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The problem of fitting the characteristic of the universal machine tool’s main drive to anticipated ma-
chining tasks is considered. The power demand and the cutting torque demand for turning and milling are
analysed. It is shown that by employing a multiplying gear one can obtain a constant machining power in
a wide range of spindle speeds whereby both steel and aluminium alloys can be efficiently machined.
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1. Introduction

As the range of cutting speed increases, there is a tendency to increase the rota-
tional speed of spindles in the design of the main drives of machine tools. In the years
1989-1999, the maximum spindle speed increased ten times.

Another requirement connected with a drive towards higher metal removal rates is
that rotational speed be changed in a stepless way to maintain the optimum cutting
speed on the one hand and to minimize self-excited vibration on the other one [1]. Still
another important requirement is that high (much over the capacity of the driving
motor) spindle speeds should be assured at a constant motor power. The power is in-
dispensable for efficient machining at both low and high spindle speeds. The efficient
machining of materials characterized by high specific cutting resistance, such as steel,
requires a low spindle speed at a constant power, whereas by increasing this speed one
can efficiently machine such materials as aluminium and its alloys as well as other
materials with a much weaker cutting resistance but requiring a much higher cutting
speed. The high-speed electrospindles used today are often incapable of meeting the
above requirements. The latter, however, can be met by incorporating additional gears,
both reducing and multiplying the motor speed, into the main drive. The possibilities
of applying of such gears in the main drives of selected universal machine tools are
explored in this paper.

2. Shaping main drive characteristics

The design of the main drive of machine tool consists in the selection of proper
commercially available subassemblies. In order to choose a suitable drive unit, one
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must analyse and compare the required load curves for the intended machining proc-
esses with those of a potential motor equipped with a power supply unit and possibly
a gear transmission [2]. The drive should be capable of performing all the intended
tasks at a high degree of machine tool production potential utilization. The drive’s
load curves can be determined if one has such input data as:

— the rotational speeds required,

— the power needed to realize the machining process,

— the cutting torque.

To precisely determine the input data one must know the machining tasks which
a given machine tool is to perform. In the case of universal machine tools, it is not
easy to foresee what procedures will be applied to workpieces. The latter could be
used to determine the load characteristic.

One of the methods of preselecting a motor for the main drive is the method of
maximum loads [2], in which the worst possible drive loading conditions that may oc-
cur during the operation of the machine tool are selected. This means that roughing
operations in which large-diameter layers are cut and operations involving high rota-
tional speeds are considered. The choice of machining parameters should take into ac-
count the machine tool’s load-bearing structure, its ways and the machining parame-
ters permissible for the cutting tool materials.
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Fig. 1. Specific cutting resistance k. of different materials

The method of maximum loads is applied here to show how by incorporating
a multiplying gear into the kinematic chain of the main drive the machine tool’s func-



Some problems of designing the main drives of universal machine tools 7

tional properties can be improved. In order to determine the main drive’s load charac-
teristic, the machining power and the torque were calculated. Turning and milling, as
the main ways of machining by universal machine tools, were investigated. Much
heavier loads than the ones associated with, for example, drilling are involved in the
above processes.

The machining of objects made of steel St60-2 and aluminium alloy Al99,8 F6
(DIN) was analysed since the latter are the most commonly machined materials with
diametrically different cutting resistances (Figure 1).

Sandvik Coromant’s catalogues were used for the selection of cutting tools and
machining parameters for the exemplary procedures [3].

3. Analysis of main drive characteristics

The load characteristics of the main drives of universal machine tools: a milling
machine and a lathe were analysed. In the case of the milling machine, face milling by
a cutter with a typical diameter d = 50 mm and number of inserts z = 4 was chosen. In-
sert material CT530 (ensuring a high cutting speed) recommended by Sandvik Coro-
mant was used for machining both steel and aluminium [3]. In the case of the lathe,
a roller with diameter d = 50 mm was straight turned and the insert material was
CT630.

The machining parameters used in the analysis of main drive loading for the two
machines are shown in the Table.

Table. Machining parameters for milling and turning

Stock
Method of machining St60-2 Al99.8_F6
Feed f, Feed per cutting edge f, [mm/edge]
Cutting depth a,
Milling |and cutting speed v, 0.1 1 0.1 1
ap, [mm] 1-10
v, [m/min] 360 [ 90 [ 1130 | 385
Feed f Feed f [mm/r]
Cutting depth a,
Turning |and cutting speed v, 0.1 15 0.1 1.5
a, [mm] 1-5
v [m/min] 810 [ 180 | 2080 | 930

In order to determine the required power Pn.x and the cutting resistance torque M,
first maximum cutting component force Fcm.x was calculated. Specific cutting
resistance k. determines the material properties which affect the above force. The
resistance is not constant and depends mainly on the rate of feed. A computer program
and relevant data contained in the Sandvik Coromant catalogue were used to calculate
the force Fcmax [3]- Maximum cutting component needed to calculate the machining
power P IS expressed by this relation:
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Femax = Ke - ap- f [N]a (1)

where:

Femax — the maximum cutting component force,

k. — the specific cutting resistance,

a, — the depth of cut,

f — the feed.

Maximum machining power P, for force F¢max and recommended cutting speed v,
is written as:

Fomax Vv
Prax = —o&x_—¢ [KW], 2

where:
Pmax — the maximum machining power,
v.— the cutting speed.
The cutting resistance torque M can be expressed by:

M = Fma 30y 3)
V

c

where:

M — the cutting resistance torque,

d — the tool’s or the workpiece’s diameter for respectively milling and turning.

On the basis of the calculations the power demand and cutting torque diagrams for
the machining parameters shown in Table 1 were drawn.

The milling power demand diagram (Figure 2) for steel (the darker area) and alu-
minium (the lighter area) shows that the load curve for steel differs significantly from
that for aluminium. In the case of steel, power demand occurs at lower rotational speeds
than in the case of aluminium. Thus a machine tool designed for machining steel will
not be efficient in the machining of aluminium products since it is incapable of suffi-
ciently high rotational speeds needed to achieve high productivity. Whereas a machine
tool intended only for machining aluminium will not have a sufficiently high power in
the lower range of rotational speeds in which the power demand for machining steel is
high.

The main drive motor power diagram (broken line) was superimposed on the
power demand diagram. The Mitsubishi SJ-P F7.5 motor was selected since most of
its power demand diagram is under the line demarcating the motor operation area. It
became apparent that as regards its power characteristic the motor quite well met the
requirements in the case of steel. Unfortunately, quite a large portion of the power
demand area for machining aluminium was outside the motor operation field. In order
to expand the latter, a multiplying gear was employed. Such a gear ratio was selected
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so as to obtain the widest possible range of spindle speed at a constant power. Gear
ratio i equal to 3 was adopted:

j =—max (4)

where:
Nmax — the maximum motor speed,
np — the lowest rotational speed at which the motor attains the maximum power.

40 1
[ P steel
[] Paluminium
35 4 a:_‘:10 mm [ | | 'n == P motor
m= P motor and gear i=3
30 T f o —
25 1

power P (kW)
)
o

15 A
10 A y
L £=0,1 33ge
0 T T T T T |
0 2000 4000 6000 8000 10000 12000

spindle speed n (rpm)

Fig. 2. Power demand versus spindle speed diagrams for milling steel and aluminium using
@50 mm face milling cutter at different machining parameters a, and f,. Power diagrams
for Mitsubishi SJ-P F7.5 motor with and without gear with i =3

The power demand diagram for the motor with the gear is represented by a solid
line. Thanks to the gear the main drive’s operation field expanded and covered the rest
of the area of possible loads for machining aluminium.

Besides fitting the motor power characteristic to the power demand curve one
should also choose proper motor torque characteristics. And so a torque diagram was
made in a way similar to that of the power diagram for the machining parameters
adopted (Figure 3).
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Fig. 3. Torque demand versus spindle speed diagrams for milling steel and aluminium using
@50 mm face milling cutter at different machining parameters a, and f,. Torque diagrams
for Mitsubishi SJ-P F7.5 motor with and without gear with i =3

As in the case of power demand curves, the torque demand characteristic for steel
is different from that for aluminium. The machining of steel requires high torques at
lower rotational speeds (the darker area), while the machining of aluminium results in
much lighter loading of the main drive, but at higher rotational speeds (the lighter
area). The situation is similar to that for power. A machine tool for machining steel
will not be fully utilized when used for machining aluminium and vice versa.

Also here the motor mechanical characteristic (broken line) is superimposed on the
torque demand curve. The motor’s torque versus its speed extends over a considerable
part of the field corresponding to the possible drive loads during the machining of
steel, but covers only a small part of the area representing the resistance during the
machining of aluminium. This means that at limited machining parameters (the rate of
feed and the depth of cut are located below the broken line) it is possible to machine
steel and aluminium at insufficient speeds. When additional gear with the gear ratio
i = 3 is employed, the range of useful spindle speeds (solid line) increases, which, in
turn, results in the reduction of the spindle torque M; relative to the motor torque M:

M, =T, (5)

where:
M; — the spindle torque,



Some problems of designing the main drives of universal machine tools 11

M — the motor torque,

n —the efficiency of the gear,

i — the gear ratio.

Although the torque decreases nearly three times, the drive operation range in-
creases sufficiently to meet almost fully the torque demand for the machining of alu-
minium. This is due to the (5-8 times) lower specific cutting resistance.

A similar analysis was carried out for turning. As in the case of milling, power de-
mand (Figure 4) and torque diagrams (Figure 5) were drawn.
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Fig. 4. Power demand versus spindle speed diagrams for straight turning of @50 mm steel
or aluminium roller at different machining parameters a, and f,. Power diagrams for
Mitsubishi SJ-P F7.5 motor with and without gear with i = 3

Also here the load curves for machining steel differ much, both with regard to
power and torque, from those for machining aluminium. By extending the range of
useful rotational speeds for the main drive through the adoption of an additional gear
one can meet the power and torque demand in a much wider range of possible loads at
given parameters. The Mitsubishi SJ-PF7.5 motor without a transmission gear or at
i = 1 enables the machining of steel at lower cutting speeds (operation at machining
parameters located under the broken line representing the motor characteristic is pos-
sible), but no rotational speeds sufficiently high for machining aluminium at recom-
mended parameters are attained. Neither a high-speed motor will ensure a sufficient
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Fig. 5. Torque demand versus spindle speed diagrams for straight turning of @50 mm steel
or aluminium roller at different machining parameters a, and f,. Power diagrams for
Mitsubishi SJ-P F7.5 motor with and without gear with i = 3

torque at the lower rotational speeds used for machining steel (the area of possible
loads located under the solid line representing the characteristic of the motor with an
additional gear). But the combination of the characteristics, which is possible thanks to
the additional gear in the main drive’s kinematic chain, increases the machine tool’s
operating capability by extending the range of useful spindle speeds.

4. Conclusions

The following conclusions can be drawn from the above analysis:

e The mechanical characteristics of motors show their torque or rated power within
the entire range of rotational speed, which corresponds to the most unfavourable mo-
tor operating conditions: the motor may operate under the maximum permissible load
for an extended time. This occasionally occurs during the drilling of deep boreholes,
but prolonged operation under variable loading occurs much more often in practice.
Then an ED (an index showing the permissible percentage of maximum load time in
a specified time interval) characteristic is superimposed on the power demand curve.
Such loading occurs in most universal and special-purpose machine tools [2].

¢ When designing a drive, one can choose a motor with a lower power but one
must bear in mind the range of machining parameters will decrease. The parameters
can be read from the diagram (feasible parameters are under the line representing the
maximum power — Figures 2 and 4). One must take into account the costs of using
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larger motors and electronic power supply devices. Thus the permissible machining
parameters can be specified during the preliminary selection of the main drive.

e Motor overload is allowable for a short time only (depending on the motor ther-
mal operating conditions), but the motor cannot be loaded with a torque higher than
the peak catalogue torque since it will be stopped (its protection will be actuated or the
motor may be damaged).

To verify the preselected motor one should do thermal stability calculations for it.

Due to their properties contemporary tool materials can be machined in a very wide
range of machining parameters. But the existing NC machine tool main drive designs
usually do not allow one to fully exploit this possibility. In order to extend the func-
tionality of a machine tool, one can incorporate an additional gear into the main
drive’s kinematic chain. This will expand the range of rotational speed at a quite good
power and torque characteristics and make the machining of materials with widely dif-
ferent cutting resistances more efficient. The solution proposed is suitable for two ma-
chine tools: one for machining materials at low speeds and high cutting resistances
and the other for machining at high speeds and low cutting resistances. The introduc-
tion of an additional gear has the advantage that it reduces the power demand whereby
a smaller power supply unit is needed.

The gear ratio can be changed by mechanically reconfiguring the machine tool.
The most convenient solution is to control the gear through the machine tool’s control
system since the latter when analysing the set machining parameters will select the
proper gear ratio.
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Wybrane problemy projektowania gtéwnych napeddw
uniwersalnych obrabiarek skrawajacych

W konstrukcji gtéwnych napedow obrabiarek skrawajacych wystepuje tendencja do wzro-
stu obrotowych predkosci wrzecion zwiazana z poszerzaniem si¢ zakresu predkosci skrawania.
Maksymalne predkosci obrotowe wrzecion w okresie 1989-1999 zwickszyty sie dziesie-
ciokrotnie. Innym wymaganiem, wiazacym sie z dazeniem do zwiekszenia wydajnosci skrawa-
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nia, jest mozliwos¢ bezstopniowej zmiany predkosci obrotowej. Jest to niezbedne z jednej
strony do utrzymania, w kazdych warunkach obrébki, optymalnej predkosci skrawania, z dru-
giej zas — do minimalizowania drgan samowzbudnych [1]. Do istotnych wymagan nalezy takze
zapewnienie duzego, znacznie przekraczajacego mozliwosci silnika napedowego, zakresu
predkosci obrotowych wrzeciona przy statej mocy. Moc ta jest niezbedna do wydajnego skra-
wania zarowno przy matych, jak i duzych predkosciach obrotowych wrzeciona. Wydajne
skrawanie materiatow charakteryzujacych sie¢ duzym wiasciwym oporem skrawania, takich jak
np. stal, wymaga matej predkosci obrotowej wrzeciona przy statej mocy. Zwiekszenie zas tej
predkosci umozliwia wydajne skrawanie takich materiatdw jak np. aluminium i jego stopy
i innych materiatw o znacznie mniejszych wiasciwych oporach skrawania, a wymagajacych
znacznie wiekszych predkosci skrawania. Stosowane obecnie szybkoobrotowe elektrowrze-
ciona bardzo czesto nie odpowiadaja w petni tym wymaganiom. Moga natomiast je spetni¢,
gdy w napedzie gtéwnym zostana zastosowane dodatkowe przektadnie mechaniczne zaréwno
redukujace, jak i zwielokratniajace predkos¢ obrotowa silnika. Mozliwosci zastosowania tych
ostatnich przektadni w napedach gtéwnych przyktadowych obrabiarek uniwersalnych zapre-
zentowano w niniejszym artykule.
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The possibilities of applying of artificial neural networksin
automatic diagnostic system of machine cutting process

M. MIERNIK, M. KOLODZIEJ
Wroctaw University of Technology, Wybrze Wyspiaskiego 25, 50-370 Wroctaw

The causes of failures in contemporary automatic diagnostic systems working with use of neural net-
works in industrial conditions are given. It has been stated that one of the basic causes was the lack of
opportunity to perform logical operations by the artificial neuron model of McCulloch and Pitts which
makes the core of artificial neural networks programs. A new method of data gathering and initial prepa-
ration has been offered here, based on the methods derived from non-linear dynamics, fuzzy sets and the
theory of chaos. The data processed in such a way are transferred to the neural networks of Feed Forward
Back Propagation type, which allows shortening the network’s training, increasing the calculations speed
and shortening the reaction inertness time of the FFBP network (on-line mode).

Keywords:neural networks, diagnostics, non-linear dynamics

1. Introduction

Diagnostics and supervision of cutting tools and the machine cutting process itself
are very important subjects of chip machining technology. Progressive wear of the
cutting blade deteriorates the quality of the processed surface and may be the cause for
interferences in the machine cutting process [10]. Unfortunately, evaluation of the
technical conditions of the cutting blade during the machine cutting process is impos-
sible in practice and may be carried out only when interrupting the machine cutting
process. During the process the conditions of a cutting blade may be evaluated only on
the basis of measurements of indirect values that depend, among others, on wear of the
blade. The most common indirect values applied as a tool wear-off factors are: ma-
chine cutting force components, acoustic emission, vibrations and others.

