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ABSTRACT: This paper presents a novel approach that predicts the strength and failure modes of jointed Glass Reinforced
Polyester (GRP) samples under bending vsing Finite Element Method (FEM) and Artificial Newral Network (ANNY The
mechanical behavieur of fastened glassfiber reinforced plastics compesites under bending have been cxperimentally
investigated. Samples were obtained from Amiantit Oman, & manufacturing company eperating in Russail Industrial Zone in
the Sultanate of Oman, The experimental program invalved the eonduct of three point bending tests as well as bending tests
of mechanically fasiened joints under static loads. The experimental results showed that the dimensians of the specimen such
as the bending span length, specimen width, and specimen pitch affect GRP strength and stiffness. FEM and ANN results
predicted accurately the types of failure modes and their locations along the specimens and compared well with the experimental
results.

Cnmposite materials have been receiving a widespread use in industry as an alternative to conventional materials.
However, composite structures made of several connected parts by means of rivets, inserts, bolts, present serious
problem to engineers when subjected to complex loading conditions where high stress concentrations near the joints may
lead to unexpected failure. Therefore, in order to avoid such incidents from occurring, proper design procedures based
on the stress analysis of such joints and the use of reliable predictive tools must be established.

Although GRF matenals offer desirable charactenstics, the presence of joints may raise serious concerns and
important questions that must be answered. Though, considerable research work has been performed to examine the
strength behaviour of GRP/GRE (Glass Reinforced Epoxy) bolted joints under uniaxial tension {Alfred, 1987; Hamada
ef al, 1987; Hao er al, 1978; Smith and Poscoe, 1988) by varying the joint geometry, none of the work has studied the
effect of joint geometry on the flexural behaviour of GRP. In addition, the finite element method (Cooper and Turvey,
1995) has been used to study the stress analysis of joints under uniaxial loading only to identify the failure modes taking
place in various joinls geometry,
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Figure 1. Bending Test of Fastened GRP Specimens,

The present paper, therefore, presents a novel approach that predicts the strength and failure modes of jointed Glass
Reinforced Polyester samples under bending using the Finite Element Method (FEM) and the Artificial Neural Network
(ANN) modeling technique. Identification of failure modes and their locanons along the specimen in the neighbourhood
of the joints was based on the maximum tensile stress obtamned from the finite element analysis of fastened joints under
bending.

Experimental Study

Laminates of 300x300x3 mm consistng of four layers of 50% weight fraction of random glass fibers mixed with
polyester were fabricated in Amiantit Oman using the hand Lay-up Technique. The plates were then sandwiched between
two wooden smooth plates to remove any trapped air and ensure a uniform distribution of polyester within the random
tiber lavers.

Standard three point bend specimens with varnous lengths, widths, and pitches were cut from cured plates.
Holes of 8 mm diameter were drilled nearthe ends of the bend specimens as shown in Figure |, Figure la shows
the geometry of atypical specimen where L, ¢, and w are changed in the experiment. The span, L, the joint ratio
w/d (specimen width'hole diameter), and e/d (center hole 10 edge distance/hole diameter) are changed from 70 to 160
mm, 1.5t02.25, and 0.75 to 1.5, respectively (see Table 2 for list of specimens). A schematic of the testing configuration
is shown in Figure 1b where the spécimen is fastened at both ends to a support by means of steel bolts. A static load
was then applicd at the center of the specimen span using a Lloyd M30K testing machine at a rate of 2-mm/ min. An
X-Y plotter was used to plot the resulting load-deflection curves for different specimen configurations.

Experimental Results

An intensive experimental study was performed on more than 130 fastened specimens under bending to study the
effects of joint geometry (Seibi, Al-Oraimi and Al-Alawi, 1996). It was reported that the general behaviour of the load-
deflection curves becomes linear after a slight movement of the testing machine crosshead representing 1/10 (1 mm) of
the total deflection of the tested specimen with no load being generated. In addition, four different failure modes were
observed during testing. These failure modes consist of 1) bending mode (mode 1) corresponding to FPF (First Ply
Failure) where failure takes place at the center of the specimen, 2) net tension (mode 2) where failure takes place at the
sides of the joint, 3) bearing failure (mode 3) where damage initiates near the joint and continues to develop up to the
failure of the joint and 4) mixed modes where failure takes place in the form of a combination of either modes 1&2 or
modes 1&3 as shown in Figure 2.
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Figure 4. Effects of Jomt Geometry on Inital Stiffness of Fastened GRP Under Bending.

