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AHaJIM3 CJIUSIHUS TPeUUH B 0eTOHHBIX KOHCTPYKIUSX ¢ IOMOUIbIO HEIiPOHHBIX
cerel

X. Xaspu®, B. Capdapazu’, XK. Ky"

* Ucnamckuii yausepeuter Asan, Bapxk, Upan
% XamaTaHCKHil TeXHOTOTHYECKHIA yHUBepcuTeT, Xamajaad, Mpan

* Coruyanbcknii yausepeuret, Yoy, Kurait

B mecmax paspywienus 6emonHblX KOHCMPYKYU 4acmo 0OHAPYICUBAION MAKPO- U MUKDOMPEUUHD,
npuyem Ha MeXanusM UX paspyuwenus Cyuecmeento euusem xapakmep ClusHus mpeujut, 6blpoCULUX
U3 UCX0O0HbIX Oepexmos. Oyenka xapaxmepa paspyuteHus HeyCmouyugslx cessell A6asAemcs 00HOU U3
UHDICEHEPHBIX 3a0aY, KOMOpAas yuumuléaem psao napamempos, 6Kuouds MexaHuieckue xapakmepuc-
MuKu 6emona, yposerb HOPMATbHbIX HANPANCEHUL U COOMHOWEHUEe MeNHCOY NIOUA0AMU NOBEPXHOCHIU
Oepexmos u obwell nogepxnocmu cosuea. Bauanue smux napamempos Ha ciusHue mpeujur oyeHu-
8aemcs ¢ NOMOWbIO PACHemHOl MeMOOUKU HeUpOHHbIX cemell. Bvinonneno mecmuposanue HecKob-
KUX cemelil ¢ NOPO2OBLIMU JOSUHECKUMU INIEMEHMAMU U 8APbUPYEMBIMU BECO8bIMU KOIPDuyuenma-
mu. Hcnonvzosanca obyuaiowuil aneopumm 06pamno2o pacnpocmpanerus. B kauecmee 6xo0Hbix
OAHHBIX NO CIUAHUIO MPEUWUH UCNOTb308AIUCH 2EOMEXHUYECKUE U 2eOMempUiecKue napamempol, d 6
Kauecmee GblXOOHbIX OAHHLIX HEUPOHHAS Cemb GbINOIHANA OYEHKY MUNA MeXAHUsMd CIUsHUSL mpe-
wun (ompwiea, cosueda uiu CMEWAHHOU MOObl), KOMOPblil C1ed08al0 UCHONb308AMb NPU AHAIU3E
cmabunbHOCmu 6emoOHHbIX KOHCMPYKYUll. Buinoninena eepuguxayus pacuemulx pe3yibmamos ¢
NOMOWBIO UMEIOWUXCH IKCNEPUMEHMANbHBIX OAHHBIX.

Kntwouegvie cnosa: oOyyaronyii anropuT™M o0paTHOTO PacIpOCTPAHEHHS, CIUSHAE TPEIIUH,
MIPOMEXKYTOK MEXIy TPEIIMHAMH, HEYCTOHUNBAs CBS3b.

Introduction. It is well-known that the lower strength of concrete mass is mainly
induced by the presence of joints. In some rare cases, it is possible that the failure in the
concrete is limited to a single discontinuity. Generally, several discontinuities exist in
various sizes, which constitute a combined shear surface. In this sense, the areas which are
located between the neighboring discontinuities are called the bridges area (see the
definition in Fig. 1) and have the greatest importance for the shear resistance of the failure
surface [1-3]. Understanding of the initiation, propagation and coalescence of cracks is an
important aspect in fracure mechanics. Crack propagation and coalescence processes may
contribute to concrete failure in dams, foundations, and tunnels.

The pattern of coalescence between two parallel crack in both modeling materials
have been done in direct shear boxes [4-8]. Also, a number of experimental studies have
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been carried out to investigate the crack initiation, propagation and coalescence in the axial
or biaxial test conditions [9-25].

Two types of crack patterns have been observed in bridges by those researchers: wing
cracks and secondary cracks. Wing cracks appear first; they are tensile cracks, which
initiate at the tips of the joint and propagate steadily in a curvilinear path in the direction of
the applied axial load. Secondary cracks appear later and are generally described as shear
cracks or shear zones (Fig. 2).

Concrete bridge

Fig. 1. Bridges in discontinuously-cracked concrete.

External wing crack

External secondary

. crack

Internal secondary crack
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Fig. 2. Crack pattern observed in pre-cracked specimens of concrete in uniaxial compression [11].