In the diagnostics systems that are based on evaluation of wear off of the cutting
blade, the most commonly used methods consist in measurements of machine cutting
forces and derivative figures and measurement of acoustic emission. It should be
stressed that phenomena occurring during the machine cutting process are connected
not only with the value of the blade wear off, but also with, for instance, the shape of
the blade wear, blade geometry, machine cutting conditions, blade material and object
being cut. Moreover, the connection between natural wear off and value of the signal
measured is very complex and is of rather statistical than determined character. The
values of the parameters used in the models of the process are characterized by a defi-
nite uncertainty level, for example, the properties of the material may oscillate in
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a certain range. Hence, it is said that in the future, the monitoring systems that are
based on more that only one value of measured signal obtained from a sensor will be
used. However, the application of many sensors generates the problem of reduction of
copious information to a few best, most reliable symptoms, which may be used in the
monitoring systems [3, 4, 7, 8, 10].

Many researches have been carried out both in Poland and all over the world in or-
der to solve that problem [4, 7]. Nowadays the methods of artificial intelligence seem
to be the best solution. Among the models applied in damage detection, the analytic
models, neural and fuzzy models are most significant. Models mostly describe the
object in normal conditions (without any damage). They enable establishing the re-
sidua, which reflect the differences between watched functioning of the object and
normal behaviour defined by the model. Residua are mostly calculated as the differ-
ences between the output signals measured and the output signals modelled. The val-
ues of the residua for the undamaged model approach the value of zero. The values of
the residua differing from zero stand for damage symptoms [1, 2, 5, 8].

2. Modelsfor the detection of wear off and the damages of a cutting blade

In order to detect the damage, the following analytical models are applied:

1. Physical model — it is applied to detect small-size damage because of the fact
that physical equations describe connections between process variables in the most
complete way. The objects shall be described by relatively simple relations because of
difficulties in constructing this model.

2. Linear equations — they make the basis for designing diagnostic observer.

3. Condition observer — it stands for an algorithm that is used for the approxima-
tion of the description of dynamic object conditions on the basis of input and output
signals.

4. Continuous or discrete transmittances — they define the relation of Laplace’s
transform of the output signal to Laplace’s transform of the input signal at zero initial
conditions. They are used for the description of dynamic properties of linear objects.

In the case where construction of analytical models is very difficult or even impos-
sible task and our knowledge about the diagnosed object is vague, we may use fuzzy
models to detect damages. The structure of such a model is based on three blocks: dis-
persion block, conclusion block and sharpening block. Input signals are sent to the in-
put to the dispersion block in which a level of adherence of this signal to particular
fuzzy sets is established. On the basis of established now relativity level of input sig-
nals, the conclusion block establishes the resulting output adherence function. The last
block (of sharpening) establishes a detailed output value on the basis of the resulting
output adherence function obtained. In order to set up the rules that define operation of
the object, we may take advantage of the experience of a process technologist or op-
erator as well as accessible measurement data. If, however, this knowledge is not
complete or imperfect, we may obtain incorrect model of the process [8].
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Neural networks are the most effective tool for modelling dynamic objects or in the
case where the mathematic model of the diagnosed process is not known. They are
useful for modelling any non-linearity, introduction of generalities and forecasting
trends. Moreover, they are fast and resistant to interferences. Generally saying they do
not require any mathematic rules or formulas. The basic structure of the network may
remain unchanged but its particular elements may be modified. Thus, a more and more
precise model of the process considered may be constructed without interference with
the network structure. Teaching the neural networks consists in calculating output val-
ues on the basis of input data. If the output values calculated by the network do not
comply with the answer given, then values are corrected and new values of network’s
weight factors are established. This process of trials and errors lasts until the network
learns the applied values of stimulation thresholds. The network may come into prac-
tical use only when it has been trained and tested.

Wear of the blade, geometry of the blade, machine cutting conditions, material of
the blade and the object processed as well as the relations between natural wear off
and the value of the signal measured are very complex and, as mentioned above, rather
of statistical than determined character [1, 2, 5, 7]. That is why on the basis of the lit-
erature analysis of diagnosis, it may be stated that the best model for diagnosing the
machine cutting process are FFBP (Feed Forward Back Propagation) type neural net-
works.

3. Network models

In 1943, W. McCulloch and W. Pitts presented the first model of an artificial neu-
ron. Their model included only four basic elements of the biological origin: dendrites,
synapses, cell body and axon. Despite such big simplifications in comparison with the
biological model, their model was widely applied in many neural network models [9].

The model of artificial neuron shown in Figure 1 in the form of bivalent threshold
element is composed of the adder of weighted signals and the threshold system. Inputs
receive signals coming from neurons of preceding layer. Each signal is multiplied by
adequate numeric value connected with it and callegight It influences the per-
ception of a given input signal and its share in generation of an output signal by the
neuron. A weight may be stimulating (positive) or retarding (negative). If there is no
connection between the neurons then the weight equals 0. Summed up products of
signals and weights make the argument of the neuron activation function. The re-
sponse of an artificial neuron to the input signals may be described by the following
formula:

y.=Zn‘,(>$wi)—pi. (1)
i=1
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where x stands for the impulses coming from other neuronsvargtands for the
weights of neurons susceptibility. The sum of produxts () makes the weighted
sum of the external influence.
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Fig. 1. Scheme of artificial neuron model’'s response to stimulating signals

In order to construct a neural network, neuron models are grouped in layers. Be-
cause of the training technique we distinguish between input, output and hidden lay-
ers. The system of neuron connections, their weights and stimulation thresholds make
the network operation program.

The application of an adequate architecture poses a problem during designing such
a network. If the network is too simple it may not be able to map adequate relations
between the input and the output. But if the network is too compound it may be too
sensitive and the dependence of a currently selected set of teaching data on network
mapping will be too great.

The basic imperfection of this neural network model is that it does not have any
feedback where an output signglmay influence the susceptibility weights of the
former layer neuron, which in turn may modify the output vgluEor that reason ex-
amples known from the literature [7, 9] on the application of the neural networks to
the solution of practical tasks in many cases worked slowly or gave trivial, formerly
known, solutions.

4. Mode of a network including a logical operator

Introduction of a feedback system into a simple neural networks model signifi-
cantly extends the calculation time and presents a threat of “calculation looping” and
hence it may disturb the operation of networks. When designing the network, addi-
tionally the following remarks should be taken into account:
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* Signals collected by the measurement sensors are characterised by a certain dis-
persion spectrum.

* A set of input data may be a fuzzy set due to the inexact definition of the borders
of the adherence of a given element to a set.

» A signal given to the adder’s input may be estimated as improbable although it is
true.

A signal given to the adder’s input may be faulty due to the fact of not tarrying
readings or sensor’'s damage but it may be read in as probable.

Hence, starting from the basic rule of operation of a neural network with a logical
operator “if—-then” and bearing in mind all the above-mentioned properties of input
signals, a new neuron model shown in Figure 2 has been put forward. It is composed
of three operators realising various functions: an adder of weighted signals, a thresh-
old element and a logical element [6].

I;"(3'% W)
\
\

X1

Fig. 2. Model of a neuron with a logical element [6]

In comparison to the neuron model shown in Figure 1, this model has also a logical
operator that performs logical operations of checking out the correctness of network
signals.

For ani-valued neuron in @valued layer of the neural network the weighted
signals sum up in the addex & w) together with the value of the stimulation
thresholdp; of this neuron, giving at the output a signal of the following value:

%= (5 xw)-p,. @

A threshold element of this neuron establishes the value of the gjgoal the
level 0 or 1, according to the following rules:

y; = 0 wheny; < 0, 3)
y; = 1 wheny; > 0.
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In the neural network model including pseudo-operators, each neuron from a given
layer is connected with all neurons from nearby layers. In addition, a signal from each
neuron is transferred directly to the logical element of all neurons two layers further.
The presence of an inter-layer signal transfer slightly blurs the borders between input,
hidden and output layers. A necessary condition for a proper operation of such a net-
work states that a given input layer is made of signals of the same sort, e.g., power or
translocation.

Thanks to pseudo-logical operators we observe the control of signals introduced to
the network in hidden layers, self-control of network’s operation and interfered sig-
nals. A next important quality of such a network consists in high effectiveness of ap-
plying the basic teaching algorithms, e.g., error backward propagation algorithm. Due
to inter-layer connection of neurons with pseudo-logical operator an “intelligent” data
processing system was obtained in faraway layers. As early as at the learning stage,
the system can point at errors that may appear in standard data sets used to train the
network [6].

5. Application of the FFBP networksto supervise
the machine cutting process

The use of neural networks of FFBP type is the basic method of processing the
measuring signals in diagnostic systems based on the concept of an intelligent sensor
and integration of measuring signals features. The analysis of mistakes, i.e., the differ-
ences between the calculated and expected values, and the tests showing the resistance
to the interference determined have clearly indicated superiority of this network over
other data processing methods.

In addition, an FFBP network may be trained along with oncoming data, which al-
lows the model represented by network to be constantly improved [7].

Unfortunately, on practical industrial grounds the diagnostic systems using artifi-
cial intelligence methods often fail. It happens even when the neural network obtains
data from sensors (it may be even a single measuring signal) which does not belong to
the so-called training facts set. This causes taking up a wrong decision by the diag-
nostic system, as neural networks are the only calculation programs without logical
operators.

This effect has been known for a long time and many methods have been tried out
to eliminate this effect. They consisted in selecting an adequate architecture of the
network, applying a “moving average” from three next signal values to the network or
applying random interferences to the network [7].

The authors are of the opinion that one of the methods of increasing the reliability
of diagnostic systems operation consists in working out a method of collecting meas-
uring values of machine cutting forces, their initial processing and working out a man-
ner of transferring them to programs of artificial neural networks applied in automatic
diagnostic systems (ADS). In order to neutralize the influence of accidental changes of
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the analyzed signals not belonging to the set of training facts, the Institute of Machine
Technology and Automation at Wroctaw University of Technology carries out re-
search on working out such a method of initial data preparation based on methods
drawn from non-linear dynamics and fractal analysis. These works are mainly focused
on shortening the neural network training time, increasing the calculation speed and
shortening the network response inertness time (on-line mode operation).

Experimental research covers the dynamics of the machine cutting process as well
as a non-linear character of the changes of measurable wear-off factors. The analysis
covers mainly the signals from piezoelectric sensors measuring machine cutting
forces. Data collection is carried out by means of an universal piezoelectric dyna-
mometer of KISTLER type 9257A. In order to achieve a more detailed evaluation of
the machine cutting process, also the signals from translocation sensors and thermal
sensors are analyzed and compared with technological effects of machine cutting in
real time (on-line).

The research also used some methods derived from the chaos theory. The sets of
the component values of the machine cutting force obtained during collection of data
regarding the supervised object have many features that are typical of fractals. Hence,
the research covers correlations between the values established such as: fractal dimen-
sions and envelope dimension of the amplitude with the average value and common
relationship between machine cutting forces and tool's wear off. At present the re-
search carried out focuses on working out a new method of gathering, in defined time
spans, the components of machine cutting forces and applying them in appropriate
packets (sets) together with other calculated values straight to the neural network. The
application of this method in practice will be possible thanks to significant growth in
calculation speed of modern computer technology.

6. Summary

On the basis of the analysis of accessible methods and the ways of diagnosing the
machine cutting process, the FFBP type network has been selected for future research.
The way of this network’s operation is most satisfactory and useful to build a sys-

tem diagnosing the condition of a cutting tool.

The authors state that further research should be focussed on the following:

» dynamics of machine cutting process with particular attention paid to the process
resistance to external interferences and correlation between dynamic values of the ma-
chine cutting force and the blade condition,

« finding out a critical roughness of the blade and forecasting the end of blade life,

* continuation of research into the methods of collection, initial preparation of the
measured signals coming from measurement sensors and their application to the neu-
ral network.
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Mozliwos$ci zastosowania sztucznych sieci neuronowych w automatycznych
systemach diagnostycznych procesu skrawania

W artykule oméwiono przyczyny zawodimd wspéiczesnych automatycznych systeméw
diagnostycznych pracagych na sieciach neuronowych w warunkach przemystowych. Za
jedm z podstawowych przyczyn uznano brakziweosci wykonywania operacji logicznych
przez model sztucznego neuronu McCullocha i Pittsa, ktéry standmi programow sztucz-
nych sieci neuronowych. Zaprezentowano metedykicpnego przygotowania danych, opart
na metodach pochoglzych z dynamiki nieliniowej, logiki rozmytej i teorii chaosu oraz
sposoby przekazywania tak przygotowanych danych do sieci neuronowydbetygu-orward
Back Propagation
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Attempt to estimate fire damage to concrete building structure

B. STAWISKI
Wroctaw University of Technology, Wybrze Wyspiaskiego 25, 50-370 Wroctaw

Depending on fire duration, fire temperature (reaching several hundred degrees centigrade) leads to
a damage (in varying degrees) to concrete. A structural damage assessment based on an inspection is
highly unreliable, particularly when concrete heated up during a fire was rapidly cooled down with cold
fire-fighting water. Because of this thermal shock the surface of concrete cracks heavily. The load-bear-
ing capacity of such a building component can be estimated based on the strength of the fire-damaged
concrete and the thickness of the cracked layer. However, the temperature affecting the structure is differ-
ent at different places and therefore the decrease anticipated in concrete strength is different in different
elements and also varies within them. For this reason, among others, a building structure after a fire must
be examined in many places in order to properly determine its technical conditién.siarinvestiga-
tions nondestructive methods are most suitable. The example provided shows that such methods can suc-
cessfully be used to test fire damaged concrete and reinforced-concrete structures.

Keywords:buildings, failures, fire, concrete, tests

1. Kinds of structural damage caused by fire temperature

If the changes in the temperature of a building’s structural components do not ex-
ceed 100°C, damage may only result from thermal deformations and the lack of
proper expansion joints in the building. Other kinds of structural damage occur when
temperature rises to a few hundred degrees centigrade [1]. In non-flammable (rein-
forced concrete, steel) structures, the hot elements bend (the hot layer lengthens) and
if not properly reinforced, crack [7]. The expelling of water at fire temperature leads to
serious damage to concrete. The problem received new attention after the recent tunnel
fires when it was found that concrete with open pores (e.g., where the plastic fibre re-
inforcement used to be) was damaged to a lesser degree than concrete without such
pores (and thus devoid of the routes of escape for steam from deeper layers during
a rapid temperature rise up to a few hundred degrees). Rapid cooling with fire-fighting
water results in intensive cracking [2]. Cracks, as well as their depth and width, affect
the load-bearing capacity of structural components. Therefore, the cracks (their orien-
tation, width and depth) should be examined in order to evaluate the technical condi-
tion of the structure.

During investigations of an underground garage in which several cars had burnt
down, the ceiling reinforced-concrete slabs over the fire centre and its vicinity were
found to be strongly cracked (Figure 1). Some of the fire protections came off the steel
beams on which the ceiling slabs rest and the reinforced concrete columns cracked in
the regions where they support the steel girders.
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Fig. 1. Strongly cracked concrete in ceiling slabs over the centre of fire

Also the concrete walls devoid of anti-shrinkage reinforcement cracked. In order to
answer several arising questions, ultrasound, sclerometric and deflection tests, crack
width measurements and other investigations were carried out.

2. Nondestructive tests of concrete

2.1. Strength tests

Since the columns were 30 x 30 cm in cross section and contained reinforcement,
no samples for nondestructive tests could be bored from them and no calibration
curves could be determined from such samples. Therefore two nondestructive methods
were employed to evaluate concrete strength. A Schmidt sclerometer and an ultra-
sound probe with standard 40 kHz heads were used for this purpose.

At the places tested plaster was removed, the humidity of the concrete was deter-
mined and sclerometric and ultrasound measurements were carried out. An NR
Schmidt device and a calibration curve expressed by the following equation

f_= 0041B’- 0931 + 75[MPa] (1)

C

were used for the sclerometric measurements.
A calibration curve represented by this equation

f. = 0.lexpl38V [MPa], (2)

where:L — the rebound measured by the sclerom&ter,the ultrasound impulse ve-
locity [km/s], was used in the ultrasound measurements.
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As expected, the results obtained show a wide scatter (Table 1).