The effects of joint geometry on the failure loads and bending stiffness with respect to the various bending spans
can be seen in Figures 3 and 4. The bending stiffness is defined as the ratio of the applied to the corresponding deflection.
These figures show the vanation of the faillure load and imitial stiffness as functions of the width to hole diameter ratio,
w/d, and pitch to diameter ratio, e/d, for the extreme bending spans of 70 and 160 mm. It can be seen that, in general,

as w/d or ¢/d increases the failure load and inihal stiffness increase implying that appropriate design parameters must
be taken mnto consideration to avord abrupt farlure.
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Figure 5. 3-I) Finite elenient model of fastened GEP specimen.
Finite Element Analysis

The finite element analysis 15 used to identify the failure causes of the various failure modes observed expenimentally
by estimating the stress distribution near the joints of various specimen configurations under bending. The finite element
analysis was conducted using a general-purpose fimte element package ANSYS. The specimens which are made from
randomly distributed glassfibers in plastic matrix materials, are assumed to behave transversely 1sotropic.

Finite Element Model

A three-dimensional brick was used 1o model the composite laminate, the support, and the bolt as shown in Figure
5 which presents a 3-D view of the model, Interaction between the sample and the bolt/support was taken into
consideration by using a 3-D interface e¢lement. This element 15 ¢apable of predicting the normal and tangential forces
at the interface of all components by specifying the coefficient of fnction and the normal and tangential stifnesses. The
half circle in the model represents the bolt and the composite laminate with altered dimensions of w, ¢, and L consisting
of two laminae with same matenial properties. Because of symmetry, only one fourth of the section of the laminate is
considered. The Cartesian co-ordinates (x,y.z) represent x, v, and z-co-ordinates for the bend specimen configuration.
The bolt has a radius of 4 mm and the composite laminate is 3 mm thick.

Boundary Conditions and Loading Procedure

The boundary conditions require a zero displacement for all the nodes lying on the x-z and y-z planes which
represent the planes of symmetry, Only vertical motion along the z-axis is allowed for all nodes lying on the planes of
symmetry. However, the rest of the nodes in the model are allowed to move freely in all directions. Since the finite
clement model, the applied load 1s taken as one fourth of the peak failure load taken from the load-deflection curves
obtained experimentally. Concentrated forces are applied at the nodes lying on the surface at the specimens mid-span
in the negative z-direction. The nodal forces are obtained by determining the applied force per unit wadth. Mesh
refinement was performed before starting data generation of the resulting stresses near the joints. Examination of the
stress distribution near the joints assists in predicting the location of impending failure.

Finite Element Results

The experimental results were supplemented by finite element modeling of a fastened GRP samples under bending.
Stress analysis of joints was carmed out using ANSYS finite element program. Stress distribution at the center of the
bent specimen and near the joint along the radial direction in the x- and y-axes were examined to determine the expected
type of failure and 1ts location based on the maximum tensile stress theory.

It is believed that the driving stresses that cause failure at the joint sides and ends are the axial, o, , and lateral, ,,
stresses, tespectively. This hypothesis was based on the enterion that failure takes place at higher normal stresses to crack
surface. In order to predict the location at which failure takes place, both axial and lateral stress distributions along the
horizontal (x-axis) and vertical {y-axis) direction near the joint are plotted as shown in Figure 1. For instance, if the axial
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stress (0, ) along the vertical direction is higher than the lateral stress along the vertical direction (g,), failure is expected
to occur along the y-axis (net tension mede), and if o, along the horizontal direction is greater than o, along the vertical
direction, a bearing failure takes place. Figs. 6 and 7 show the maximum axial and lateral stresses for various ratios of
e/d and wid, respectively. In figure 6, it can be seen that the axial stress, o, denoted by Sx, is slightly affected by the ratio
of ¢/d; however, the lateral stress, ¢, denoted by Sy, decreases as e/d increases. While it is noticeable that there is no
change of the lateral siress with respect to the ratio of w/d, the axial stress decreases significantly for an increase i w/d
(see Figure 7). Companison between both stresses along both directions clearly specifies the location at which there is
a high tendency of initial failure. For mstance, Fig 6 shows that the axial stress is higher at a ratio of e/d =0.75 implying
that failure will take place at the end of the specimen representing a bearing failure. However, failure takes place at the
side of the specimen (net tension failure) since the axial stress 1s higher than the lateral stress for higher ratios of e/d.
On the other hand, Figure 7 shows that the axial stress at w/d ratios of 1.3, 1.75 is higher than the lateral stress implying
that specimens with this geometric configuration fail from the sides (net tension mode). However, beyond these two
ratios, specimens fail from the ends (bearing failure mode) since the lateral stress is higher than the axial stress. In
addition, finite element results for other geometric configurations revealed that the maximum bending stress at mid span
15 higher than the first ply failure stress indicating that an FPF type of failure takes place at the center of the bent
specimen. These results are not included 1 this paper because of the limited allowed space. A detailed fintte element
stress analysis of such joints is under investigation in order to understand the inter-relation between the failure modes
and stress distribution around the joint, Future work will involve the development of a characteristic curve using finite
element results from which failure modes and locations can be identified.