Most of the previous studies are focused on the effect of configuration, length
considering, orientation of bridge, orientation of joint segment and spacing between the
joint rows on the mechanisms of crack initiation, propagation and coalescence in the bridge
area; While the simultaneous effects of normal stresses, mechanical properties of model
material and the ratio of joint length to bridge length on the pattern of crack coalescence is
not inspected. Whereas the using of experimental tests is difficult for considering the
simultaneous effects of normal stresses, mechanical properties of model material and the
ratio of joint length to bridge length on crack coalescence, the neural network tool is used
for this purpose.

Since their introduction, research into the area of artificial neural networks and their
applications continue to captivate scientists and engineers from a variety of disciplines.
This growing interest among researchers is stemming from the fact that these learning
machines have an excellent performance in the issues of nonlinear function approximation,
data classification, clustering and nonparametric regression or as simulations of the
behavior biological neurons and pattern recognition. This paper investigates the validity of
utilizing artificial neural networks in the prediction of the crack coalescence mode [i.c.,
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tensile mode (type 1), the shear mode (type II) and the mixed mode (type III)] that can be
used for stability analysis of concrete structures.

According to [26, 27], all numerical modeling methods (analytical methods, basic
numerical methods, finite element method, boundary element method, distinct element
method, hybrid methods, extended numerical methods and fully coupled models) attempt to
achieve one-to-one mechanism mapping in the model. In other words, a one-to-one
mechanism occurring in reality is modeled directly such as a clear stress—strain relationship.
The term ‘one-to-one mapping’ refers to the direct modeling of geometry and physical
mechanisms, either specifically or through equivalent properties. The neural network
approach is a ‘non one-to-one mapping’ method. In such a model, mechanism mapping is
not totally direct. This model provides predicting capabilities; this is why it has been used
for concrete parameter identification and prediction.

The neural network modeling approach has already been applied to a variety of
subjects in geotechnical engineering [28-36]. The approach to the problem of crack
coalescence from the perspective of artificial neural networks is not an easy task and
requires sophisticated modeling techniques, experience, deep knowledge of engineering
and a vast amount of experimental data.

In this article, the neural network and direct shear test results are used to predict the
simultaneous effects of normal stresses, mechanical properties of model material and the
ratio of joint length to bridge length on the pattern of crack coalescence in the non-
persistent joints. For this purpose, 450 direct shear tests have been done on the plaster of
Paris specimens consisting of non-persistent joints. The uniaxial strength of material varies
from 40 to 100 kg/cm” with increments of 20 kg/cm”. The normal stress varies from 3 to
0./2 kg/cm® with increments of 3 kg/cm® and the jointing coefficient (JC is the ratio of
joint surface to total shear surface) varies from 0.05 to 0.95 with increments of 0.1. The
shear test results are used for training, validation and testing of neural network.

1. Artificial Neural Networks (ANN). ANNSs seek to simulate human brain behavior
by processing data on a trial-and-error basis and learning how to avoid repeating an error
the next time a similar situation occurs. Numerous advances have been made in recent years
in developing intelligent systems, particularly those in which functioning is based on
biological neural networks. Researchers from a wide range of disciplines have been using
ANNSs to find solutions to many different types of problems. Highlights among them are
those involving control of complex systems when rigorous knowledge of their behavior is
lacking. During the 1970s, the progress in the use of ANNs was very limited. Current
models were unable to handle many problems proposed. Research was resumed after the
work presented by Hopfield [37], showing the relationship between physical systems and
auto associative recurrent neural networks. The multiple layer perceptron (MLP) model
was proposed by Rumelhart [38] and was based on enhancing the perceptron (proposed by
Rosenblatt [39]). MLP neurons are organized in layers, including data input, output, and
hidden layers as shown in Fig. 3. Hidden layers are important because mathematical
adjustment operations are largely performed in them. Flood and Kartan [40] stated that
MLPs with at least two hidden layers provide the extra flexibility required for modeling
complex systems.

During training, inputs are inserted, outputs determined and error between predicted
and actual values calculated. Next, on the basis of this error, weights are adjusted starting
from the output layer until the input layer is reached. This process is known as back
propagation.

Common practice nowadays is the use of an independent term in the sum of the
weights and inputs to each neuron in order to lend more stability to the network and
particularly to enhance its generalization. A constant 1 enters each neuron as an input and is
multiplied by a scalar bias. The bias is similar to a weight for this input. It is modified, as
are the other weights [41].
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Fig. 3. Diagram showing typical MLP.

Certain tools are used to accelerate the back-propagation algorithm and reduce the
incidence of local minima. One of the main points here is that much more effective results
may be obtained by treating MLP network input and output data. Data normalization in
order to obtain values with uniform amplitudes considerably enhances network performance.
This is due to more homogeneous distribution of data as shown in Fig. 4. This procedure
has been used by many researches (e.g., Flood and Kartan [40]).