Examining the results, one can notice distinct trends. For the columns tested the
sclerometric method yielded results showing a large amount of scatter. But if one
takes into account the fact that each of the four sides of a column was differently ex-
posed to fire and temperature and to pouring on water, the drops in strengths clearly
correspond to the sustained destructive loads. Also the varying humidity of the con-
crete contributed to the scatter. The sclerometer is less sensitive to concrete cracking.
In the ultrasound method, the opposite is true: marked drops in ultrasound velocity are
registered in cracked areas. No readings are obtained in the direction perpendicular to
the cracked plane. Zones on the fire side show lower impulse velocities, and so lower
strengths. The two methods consistently indicate that the columns’ upper parts are
much weaker than their lower parts (Figure 2). This corresponds to the fact that during
a fire the temperature is higher under the ceiling than near the floor.

Table 1. Summary of average concrete streng_th[@r a given height, determined on three surfaces for
selected pillars at various distances from the fire source

Co- Dista- Sclerometric Ultrasound
lumn nce investigations investigations -
no. from Direct Hidden Direct Hidden Y Tzt letfs
floor  exposure* exposure**  exposure* exposure** 180 102 3
[em] [MPa] [MPa] [MPa] [MPa] I it
3 180 11.8 18.3 6.4 9.2 150 k. flsoz%
150 16.9 24.8 14.0 13.1
100 211 25.6 12.6 15.9
50 29.4 26.1 171 18.6 100
4 180 111 12.7 - -
150 147 16.6 10.8 F100
100 19.0 14.3 13.7 50
50 211 18.7 17.8
11 180 15.7 11.3 - _
150 40.3 28.2 215 fso
100 37.8 26.4 215
50 38.3 26.8 21.6

* Surfaces exposed to a direct fire.
** Surfaces shielded from a direct fire.

High fire temperature is the cause of larger deformations, stresses, thermal cracks,
warping, etc. [3]. The severity of the effects of a fire is determined by the temperature
to which the structure is heated up and the duration of the fire. It is assumed that the
strength of steel begins to decrease above 3502@08t a temperature of 50 the
drop in strength amounts to 30—40%, at 8000 50% and so on [4]. When tempera-
ture falls back to 20C, the one-time holding of 34GS and 18G2 grade steel at a tem-
perature of 600C for 1-3 hours does not result in a lower ultimate strength. Only
temperature higher than 600 results in a permanent strength reduction [3].
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Fig. 2. Concrete strengftf determined for various heights of selected pillars only
on one surface no. 2 with similar exposure to that of the fire source

In the case of reinforced concrete, the influence of temperature should be consid-
ered separately for steel, concrete and the interaction between both. As temperature
and the time of its influence on concrete increase, the utility of the concrete and the
reinforced concrete decreases [5] due to the following processes:

* the evaporation of chemically bound water at a temperature up €&€100

* the dehydratation of the cement binder at a temperature 6f4806d above,

« the decarbonation of the binder at a temperature of abouC700

» thermal deformations of the aggregate minerals and of the reinforcing steel.

If water evaporates rapidly, this can result in a network of cracks [3]. Also rapid
changes in temperature (e.g., when pouring on water) lead to concrete cracking and
failure [5]. Different drops in strength are reported. For example, Nevile [5] quotes
after other researchers that when concrete is heated up f€2@00°C and 600°C
its strength decreases by 50-92%, 45-83% and 45—83%, respectively. This indicates
that research on the strength of concrete in a structure after a fire is vitally necessary.
The data reported so far in the literature should be regarded as approximate.

The literature data on the velocity at which temperature spreads in concrete and in
steel enclosed in concrete are more definitive. The concrete which covers the steel pro-
tects it from high temperatures. At a constant ambient temperature of 1000€1100
the reinforcement in reinforced concrete heats up to aboutGSuring one hour if
the concrete cover is 2.5 mm thick and if the latter is 5 cm thick the reinforcement
heats up to this temperature within two hours [3]. Up to a temperature 6€38ifhe-
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sion of smooth steel to concrete does not decrease and in the case of ribbed steel, no
decrease in its adhesion to concrete is observed up to a temperaturé®©f 350

2.2. Other nondestructive investigations of structure after fire

Concrete humidity was measured using a UNI-2 gauge with an active B-50 ball
probe. Humidity varied from 1.0% to 4.5% between different levels and areas of the
columns. The influence of concrete moisture on ultrasound velocity and Schmidt
sclerometer rebound was taken into account in the strength tests.

Geodetic measurements of the deflection of the concreted steel beams and the
ceiling slabs located over the burning cars were carried out (Table 2). The deflections
permissible for the slabs in the garage were calculated as for /150 (512/150 = 3.4 cm)

secondary elements.

Table 2. Deflections of steal beams and reinforced-concrete ceiling slabs resting on them,
calculated from measurements

Deflections [cm] Permissible
Element no.| Y, of span| % of span| ¥ of span [E::mni’]‘ deflection

a a X [cm]
Beam Ul 0.8 1.1 0 11 3.0
Beam U2 0.8 0.8 0.3 0.8 2.8
Beam U3 0.4 1.3 1.0 13 2.8
Beam U4 3.0 4.1 3.2 4.1 3.4*
Beam U5 3.0 3.8 2.8 3.8 3.4*
Beam U6 35 45 34 45 3.4*

Fig. 3. Verification of crack depth in shallow borehole (towards reinforcement)
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As can be seen, the deflections of the fire-protected steel beams are smaller,
whereas those of the strongly cracked reinforced concrete slabs are larger than the
permissible ones. The temperature of the structural components during the fire was
estimated at 300-35 (the colour of the concrete was natural [6]). At a temperature
of 350°C the thermal creep of steel begins. This led to ceiling slab deflections larger
than the permissible ones.

The ultrasound crack depth measurements were verified by means of shallow bore-
holes (Figure 3). The depth of cracks reaches 1.5 cm (sometimes 2.0 cm) towards the
reinforcement.

2.3. Repair work

After the fire some the investigated building’s components needed repairing. The
columns within a radius of 10 m from the fire source were strengthened since the
strength tests had shown a serious reduction in strength in their upper parts. Also
oblique cracks under the columns’ heads had appeared. The fire protections on the
steel beams whose ends rest on the columns had to be repaired. The cracked concrete
in the ceiling slabs lost only its corrosion protection properties. The reduced strength
in the tensile zone did not affect the load-bearing capacity of the slabs. The ceiling
slabs were protected from below merely against carbon dioxide penetration and car-
bonatisation advance. The steel’'s estimated temperature (300S3%Md its dwell
time at this temperature did not contribute to deterioration of its strength properties
after cooling down. To sum up, the inferences and the ways of repair should be based
on a thorough examination and analysis of the cracks, their pattern and width.
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Préba rozpoznania uszkodza
betonowej konstrukcji budynku po pazarze

Temperatura p@arowa sggajaca kilkuset stopni Celsjusza w zahesci od czasu trwania
pozaru prowadzi do uszkodzdetonu w bardzo émym stopniu. Ocena uszkodzenia konstruk-
cji na podstawie ogtizin jest bardzo niepewna, szczeg6lnie gdy beton nagrzewany w czasie
pozaru zostat gwaltownie schitodzony zimmoda uzywam do gaszenia ognia. Przy takim
szoku termicznym powierzchnia betonu ulega silnemgkasgu. Na&nos¢ takiego spkanego
betonowego komponentu budowlanego zna szacowd opierajc Sk ha wytrzymaitéci
uszkodzonego betonu po 7amze i grubéci warstwy sgkanej. Na ogét jednak temperatura
dziatapca na konstrukejjest r&na w r&nych miejscach, a w zazku z tym spodziewane po-
gorszenie si wytrzymatdci betonu kdzie r&ne w r&nych elementach, a nawet w iche€z
sciach. Midzy innymi z tego wzglu obiekt budowlany po garze wymaga badaw wielu
miejscach, aby mima bylo dobrze okgti¢ jego stan techniczny. Do badm situ najlepszeas
metody nieniszcce. Na prezentowanym przyktadzie pokazamometody te magby¢ z po-
wodzeniem wykorzystane réwrielo badania konstrukcji betonowychdlbetowych po pia-
rze.
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bending strengthened with composite materials
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The present paper focuses on the problem of the durability of bent RC beams strengthened with com-
posite materials, subjected to cyclic loading. The theoretical model of determining fatigue life of the
cross-section of the bent reinforced concrete beam strengthened with external, non-stressed CFRP strips
is presented. The author’'s own proposal is to introduce the coefficient of the strip position effect on each
individual bar and a way of taking into account the energy absorbed by the strengthening. The energy
causes a decrease in the velocity of the crack propagation in the rebar, and consequently, an increase in its
durability.

The theoretical model was verified in the experiments carried out on two series of reinforced concrete
beams with different steel and strengthening ratios. For each group of the beams the value of fatigue load
was matched to get similar stress in the tension bars.

Keywords: fatigue life, strengthening, composite, CFRP, reinforced concrete, model, research

1. Introduction

The strengthening of reinforced concrete structures is and will continue to be
a relevant problem due to a continuous increase in live loads as well as corrosion and
stress destruction. Rapid progress in the development of strengthening materials and
technologies has been made in the last decades [1].

Since structures are being designed with the application of more and more precise
calculating methods, using strength design values in the most stressed cross-sections
which approach characteristic ones, and with an increase in the ratio of live to total
loads, the fatigue strength and correlated fatigue life should not be neglected in the
analysis of many structures — especially those of bridges.

The present paper focuses on the problem of thebilityaof a normal cross-sec-
tion of bent reinforced concrete beams strengthened with non-stressed carbon fibre
strips, subjected to cyclic loading.

Until now the number of tests carried out on reinforced concrete beams strength-
ened with composite laminates subjected to a fatigue load has been comparatively
smaller than the number of such beams tested under a static load. In an available lit-
erature, there is no theoretical model for the fatigue life of a cross-section of bent RC
beams strengthened with FRP strips. Analyzing the behaviour of non-strengthened and
strengthened RC beams with non-stressed CFRP (Carbon Fibre Reinforced Polymers)
laminates under the bending moment of the same magnitude, one can observe:
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» a decrease in stresses in the reinforcing steel due to an increase in the amount of
the tensile reinforcement which implies a rise in the fatigue life of the steel,

» enlargement of the internal arm of the resultant forces and, consequently, a de-
crease in the stresses in the compressed concrete and a rise in the fatigue life of the
concrete.

As a result of the above, there is an increase in the fatigue life of the whole cross-
section of strengthened beam in comparison to the fatigue life of non-strengthened
one.

Additionally, according to Barnes and Mays [2], Heffernan [3] and my own re-
search [4], even when increasing the live loads to the level at which the same stresses
in the tension reinforcement are obtained, there is an increase in the fatigue life of the
rebars of strengthened beam in comparison with the fatigue life of non-strengthened
one.

2. Proposal of theoretical fatigue life model of
bent RC cross-section strengthened with CFRP strips

Determination of fatigue life for a RC cross-section strengthened with CFRP lami-
nates K) is equal to the calculation of the smallest number of cycles after which the
fracture of at least one of the following component materials may occur: concrete in
the compression zon®&l(), reinforcing steelN;s), CFRP laminateN;;) or adhesive

layer (\:a):

N¢ = min(N; ., N, N¢ Ny o). 1)

While designing the strengthening of bent RC structures by means of non-stressed
CFRP strips, the maximum effort of composite material is low (the average level is
about 0.2-0.4 of its tensile strength), so the fatigue life of this material is practically
unlimited. According to FIB [5] regulations, fatigue strength of epoxy resin glues may
be taken at the level of 50% of their static strength. Because tensile and shear strength
of glue are over twice as great as these values for concrete cover, it may be stated that
the delamination of the composite material never takes place within the layer of glue.
In such a situation, Equation (1) is limited only to two terms relative to fatigue of con-
crete in compression and steel rebars in tension:

N¢ =min(N,N). 2

2.1. Computational assumptions

The theoretical model proposed is based on the following assumptions:
A. Maximum and minimum stresses in a load cycle, in strengthened cross-section,
should be calculated taking into account:
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* the changes in the geometric characteristics of the analyzed cross-section (an in-
crease in cross-section area and moment of inertia, lowering the gravity centre),

e existing strain and stress states in the analyzed cross-section at the time of
strengthening (with attention paid to element cracking, loads acting at the time of
strengthening, the influence of concrete shrinkage and creep).

B. The number of repeated load cyclég ), which lead to the fatigue fracture of
concrete in compression, is determined on the basis of the Aas—Jacobsen formula
modified in 1979 by Tepfers and Kutti [6]:

— 1_ Smax
logN/ _—006811— R) 3)

C. Fatigue life of reinforcing steel in a strengthened beam is evaluated on the basis
of fracture mechanics, using Paris Crack Propagation Law [7]. The propagation veloc-
ity of the crack of a length is given by a function of the gain in stress intensity factor
AK, in the exponential form (4). The values©@fandm are the material constants,
established in tests (the consta@tandm for the reinforcing rebars are given in [8]).

da _ m
o =Clex)"” )

D. The stress intensity factef in the fracture process zone, in the front of the
crack, for the ribbed reinforcing bar of a diametén a reinforced concrete beam is
determined on the basis of the formula given by Salah El Din and Lovegrove in 1982

[9]:

@ @

K = ossskq\/ﬁa(%j fb(éj f, [EJ r076—2 | (5)
y

where:
k. — the parameter dependent on rebar geometry,

o, —the tensile stress in rebar,

a
0’(;} — the function of decay stress concentration,
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a
f{q—p} — the function of the concrete cover effect on the stress in the fatigue crack

front region,
a _ . ,
f, ((—aj — the function of the crack length effect on stress intensity,

d, — the effective depth of cross-section,
X — the depth of cross-section compression zone.

2.2. Fatigue life of rebar in RC cross-section strengthened with CFRP strips

Fatigue life of the reinforcing bars embedded in the RC beam strengthened with
non-stressed CFRP stripgs{) is evaluated based on a transformed Paris Law formula
(6). In calculations, only the first fracture mode (Mode |) is assumed:

a,

max 1
N..=N,+ ——d 6
rs=No a{ ik 7% (6)

where:

No — the number of stress cycles required to form a crack of thagsize

a, — an initial crack length,

amax— & maximal, final crack length,

4K, s — the gain in stress intensity factor calculated for the rebar situated in the
strengthened beam that allows the influence of work of the carbon fibre laminate on
the stress field at the crack tip.

In fracture mechanics, the square of stress intensity factor is presented as a product
of the modulus of elasticity and the integial he integrall represents a change in the
potential energy required to create a unit crack growth [I]s, for the strengthened
beam the following equation can be written:

Kﬁstr =EJdsry = Kigr =y EJdsy- (7)

In the case of beam strengthened with CFRP laminates, the iniggabuld take
into account the work (energy) absorbed by the strengthening strips, for crack area and
for elementary increment of crack opening:

Ly = s~ Wep, (8)

where the integrals is evaluated for the non-strengthened reinforced concrete element
on the basis of the value of stress intensity fagt@ormula (5)).
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CFRP laminate work fraction in a potential enedgy should be determined for
each glued strip separately. When the strengthening is made of a few composite strips,
the rule of superposition of the eneMyir is adopted. For an individual strip the en-
ergyWerp is calculated:

Werp = ¢ oo [ , 9)
DA,
where:
{ — the coefficient of strip position effect,
Frrp— a tensile force transferred by the effective part of strip,
Au— an increase in crack opening corresponding to the increase in its length,
AAs.— an increase in crack area corresponding to the increase in itsAangth
The coefficient{ results from the position of the strip relative to the individual bar.
The value o is calculated as follows:

{=025alA, (10)

wherew is the coefficient which takes into account the distance from the laminate to
the bar surface (in the direction perpendicular to the strip surface):

= hy —ac
P

where:

heir — the depth of the effective tension area of the reinforced concrete cross-section,

L — the coefficient which takes into account the localization of the strip relative to
each individual rebar.

It is assumed that the range of the influence of the laminate spreads from the edge
of the strip to the interior of the beam, at an angle of 45° (angle of stress spreading in
reinforced concrete). The area of the effect for the individual &Rais determined
based on the same assumption. The Agg#s a right angle of triangle with its vertex
in a centre of the rebar. The coefficidrexpresses the ratio of this part of the akga
which is placed within the influence of the laminate to the whole AygaAn exam-
ple of the way of determining the coefficiebtfor rebars embedded in the beams
strengthened with one or two strips is shown in Figure 1.

The tensile force transferred by the effective part of the strip is expressed by:

: (11)

Fere = Berp et firrp [ erp, (12)

where:
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berp ef — an effective width of the laminate which may affect the rebar durability,

a; — the distance between the centre of gravity of the rebar and strengthened edge
of cross-section,

t, — the thickness of the adhesive layer (glue),

brrp — the width of the FRP strip,

terp — the thickness of the FRP strip,

orrp — the tensile stress in the FRP strip.