Ann Model Development

In this work, an ANN model was developed to predict the specimen failure strength, specimen stiffness, and failure
location in fastened GRP specimens under bending.  The model was based on experimental results obtained from testing
variable specimen length, width, and pitch, Figure & shows the multilayer feedforward perceptron artificial neural
network used in this study. The purpdse of developing this model is to allow us to perform sensitivity analysis and to
study the behaviour of the specimen geometry without having to resort to costly and time-consuming experiments, hence,
providing both time and cost savings.

ANN Architectural Design

As illustrated by Figure 8, the network architeeture 1s composed of many simple processing elements that are
organized into a sequence of layers. These are the input layer, the hidden layer, and the output layer. The neurons in
the input layer receive three input signals representing the specimen length (SL), specimen width (SW), and specimen
pitch (SP); hence, three neurons were used for input m the ANN architecture, The output layer, on the ather hand,
consists of three output neurons representing the failure strength (FSG), stiffness (ST), and failure location in that
specimen (FL). Between the input and output layers, generally, there is one or more hidden layers. Determining the
number of hidden layers to use and the appropriate number of neurons to include mn each hidden layer is not an exact
science. Research in this area (Hecht-Nielsen, 1989; Lapedes and Farber, 1988) proved that one or two hidden layers
with an adequate number of neurons is sufficient to model any solution surface of practical interest. As a result of
evalusting a number of hidden node configurations and computing the root mean square error for both the design ponts

Figure 6. Effect of ¢/d on Tvpe of Failure Modes.
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Figure 7. Effect of ¢/d on Type of Failure Modes.
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and the test points, it was determined that & network with 7 to 10 nodes in the hidden layer would be a good choice.
The network containing 9 hudden nodes, however, yielded the smallest error over the region of interest. Based on these
results, one hidden layer containing 9 neurons was used to develop the ANN architecture.

Network Training

The multilayer feedforward network used in this work is trained using the backprobagation (BP) paradigm developed
in reference (Rumelhart and McClelland, 1986). The BP algorithm uses the supervised training technigue. In this
technique, the interlayer connection weights and the processing element thresholds are first initialized to small random
values. The network is then presented with a set of tramning patterns, each consisting of an example of the problem to
be solved (the input) and the desired solution to this problem (the output). These training patterns are presented
repeatedly to the ANN model, and weights are adjusted by small amounts that are dictated by the general delta rule
(Rumelhart and McClelland, 1986). This adjustment 1s performed after each iteration when the networks computed output
is different from the desired output. This process continues until weights converge to the desired error level or the output
reaches an acceptable level. The system of equations that provides a generalized description of how the learning process
is performed by the BP algorithm s descnibed by Simpson (Simpson, 1990).

In the present work, the training process was performed using the NeuroShell® simulator. After several adjustments
to the network parameters, the network converged to a threshold of 0.0001, The trained model prediction was in goad
agreement with the actual test results, hence, producing an R* value of 0,896 for the specimen failure strength (FSG),
0.838 for the stiffness (FST), and 0..991 for the farlure locaton. These results show that approximately 91% of the
variation in the dependent variables (output parameters) can be explained by the independent vanables (input parameters)
selected and the data set used, Having tramned the network successfully the next step is to test the tramed network, using
the test data, 1n order to judge 1ts performance.

