measurements covering the full cycle of skip operations were
repeated three times. Figure 18 shows the strain gauge fixed to the upper front
roller guide and Fig. 19 shows the induction sensors attached to the lower guide
assembly. Figure 20 shows the plots of measured displacements of the guiding
elements in the front roller guide.
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Fig. 17. Configuration and numbering of measurement points.
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Fig. 18. Upper front guide with an attached strain gauge, general view.

Fig. 19. Lower roller guide assembly with the attached induction sensors.

Measured displacements in the conveyance guiding system in conjunction
with the roller guide characteristic (Figs. 15, 16), yield the maximal shaft steel-
work-conveyance interaction forces in the system comprising front roller guides
on the top (fixed to the head structure) and at the bottom (fixed to the lower
frame). The results are compiled in Table 1.
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Fig. 20. Registered displacement X2 of the upper front guide bar (Travel I) during the ride
up of a loaded conveyance.

Table 1. Maximal shaft steelwork-conveyance interaction forces.

Cycle Phase
Upper roller guide assembly Bottom roller guide assembly

Side left
Pbl [kN]

Front
Pc [kN]

Side right
Pbp [kN]

Side left
Pbl [kN]

Front
Pc [kN]

Side right
Pbp [kN]

I

Ride down (empty) 1.7 2.4 1.6 2.0 0.8 0.2

Loading 1.4 2.0 2.2 1.0 0.2 0.1

Ride up (loaded) 3.4 12.8 9.2 1.7 9.0 0.6

Unloading 0.2 0.8 0.4 0.2 0.2 0.4

II

Ride down (empty) 0.6 2.6 6.0 2.2 1.0 0.5

Loading 0.8 1.0 0.8 0.4 0.4 0.5

Ride up (loaded) 4.8 12.0 14.0 2.3 7.6 0.6

Unloading 0.1 0.4 0.3 0.1 0.4 0.4

III

Ride down (empty) 0.6 1.2 6.0 2.0 0.6 0.4

Loading 0.9 0.4 0.4 0.4 0.6 0.4

Ride up (loaded) 4.6 11.8 11.8 2.0 6.6 0.6

Unloading 0.1 0.4 0.8 0.3 1.0 0.3

Basing on experimental data, the plots of spectral density of maximal shaft
steelwork-conveyance interaction forces are obtained for the conveyance travel
at the fixed speed v = 16 m/s during the test. Figure 21 shows the plots of
spectral density of the interaction force SQ:
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• black colour – spectral density of force obtained from solving the FEM
model,

• red colour – spectral density of force obtained from measurements on a real
object.

Fig. 21. Spectral densities of “shaft steelwork-conveyance interaction” forces obtained
by solving of the 3D FEM model and experimentally (red colour).

Measurements in the load-bearing strings of the conveyance are restricted to
stress concentration, revealed by the endurance analysis.
Strain gauges designated as TC1, TC2, TC3, TC4 are attached to the string

on the head structure, as shown in Figs. 22 and 23. The sensors TC5, TC6, TC7,
TC8 are fixed on the strings beneath the first frame of the hopper (Figs. 24,
25). Sensors TC5 and TC5′, TC6 and TC6′, TC7 and TC7′, TC8 and TC8′

are fixed to the opposite surfaces of the strings in the half-bridge configuration
and connected to relevant measurement channels. This arrangement allows for
measuring of this part of stress which is due to the bending moment acting in
the plane perpendicular to that, to which the strain gauges are fixed. Strain
gauges are placed at the distance of 135 mm from the lower edge of the frame,
and the strain gauge 9 – at the distance of 35 mm from this frame.
Figure 26 shows the stresses measured in the string cross-section throughout

the full cycle of skip operation. It is worthwhile to mention that the sensors
were attached in the tower structure, at the instant when the loading due to
tail ropes should be the greatest. That is why the plot reveals 26 compressive
stresses not experienced in real service, registered in the initial phase of the ride
down and ride up. Therefore, the whole plot should be shifted ‘upwards’ by the
value of the smallest measured stress (as given in Table 2).
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Fig. 22. Strain gauges TC1 and TC2 fixed to the left-side string, at the attachment point
to the head structure.

Fig. 23. Strain gauges TC3 and TC4 fixed to the mid-point string, at the attachment point
to the head structure.
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Fig. 24. Sensors TC5, TC5′, TC6, TC6′ fixed at the point where the mid-point string is
connected with the hopper structure.

Fig. 25. Sensors TC7, TC7′, TC8, TC8′ and TC9, fixed at the point where left-side string is
connected with the hopper structure.
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Fig. 26. Stress in the string cross-section registered by the sensor TC1.

The maximal stresses and their amplitudes are compiled in Table 2 for each
cycle of operation, and compared with the FEM model solutions.

Table 2. Maximal stresses and their amplitudes in string cross-sections obtained
experimentally, for the ride up of the loaded conveyance at the speed v = 16 m/s.

Cycle

Left-side string Middle string

Attachment point
to the skip
head structure
TC1, TC2

Attachment point
to the hopper
frame

TC7, TC8, TC9

Attachment point
to the skip
head structure
TC1, TC2

Attachment point
to the hopper
frame

TC7, TC8, TC9

max.
[MPa]

ampl.
[MPa]

max.
[MPa]

ampl.
[MPa]

max.
[MPa]

ampl.
[MPa]

max.
[MPa]

ampl.
[MPa]

I 68 45 75 43 62 38 71 41

II 69 43 79 44 63 38 72 42

III 68 46 76 43 61 38 71 42

MES 43 22 45 26 62 43 63 43

4. Conclusions

The shaft steelwork-conveyance interaction forces and stresses, measured in
strings connecting the structural elements of the conveyance, agree well with
numerical FEM solutions (3D FEM model).
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Stresses are measured in load-bearing strings; the extreme and the middle
ones, are very similar, whilst stresses obtained by the FEM analysis (the solution
for three strings) would significantly differ. One has to bear in mind, however,
that the FEM model was developed basing on the technical specification data
of the machine, so it fails to take into account the stress experienced during
the assembly procedures and the ‘adjustment’ of the structure to the operating
conditions. These factors prove to be major determinants of stress distribution
in load-bearing strings.
The analysis of shaft steelwork-conveyance interactions due to misalignment

of the guide column and their influence on stresses experienced in structural
elements of the conveyance, can become a starting point for defining the fa-
tigue endurance of load-bearing components of the conveyance. Furthermore,
this study can be utilised in optimisation of structural parameters of the system
(mass, fatigue endurance).
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