Fig. 1. Determination of the coefficieht

An increase in the crack opening corresponding to the elementary increase in its
lengthAa is determined in the following way:

2a

—K..
E\/E l.s

3. Experimental verification of theoretical model

u=

Experimental tests were carried out at a research laboratory of the Institute of
Building Materials and Structures at Cracow University of Technology. A scheme of
the special test stand is presented in Figure 2. The beams were loaded by the means of
electronically controlled hydraulic pulsator from Instron Schenck Testing Systems
Company.

Eight simply supported beams were tested. For all the beams the following geomet-
ric parameters were constant:

* rectangular cross-section, dimensionss 40 cm, b= 25 cm,

* total length of beam#+ 3.50 m,

* beams were simply supported over a 3.20 m span,

* three cracks were formed in the central part of the beam by placing small pieces
of zinc plated steel sheet across a full width of the beam, before casting the concrete;
the initiators were welded to the stirrups, spaced in the distance of 80% of medium
calculated crack spacing.
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The reinforcement of the elements tested was designed so as to make it possible to
run a comparative analysis of beams of the same reinforcementisatial (-, and
strengthening ratigrr = trrrErre / s Es(see Table 1).

Table 1. Basic parameters of the beams tested

Beams denotation [&S] 'L[IOZ’?]P p[F ]RP

Control P1-0.1 0.67 0.00 0.00
beams P1-0.2 0.67 0.00 0.00
P1-0 0.67 0.00 0.00

Series P1 P1-1 0.67 0.12 0.16
P1-2 0.67 0.24 0.32

P2-0 1.38 0.00 0.00

Series P2 P2-1 1.38 0.12 0.08
p2-2 1.38 0.24 0.16

The longitudinal reinforcement was made from the steel grade 34GS (the yield
strength teste] = 430 MPa). The beams were precast with two types of tension rein-
forcement: type P1 reinforced with three # 16 mm bottom rebars and type P2 rein-
forced with four # 20 mm bottom rebars.

The transverse reinforcement was made from steel grade RB500W (design yield
strengthf,s = 500 MPa) and the amount of stirrups was selected so as to ensure
a flexural failure of the beam.

The bottom face of the beam was prepared for the strengthening by sand blasting.
The strengthening system (external reinforcement) consisted of one or two CFRP
strips (SikaCarboDur S1012) glued on a two-part cold curing paste epoxy SikaDur-30.
Additionally, in shear zones of the beams (between the load point and the end of the
strip), one layer of CFRP sheet (SikaWrap 230C) was glued on SikaDur-330 in order
to improve the anchorage of the strips. The direction of the sheet fibres was perpen-
dicular to the beam axis. The sheets were wrapped around bottom and side faces of the
beam.

Two non-strengthened beams (P1-0.1 and P1-0.2) were tested in the preliminary
phase of the research. The goal of these control tests was to determine the fatigue life
for beams under a different level of cyclic load and based on this determination to cali-
brate main parameters of a final research programme. The essential tests were carried
out on two series of three reinforced concrete beams each. The elements tested, steel
ratio us, CFRP laminate ratigerp and the beam strengthening ragigr have been
tabulated in Table 1.

The beams were loaded with two equal concentrated forces at the points located
110 cm from the support. Before the fatigue test, each beam was cracked under a static
load, equal to the medium value of the planned cyclic loading. Strengthened beams
were precracked before gluing the CFRP laminates.
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Cyclic loading was programmed with the following assumptions:

* the value of maximum and minimum forces in a load cycle was constant during
the whole beam test,

* the load wave shape: sine,

* the load frequency: 1.5 Hz,

» for each group of the beams the values of forces were selected so as to obtain
similar stresses in the rebars under tension.

A loading plan was determined in such a way as to obtain the results that allow an
analysis of the effect of strengthening with CFRP laminates on fatigue life of the ele-
ments tested. By adopting the normal load ranges experienced by bridge structures
(according to load codes) for the test beams, the stress ranges in steel reinforcement
would be well below their endurance limit. To ensure that fracture of the rebar occurs,
it was necessary for the stress range to be sufficiently high, so as to ensure failure of
the members after a practical number of load cycles.

The final value of maximum and minimum forces of cyclic load was determined in
the first cycles of fatigue load on the basis of measured strain of steel reinforcement in
a crack cross-section.

Data acquisition (the values of strains, deflections, external force and the number
of load cycles) was carried out with an electronic measuring apparatus, composed of
three bridge measurement devices SPIDER 8 connected with PC (with CATMAN 3.0
software). This apparatus allows the simultaneous recording of data from 20 channels,
with measurement rate equal to 300 Hz. All the measurements were taken within 6
second periods of time. During the first 40,000 cycles in the last part of the test, meas-
urements were taken every 15 minutes (1350 cycles). In the middle part of test, meas-
urements were taken every 2 hours (10,800 cycles). In the last part of the test, when an
increase in measured values was observed, measurements were taken as often as
possible. The tests were carried out continuously up to the point of beam failure.

The strains were measured by foil electric resistance strain gauges placed in two
cross-sections: middle crack cross-section and cross-section between the initiated
cracks. 60 mm length extensometers were used for concrete strain measurements and
5 mm length ones were used for steel and CFRP strips. The strain gauges were placed
at the middle crack cross-section and the cross-section between the initiated cracks.

The deflections were recorded with three linear voltage displacement transducers
located at the midspan of the beam and under the load forces.

4. The analysis of experiments and the results of theoretical calculations

Maximum and minimum stresses as well as the range of stress in the tensile
reinforcement steel (bottom rebars) for the beams tested within the fatigue load are
presented in Table 2. The effort of the tension reinforcing bars (stress related to the
measured yielding point of steel) is also given in Table 2.
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Table 2. Stress and effort of reinforcing bars in tension in the beams tested

P1-0 P1-1 P1-2 P2-0 P2-1 P2-2
[MPa] 64 65 56 40 51 52
7simin [% of f,] 15 15 13 10 12 12
[MPa] 327 330 326 294 306 313
7smax [% of ] 75 76 75 70 73 74
ro [MPa] 263 265 270 254 255 261
[% of f,] 60 61 62 60 61 62

In any of the elements tested, the fatigue fracture of composite material or adhesive
layer has been observed. The failure of all the beams tested was always initiated by the
brittle fatigue fracture of reinforcing stedlhe fracture initiation site on the individual
rebar is usually located in the region of the intersection of longitudinal and transverse
ribs. This is the result of local stress concentration at the place of stitalege of bar
geometry(notch effect). A view of the crack in the side rebar, which was aut on
the beam P2-1 after the test, is shown in Figure 3.

P2-1 /1

Fig. 3. Fatigue crack in side rebar of beam P2-1

The numbers of cycles to fatigue fracture of individual reinforcing bars in each
tested beam of the series P1 and P2 are presented in Tables 3 and 4, respectively. The
rebars are numbered in the sequence from one edge side to other. Additionally, in
Tables 3 and 4 the number of cycles to beam failure with the description of failure
mode are given.

Table 3. Fatigue life of the beams of series P1

Rebar number P1-0 P1-1 P1-2
1 286.885 374.288 659.595
- 390.775 662.338
- 390.150 661.905
390.780 663.400
(debonding of CFRP) (concrete crushing)
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Table 4. Fatigue life of the beams of series P2

Rebar number P2-0 P2-1 pP2-2
1 446.100 443.000 459.100
2 - 457.808 -
3 B B 478.980
480.730
4 - 450.550 482.114
457.808 482.114
(concrete crushing, (concrete crushing,
debonding of CFRP) debonding of CFRP)
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Fig. 4. Range of the influence of strips on individual rebars

The experiments showed that in the beams strengthened with one central strip, side
rebars (situated outside of the outline of the strip) fractured earlier than the central
ones. In both beams strengthened with two strips, one of the central rebars was not de-
stroyed (the rebar No. 3 in the beam P2-1 and No. 2 in the beam P2-2). Such a behav-
iour is due to a limited influence of the laminates on improving work conditions of dif-

ferent rebars.

In the author’s theoretical model, the limitation of the effect of the laminate is in-
cluded in the coefficient of the strip position effec}.(The coefficient is the func-
tion of the coefficientl, taking into consideration the strip position related to an
individual rebar (see Equation (10)). The range of the influence of the CFRP laminate
and the values of the coefficiehbn the side rebai{) and central rebar) in all the
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elements tested are given in Figure 4. As shown in Figure 4, side rebars of the beam
P2-1 are located outside the influence of strigs=(0). Only in the beam P2-2 were

all the bars under almost identical influence of strengthening lamirdatasd/., val-

ues are close to each other).

The percentage of an increase in fatigue life obtained in research related to beam
strengthening ratiperp is presented in Table 5. The numbers in brackets are related to
the real range of stresses in the reinforcing bars in each beam — this correction was
done using the Corley formula [11]. This formula was chosen due to positive conver-
gence of calculations with experimental results.

Table 5. Increase in the fatigue life of strengthened beams

Series Beam strengthening ratiggp
0.08 0.16 0.32
. P1-1 P1-2
Series P1 - 30% (33%) 130% (136%)
. P2-1 P2-2
Series P2 1% (5%) 3% (17%) B

The graphic comparison of the beam lives tested and calculated is presented in Fig-
ure 5, whereas the safety margins obtained (in percentages) are shown in Table 6. The
positive notation means that the tested life of the beam was longer than the calculated
one.

] | | | |
tested|[ P77, 487 114 i
calculated |'| ‘ PZ-Z, 550 0‘00 | I
testedi I ‘ P2, L43 000 ‘ |
calculated |'I ‘ P21 L42 346 ‘ ‘ '
tested I'I ‘ ‘ PI-2;659 600 ‘ '
calculated I'I ‘ ‘ P1-Z; 656 831 ‘ ‘ ‘ 1
testedl'l ‘ PI-1, 374 288 ‘ I
calcutated | I P11, 203 647 7

Fig. 5. Comparison of the beams life tested and calculated
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Table 6. Comparison of the beams lives tested and calculated
| P1-1 P1-2 P2-1 P2-2
The safety margin obtaine(ﬁ 21.5% 0.4% 0.1% -14.1%

5. Conclusions

The author’s own theoretical model for determining the fatigue life of the cross-
section of the bent reinforced concrete beam strengthened with external, non-stressed
carbon fibre strips is presented. The estimation of durability of concrete is based on
the Aas—Jacobsen formula modified by Tepfers and Kutti. The essential part of this
model is the evaluation of the fatigue life of the rebar, for which the influence of the
strengthening is the slightest. This is done on the basis of fracture mechanics, using
Paris Crack Propagation Law, including the influence of the work of the carbon fibre
laminate on the stress field in the crack tip region. The author’s proposal is to intro-
duce the coefficient of the strip position effect on each individual bar and a way of tak-
ing into account the work (energy) absorbed by the strengthening. The energy causes
a reduction of the velocity of the crack propagation in the rebar, and consequently, an
increase in its durability.

The theoretical model was verified in the experiments carried out on two series of
reinforced concrete beams with different steel ratio. In each series, three beams were
tested: non-strengthened, strengthened with one strip and strengthened with two strips.
For each group of the beams the value of fatigue load was matched to get similar
stresses in the tension bars.

On the basis of the analysis of the results of the experiments and calculations using
the theoretical model proposed the following conclusions have been drawn:

 the strengthening of reinforced concrete beams by gluing non-stressed CFRP
strips increases their fatigue life;

* an increase in fatigue life of the normal cross-section of the strengthened rein-
forced concrete beam results from an increase in the durability of the reinforcing bars;

* the beam strengthening ratio depends on the area of the external CFRP strips
used and localization of those strips according to individual rebars;

* the results of computational analysis of fatigue life according to the theoretical
model proposed show positive agreement with the test results.

References

[1] Derkowski W., Zych T.:Modern Composite Materials for Strengthening of Building
Structuregin Polish), Czasopismo Techniczne Z. 14-B, Krakéw, 2004, pp. 15-25.

[2] Barnes R.A., Mays G.CFatigue Performance of Concrete Beams Strengthened with
CFRP PlatesJournal of Composites for Construction, 1999, No. 5, pp733

[3] Heffernan P.J.Fatigue Behavior of Reinforced Concrete Beams Strengthened with CFRP
Laminates Royal Military College of Canada, Kingston, Ontario, 1997.



46 W. DERKOWSKI

[4] Derkowski W.:Fatigue Life of Bent RC Cross-Sections Strengthened with Caron Fiber
Strips,Doctoral Thesis (in Polish), Cracow University of Technology, Cracow, 2005.

[5] Externally Bonded FRP Reinforcement for RC Structiis Bulletin, No. 14, July 2001.

[6] Tepfers R., Kutti T.Fatigue Strength of Plain, Ordinary, and Lightweight Concrétaur-
nal ACI, May 1979, 76(5).

[7] Paris P., Erdogen F. ACritical analysis of crack propagation lawSournal of Basic
Engineering, Transactions of ASME, December 1963, D 85(4).

[8] Salah El Din A.S., Lovegrove J.MEormation and Growth of Fatigue Cracks in Re-
inforcing Steel for Concrefd-atigue of Engineering Materials and Structures, 1990, 3(4),
pp. 315-323.

[9] Salah El Din A.S., Lovegrove J.MEatigue of Cold Worked Ribbed Reinforcing Bar,
a Fracture Mechanics Approacinternational Journal of Fatigue, January 1982, 4(1), pp.
15-26.

[10] Kocaada S.:Fatigue Fracture of Metal§in Polish), Wydawnictwa Naukowo-Techniczne,
Warszawa, 1985.

[11] Corley W.G. et al.Fatigue of Steel and Concrete StructBackground of American De-
sign Procedure for Fatigue of ConcrettABSE Coll., July 1991, Vol. 3, Lausanne.

Wplyw wzmocnienia zginanych belekelbetowych
materiatami kompozytowymi na ich trwato$é¢ zmeczeniowy

Stosowanie coraz dokladniejszych metod obliczeniowychzeztik wartéci wytrzymato-
$ci obliczeniowych do wart@i napezen rzeczywscie wystpujacych w najbardziej wytzo-
nych przekrojach oraz zekiszapcy sk udziat zmiennych obgien (zwiazanych z eksploatagj
obiektu) w obcizeniach catkowitych sprawiajze n@nos¢ zmegczeniowa oraz zwzana z ri
trwatos¢ nie mog by¢ pomijane w analizie pracy wielu konstrukcji — zagadnienie to szczeg6l-
nie dotyczy obiektéw mostowych.

Niniejsza praca dotyczy zagadnieniagzzenia belekelbetowych wzmocnionych za po-
moca materialdbw kompozytowych. Zaproponowano w niej teoretyczny model$lakie
trwatosci zmgczeniowej zginanego przekrojielbetowej belki wzmocnionej zewmznymi,
nienapezonymi tamami z widkien wglowych. Autorskim rozwjzaniem jest zarébwno wpro-
wadzenie wspotczynnika wptywu pdienia tamy na poszczegdlne ¢ty zbrojenia zwyktego,
jak i sposéb uwzghbniania energii przejmowanej przez wzmocnienie. Energia ta wpltywa na
zmniejszenie mdkosci rozwoju gkniecia w pecie obcizonym cyklicznie, a wac na zwék-
szenie jego trwakei.

Zaproponowany model teoretyczny zostat zweryfikowanywikdczalnie na dwoch se-
riach belekzelbetowych o rénych stopniach zbrojenia oraz wzmocnienia. @tmie cy-
kliczne belek zaprogramowano, zaklagajze wytzenie rozciganego zbrojenia zwyklego
w danej grupie belek jest state.

Na podstawie analizy przedstawionego modelu teoretycznego oraz wynikéw przeprowa-
dzonych badadoswiadczalnych mena stwierd#, ze:

* wzmacnianie zginanych konstrukeglbetowych przez doklejenie do kredvi rozchga-
nej ta&am z widkien veglowych zweksza ich trwaté¢ zmeczeniows;

» zwiekszenie trwatéci zmeczeniowej przekroju normalnegelbetowej belki wzmocnio-
nej jest wynikiem zwikszenia trwatéci pretow zbrojeniowych;
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« stopiey wzmocnienia belkizelbetowej zalgy od przekroju tém zastosowanych do jej
wzmocnienia oraz od lokalizacji tychsta wzgkdem petdéw zbrojeniowych belki;

 uzyskano dig zgodnd¢ wynikdw obliczér wedtug zaproponowanego modelu z wyni-
kami bada doswiadczalnych.
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Analysis of support zones in
composite concrete beams using MCFT

ANNA HALICKA
Lublin University of Technology, ul. Nadbystrzycka 40, 20-618 Lublin

The paper presents the method of analyzing static work of support zones in concrete composite
structures. This method is based on MCFT (Modified Compression Field Theory). While designing com-
posite beams, the author allows only such cases, where the appearance of the interface crack is precluded
by the diagonal crack. The case of support zones with diagonal cracks and locally cracked interface has
been examined in detail. The distribution of strains, important from the viewpoint of bearing capacity of
the sheared zones, at the height of the model beam, which was the subject of author’s research, has been
developed. The method of evaluating the bearing capacity of composite elements with locally cracked in-
terface based on MCFT is proposed.

