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Abstract: The concrete strength criterion is the basis of strength analysis and evaluation under a
complex stress state. In this paper, a large number of multiaxial strength tests were carried out,
and many mathematical expressions of strength criteria were proposed based on the geometric
characteristics and the assumption of a convex function. However, the rationality of the assumption
of a convex function limits the use of these strength criteria. In particular, misjudgment will occur near
the failure curve surface. Therefore, this paper does not assume the shape function of the criterion in
advance. By collecting experimental data and using a machine learning method, it proposes a method
of hidden function of failure curve surface. Based on 777 groups of experimental data, the random
forest (RF), the back propagation neural network (BP) and the radial basis neural network (RBF)
models were used to analyze and verify the feasibility and effectiveness of the method. Subsequently,
the results were compared with the Ottosen strength criterion, the Guo Wang strength criterion
and the Drucker-Prager (DP) strength criterion. The results show that the consistency between the
strength criterion model established by the machine learning algorithm (especially random forest)
and the experimental data is higher than the convex function multiaxis strength criterion of the preset
failure surface shape. Moreover, the physical significance is clearer, the deficiency of the convex
function failure surface hypothesis is avoided and the established multiaxial strength criterion of

concrete is more universal.

Keywords: concrete; multiaxial strength criterion; machine learning method; shape function;
random forest

MSC: 82-10; 70-10; 65D17; 00A71

1. Introduction

The damage of concrete materials under multiaxial stress is a common concern in
engineering which has attracted researchers to carry out many experiments and studies
over a long time. The famous classical strength theory [1] has a clear theoretical point of
view and corresponding experimental verification to explain the internal causes of material
failure, but it cannot accurately describe the strength laws of concrete under complex stress
states. To solve this problem, a series of concrete strength theories have been studied
and developed based on concrete multiaxial strength tests. These criteria include the
Bresler—Pister criterion [2], the Willam—Warnke criterion [3], the Ottosen criterion [4], the
Hsich-Ting—Chen criterion [5], the Kotsovos criterion [6], the Podgorski criterion [7], the
Guo Wang criterion [8], the Jiang Jianjing criterion [9], etc. [10-14]. However, these concrete
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strength criteria were based on the fitting of their own test data, so the scope of their use
is limited. More importantly, the existing multiaxial failure criterion of concrete is a basic
summary based on the geometric characteristics of the stress distribution, and the mathe-
matical model is mainly established by the relation equation of the elementary function,
which causes an inherent inaccuracy of the strength criterion. Wai-fah Chen 1 noted that
“No one mathematical model can describe the strength of real concrete materials completely
under all conditions. Even if such a failure criterion could be constructed, it would be
far too complex to serve as the basis for the stress analysis of practical problems”. In fact,
we can improve the accuracy of the multiaxial strength criterion of concrete by collecting
a large number of historical experimental data to build models without determining the
mathematical expression of the strength criterion in advance.

With the rapid development of artificial intelligence technology, various industries are
self-empowering with new artificial intelligence technology. Engineering research based
on machine learning is also in full swing. Jong-in Kim [15] applied system identification
technology based on a BP neural network to predict the strength based on the concrete mix
ratio for the first time and showed that neural network technology could better estimate
the compressive strength of concrete. Then, Nan-Jingwu [16] established the RBF model to
predict the strength of concrete and compared it with the BP neural network model. The
verification results showed that the radial basis neural network model was superior to
the BP neural network model. El Asri Yousef [17] also compared the accuracy of several
machine learning technologies in predicting concrete compressive strength and concluded
that random forest is the most effective machine learning model for predicting concrete
compressive strength. Recently, machine language methods have been used to predict the
tensile strength with high accuracy of FRC (fiber-reinforced concrete) for different cracking
stages [18]. At present, few studies have applied machine learning methods to concrete
failure criteria. Zhiye Zhao [19] used a neural network method to predict the third principal
stress and octahedral shear stress of concrete in combination with 91 groups of test data
but did not conduct in-depth research on concrete strength criteria, and the neural network
method used has problems such as insufficient robustness and overlearning. Saeed K.
Babanajad [20] predicted the first principal stress o; by connecting the concrete mix ratio
parameters with the principal stress (¢, 03) but did not study the shape and accuracy of the
strength criterion. Uwe Reuter [21] introduced a convex shape function and used a neural
network method to fit the failure surface of concrete combined with experimental data.
However, the three shape functions adopted cannot contain all possible concrete failure
curve surface shapes, such as the hexagonal prism surface of the Tresca yield criterion and
the hexagonal cone surface of the Mohr-Coulomb criterion [1]. At the same time, Liu [10]
argues that most convex criteria are proposed based on empirical methods rather than
failure theory of concrete. Subsequently, Liu proposed a concave failure criterion, and the
results show that the predicted values are in good agreement with the experimental results.