50 10

|* = Training Data ()= Training Dominiuml

Fig. 4. Influence of data normalization on the distribution homogeneity [40].

2. Experimental Program. In order to forecast the crack coalescence mode in the
case of non-persistent discontinuity under direct shearing conditions, the factors that
influence fracture mode have to be determined. The material used for this investigation was
cement/gypsum; the same material was used by Reyes and Einstein [10], Takeuchi [42],
Shen et al. [11], Ghazvinian et al. [43], and Bobet and Einstein [12]. Totally, 450 direct
shear tests have been done on the specimens consisting non-persistent joints with dimension
of 15X 15%15 cm. Figure 5 shows the tested specimens for his study.

Four various admixtures having different mechanical properties are used for this
study. The mechanical properties of the material are summarized in Table 1.

For each type of specimen the normal stress varies from 3 to o,./2 kg/cm® with
increments of 3 kg/cm® and the jointing coefficient JC varies from 0.05 to 0.95 with
increments of 0.1 under fixed normal stress.

The tests were performed in such a way that the normal load was applied to the
specimen and then shear load was adopted. Loading is carried out using displacement
control at a rate of the 0.002 mm/s.
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Table 1
Mechanical Properties of Four Various Admixtures
Specimens Uniaxial strength | Tensile strength | Young modulus Poisson’s ratio
o, kg/cm? oy, kg/cm? E, kg/em® v
Type 1 40 5.0 6895 0.14
Type II 60 7.5 10295 0.15
Type I 80 9.7 13695 0.16
Type IV 100 12.0 17095 0.17
RB Area =45 cm’ RB Area =90 cm’ RB Area =135 cm’

Latitudinal
bridge

Longitudinal
bridge

Non-persistent
bridge

Non-persistent
bridge

Fig. 5. Direct shear testing equipment, general set-up.

The shear experimental results showed that mechanical properties of material, normal
stress and jointing coefficient JC are the factors that influence crack coalescence mode.

3. Discussion on the Experimental Results. The influence of the mechanical
properties of material, normal stress and the Joint Coefficient on crack coalescence mode is
quite evident. In general, three main modes of crack coalescence were observed. They are
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the wing tensile mode (type I), the shear mode (type II) and the mixed mode (shear/tensile)
(type III). With the increase in the jointing coefficient JC, the shear failure mode in the
bridge changes to the tensile failure mode. Also with the increase in the normal stress, the
tensile failure mode in the bridge changes to the shear failure mode. The description of
crack coalescence modes and percentage amount for each compounding of JC, ¢, ,and o,
given in Table 2. The shear test results are used for training, validation and testing of neural
network.

! aTtinel zmzounts of Crack Coalescence Modes for Each Compounding of JC, o,, and o,
s 0,2 % % <g,<% % <g,<%
0.05 III (100%) I (75%) 11 (100%)

1 (25%)
0.15 [T (100%) 11 (87.5%) I (100%)
11 (12.5%)

0.25 1 (28.57%) 111 (87.5%) 111 (4.54%)
I (71.43%) 1I (12.5%) IT (95.46%)

0.35 I (50%) I (100%) I (9.09%)
II (50%) 1T (90.91%)

0.45 I (78.5%) I (100%) I (9.09%)
I (21.5%) 11 (90.91%)
0.55 1 (100%) 1 (37.5%) 11 (13.64%)
1II (62.5%) 1T (86.36%)

0.65 1 (100%) 1 (100%) 1 (22.72%)
11 (4.55%)

1T (72.73%)

0.75 I (100%) 1 (100%) I (36.36%)
III (63.64%)

0.85 I (100%) 1 (100%) I (54.54%)
11 (45.45%)

0.95 1 (100%) 1 (100%) 1 (95.45%)
11 (4.55%)

4. ANN Architecture. The main scope of this work is to implement the ANN
architecture in the problem of crack coalescence pattern prediction. A brief analysis of the
results obtained through the direct shear tests described in the previous sections helps to
identify the suitable input parameters to the ANN for training and then to test the ANN
once it is trained. The experimental results discussed in the previous section clearly show
that there exists a strong dependence of mechanical properties of material, normal stress
(0, ) and the jointing coefficient on crack coalescence mode. Therefore the ANN model
consists of six input parameters, i.e., uniaxial strength (o ), tensile strength (o), the Young
modulus (£), Poisson’s ratio (v), normal stress (o), and joint coefficient (JC).
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These data’s are divided into training, validation, and test sets. The validation set is
used to ensure that there is no overfitting in the final result. The test set provides an
independent measure of how well the network can be expected to perform on data not used
to train it. 20% of the data was used for the validation set and 20% was used for the test set,
leaving 60% for the training set. The sets are picked randomly from the original data.