Keywords:concrete composite structures, shear, support zones
1. Introduction

The interface between the component parts constitutes a specific feature of con-
crete composite structures. The interface fundamentally influences a static work of the
whole structure, and especially the bearing capacity of the support zone of the com-
posite beam

In the paper [1], the author relying on the results her own tests [1, 2] and these re-
ported in literature classified the damage mechanisms of composite concrete beams
and stated that the design of such structures should be allowed only in the case where
the appearance of the interface crack is precluded by the diagonal crack. Otherwise,
when the damage to a beam begins with interface cracking, the gradually enlarging
delamination leads to the separation of component parts, which begin to work "inde-
pendently” of each other. This means that composite element will never acquire the
potential flexure of shear bearing capacity.

If, instead, the diagonal crack appears first, the three cases are possible after
reaching the interface by this crack:

* the diagonal crack crosses the interface, and the beam behaves as a monolithic
one, therefore this it is the optimal case, where full bearing capacity of flexure and
shear can be efficiently used,

* the crack propagates locally within the interface (the interface is the place of the
weakest strength parameters and determines the direction of diagonal crack), and then
propagates into the upper layer of a composite beam,
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» the crack propagates locally within the interface, and when the load is close to the
ultimate value, it expands to the upper layer of a composite beam and at the same time
it propagates within the interface towards the front of the beam; such a situation oc-
curs only when the maximum stress in the interface exceeds the value of stress crack-
ing the interface.

This paper discusses only the case of local cracking of the interface, and especially
bearing capacity of composite beams with such a crack. For this purpose, the MCFT
(Modified Compression Field Theory) [3, 5] was adapted, originally created for the
analysis of cross sections subject to shear in concrete monolithic beams.

2. Assumptions of MCFT
2.1. Basic relations

Contemporary theories which describe the mechanisms of shear in reinforced con-
crete structures [3, 4, 5] assume that each section of sheared zone is subject to normal
stressegy (in the direction of longitudinal reinforcement) aagl(in the direction of
transverse reinforcement) as well as to tangential stxesSEhe stresses exist in con-
crete and the reinforcement, the principal stiggssand o, occur in concrete, while
the reinforcement is subjected only to axial tensmpdnd o). The anglex between
the xaxis and the axis of principal stress 2 is regarded as fixed, i.e., independent of the
load level and corresponding to the arrangement of principal axes in an uncracked
element (fixed angle softening truss modlebr as changing during a load increase
and creation of new cracks, which is confirmed by the results of experimanib(e
angle mode).

In MCFT method, the model of variable angle was adopted [3, 5]. Furthermore, it
was assumed that after cracking the direction of concrete trusses separated by diagonal
cracks, described by the andleof inclination of diagonal cracks to longitudinal axis,
is the same as the angle determining the axes of the principal @tr€ke angular
difference between the position of principal axes in uncracked and cracked elements
depends on the proportion of stresses in longitudinal and transverse reinforcements.
When these stresses are equal, the principal axes in these two cases overlap. Relations
describing the stress—strain state are the following:

» Equations of equilibrium

o,=0,,kosa+0,BEin"a+p0o,,
o,=0,Bin"a+0, oS a+ppo,, (1)

Iy = €0, +0, Jisimrcosa.

» Equations of strains equality
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£, =&, 0SS a+¢e,BiNa,
— iA2
£,=&, B a+e, ko a, 2)

yxy:
2

€&, &, )Sina cosa,

wherep, andp, are the reinforcement ratiosxrandy directions.

Authors of MCFT [3, 5] propose to calculate all parameters of stress-strain state of
the cross section, i.e. stresses in CONWBIETy, Tu, Tz, Ty, Stresses in reinforcement
Osx Osy, Strainsg, &, Ky as well as the anglé (determining the direction of diagonal
cracks and direction of principal stresses) after previous division of the cross-section
into horizontal layersni concrete layers and reinforcing bars arranged layers).
These layers are analysed one after another iteratively after initial assumption of the
distributions along the height of the cross-section of shear steassd longitudinal
strain g, and assigning the valuegg,; and&,; to each layer. While solving this issue,
one arrives at the following relations: three equations of Mohr’s Circle for stresses (1),
three equations of Mohr's Circle for strains (2) and four equations relating strains to
stresses (section 2.2). In order to verify ultimately that the assumptions and the pa-
rameters calculated are valid, the equations of equilibrium are checked for the whole
cross-section:

z c><||:bh+z SX, =N,

i=1

3

ZU Ebhmym y)+z sanp%quysj_g/):Nh (3)
37, T =V,
where:

Y.i — the distance aflayer from the upper edge of the cross-section,

ysj — the distance from reinforcing barsjitayer to the upper edge of the cross-
section,

y — the distance from the center of gravity of the cross-section to the upper edge of
the cross-section.

Two cross-sections are considered in the cracked element: the plane along the
crack and the plane of the area between cracks (Figure 1). It is assumed that the values
of tensile stress change along the distance between the cracks from 0 on the edge of
the crack to the maximum value in the middle of this distance, and therefore average
value of this stress is considered. Whereas along the edge of the crack the tangential
stress is generated, which is the result of aggregate interlocking
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Fig 1. The diagram of forces and stresses in the element with diagonal cracks adopted in MCFT
(Modified Compression Field Theory) according to [3]

2.2. Constitutive relations for the steel and concrete

The essential assumption of the shear theory in the reinforced concrete beams is
that areas lying between the diagonal cracks work in the combined stress state: com-
pression (in direction ‘2’) and tension (in direction ‘1’). In order to solve the issue, it is
necessary, apart from recording relations (1), (2), to assume the stress—strain
characteristics of compressed concrete (relatiig &), tensioned concrete (relating
o, to &), sheared concrete (relatimg, to y»;) and steel. Since compressed trusses of
concrete are also tensioned perpendicularly, the relatiea$or compressed concrete
include the so-called ‘tension stiffening effect’. MCFT method assumes the following
relations:

* in steel
0 o= 4 [Eq, (4)
Tsy=€ylEs; (5)

* in tensioned concrete

o, =& [E,, (before cracking), (6)

Iau , (after cracking); 7

o, =—=
% 14+ ./200,
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* in ‘softened’ compressed concrete:

2
€c2 €c2
002=Uc2max 2( c’ J_( ' ’ (8)
gc gc

where:
Ow.max — Maximum value of compressive stress in concrete working in the com-
bined stress state calculated on the basis of the relation:

g,

c2max _ 1

fl 08+170¢’

in which
fc —a compressive strength of concrete in uniaxial stress state,
& —the strain at peak stre$§

~2f;

B ’
C

E. — the modulus of elasticity of concretg, [

Oy — tensile stress upon concrete cracking, whose value according to code [6] is as-
sumed asf, = 033/ f.,
Es — the modulus of elasticity of steel.

2.3. Complementary assumptions

Complementary assumptions of the theory are the relations of tangentialigtress
that can be transmitted across the crack to its widdnd aggregate size(w anda
are in mm, and; is in MPa):

0180y f.

Ve = %amw 9)

0.3+247WV

B +16
and the assumption of the equivalence of stresses in the I-I and II-Il planes (Figure 1),
leading to the inequality which limits the value of the steggs
Ay _

Oa < Vei [fand +ﬁ (sz cr asy)v (10)

where:
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Asy— the cross-section area of one stirrup inytdé@ection,

b — the width of layer,

s — the spacing of stirrups,

Osy.or— the stress in the stirrups in the crack,

Oy, — the stress in stirrups outside the crack.

If the yield point is achieved in the stirrups, the process of flow begins and the
stressgy is limited to:

o, <V, dang. (11)

cl —
2.4. Criteria of damage

The damage of cross-section may be caused by bending moment, when the stress
oyi achieves the compressive strength, or by shear. In the second case, the criterion of
damage is yielding of stirrups. When the conditmp; <V, [fané is not fulfilled in

the layer of concrete, the unbalanced stgsss taken over by stirrups, which conse-
guently yield. This means that a layer is not able to carry the increasing load and the
redistribution of stress occurs. Consequently, the load of adjoining layer increases
leading to yielding of stirrups in the next layer.

The bearing capacity of cross-section can be calculated as follows:

n . Cf
VRzz Ucuﬂ?[ﬂ\+'°§y y[ﬂlml ’ 12)
'\ tang ] tané
regarding that
0180/ f,'
0., <V, tang =—————=——[tand. (13)
' 240w,
03+ ———
B + 16

Denotations in formulas (12) and (13) are the same as in expressions (3)—(11).

3. The analysis of support cross-sections in composite elements
using MCFT method

3.1. Algorithm of calculation

During the analysis of the support cross-sections of concrete composite structures
the MCFT method which employs ‘layering’ of the element was used, as it considers
the differences in material parameters at the level of the cross-section. Different ways
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Assuming the initial value ofy; strain

v

Calculations of the anglé
- when theg; strain exceeds the cracking value:

Bs fet,i 2.2.2
- bsvi+ ‘/4Asﬁs<eli—exowsfliEs+')+b S5
1 JZOOE i
tang = ’ i

2[Agy[Es e — &)

- when there is no crack :

tang; =— hsvi+\/4ASyE5(£li -6, ) [ & By DB + peyj sEj) + h2s%y;2
( 2[Agy [Eg &1 - £y) )

\4

_ & +Egj [tan? g

£j =&y O tan’-é} )€1 [an® g, Eyi >
1+ tan” G,

\Z

Ogyi =€y, [Eg

N

aClzsl[ch, if £<¢, thereEC=2fc'= 26!
o, =——=_ | if g>¢ & 0002
cl 1+ ,7200&1 1 cr c

v

0180/ !

03+ _ 240w
A 716

Vei =

v

- if 0cj <vg and , assumez,; in further calculations

- if o1 > v dand , assumeoyy; =V (and in further calculations

\4
Calculation of stress. using relation (8) . &, & :
(Jc Zi) = 0c 2maxi 2 X | 7545
000 0002
v

Calculation of stress, from Mohr’s Circle for stressesp,»; )''=v; [tané + : 19) -0
’ an

v

NO
Correction ofg value | w

YES
&, &, 2

o.. =12 X,i _ X,i

% [E ooon [ooozn

\Z

Tsi = &x,i[Es |

\4
[ THE END |

Fig. 2. The block diagram of the calculation of stress—strain state iifiatier,
drawn up on the basis of [8]
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of the stress—strain state calculations in the individual layers based on this theory, in-
cluding among others [3, 5, 7, 8], were analysed. The Nakamura and Hagai’s [8] algo-
rithm was chosen as optimal. Block diagram of this algorithm is presented in Figure 2.
Before starting the calculations according to this algorithm, the valugs ahd r,,

should be assigned to the analysed layer.

3.2. The stress—strain state in the support zones of a model composite beam

The calculations exemplifying the stress—strain state were carried out for a model
composite beam which was the subject of author's own experimental research. The
goal of this research was to examine the static work of composite beams with different
joints between the two connected concretes. Three series of tests were carried out for a
lot of three beams: BZ/P series — beams with adhesion in the interface, BZ/P+S series
— beams with joining stirrups and adhesion in the interface, BZ/S series — beams with
stirrups and broken adhesion in the interface (Figure 3). Beams were loaded with two
forces pointwise applied. During the process of loading, the following parameters
were measured: deflection, stress in the stirrups, longitudinal strains of concrete ele-
ments and the displacement of connected elements in relation to each other at the end
of the beam.

a)
555 390 555
<4 ¢ ¢ Y
HEEER I HE HEEE
ﬁ 3xes A 14 X 75 012 ‘A 3x65 -
T %00 ‘ [< 1100 g ‘ 200 j
1500
°) 4¢4 2¢4 4¢4  Bond breaker

- o ——
| 40 \ () 40 | 40

€175 I . I 175 m

100 100

2¢ 2¢12

80 2¢12 80
—

BZ/P+S Bz/P Bz/S

Fig. 3. Model composite beams used in author’s own research:
a) longitudinal section, b) cross-sections of beams of particular series
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All beams were damaged in support zones; however, the crack patterns of each se-
ries were different. Detailed results of the research are published elsewhere (including
[1, 2]), whereas this paper quotes only the data important for static work of support
zones of beams with contact area cracked locally of BZ/P+S series beams (Figure 4).
The diagonal crack appeared in beams from this series, when the average value of
loading forceP amounted to 16.66 kN, the crack reached the interface at the average
value of forcesP? = 17.5 kN, and the damage occurred, when the average value of
forcesP was 25.66 kN

Fig. 4. Crack pattern of beams of the BZ/P+S series with locally cracked interface

The analysis of the beams examined was carried out for the cross-section located
within the shear zone at the distance of 12.5 cm from the support. Calculations were
made for the loading force = 17.5 kN (i.e., the value of cracking force) in accor-
dance with the assumptions stipulated in section 2. Successive stages of calculations
included:

1. Dividing the cross-section into 7 layers of the helght 2 cm and the width, =
8 cm.

2. Assigning the material parameters to each layer according to the results of auxil-
iary tests — uniaxial compressive strength (bottom l&ygr 22.8 MPa, upper layer
fen=41.3 MPa) and tensile strength (bottom lajgs = 1.92 MPa, upper layer
fon = 2.88 MPa).

3. Establishing shear stress distribution along the height of the cross section, using
‘two cross-section method’ recommended by Vecchio and Collins [5] (this distribution
is presented in Figure 5, where, for the purpose of comparison, the distribution in
monolithic beam is presented).
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4. Assuming the line distribution of longitudinal strapat the height of the beam
and assigning the value of the strgjnto each layer.

5. Assessing the stress—strain state of each layer according to the algorithm pre-
sented in Figure 3.

6. Examining the equilibrium conditions (3) — if they are not fulfilled, correction of
the assumed distribution of longitudinal strag and repetition of the calculations of
stress—strain state.
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Fig. 5. Shear stress distribution at the height of the model beam under the loading force of 17.5 kN,
at the distance of 12.5 cm from the support, obtained using ‘two cross-sections method’

As a result of calculations, the distributions of the straing,, & and g, at the
height of the beam in the analysed cross-section were obtained. For the purpose of
comparison, the same calculations were carried out for the beam of the same size, but
with the reverse order of layers: the thickness of bottom layer amounted to 4 cm and
the thickness of the upper layer — 10 cm, and for monolithic beams alternatively made
of concrete with the strengfk = 22.8 MPa and.' = 41.3 MPa. On the basis of these
calculations, one can infer that the distribution of the strgiitsa composite beam is
identical as that in a monolithic beam made of concrete of the same strength as the up-
per layer. Figure 6 presents the distributions of strains which determine the shear
bearing capacity;, ands,.

Analysing the above-mentioned distributions in the beams with interface placed in
the upper half of the cross-section one may conclude that they resemble the distribu-
tions of monolithic beam made of the same concrete as the bottom layer. On the other
hand, in the case of beams with interface placed in the bottom half of the cross-sec-
tion, one may observe the following: the stragpande, in the bottom layer are iden-
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tical to these in a monolithic beam produced of the same concrete as the bottom layer,
in upper fibres of the upper layer they are identical to these in a monolithic beam made
of the same concrete as the upper layer and in the interface zone they assume interme-
diate values. This means that, for instance, in a zone, where the strains analysed are
the largest (the zone where the destruction caused by shear begins) — they are larger
than the strains in the case of monolithic beam made of the stronger of the connected
concretes.
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Fig. 6. Distributions of the straing andg, at the height of model beams of the same size as examined
beams at the distance of 12.5 cm from the support under thePorcE?.5 kN, obtained through
calculations using MCFT
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4. The influence of local delamination of the interface on
the static work of support zones

4.1. The length of the local crack in the interface

In the uncracked interface between the bottom and the upper layers of concrete, we
deal with adhesion, which counteracts the shear and tension of the interface. In the de-
scribed case of the cracked interface, there occurs a disturbance in the uniform trans-
mission of forces between the two connected layers. Outside the crack, the interaction
of the connected parts is undisturbed again, which means that the crack propagates
into the upper layer at an angle being correlated with the existing stress—strain state.