Therefore, the failure surface of concrete may be either convex or concave, but it is
difficult to convert between two shapes if the function form is preset in advance, and only
a single convex or concave failure surface can be obtained. It is necessary to establish a
strength criterion model which can realize the conversion between concave and convex
surfaces. In view of the above problems, this paper directly establishes a concrete multiaxial
strength criterion by using the machine learning methods based on the multiaxial failure test
data of 777 groups [22-45] without a function form and realizes the conversion of concave
surfaces and convex surfaces. The specific process is as follows. Firstly, three typical
strength criterion models are briefly introduced. Secondly, three machine learning methods
are introduced. Finally, the results of the RF failure criterion model, BP neural network
failure criterion model, radial basis neural network failure criterion model, DP strength
criterion, Ottosen strength criterion and Guo Wang strength criterion are compared, which
can provide a reference for the objective evaluation of the multiaxial strength of concrete.
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2. Strength Criterion of Concrete
2.1. Failure Curve Surface

Strength theory provides various yield and failure criteria for materials under complex
stress states. All materials have a limit point of strength, and until they reach that point,
they can be considered linearly elastic. The ultimate strength points of materials under
various stress combinations can be determined by tests or different theories, and a failure
curve surface can be formed by connecting these points. Figure 1 is a schematic diagram of
the failure curve surface, and Figure 2 is a deviatoric plane.

Hydrostatic axis

N

Figure 1. Failure curve surface.

__0-2 _0_1

Figure 2. Deviatoric plane.

In this paper, the above figure is rotated to obtain a failure curve surface with the
hydrostatic pressure axis as the abscissa. It is expressed in cylindrical coordinates (&, 1, 6). &

3v3J3 )
2/13

The meridian corresponding to 0 = 0 is called the pull meridian, which is marked in blue.
The meridian corresponding to 8 = I1/3 is called the pressure meridian, which is marked in
red. The distance of a point on the hydrostatic pressure axis to the origin of the coordinate
axis is &. The deviatoric stress r is the distance from the hydrostatic pressure axis on the
deviatoric plane. The conversion formula is as follows:

is the hydrostatic pressure, and r is the deviatoric stress. 0 is the Lode angle, cos30 =

_(ntoto)
¢ = \/5 = \@Uoct @

2 2 2
V(@1 =0 + (01— 03) + (02— 03)
r= = \/gToct ()
V3

By reducing the above equation by /3, the coordinates of hydrostatic pressure and
deviatoric stress can be replaced by octahedral normal stress (0,.t) and octahedral shear
stress (Toct) to obtain the corresponding tension and compression meridians and deviatoric
planes. For isotropic materials, the attachment of lower labels 1, 2 and 3 to the coordinate
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axes is arbitrary, so the failure surface is sixfold symmetric. Currently, it is generally
believed that the failure surface curve has the following characteristics 1:

(1) The surface is continuous, smooth and convex;

(2) For the same hydrostatic pressure, % < 1, where 7; is located on the pull meridian
and r, on the pressure meridian;

(3) Threefold symmetry of the hydrostatic pressure axis;

(4) The deviatoric plane shape is gradually convex and full from an approximate triangle
to nearly round.

However, there are still different opinions on the outer convexity of the failure surface.
Liu believes [41] that the outer convexity of the failure surface is not exact for unstable
materials such as concrete or can produce a concave yield surface.

2.2. Typical Strength Criterion

The mathematical expressions of the multiaxial strength criterion are mainly polyno-
mial and power functions. Among them, the Ottosen criterion in polynomial form and the
Guo Wang criterion in power function form are more classical. Meanwhile, considering
that the DP criterion is still commonly used in concrete structures, this paper will choose
the above three strength criteria for comparative analysis. Among them, the failure surface
of the Ottosen strength criterion is a triangle transitioned from a circular to convex curved
edge, the failure surface of the Guo Wang strength criterion is a triangle with a smooth
convex curved edge and the failure surface of the DP strength criterion is a cone.