The well known feed forward neural network learning by BP algorithm written in
MATLAB has been used and its ability to predict the crack coalescence mode has been
studied by training and testing the ANN for various cases of inputs and comparing its
performance for various input conditions.

Trying to achieve the best network’s performance, several networks with different
architectures were developed using all the possible variations of the back-propagation
algorithms available in MATLAB v.7.0. The specifications of the artificial neural network
that gave the best performance are used in this study are as follows:

The input layer data consists of six input parameters.

Number of input nodes in the input layer: 6.

Number of output nodes in the output layer: 1.

No of hidden layers: 3 with 29, 20, and 15 nodes, respectively.

Training algorithm used: back propagation.

Transfer Function of layers: tansig.

Back propagation network training function: traingdm.

Back propagation weight/bias learning function: learngdm.

Performance function: MSE.

The learning rate was set to /r= 0.005 and the error goal was set to EG=4- 1074,

The output of the neural network is the crack coalescence mode.

In this work, the crack coalescence mode is considered as discrete values 0, 1, or —1.
The values of 0, 1, or — 1 are the mark of the mix mode, the shear mode or the tensile mode
of failure respectively.

In Fig. 6, the simulation of the network architecture using the SIMULINK module of
MATLAB v. 7.0 is presented.

5. The Network’s Analysis. Plot of the training, validation, and test errors for ANN
model of crack coalescence mode is given in Fig. 7 to check the progress of training. The
result for the model is reasonable, since the test set errors and the validation set errors have
similar characteristics, and it does not appear that any significant overfitting has occurred.

The network outputs for 62 new data of test sets and corresponding targets are also
drawn as shown in Fig. 8 in order to have a better understanding about the prediction
capabilities of the employed ANN model. The horizontal scale is the specimen number,
whereas the vertical scale is crack coalescence mode. Solid points on this plot show the
output of the neural net, whereas the hollow points represent the actual crack coalescence
mode (the values of 0, 1, or —1 are the representing of the mix mode, the shear mode or
the tensile mode of failure respectively). As it can be seen from Fig. 8 the network has
given predicted values close to the measured ones.

Finally, in order to compare experimental and ANN model, the correlation coefficients
between the respective values of observations and prediction values for crack coalescence
mode based on ANN model were also calculated and found to be 0.99 for network. These
outcomes and scatter plots (Fig. 9) exhibit the superior performance of ANN models with
reference to regression analyses.

6. Sensitivity Analysis. Sensitivity analyses were performed varying the desired
parameter and maintaining fixed values for the other parameters. The parameters to be
analyzed varied between its minimum and maximum values of the dataset. The network
topology used was the one that yielded the best results. Figures 10—15 show the graphs
obtained from the sensitivity analyses of the following parameters: uniaxial strength of
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Fig. 10. Sensitivity analysis — uniaxial strength (o).
Fig. 11. Sensitivity analysis — tensile strength (o,).

material, tensile strength of material, the Young modulus, Poisson’s ratio, normal stress,
and joint coefficient. Figure 10 shows the effect of uniaxial strength of material on failure
pattern of non-persistent joint with JC = 0.45 under 9 kg/cm?” of normal load. 4 equidistant
points (0. = 40-100 kg/cm® with increments of 20 kg/cm®) were used to predict the crack
coalescence mode.

The mix mode coalescence appears for all of the uniaxial strength values. This result
shows that the crack coalescence mode is not sensitive to uniaxial strength of material in
this data range.

Figure 11 shows the effect of tensile strength of material on failure pattern of non-
persistent joint with JC = 0.45 under 9 kg/cm” of normal load. 4 equidistant points were
used to predict the crack coalescence mode (o, =5, 7.5, 9.7, and 12 kg/cm2). The mix
mode coalescence appears for all of the tensile strength values. These results show that the
crack coalescence mode is not sensitive to tensile strength of material in this data range.

The similar results gained from Figs. 12 and 13 shows that the crack coalescence
mode is not sensitive to the Young modulus and Poisson’s ratio of material too.

Figure 14 portrays the results for crack coalescence mode variation with joint
coefficient JC. 10 equidistant points (JC = 0.05-0.95 with increments of 0.1) were used to
predict the crack coalescence mode under follow condition: o, = 9 kg/en’, o, = 40 kg/cm’,
0,=5 kg/em®, E = 6895 kg/cm®, and Poisson’s ratio v = 0.15.
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Fig. 14. Sensitivity analysis — joint coefficient (JC).
Fig. 15. Sensitivity analysis — normal stress (o,,).