In order to estimate the length of the local crack in the interface, the analytical
model shown in Figure 7 was applied. It presents the situation, where diagonal crack
in the bottom layer has reached the interface level. In the section crossing the crack in
its vertex, there exist longitudinal internal forces, caused by the bending moment:
compression in the concrete (its resultant egDalsin the upper layer and.in the
bottom layer) and tension both in concrete (resultant \&)uagnd in steel (forcg,).

Fig. 7. The model adopted for calculation of the length of the local crack in the interface

The forceD. , acts eccentrically in relation to the interface (eccentricity ecgals
and along the zone of the interface adjoining the vertex of the crack there occurs ten-
sile stress generated by the moment:

Mp = Dy, (8. (14)

The momentMp achieves its full value calculated with formula (b#)y when the
gtiffness of the upper layer is very small compared to the stiffness of the bottom layer.
If the bottom part is deformable, then the value of the moivgns smaller and is the
function of the ratio of stiffness of the upper laiggd, to stiffness of the bottom layer
Ep Jp:
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Mp =a D, &, (15)

where ais the coefficient dependent on the ratio of stiffneg%‘]—”.
P~ P
At the same time the interface is compressed by a continuoug adithe stress
resulting from the forc® applied at the distandg, from the vertex of the diagonal
crack (the angle of stress propagation was assumed to be 45°):

P b éhn_(Lp_Lj,cr)]z.

,=05fb0? |
A b, O, (tand5°) 2

(16)

These stresses caused by the momdpt(M,) are counteracted by adhesion. Crack-
ing in the interface occurs along the interlzal, where tensile stress, exceeds ten-
sile strength of the interfacg,;. The moment counteracting the separation of layers,
on a simplified assumption that the distribution of adhesion stress is uniform, equals:

2
M=o Dl 17)
Lj,cr Ct,j 2 '

The length of local crack of the interface can be calculated by equation of moments:

Mp-Mg=M_ . (18)

which results in the expression:

_;(Lp—m)—\/;?(%—m)z—[( +a,, ) +}[ (1, -n)*-2a0, }

P
(a+ 0y ;) +?i
(19)

If the value obtained fuffills the conditioh; ., < L, —h,, the forceP does not influ-

ence the length of the crack. Therefore the valyeshould be calculated again, but
without considering the force, Rnd expression (19) takes the following form:

2@ D, &

_ 20
o =\ (g tJ)Eb, (20)
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In order to verify the expression obtained, the calculations were carried out using
the model beams tested, described in the section 3.2. In the calculations, we adopted
the load ofg = 0 andP = 25 kN which was applied in the stage preceding the damage
to beams from BZ/P+S series. In the calculations based on MCFT method, in the
cross-section located in the centre of the shear zone, the resulta for&9.11 kN
was obtained. The tensile strength of the interface was assumed to be equal to tensile
strength of weaker of the connected concretgs- 1920 kPa. The length of the local
crack in the interface calculated according to formula (20), assummint, equals to
11.5 cm. In the test, this length ranged from 7.5 to 11.6 cm.

4.2. Bearing capacity of support zones of
composite structure with locally cracked interface

As described above, the strags determines the possibility of carrying the shear
force. In the MCFT method, the value of this stress must be smaller than the limit
value o,,; <V,; Iang . Exceeding this value causes the takeover of the unbalanced

stress by stirrups and, as a result, their yielding. Limit value corresponds to the possi-
ble value of tangential stress, which can be carried by the diagonal crack due to aggre-
gate interlocking. This value is described by expression (9) and depends on the width
of the crack (the wider the crack, the smaller the limit value). Therefore, in order to
estimate the bearing capacity of support zones, one needs to know the width of the
crack.

Bhide and Collins [9], while analysing the sheared cross-section using MCFT, rec-
ommend calculating the width of diagonal crack as the product of the stexidthe
spacing of diagonal crackss.

W= g B, (21)

and the spacing, measured perpendicularly in relation to cracks, is established based
on the spacing in the andy-directionssy,, Snyin line with relation (the same as in the
code [10]):

_ 1
mo = 5irg R cosd "’
Snx Sy

(22)
When calculating the spacing of the cracks inxhandy-directions, it is reasonable
to use the relationships stipulated in the code [10]:

%
Sgxy) = 50+ 0250k, [k, B-Y (23)
Pr(xy)
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where:

k; — the coefficient dependent on the kind of reinforcement (smooth or ribbed),

k., — the coefficient dependent on the longitudinal strain distribution in the tensile
zone (bending, tension),

@y — the diameter of reinforcing bars in theandy-directions,

Prixy — the reinforcement ratio in the andy-directions in the relation to effective
tensile area.

The calculations of test beams under the loaR =25 kN (the stage of load pre-
ceding the damage to beams of BZ/P+S series) were carried out according to the
above-mentioned rules. The values of strains obtained by means of MCFT method
were used, and they includg;x = 71 mm,s,, = 85 mm, spacing between diagonal
cracks in individual layers equal ®&,,= 55-77 mm, widths of cracke = 0.06—

0.10 mm. Whereas, in the tests at this stage of load, the width of diagonal cracks
achieved considerably higher values (0.40—-0.80 mm). At the same time, the cracks in
the interface also achieved high values (0.4—0.55 mm). Therefore it may be concluded
that the width of interface crack influences the width of a diagonal crack (Figure 8).
This influence can be described by the relation:

W= WS (24)
cos<d

In the calculations carried-out, the maximum width value of diagonal crack, i.e.,
0.10 mm, was obtained in the third layer from the bottom of the beam, at the angle of

6 = 35° thusw= 0.10+M): 059- 0.77mm. It is very close to the widths

co<35°
measured.

Fig. 8. The influence of the width of interface crack on the width of diagonal crack

Based on a calculation model presented in Figure 7, the width of interface crack
can be treated as a result of the deflection of model cantilever, which amounts to:



64 A. HALICKA

2
WS=(MD |\/Id)l:l-cr_ (25)
2[EJ

The width of the interface craeig calculated for parameters as in section 4.1 and
a = 1is equalto 0.48 mm and corresponds to the values obtained in tests, i.e.,

ws= 0.4—0.55 mm.

Finally, it can be inferred that local interface crack influences the bearing capacity
of support cross-sections of composite element by increasing the width of diagonal

crack and diminishing the limit stress, , which leads to the yielding of stirrups.

Therefore, the MCFT method may by used in the case of beams with locally cracked
interface; however, the calculations of the limit value of the sisgss v,-cotd
should be carried out with consideration of the correction of diagonal crackwvidth
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Fig. 9. Stress determining the carrying capacity of support cross-sections

Figure 9 presents the distribution of the stressbtained while using the MCFT
method under the loa@ = 25 kN, the distributions of the limit valueg [¢otd calcu-
lated for uncracked interfacev(= 0.06—0.10 mm) and locally cracked interface

(w'=0.61-0.71 mm). In the case of uncracked interface, the sréssmaller than
the limit value. If the interface cracks locally, an increased width of diagonal crack
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causes the diminishing of limit value of stragsand consequently the streggis
higher than the limit value. As mentioned above, this causes a gradual involvement of
stirrups, which at the increasing width of the crack leads to their yielding.

Next, the same cross-section was considered, but under thie 402d.5 kN, equal
to the bearing capacity damaging the beams tested. It has been calculated that in this
case, the width of diagonal crack equals 0.75 mm, which causes yielding of stirrups
and leads to damage to the beam. This bearing capacity predicted in calculations is
confirmed by the tests — the beams from BZ/P+S series with locally cracked interface
were damaged under the ldad 25 kN or 27.5 kN.

5. Conclusions

On the basis of the calculations done and referring to the results of the tests carried
out on model beams, the following conclusions can be drawn:

1. Producing concrete beam as a composite one influences the bearing capacity of
its sheared cross-sections in comparison to monolithic beam. This manifests itself in
the changes in the distributions of shear stress and the sirams, along the height
of the beam. The changes are especially disadvantageous in the case of beams with an
interface placed in the bottom half of the cross-section: in a zone where the destruction
caused by shear begins — the strairend &, are larger than the strains in the case of
monolithic beam made of the stronger of the connected concretes.

2. The MCFT method is an effective tool for the analysis of composite cross-sec-
tions. However, the calculations should be carried out for the distribution of the stress
and strains considering the differences of material parameters of connected elements.

3. Local cracking of interface affects the width of diagonal cracks. The length of
such cracking can be calculated using formulae (19), (20).

4. The diagonal crack width should be calculated regarding its extension, in accor-
dance with formulae (24), (25).
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Obliczanie stref przypodporowychzelbetowych elementow
zespolonych z zastosowaniem metody MCFT

Zaprezentowano metodanalizy pracy statycznej stref przypodporowychzelbetowych
elementach zespolonych opana MCFT Modified Compression Field TheQnDopuszczaic
w projektowaniu belek zespolonych jedynie takie sytuacje, w ktérych przy wastapb-
cigzeniu najpierw pojawi girysa ukéna, a dopiero pdniej — rysa w styku, rozwano szcze-
gotowo stan strefy przypodporowej z lokalnie zarysowanym stykiem. gtmouao rozktady
odksztatcé, istotnych dla nénosci stref przypodporowych, na wysala belki modelowej b-
dacej przedmiotem badawtasnych. Zaproponowano sposéb obliczanignoéei na scinanie
metody MCFT elementow z lokalnie zarysowanym stykiem.
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Comparative method of thermovision temperature
measurement in single-pass internal cylindrical grinding

K. NADOLNY, J. PLICHTA
Koszalin University of Technology, ul. Ractawicka 15-17, 75-620 Koszalin

This paper presents the results of thermovision temperature measurement in the contact zone of
grinding wheel and workpiece during single-pass internal cylindrical grinding process. Such a kinematic
form of grinding process is characterized by very difficult machining conditions. In order to control
grinding temperature in this process, the authors developed a special measurement method which enables
the usage of thermovision camera. The essence of a new method and the results of investigations were
presented. In tests, the influence of abrasive grain kinds (alundum 99A, sintered corundum SG) and their
size (46, 60) on grinding temperature was determined.

Keywords:termovision measurement, single-pass internal grinding, grinding wheels

1. Introduction

Temperature is one of the most important factors which affect the conditions of
material removing in grinding process. It is particularly meaningful in single-pass in-
ternal cylindrical grinding, where we deal with large machining allowance and long
contact zone of grinding wheel with workpiece. Thermal conditions determine the in-
tensity of such elementary wear effects as: abrasive wear, strength wear and thermo-
fatigue. In order to record temperature in this kind of grinding process, new method
was developed and thermovision camera was used as measuring instrument.

2. Single-pass internal cylindrical grinding

In single-pass axial internal cylindrical grinding, all machining allowance is re-
moved in only one pass of grinding wheel and simultaneously a proper quality of
workpiece surface layer is guaranteed (Figure 1) [1-6].

The grinding wheel used in this process had conic chamfer which allows functional
division of active surface of abrasive tool into rough and finish grinding zones. The
width T; and a conic chamfer angleare matched to distribute uniformly a total ma-
chining allowance in large range of grinding wheel active surface. Simultaneously
adequately wide cylindrical zone should be maintained to assure a desired quality
of workpiece surface layer.
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Fig. 1. Comparison of grinding wheel load in single-pass internal cylindrical grinding using grinding
wheel with conic chamfer (a) and conventional multi-pass grinding (b) [4—6]

3. Experimental investigation

The purpose of our investigation was to define the influence of abrasive grains’
kind and size on temperature in machining zone of single-pass internal cylindrical
grinding [6].

3.1. Investigation conditions

The measurements in machining zone during single-pass internal cylindrical grind-
ing were carried out with thermovision camera, type Raytek ThermoView Ti30 (Fig-
ure 2).

Device used for measurements belongs to long-wave spectral-range cameras (7—
14 um). Measuring range of this camera varies from 0 to°258nd the size of de-
tectors matrix is 160x120 pixels. Thermovision camera was placed on tripod, perpen-
dicular to measured surface, at a minimum possible distance (24 inches), in accor-
dance with instruction [8, 7].

The emissivitye of grinded sleeve made of steel 40H was found in an emissivity
table being given in instructions supplied with a device. It ranged from 0.4 to 0.6 [7].
During the analysis of recorded thermograms for the measurements of workpiece tem-
perature, an average value of 0.5 was taken from the specified range. The emis-
sivity of grinding wheels was chosen from the same table, being the value for ceram-
ics ¢= 0.95.

The accuracy of temperature measurement made with thermovision camera was de-
fined as the sum of errors arising from measurement conditions (distance from source
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and source size) and the precision of device. A total measuring error calculated in this
way did not exceed +3%.

Information
screen and

keypad controls
Laser

aperture

Optical
channel

’ Focus
Trigger wheel

Fig. 2. Thermovision camera of Raytek ThermoView Ti30 type: a) overall view;
b) functional elements [7]

In order to measure temperature directly in grinding zone, that is in the place where
grinding wheel comes into contact with workpiece, special measurement sleeve was
designed (Figure 3).

Fig. 3. Sleeve for thermovision temperature measurement in single-pass internal cylindrical grinding:
a) dimensions of sleeve, b) kinematics of grinding

A special slot was made on the one third of sleeve circumference. Slot flanks were
inclined at an angle of 6ad enable registering temperature in a direct proximity to
grinding zone. Workpiece was made of 40H steel of hardness 53+2 HRC. Addition-
ally, a rotational speed of workpiece was maximally reduogd18 rpm) to allow
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single measurement exactly at the moment when sleeve slot was opposite to infrared
detector and working zone was uncovered.

Investigations were carried out without cooling liquigkés= 0). That is why the
thickness of machining allowance removed in single-pass of grinding wheel was de-
creased t@. = 0.025 mm. The angley(= 0.149 and the widthlf = 10 mm) of conic
chamfer were matched to the value of working engagement.

Three grinding wheels with characteristics shown below were investigated:

» 1-35x20% 10-SG/F60 K 7 V DG - short designation: SG F60;

» 1-35x20%x10-SG/F46 K 7 V DG — short designation: SG F46 (Figure 4);

e 1-35x20%x10-99A/F46 K 7 V DG — short designation: 99A F46.

Fig. 4. Construction scheme (a) and overall view (b) of grinding wheel shortly named SG F46

Before grinding, during machining and just after it the thermograms were recorded
with the frequency of one measurement during about 3 seconds. For each of grinding
wheels the measurement was repeated three times.

3.2. Measurement results

The example of thermograms recorded during observation of single-pass internal
cylindrical grinding with SG F46 grinding wheel is presented in Figure 5.

The results of all thermovision measurements were given in the Table and pre-
sented in Figure 6.

The most favourable (the lowest) temperatures in grinding zone were recorded for
grinding wheel built of SG grains size 46 (average vae 169°C). The tempera-
ture measured for analogous grinding wheel with grains size 60 was by about 15%
higher @,= 194 °C). This means that an increase in the grain size has been caused the
reduction of thermal load in the process examined. This can be explained by larger
intersections of layers machined by single grain. Bigger chips formed under these
conditions allow us to throw the heat out, and as a result the workpiece had lower tem-
perature. When on an active surface of grinding wheel the number of bigger grains is
small, friction is reduced. Bigger intergranular spaces ensure effective removal of



Comparative method of thermovision temperature measurement 71

chips from machining zone and deliver cooling medium into it (in our investigations
grinding wheel was cooled by air).