The Ottosen criterion can be formulated by the equations:

o V)2, h
a5 +A—=+b-—-1=0 3
AR A ©
1 -1
A =k cos {gcos(kzcos?)()) },
0 < 30°
- (4)
Io_1 -1
A = ky cos [3 5c0s(kocos36) },
0 > 30°

where I is the first invariant of the stress tensor, Iy = 07 + 0» + 03; J» is the second invariant
of the partial tensor of stress, [, = [(0’1 — )+ (01 — 03)* + (0p — (73)2} /6; 0 is the lode
angle; a, b, k1 and ky are four parameters obtained from the experiment. f, is the uniaxial

compressive strength of concrete.
The Guo Wang criterion can be described by the equations:

T b— %\
3 2
2
c=c (cos;(a) + cc (sinie) 6)

where 0, is the octahedral normal stress, 0, = 01 + 09 + 03/3; Toct is the octahedral

shear stress, Too; = (\/(0’1 —0)* + (01 — 03)* + (03 — 03)?) /3; 07 is the maximum prin-
cipal stress; 0, is the intermediate principal stress; o3 is the minimum principal stress;
a, b, ¢, ¢. and d are five parameters.

The Drucker-Prager criterion can be described by the equations:

3\/§“Uact + \@Tact - \/Ek =0 ()

where & and k are two parameters.
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The failure criteria of Equations (3), (5) and (7) can be converted into the follow-
ing forms:
Toct = Qi(Ooct, fe,30), i = Ottosen, Guo Wang, DP (8)

These three typical strength criteria all presuppose the failure surface form of a convex
surface, which cannot adapt to the failure criterion of concave failure curve surface shape
that still exists in concrete [10]. However, the failure surface can be flexibly adapted to
concave and convex forms through machine learning methods without presetting the
function form. Next, the paper will use the following three machine learning algorithms,
the BP neural network, the radial basis neural network and the random forest method,
to estimate the failure curve surface function of the strength criterion, and comparative
analysis is conducted with the three typical strength criteria mentioned above.

3. Multiaxial Strength Criterion for Concrete Based on Machine Learning
3.1. Machine Learning Approach

In this study, three machine learning methods, including the BP neural network (BP),
the radial basis function neural network (RBF) and the random forest (RF), were used to
establish strength criterion models for comparison.

BP [15]: The BP neural network is a typical representative of the artificial neural
network [46]. It consists of an input layer, hidden layer and output layer, and mainly
consists of a forwards multilayer feed-forwards process and error backpropagation process.
Its learning mechanism is a generalized delta rule, which performs gradient descent on the
error space when modifying the connection weights to minimize the total error between
the actual calculated value of the output layer and the expected value. In other words,
the gradient descent method is used to find the connection weights that minimize the
error function using the least mean method, and the training is completed iteratively. This
paper uses a multilayer perceptron trained by back propagation, the single hidden layer
is adopted and the neuron node is 4. The Levenberg—-Marquardt algorithm and purelin
activation function were adopted.

RBF [16]: RBF is similar to BP in architecture. The main idea is to use the radial
basis function as the “basis” of the hidden element to form the hidden layer space so that
the input vector can be directly mapped to the hidden space without weight connection.
When the center point of the radial basis function is determined, the mapping relation is
determined. The main difference is the activation function used in the hidden layer. The
RBF uses a radial basis function as the activation function. In this article, 1000 is used as
the speed parameter.

RF [47]: RF is a typical representative ensemble machine learning algorithm. In an
ensemble method, the decision from some individual algorithms is combined to make a
more reasonable prediction. Therefore, for the same data set, the double randomness of
the random forest makes it have better generalization ability and anti-overfitting ability.
There are some hyperparameters in the RF model. The number of trees was set to 100. In
this study, the maximum number of features was set to none (it is directly equal to the
total number of features). The minimum number of samples in the split was set to 2. The
number of samples in the leaf after splitting the node was set to 4.

3.2. Comparative Analysis with Typical Multiaxial Strength Criterion
3.2.1. Accuracy Analysis of the Strength Criterion

From the 777 groups of experimental data collected, 697 groups of data were selected
as training sets and validation sets (training sets: 70%, validation sets: 30%). The remaining
80 groups were used for testing. According to the form of Equation (8), the neural network
models are employed as in Equation (9). In this case, 0y, fc and 36 are input variables.
Toct is the output variable. The data distribution of the training sets and validation sets are
shown in Figure 3, and the data distribution of the test sets is shown in Figure 4. The size
of Tyt is indicated by color.