The results show that the crack coalescence mode is sensitive to JC so that increasing
in JC change mix mode of failure to tensile failure.

Finally, Fig. 15 shows the crack coalescence mode with respect to the normal stress
0 ,. 6 equidistant points (o, = 3-18 kg/cm® with increments of 3 kg/cm?) were used to
predict the failure pattern of non-persistent joint with JC=0.45, o,=40 kg/cm?,
o,=5 kg/cm®, E = 6895 kg/cm’, and Poisson’s ratio v= 0.15. Figure 15 shows that the
crack coalescence mode is sensitive to normal stress so that increasing in normal stress
changes mix mode of failure to shear mode of failure (it is to be note that the values of 0,
I, or —1 are the represents of the mix mode, the shear mode or the tensile mode of failure,
respectively).

Therefore, the analyses showed that the most influencing parameters on the crack
coalescence are the joint coefficient JC and normal stress o ,.

Conclusions. A neural network is a good approach for engineering problems in which
the mechanism is complex. Many factors influence the process and the result and current
methods are from perfect. In this study, the ANN model that can be used for determining
the crack coalescence mode has been developed. For this purpose, experimental results
have been used. The ANN model consists of six input parameters (uniaxial strength, tensile
strength, the Young modulus, Poisson’s ratio, normal stress, and joint coefficient).

The best adjustment was obtained from a network topology of three hidden layers,
with 29 neurons in the first layer, 20 in the second layer, and 15 neurons in the third layer.
The learning rate was 0.005. The correlation coefficients between the respective values of
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observations and prediction values for crack coalescence mode based on ANN model were
calculated and found to be 0.99 for networks; thus showing a significant improvement in
adjustments and results.

The sensitivity analyses were appropriate and enabled to verify the effect of certain
parameters on the crack coalescence mode. A highlight here was the JC and normal stress
0, . The results show that these parameters have significant effects on the crack coalescence
mode.

Pe3ome

VY Mmicusx pyiHHYBaHHS OCTOHHHX KOHCTPYKIIH 9acTO BUSBIAIOTH MaKpo- i MIKpPOTPIIIHHH,
IIpY 1IbOMY Ha MEXaHi3M IX pyWHYBaHHsSI CYTTEBO BIUIMBAE XapakTep 3JUTTS TPILIHH, L0
BHPOCIH 3 TOYATKOBUX nedekTiB. OIiHKa XapakTepa pyHHyBaHHS HECTIMKHX 3B’SI3KiB €
OJIHIEI0 3 IHXKEHEpHHMX 3a/ad, SKa BPaxOBYE PsiA IMapaMeTpiB, BKIIOYAIOYM MEXaHi4YHI
XapaKTePUCTHKH OCTOHY, piBEHb HOPMAaJbHUX HAIpPYKEHBb 1 CIIBBIITHOMICHHS MDK IUIO-
aMH TIOBepXHi JeeKTiB i 3arajibHOI0 MOBEPXHEI 3CyBY. BIUIMB IUX MapamerpiB Ha
3IUTTS TPIIMH BU3HAYAETHCS 3a JOMOMOTOI0 PO3PaxyHKOBOI METOJMKH HEHPOHHHX CITOK.
BukoHaHO TecTyBaHHS JEKUIBKOX CITOK 13 TIOPOTOBHUMHM JIOTIYHUMH €JIEMEHTaMH 1 BapiioBa-
HUMH{ BaroBuMH KoeirieHTaMu. BHKOpHCTOBYBaBCS HaBYAIBLHHUH aJrOPUTM 3BOPOTHOIO
PO3MOBCIOKEHHS. BXITHUMHU NaHUMH 1O 3TUTTIO TPIIIUMH CIYTYBalIM T€OTEXHIYHI 1 reo-
METPHUYHI TTapaMeTpH, a BUXIJHUMHU — HEHPOHHA CiTKa, 3a JIOIIOMOTOI0 SIKOI OLIHIOBaBCS
THT MEXaHI3MYy 3THUTTS TPIlIHH (BiAPHUB, 3CyB ab0 3MilIaHa MOAa), SIKHII BHKOPHCTOBYBABCS
Ipu aHayi3i cTabuIbHOCTI OETOHHMX KOHCTpYKUiH. BukonaHo Bepudikariro po3paxyH-
KOBHX PE3yJIbTATiB 3a JOIOMOIOI BiIOMHX E€KCIEPUMEHTAIBHUX JaHHX.
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