1 — before machining 5 — after 24 seconds
.17 . 752"
i:}t!c B0.2°C
17.3°C 15.3°C
2 — after 6 seconds 6 — after 30 seconds
B2.6°C To.e°C
i33c iz!lc
16.6°C 15.0°C
3 — after 12 seconds 7 — after 36 seconds
125.2°C 55.2°C
4 — after 18 seconds 8 — just after grinding
Ta1.0°C isilc
Vs= 60 [m/s] V= 0.04 [m/s] a.= 0.025 [mm] q=1517
ns = 40600 [rpm] n, = 18 [rpm] Vi, = 1.0 [mm/s] Qccs= 0 [I/min]

Fig. 5. The example of thermograms recorded during single-pass internal cylindrical grinding
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Table. The results of temperature measurements in machining zone during
single-pass internal cylindrical grinding process

Grinding Measuremeni  The highest temperature Average value
wheel series recordedd, [°C] G, [°C]
1 177.4
SG F60 2 189.¢ 194
3 216.1
1 144.
SG F46 2 170.8 169
3 192.4
1 196.4
99A F46 2 175.9 200
3 228.5
210
e v, =60 [m/s]
n, =40800 [rp.m]
150 v, = 0,04 [m/is]
— n, =18[rpm]
g 120 a, =0,025[mm)
o v, =1,0[mm/s]
® 90 g =1517
Q. =0][l/min]
60 ¥ ZCE 1419
30 b =10][mm]

SG FE0

g99a F46

Fig. 6. Average maximum temperatu@sand standard deviatidrecorded in the grinding process with
three different grinding wheels

The comparison of the results of testing the grinding wheels SG 46 and 99A F46,
i.e., grinding tools built of identical grain sizes but different kind of grains, indicate
that better thermal conditions of machining were ensured by sub-microcrystalline
grains of sintered corundum. The temperature in grinding zone with grinding tool
99A F46 was by about 18% highe©,c200 ) than that in grinding zone with
grinding wheel SG F46. First of all it was due to the difference in thermal conductivity
A which is 114 W/mK for alundum 99A [9] andBO W/mK [10, 11] for sintered
corundum SG. Also better cutting ability of SG grains, which was due to

microcrystalline structure of this abrasive material, affected the values being
registered.
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The thermograms of grinding wheel before and after machining (Figure 7) show
that temperature increases from initial 2684t 53.8°C. Low temperature measured
after grinding was caused by air cooling effect of grinding wheel whose speed was
over 40 000 rpm. Although maximum temperature values measured in the grinding
process were above 200,°after several seconds needed to stop grinding wheel, the
grinding tool temperature was four times lower.

a) 26,6°C b) 63.8°C

32,6°C

45,2°C

28,7°C 26,7°C

4870 28.2°C

a0.9°C 10.6°C

Fig. 7. Thermograms of grinding wheel SG F46: a) before grinding; b) after grinding
4. Conclusions

The temperature measurement in the grinding zone during single-pass internal cy-
lindrical grinding was only a triabf measurements by means of thermovision meth-
ods. The method of observing machining conditions with slot in workpiece allowed us
to collect information about temperature during grinding process. Taking account of
the measurement method and the fact that the image registered during machining
shows not only workpiece and grinding wheel but also chips, we can infer that the
executed measurements did not give information about real temperature in grinding
zone. The measurements allow only a comparative analysis of thermal conditions
during grinding with different abrasive tools. However, if a camera with the detector
of higher resolution is applied, the precision of measurements will improve.
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Poréwnawcza metoda termowizyjnego pomiaru temperatury
w procesie jednoprzejciowego szlifowania walcowych powierzchni wewgtrznych

Przedstawiono wyniki pomiar6éw termowizyjnych temperatury w strefie kontaigunicy
z przedmiotem obrabianym w procesie jednogriejvego szlifowania walcowych powierzch-
ni wewretrznych. Warunki takiej odmiany kinematycznej szlifowania skionity autoréw do
opracowania specjalnej metody pomiaru, alingajacej wycie kamery termowizyjnej. Przed-
stawiono istaf nowej metody oraz wyniki przeprowadzonych hada ktérych okrélono
wptyw rodzaju (elektrokorund szlachetny 99A, korund spiekany SG) i wielKd6, 60) zia-
rensciernych na temperatuszlifowania.
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Aspects of bond layer rolein concreterepairs
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Pozna University of Technology, ul. Piotrowo 5, 60-965 Pazna

The paper presents the role of a bond layer in the repair process of concrete and reinforced concrete
elements as well as the place of its laying. For the purpose of a detailed analysis of the above problems
two series of tests were carried out. In the first series of the tests, the influence of the state of the surface
under repair (wet, oiled) on the adhesion of the bond layer is taken into account. In the second series, the
influence of surface modification, grade of concrete and the placement of layers on the adhesion of bond
layer to the surface was tested. It was shown that the use of a proposed polymer surface layer was possi-
ble both on wet and oil-contaminated surfaces. It was also proved that the adhesion of levelling layer
(polymer—cement filler) to concrete is lower after sandblasting. The usage of the levelling layer under the
polymer bond layer weakens their adhesion.

Keywords:bond layer, polymer—cement filler, epoxy resin, pull-off test

1. Introduction

For the repair of a given object or structure a diverse approach, depending on the
kind of object, its sizes and function, is needed. In view of environmental influence
and structural solutions, also a separate repair procedure is often required. If one as-
sumes that concrete is the product of a simple technology and advanced knowledge
which begins to be only mastered, then right prognoses are that the XXI century can
be in large measure the age of repairs, rehabilitations and demolitions of building con-
struction [1]. Concrete is relatively cheap as a construction material; however, its re-
pair during the use of a house is very costly. Especially troublesome and expensive,
and sometimes even operationally impossible, is the repair of already completed re-
pair. Repairs became a civilisationwide problem [2].

The needs for repairs can be met in every kind of building construction, both in
public buildings and industrial buildings. Most often the example of concrete structure
repair in public buildings are balconies and loggias. In this case, the rain water is not
always appropriately caught and carried and the selection of materials, especially
damp- and waterproof materials, is not always carefully made. This influences the
durability of building elements, which leads to their corrosion and repairs (Figure 1).
A strong element dampness and consequently the dampness of the repaired surfaces
pose a serious problem.

In industrial constructions, we deal with a considerably greater scale of structures
which can suffer extensive damage and need repair. The largest group is formed by
different industrial buildings, from engine rooms to the rooms for food-processing and
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chemical processes. It is especially important in the case of the works which are based
on complicated technologies, where we deal with mixed corrosive environment [3].
The dampness of surfaces (Figure 2) is often the cause of damage which needs repair
and reconstruction.

A A -
A T

il

Fig. 2. Floors in room for protein hydrolysis and neutralisation (food-processing technology)
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Another group of constructions subjected to destruction are industrial structures,
e.g., machine foundations, especially turbine foundations (Figure 3).

Fig. 3. Oiling in the case of frame turbine foundation (200 MW turbine)

A serious problem in the case of these structures repair is their considerable con-
tamination with mineral oil [4]. These structures are subjected to the gradual cracking
and oiling. Serious cracking, especially in oiled zones, causes a decrease in dynamic
stiffness of these structures, which can lead to a serious damage to turbines, and even
to disasters. That is why, apart from the place of their occurrence, cracks must be each
time repaired. All surface defects and other surface damages have to be repaired as
well. The lower level of such foundations is considered to be especially difficult place,
where biological corrosion as a result of water—oil environment takes place (Figure 4).

Fig. 4. The lower level of 200 MW turbine foundation
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2. Bond layer role

Before a proper placing of layers often grounding must be done, and also impreg-
nation, which strengthen and tighten the concrete surface. The purpose of these super-
ficial treatments was to assure a proper adhesion of repair material to concrete. This
often affects greatly the efficiency of repair. The importance of adhesion is underlined
in the standards EN 1504. In a technical sense, adhesion depends on the kind of mate-
rial, the manner of surface treatment and the course of bond and hardening processes.
The required adhesion, measured by pull-off test, for structural repairs and for non-
structural repairs exceeds 0.5 MPa and 1.5 MPa, respectively. For structural repairs
the usage of bond layers is recommended, and even required by ENV 1504-9 [5].

The placement of repair material directly on the surface under repair allows their
proper adhesion. However, most often adhesion is improved by using suitable bond
layers. The arrangement of bond layers must be done in such a way as to comply with
technological conditions, because they can transform into their own opposition, i.e., to
anti-adhesion layers. In the case of putting multi-layer systems, especially important is
the maintenance of proper technological intervals, which can be a decisive factor in
the efficiency of accepted material [6].

Materials used for of bond layers are usually modified cement pastes or cement
micromortars or epoxy resins, which improve adhesion of mineral repair material to a
concrete surface. In the case of concrete, adhesion of repair and protective coatings is
relative to the degree of surface development, the kind of materials and their interac-
tions. The greater a concrete surface roughness, the better the adhesion of the coating.
Many epoxy bond products are available on the market. However, it must be remem-
bered that fully useful are only these, which do not cause the steam-proof barrier, and
consequently do not cause damages during their use.

In order to analyse in detail the above problems, two series of tests were carried
out. In the first series of tests, the influence of the state of the surface under repair
(wet, oiled) on the adhesion of the bond layer was taken into account. In the second
series, the influence of surface maodification, the grade of concrete and the placement
of layers on the adhesion to the surface was tested.

3. Influence of concrete surface condition on bond layer adhesion

As we mentioned above, in the case of construction repairs, the surfaces under re-
pair are in different states (i.e., wet, oiled). Therefore we tested adhesion of the ac-
cepted bond layer for three different surfaces (Figure 5): air-dry surface (variant A),
wet surface, where the accepted moisture was >8% (variant B) and the oiled surface
(variant C). Additionally the surface being oiled for six years was tested (variant C1).

Experiments were carried out on concrete slabs with the dimensions of 300 mm x
300 mm x 40 mm, made from concrete B30, with the maximum aggregate granulation
of 8 mm. As the bond layer a solvent-free, two-component epoxy resin ASODUR-SG2
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Fig. 5. Adhesion tests in the first series of tests

was used, as emulsifying medium ASO-ROQO8 was applied. The epoxy resin ASODUR-
SG2 was chosen because of its high coefficient of the diffusive resigtafbe tests

were conducted for two layer thickness dependent on the quantity of spreading (spread-
ing done twice and quadruple was assumed).

3.1. Surface preparation

On the air-dry and wet surfaces, bond layer was spread directly after the prepara-
tion of resin according to a manufacturer instruction. Before spreading resin on the
oiled surface, the surface was cleaned with ASO-R008 emulsifying medium (Figure
6).

long term oiling

air-dry [variant A] wet [variant B] [variant C1]

Fig. 6. Spreading of bond layer on concrete surfaces

Samples with an oiled surface were immersed in oil TU-20 at half height, and then
at ¥ height, until a full immersion was achieved. The sample immersion was contin-
ued of 14 days, then the sample was taken out of the oil, dried, and before spreading
epoxy resin its surface was rinsed with emulsifying medium. The wet sample was
prepared in a similar way, and for spreading the bond layer it was taken out of the
water environment directly before the investigation and dried superficially. Finally it
was covered with resin coating. In the case of dry surface, the sample was kept for 14
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days in standard laboratory conditions, i.e., at the temperature of 18 °C and relative
humidity of 55%.

3.2. Testsand results
Adhesion of bond layer (epoxy resin) to the concrete surfaces described above was

examined by means of pull-off test. The method of testing consisted in measuring the
minimal force applied perpendicularly to sample layers (Figure 7).

Fig. 7. Examination of bond layer adhesion to concrete surface

The results obtained prove that, irrespective of the surface state, the values of
bonding force are higher than those in technical specifications (Figure 8, oiled state
variant C).

4-
3.5+

3]

2.5+

f, [MPa] 2
1.5

11

0.51

0

O2x
E4x
Enorm

dry wet oiled

Fig. 8. Adhesion (separation) stréssesults, where: 2x — coating being two times spread, 4x — coating
being four times spread, norm — non spread

The bond layer used adhered firmly to wet and oiled surfaces. It should be stressed
that the destruction of all samples followed between concrete surface and the bond
layer, both in the case of twice and quadruple spreading of resin (Figure 9).
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air-dry [variant A] wet [variant B] oiled [variant C]

3o

coating 4x spreading coating 2x spreading

Fig. 9. The view of examined surface after the separation

During the experiments it was also observed that the use of emulsifying medium on
oiled surface gives the layer blocking with oil in the contact zone (between grounding
coat and concrete surface); though the sample is still in oiled state, oil does not cover
the concrete surface. Separate test was prepared: after the use of emulsifier the surface
of the sample C was wiped with white material. The spots of oil did not appear on
a material surface.

4. Influence of surface preparation technology method, concrete grade and
repair technology on bond layer adhesion

In order to assess a protective coatings adhesion to concrete, depending on the de-
gree of surface development, the pull-off tests were carried out. The tests were con-
ducted with concrete cube specimens (15 cm x 15 cm x 15 cm). In all examinations,
the following grades of concrete were chosen: B5, B10, B15, B20, B25, B30, B35,
B45, B50, B60 and B65 (according to [7]). Concretes of grade B35 were produced
using gravel aggregate with the fraction of particle maximum size of 8 mm; granite
aggregate was additionally added to concretes of grade above B35.

4.1. Preparation technologies

Two-sided faces of samples were cleaned by means of a stream-oriented sand-
blasting method, and then all surfaces became washed off by water under pressure, to
obtain respectively two sandblasted surfaces and four surfaces, which were non-sand-
blasted (Figure 10).
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Concrete B15 Concrete B35 Concrete B65

sandblasted surface| not sandblasted surface

Fig. 10. Sandblasted and non-sandblasted surfaces of selected concrete grades (B15, B35, B65)

Non-sandblasted surfaces are smooth with small pores (near the surface) and with
irregularities due to inaccurate fulfilment of formworks with concrete mixture. The
sandblasting of cleaned surfaces is responsible for their roughness due to crumbling up
the cement matrix and knocking-out smaller grains of the aggregate. The lower the
grade of concrete and the size of aggregate grains more diverse, the more rough the
surface after sandblasting.

The coats tested were put on the surfaces prepared in the way described. On the
first sandblasted surface and the first non-sandblasted surface, only the bond layer was
put on in the form of the resinous (ASODUR-BI) coat, and on the second sandblasted
surface and the second non-sandblasted surface the first equalizing face polymer—ce-
ment-fill (ASOCRET-P/FS) was put on, and then the bond layer was spread. On the
remaining two sides of cubes any coating was not put. The appearance of all kinds of
surfaces, for all grades of concretes, after putting an equalizing layer and bond layer
did not differ. In the case where only bond layers were put, the difference in the ap-
pearance of surfaces, depending on the grade of concrete and the surface treatment,
was noticed (Figure 11).

Surface sandblasting increased the depth and the range of bond layer penetration,
because the pores which are not present at the shuttering contact layer were opened;
however, even after sandblasting a resin will not penetrate deeper than in the case of
open pores. The penetration depth depends on concrete structure: the more porous
(lower grade) concrete, the deeper the resin penetration. When concrete is more tight
(higher grade), then resin is left on the concrete surface. The depth of resin penetration
was examined by adding to it a red dye. In Figure 12, cube sections after coat spread-
ing are presented.
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Concrete B15 Concrete B35 Concrete B65

sandblasted surface| not sandblasted surfatce

Fig. 12. Different-grade cube sections after bond layer spreading

4.2. Testsand results

Because many manufacturers recommend putting an equalizing layer before
a proper bond layer spreading, two kinds of coating were investigated: resin spread di-
rectly on concrete and resin put on equalizing layer. The coating adhesion (separading
force) was investigated by “pull-off” method. The findings of separating force for
equalizing and bond layers are given in Figure 13, and these for bond layer only — in
Figure 14.

In Figure 15, the relationship between tensile strength and compression strength of
chosen concrete grades is presented.

An increase in the separating tension by about 1 MPa in the bond layer is observed
in the case of non-sandblasted surface and surface lacking coatings. During the pull-
off tests cracking always occurred in the concrete structure. No essential difference in
separating tension between sandblasted and non-sandblasted surfaces was observed.
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Sandblasting was of no importance in the case of bond layer only, because resin did
not penetrate into concrete structure, but into open surface pores, which is shown in
Figure 13. The increase in the value of separating tension was observed for low-grade
concretes. For high-grade concretes further increase in separating tension value was
not observed, it reached the value of about 6 MPa.
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Fig. 13. Spreading stresses for equalizing and bond layers
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Fig. 14. Spreading stresses for bond layers only
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Fig. 15. Relationship between tensile strength and compression strength of chosen concrete grades

In the case of two-layer coatings, resin (bond layer) had no essential influence on
the adhesion of equalizing layer, because it covered only the surface and did not
penetrate into the concrete structure. During the pull-off tests, cracking was always
observed in the equalizing layer structure, when the latter was formed on sandblasted
surface, or in concrete—equalizing layer interface, when the equalizing layer was put
on a non-sandblasted surface. The value of coating separating tension ranged from
1 MPa to 2 MPa, irrespective of concrete grade. Dry surface before spreading an
equalizing layer was not grounded, so it absorbed moisture from the new layer before
its setting. Thus surface sandblasting deteriorated the coating adhesion through the
opening of surface pores, which absorbed water. Sandblasting developed the contact

surface of both materials and improved adhesiveness, also due to mechanical
adhesion.

5. Conclusions

A proper adhesion of repair material is a decisive factor in repair efficiency. In the
technical sense, adhesion depends on the kind of material, surface preparation and the
process of bonding and hardening.