Toct = g(Uoct/ fc/ 39) (9)
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Figure 3. Data distribution of the training and validation sets.
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Figure 7. The error of RBF (left) and RF (right) criterion.

Combined with Figure 3, it can be seen that most of the current studies focus on
Toet < 40 MPa, and data of 1o+ < 40 MPa in 697 training and validation sets account for
563 groups. Figures 5-7 show that the error of the DP criterion, Ottosen criterion and Guo
Wang criterion are significantly greater than the other three machine learning criterion
models in 80 test sets, and the fitting accuracy is poor. Among them, the errors of the DP
criterion, Guo Wang criterion and Ottosen criterion are obviously larger in the range of
Toct > 40 MPa. Moreover, the predicted values are basically close to dark blue, indicating
that the predicted values are smaller, which is relatively dangerous in engineering. In
contrast, the errors of the three machine learning criterion models are always closer to 0.
Although it tends to be blue when the shear stress of the octahedron is large, the deviation
is smaller than the DP criterion, Guo Wang criterion and Ottosen criterion. Therefore,
compared with the traditional strength criterion, the accuracy of machine learning has
been improved.

In addition to the above simple error analysis, this study will also use the correlation
coefficient (R), root mean square error (RMSE) and mean absolute error (MAE) to evaluate
the compliance degree of the failure curve surface of the strength criterion. The value of R
is used to judge the correlation between the actual value and the predicted value within the
range. The closer R is to 1, the better the performance of the model. Both RMSE and MAE
are the average errors between the measured actual and predicted outputs. The smaller
the values of these two indexes are, the closer the shape of the failure curve surface is to
reality. The comparison results between the neural network strength criterion model of the
verification set and the classical strength criterion are shown in Table 1. R, RMSE and MAE
are determined by the following equation:

=1 J/zy? (vi — i) 10)
\/Zl 1 yz yf) 1 (vi = )
RMSE = \/(31 Y (v —v)?) (11)
i=1
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MAE = — ) |y; vl (12)
i=1

where  is the predicted value of the model and y is the ground truth.

Table 1. Comparison between the neural network strength criterion model and classical strength cri-

terion.
Guo Wang Ottosen DP RF RBF BP
MAE 9.25 59 11.18 4.07 4.62 4.59
RMSE 14.52 9.07 16.66 6.01 6.51 6.09
R 0.92 0.97 0.87 0.99 0.99 0.99

The data in Table 1 show that the correlation coefficient R of the three strength criterion
models established based on machine learning is obviously superior to the Guo Wang
criterion, Ottosen criterion and DP criterion, and the correlation value is higher, which can
better reflect the relationship with the ground truth. For the error measurement indexes
RMSE and MAE, the concrete strength criterion model based on random forest has the
smallest error, the value of which for MAE is 4.07 and for RMSE is 6.01, and the established
failure surface shape is more in line with reality than other models. Therefore, the RF model
was selected as a typical model among the three machine learning methods for comparative
analysis of rationality. At the same time, the correlation coefficient of the DP criterion is
only 0.87 and the error index for MAE is 11.18 and for RMSE is 16.66, obviously deviating
from the experimental values, and rationality analysis was no longer carried out in the
follow-up.

3.2.2. Rationality Analysis of the Failure Curve Surface

The RF strength criterion model, Ottosen criterion surface and Guo Wang criterion
surface were used to solve the same test data (Fc = 19.29 MPa). The three criteria are
represented on the failure plane (Figure 8), the deviatoric plane (Figures 9 and 10) and the
tension—compression meridian (Figure 11). Their similarity is that the deviatoric plane
is gradually convex and full from an approximate triangle. The difference is that the
deviatoric plane of the RF strength criterion model contains both a convex surface and
nonconvex surface (0,ct = —75 MPa, 6 = 50°), while the Ottosen criterion and Guo Wang
criterion only contain a convex surface. Liu [41] believed that the convex surface was only
proposed based on mathematical or empirical methods rather than the failure mechanism
of concrete, and the failure surface of concrete would also have a concave form. The RF
model has no preset function form in advance and can be trained directly according to the
test data, which can be very flexible to adapt to the failure surface concave and convex form.
Another difference is that the Ottosen criterion and Guo Wang criterion overestimate the
partial deviatoric stress at low hydrostatic pressure and underestimate the partial deviatoric
stress at high hydrostatic pressure. At this point, the RF strength criterion model is closer
to the expected range, although it is still underestimated at high hydrostatic pressure. The
accuracy of the learning model can be improved by further accumulating data for the
failure situation under high hydrostatic pressure.
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The error measurement index RMSE, MAE and correlation coefficient R were analyzed