TABLE 1

Examples of training patterns used in developing the ANN model

Parameter Input Input Imput Output Cutput Cutput

Case Number sSL SW SP FSG FST Failure
(mm} {mm) (mm) (KN) (KN/mm) Location®

45 130 14 B 0.500 0.090 1

18 70 18 10 0,933 0.267 3

50 130 16 b 0.510 0.133 2

68 160 16 12 0.920 0144 4

* Where Failure Location is | =bending, 2=net-tension 3=bearlng, and 4=net-tension & bearing
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Figure 8. The Proposed ANN Model's Architecture.
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Figure 9. ANN prediction vs. actual experimental values for (a) stiffness and (b) strength.

Network Testing and Validation

The generalization capability of the model was also tested by presenting 10 test sets that were taken from the
experimental data prior to network training. Figure 9 provide the results and illustrate the relationship between actual
and predicted values for the specimen stiffness and failure strength. In addition, the model predicted failure location
accurately, in 14 of the 16 cases. In the second case, the ANN prediction was not entirely incorrect since the ANN
predicted the failure to be bending when, m reality the failure was net-tension & bending. Also in the fifth case the ANN
prediction was net tension &, bending and the actual experimental results indicates that the case was bending.

Typical failure modes obtained experimentally and numerically for a particular span (L = 100 mm) with various
joint geometry, 15 shown in Table 2. Other parameters such as first ply failure load, failure load, imitial stiffness, and
failure modes for the other spans are not included because of the hmited space. It can be seen that the failure modes
predicted by FEM and ANN are similar tp the ones obtained experimentally.

To validate these results, four of the more common statistical indices, generally used to determine model accuracy
and performance, were used. These parameters were mean absolute deviation (MAD]), mean squared error (MSE), mean
absolute percentage error (MAPE), and coeflicient of determination (RE}. Statistical analysis of the résults indicate that
the R value for the testing set was 0.752 for the specimen strength, 0..911 for the specimen stiffness, and 0.975 for
the identification of the specimen failure location. The MAPE was 14.01, 10.71, and 3.26. These results demonstrate
that the ANN-based model can predict the specimen strength, stiffness, and failure location with an accuracy of
approximately 86, 89, and 97 percent, respectivel,

Omnce the ANN model is developed and it produces accurate results, contribution of the different independent
variables to the variation of the dependent variable values can be obtained from the model using the NeuroShell{ utility.
Examination of the input vanables' contribution revealed that the specimen width (SW) had a substantial influence (5

1%) on the vanation n strength, stiffness, and the identification of the faitlure location, This result 1s followed by the
effect of the specimen length (SL) of approximately 32%. On the other hand, the contribution of the specimen pitch was
17.0%.
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TABLE 2

Comparative results of failure modes predictied by different rechnigues for L= 100 mm

Specimen Mo w/d =/d Expenimental FEM ANN

l 15 0.75 Bearing Bearing Bearing

2 15 1 Met tension & bending  Net tension & bending  Bearing

3 1.5 1.25 el tension MNet tension Net tension

4 1.5 1.5 Net tension Net tension MNet tension

5 1.75 0.75 Bending Beaning Net tension & bending

6 1.75 1 Net tension Net tension Net tension

T 135 1.25 Bending & net tension Bending & net tension Bending & net tension

B 1.75 1.5 Net tension Net tension Nel tension

g 2 075 Nel lension Net tension Net lension

10 2 | Bending Bending Bendimg

11 2 1.25 Bending & net tension Bending & net tension Bending & net tension

12 2 1.5 Bending & net tension  Bending & net tension  Bending & net tension

13 225 0.75 Beaning Bearing Bearing

14 2.25 l Bending Bearing Bearing

15 225 1.25 Bending Beanng Bearing

16 2.5 1.5 Bending Beanng Bearing
Conclusions

An Expernimental investigation and failure analysis of fastened GRP matenals under bending using finite element
method and Artificial Neural Networks were performed. It was observed that in general, the failure load and initial
stiffness of the matenal increase as w/d and e/d ratios increase. The effect of changing the bending span is observed in
terms of stiffness and failure load reduction as 11 mcreases from 70 1o 160 mm. Four failure modes representing net
tension, bearing, bending, and combined modes were observed. In addition 1t can be concluded that FEM and ANN prove
to be reliable tools in studying the stress distnbution and predicting potential failure modes and locations. The use of this
advanced modeling tool, ANN, can result in extensive time and cost savings for the user.
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