The research showed that the bond layer in the form of epoxy material with a high
coefficient of the diffusive resistangecan be used for wet and oiled surfaces. This
kind of bond layer, due to its molecular construction, penetrates deeply into the back-
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ground, filling up pores and capillaries. In the case of bond layer, the coat should be
spread at least twice. The second layer should be spread perpendicularly to the first
one in order to assure its proof spreading on a given surface.

Putting the resin bond layer on a concrete improves mechanical features of con-
crete surface. Putting the equalizing layer under the bond layer is effective in low-
grade concretes only. In the case of two-layer coatings, i. e., resin bond and equalizing
layer, the latter influences greatly adhesion. If separating tensions in equalizing layer
are compared it can be concluded that worse adhesiveness is observed for sandblasted
surface. Resin does not penetrate into concrete structure, only into open surface pores,
so in the case of resin bond layer the usage of sandblasting is not of essential impor-
tance. The usage of equalizing layer under the bond layer is effective at weak adhesion
of coatings to concrete (from 1 MPa to 2 MPa).

Acknowledgements

The paper financed from budget resources for science in years 2005-2007.

References

[1] Kucharska L.:Failures and damages of concrete structures and their developiment
Polish), Proceedings of XX Structural Failure Conference, Szczegidzpidroje, 2001,

89.

[2] Czarnecki L.:Selection of materials for repair of the reinforced concrete structures —
compatibility criterion (in Polish), Proceedings of XX Structural Failure Conference,
Szczecin-M¢dzyzdroje, 2001, 145.

[3] Btaszczyski T., Zgota B.Failure state of RC structure under mix corrosion environment
(in Polish), Proceedings of Structural Failure Conference, Szczeentehidroje, 1997,
355.

[4] Btaszczyski T.: Some effects of crude oil environment on RC structi@sndation of
Civil and Environmental Engineering, 2002, No. 2, 7.

[5] ENV 1504-9:Products and systems for the protection and repair of concrete structures.
Definitions, requirements, quality control and evaluation of conformiBart 9:General
principles for use of products and systems.

[6] Czarnecki L., Emmons P.HRepair and protection of concrete structur@s Polish),
Polski Cement, Krakow, 2002.

[7] PN-B-03264:2002Plain, reinforced and prestressed concrete structures. Analysis and
structural desigr(in Polish).

[8] Jasiczak J., Grzelczak Mnfluence of concrete surface cleaning on adhesion of repair
layers(in Polish), Proceedings of XLIX Scientific Conference, Krynica, 2003.

Rola war stwy sczepnej w naprawach betonu

Przedstawiono relwarstwy sczepnej w procesie naprawczym elementéw betonowgath i
betowych, jak rownigz miejsca jej zastosowania. Aby szczeg6towo zanalizqreavyzsze za-
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gadnienia, badania przeprowadzono w dwéch seriach. W pierwszej gajwpltywem stanu
naprawianej powierzchni (zawilgocenie, zaolejenie) na przyczépmarstwy sczepnej. Bada-
nia wykazaly,ze zastosowanie proponowanej warstwy sczepnej jegfivieozaréwno na po-
wierzchniach mokrych, jak i skanych olejem. W drugiej serii baflaiwzgkdniono klag be-
tonu, wplyw obrébki powierzchni oraz wptyw rodzaju i technologii uktadu warstw na przy-
czepnd¢ warstwy sczepnej. Udowodnionge przyczepn& gtadzi do betonu zmniejsza; $0
spiaskowaniu powierzchni. Stosowanie warstwy gtadzi pod pawtpliczng skutkuje stab
przyczepnécia powtok.
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Use of calibration chamber as a large triaxial apparatus

L. BALACHOWSKI
Gdaisk University of Technology, Narutowicza 11/12, 80-952 f3#a

A segment of a gravel column, 1 m high and 0.53 m in diameter, was modelled in a calibration cham-
ber. The reconstituted sample was consolidated at a given confining pressure and then subjected to axial
load exerted by the upper and lower membranes. Volumetric changes in both membranes and in internal
chamber were measured. Up to 2% vertical strain was reached and internal friction angle was evaluated.
Secant modulus of deformation was determined at considerable strains and at intermediate strain level in
the unloading—reloading cycle. For the latter several times higher modulus was found.

Keywords:calibration chamber, triaxial test, friction angle, deformation modulus, gravel
1. Introduction

In laboratory determination of the shear strength and deformation characteristics of
the gravelly soils or composite materials, a large-scale apparatus is indispensable since
it allows grain size. To be accommodated large-size direct shear box was constructed
to study the shear strength of railway ballast (Bolt [2]) or of gravelly surface layers in
slope stability analysis (Fannin et al. [6]). The tests performed at small vertical stress
applied to the box give an internal friction angle of gravelly soils even higher than 50
degrees. A new in-situ direct shear test was devised and applied to study the resistance
of the block samples of coarse grained material to translation forces (Matsuoka et al.
[12] and Fannin et al. [6]). Here, the shear strength of an undisturbed material in its
natural state can be determined.

In order to evaluate the deformation characteristics of gravels at small strain, a
large triaxial cell equipped with local strain gauge was used (Flora et al. [9]). The need
for local strain measurements in gravel specimen is even more important than for the
tests on sand. Here, some LDT-based systems are used (Flavigny et al. [8], Tatsuoka
et al. [13], Da Re et al. [5]) or seismic wave propagation methods with bender
elements (Brignoli et al. [3]), Fioravante et al. [7]), within a small-strain elastic region.
The stiffness of gravelly soils subjected to small strains was also studied in calibration
chamber using compression and shear wave propagation (Brignoli et al. [4]).

Gravel columns are often used to reinforce soft subsoil and to improve its drainage
characteristics (Gryczmaki [11]). A one-meter segment of a gravel column was
modelled in the calibration chamber at @sla University of Technology (GUT).
Laboratory determination of the shear strength and deformation characteristics of
gravel columns at considerable and intermediate strains is the objective of this study.
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2. Test description
2.1. Calibration chamber device

The calibration chamber built at GUT enables large-size soil samples (Figure 1) to
be tested in well defined boundary conditions. It is double-wall chamber with inde-
pendent pressure control in internal and external chambers, which permits complex
boundary conditions to be applied. The mass of the soil is confined by a rubber mem-
brane. Vertical stress is applied to the specimen by the top and the bottom membranes
filled with water. The water pressure in internal chamber is transmitted to the sample
as a lateral stress. In this way, some kind of triaxial system is realised. Due to a sub-
stantial size of the specimen the vertical pressures in the upper and lower membranes
are different and the lateral stress changes along its height. While at high confining
stress this increase can be considered negligible, it is quite important in the case of the
physical modelling of gravel column executed at small depths. The section of a gravel
column with a length of 1.0 m and 0.53 m in diameter is modelled in the calibration
chamber. The behaviour of the column section at a given depth can be analysed using
different horizontal stress and increasing vertical stress applied in the chamber.
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Fig. 1. View and cross-section of the calibration chamber ati<kddT,
Batachowski and Dembicki

Volumetric changes of the specimen are measured in air—-water columns mounted
on the control panel (Figure 2) and equipped with micropulse transducers BTL2. The
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position of a floating element in the column is used to determine the water volume
removed from the soil specimen or injected into it. Level monitoring with floating
element is characterized by high precision and linearity. Double-wall construction of
the air-water column compenstates for its deformations.

Fig. 2. Air—water column with level monitoring with micropulse transducers
2.2. Sample preparation

Well-graded U = 11.1) sandstone material consisting of angular grainsdajth
1.8 mm,dsp = 9.5 mm andlyy = 21.0 mm was used. The gravel specimen was recon-
stituted with five layers, each of them was mechanically compacted at natural water
content of 3%. Special care was taken to avoid the membrane cut during compaction.
The sample was consolidated at a given confining pressure. Three values of confining
pressureos applied in the mid-hight of the sample were used: 30 kPa, 50 kPa and 70
kPa. Volumetric changes and water pressure in the upper and lower membranes and
within internal chamber were measured during consolidation and loading phase.

3. Test results

Vertical stress (membrane pressure) applied to the specimen was steadily increased
with horizontal stress kept constant in the internal and external chambers. Vertical
straing was expressed as the sum of volumetric changes in the upper and lower mem-
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branes (Figure 3). The volumetric changes recorded were bigger in the upper mem-
brane than in the lower one.

At equal stress applied in the internal and external chambers, the measuring (inter-
nal) chamber does not deform laterally. As vertical deformations of the chamber are
also restricted, the volumetric changes within the specimen can be precisely deter-
mined based on the measurements in the internal chamber. After initial contractancy
some dilatancy of the specimen is obtained at larger strains (see volumetric changes
recorded in the inner chamber).
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Fig. 3. Volumetric changes recorded during consolidation and shearing at a confining pressure of 50 kPa

The sample section during the shearing was corrected according to formula:
A= Ab(l_gl) ) 1)

whereA, is the sample section after consolidation.

The compression test was carried out until relative stabilisation of the deviator
stress, observed fey close to 2%, was achieved (see Figure 4). Each peak stress was
reached within this strain range. Further membrane inflation could induce, however,
non-uniform stress distribution on the lower and upper surfaces of the soil mass.
Moreover, big volumetric changes observed in the membranes and internal chamber
could not be accommodated to the measuring system designed for smaller volume
variation during typical calibration chamber test on sand specimen. During the loading
test the measuring chambers (Figure 2) were filled up with water a few times. These
experimental difficulties induced some irregularities (Figure 4 and Figure 5) in the re-
corded values of volumetric changes. While a gravel column is steadily contracted at
the horizontal stress of 70 kPa (Figure 5), some dilatancy is observed at lower confin-
ing pressures.
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When the loading begins the membrane adjustment is observed due to grain rear-
rangement and grain penetration. This initial part of stress—strain curve is omitted in
the calculation of deformation modulus. The tangent deformation moBul(I&ble
1) is calculated:

_0,70;
E = z )
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where:
0, — the increment of vertical stress,

&, —the increment of vertical strain.

Large strain tangent modulus is determined at the vertical strain increase of about
0.2%. Deformation modulus increases generally with confining pressure (Table 1).
During some compression tests small unload-reload loops, with the amplitude of 20
kPa, were also made (Figure 6). The unloading-reloading secant modulus at a lateral
stress of 70 kPa corresponds to the vertical strain increase of about 0.01%. Higher
unload-reload modulus is found in each following loop due to soil compaction, grain
rearrangement and vertical stress increase during the loading. This intermediate strain
modulus is several times higher than the corresponding large strain modulus.
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Fig. 6. Deviator stress with unloading-reloading loops at confining pressure of 70 kPa

Table 1. Deformation moduli of the gravel column

o3 Modulus of deformation

[kPa] TangenE, », [MPa] SecanEg p10,[MPa]
30 21.6 —
50 26.5 —

85.6 atg, = 0.24%
70 38.5 109.8 ats,= 0.37%
136.0 ats, = 0.48%

The angle of internal friction was evaluated (Table 2) at the maximum vertical
strain according to the formula:
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. O, —0

@=arcsin—mx_—3 (3)
a]max + 0-3

where:

o — the confining pressure,
Oimax— the maximum vertical stress applied to the sample.

Table 2. Values of internal friction angle
o3 [kPa] 30 50 70
o[°] 44.4 45.6 44.6

4. Discussion

Quite low values of tangent deformation modulus of the gravel column are found
in the calibration chamber. Embedding conditions on the upper and lower surfaces of
the specimen play here an important role. Flavigny et al. [8] studied the effect of fric-
tion conditions and sample elongation on the shear strength mobilisation and volumet-
ric changes in triaxial tests on fine Hostun sand. For the top and bottom surfaces of
friction and elongated samples, the deformation modulus was from 1.2 to 1.35 times
higher than for the specimen with the height to diameter ratio equal unity and with lu-
bricated ends. The difference observed was larger for tangent modulus than for the se-
cant one. An intermediate condition between the rough and lubricated ends is met on
the top and bottom surfaces of the specimen in the calibration chamber. More uniform
stress distribution over the upper and lower surfaces of the sample should be expected
for the membrane filled with water than in the case of rigid end plates.

The membranes were additionally protected against grain penetration; however,
some penetration can still occur. This phenomenon is responsible for the increase in
the calculated vertical strain and the decrease in the estimated deformation modulus.
Quasi-elastic deformation modulus determined in the unloading-reloading cycle is not
practically influenced the grain penetration.

One should notice that the deformation moduli of a real gravel column will be
higher than these determined in the calibration chamber due to:

» Higher compaction of the executed column than that reconstituted at laboratory.

» More rigid conditions on the boundaries applied to a real column segment than
these applied to the soil mass in the calibration chamber.

» The surrounding soft soil which will restrict to some extent the lateral deforma-
tions of the column. We should apply the conditions that are intermediate between
constant lateral stress and non-volume changes. The test with an imposed lateral stiff-
ness will model the influence of the surrounding soil. This influence does not seem to
be essential in the modelling of the gravel column.
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 The transfer of vertical load not only on the column head, but to the surrounding
soft soil as well. This complex transfer mechanism, i.e., the function of the column
distribution, distance, a relative stiffness of the soft soil and column, depends also on
the consolidation of the soft soil, Gryczis&i [11]. It can be thus time-dependent.

Only global volumetric changes were recorded during the tests. Some local strain
measurements would be however possible with displacement gauges or proximity
transducers mounted on the membrane. Contrary to triaxial apparatus, in the
calibration chamber neither the failure mode nor deformation localisation within the
specimen can be observed.

Calibration chamber could also be applied to study some composites like tire
chips/shreds—sand mixtures, Gotteland et al. [10]. Some CPT/DMT penetration tests
could be performed in the composite mass which was not possible in the compacted
gravel column. The deformation characteristics of the composite could be related to
the deformation modulus from DMT and the internal friction angle—to the cone
resistance in the calibration chamber.

5. Conclusions

As the gravel characteristics have hardly been studied in a typical triaxial test, they
were determined during a loading test in the calibration chamber. A segment of the
gravel column was modelled in the calibration chamber under constant lateral stress
conditions. The behaviour of the column segment at a given depth was analysed using
different horizontal stress applied in the chamber. Deformation moduli were deter-
mined at large and intermediate strains. The deformation modulus determined at
unloading—reloading cycle was several times higher than that at large strains. The an-
gle of internal friction of the gravel was estimated at the maximum vertical strain of
about 2%. High values of internal friction angle close to 45 degrees were obtained.

The tests on gravel specimen in the calibration chamber are however time-con-
suming and troublesome, with a possible membrane cut and big volumetric changes
not accommodated by the measuring system. The application of the calibration cham-
ber as a large-size triaxial device is limited to relatively small about 2% vertical strain
imposed by the membranes filled with water. Bigger volumetric changes in the lower
and upper membranes could induce non-uniform stress and strain distribution on the
column surface. However, such a level of vertical strain is not sufficient to approach
the failure of all specimen, and especially of composite soils. Some data on the defor-
mation characteristics of soil mass can be still deduced. In the case of certain materi-
als, like sand-tire chips/shreds mixtures, calibration chamber could be used to deter-
mine deformation characteristics of the composite. As an advantage, a penetration test
in calibration chamber could be performed on the same specimen.
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Komora kalibracyjna jako wielkowymiarowy aparat trojosiowego $ciskania

Wycinek kolumnyzwirowej o diuggci 1 m isrednicy 0,53 m modelowano w komorze ka-
libracyjnej. Uformowan i zag:szczon préblke konsolidowano w komorze przy zadanym na-
prezeniu, a nagpnie zwikszano napzenia pionowe, mieg zmiany obgtosci w membra-
nach gornej i dolnej oraz komorze westmanej aparatu. Badania prowadzono do uzyskania
odksztatcenia pionowego prébki okoto 2%, przy ktérym wyste wzgtdna stabilizacja de-
wiatora napgzenia. Okrélono wartgci kata tarcia wewgtrznego oraz moduty odksztatcenia
masywu gruntowego przy dych odksztalceniach (0,5%) oraz w cyklu edenie—powtorne
obcizenie. W ostatnim przypadku uzyskano wielokrotnieksze wartéci modutu odksztat-
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cenia. Zastosowanie komory kalibracyjnej jako wielowymiarowego aparatu trojosidaiego
skania naley ograniczy do zakresu odksztaltgpionowych nie wgkszych nk 2%. Poza tym
zakresem nap#enia oraz przemieszczenia przekazywane na grunt przez membrany wypet-
nione wod mog by¢ nierbwnomiernie roztmone. W niektorych gruntach rdove jest prze-
prowadzenie testu okgienia masywu gruntowego w komorze z wykonaniem sondowania
statycznego lub badania dylatometrycznego w komorze kalibracyjnej na tej samej probce
gruntu.
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