for the prediction of the above three strength criterion models under the strength concrete
with Fc = 19.29 MPa, as shown in Table 2. The correlation coefficient R of the strength
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criterion model obtained by RF is 0.99, which is the best. MAE and RMSE were also better
than other strength criterion models, with values of 4.88 and 6.81, respectively.

Table 2. Comparison between the neural network strength criterion model and classical strength criterion.

Guo Wang Ottosen RF

MAE 11.46 7.50 4.88
RMSE 16.70 10.52 6.81
R 091 0.98 0.99

To compare the influence of concrete with different strengths on the strength criterion,
this paper also studied the failure curve surface of concrete with Fc = 25.6 MPa, and the
results were expressed on the failure surface (Figure 12), deviatoric plane (Figures 13 and 14)
and tension—compression meridian (Figure 15). The different rules reflected by several
strength criteria are further compared with Figures 12-15. The RF strength criterion model
based on machine learning can well-reflect the change rule of the failure surface of concrete
with different strengths and accords with the actual situation. Similar to the Guo Wang
criterion and Ottosen criterion, the failure surface obtained by the RF machine learning
model increases with increasing Fc, and the deviatoric plane changes to a gentle trend with
increasing hydrostatic pressure. It can be seen that after training with enough data, the
establishment of the concrete strength criterion by machine learning can provide reliable
prediction for engineering applications and provide a new idea for the study of the concrete
failure criterion and failure mechanism.
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Figure 12. A 3D view of the failure surface.
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Figure 13. Deviatoric plane of the RF model.
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Similarly, the prediction error measurement index RMSE, MAE and correlation co-
efficient R were analyzed for concrete with Fc = 19.29 MPa, as shown in Table 3. The
correlation coefficient R of the intensity criterion model obtained by RF is always 0.99, and
the shape fitting is the best. Its error coefficients MAE and RMSE are slightly higher than
the Ottosen strength criterion but lower than the Guo Wang strength criterion. It can be
seen that different strength grades have a certain impact on the accuracy of the model, but
the RF model always has a good fit, which can be used as a method to study the concrete
strength criterion.

Table 3. Comparison between the neural network strength criterion model and classical strength criterion.

Guo Wang Ottosen RF

MAE 3.44 1.66 1.93
RMSE 5.66 2.77 3.04
R 0.94 0.98 0.99

4. Conclusions

In this paper, 777 groups of experimental data are collected, and a multiaxial strength
criterion model of concrete is established by using a machine learning method, which is
compared with the classical strength criterion. The main conclusions can be summarized
as follows:

(1) Based on the damage of concrete test data, using three kinds of machine learning
algorithms to build strength criteria can allow them to adapt to the concrete strength failure
surface shape of concave and convex function characteristics. Compared with the classical
strength criterion model, the model accuracy of machine learning algorithms has been
greatly improved. Among them, the strength criterion model established by the random
forest method has the smallest error (MAE is 4.07, RMSE is 6.01), and the shape of the
failure surface is closest to the experimental situation.
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(2) In terms of rationality, the RF strength criterion model realizes the conversion
of concave surfaces and convex surfaces. Moreover, the RF strength criterion model can
respond to the shape of the strength criterion with different concrete strengths, which can
be used as a method to study the concrete strength criterion.

(3) The DP criterion, Ottosen criterion and Guo Wang criterion have large errors in the
region of high octahedral shear stress, but their mathematical models have been fixed, so it
is difficult to carry out large shape adjustment.

(4) The training data are still insufficient, and more data can be collected for training in
the future. At the same time, with increasing in-depth research on concrete strength criteria,
the influence of environmental factors such as temperature and humidity on concrete
strength has been gradually mentioned, and environmental factors can also be used as
input variables for subsequent research, which is of great significance for ensuring the
strength and safety of concrete projects in complex environments such as high temperature,
high coldness and deep water.
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