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Abstract: The mixed model of improved exponential and
power function and unequal interval gray GM (1, 1) model
have poor accuracy in predicting the maximum pull-out load of
anchor bolts. An optimal combination model was derived
using the optimally weighted combination theory and the
minimum sum of logarithmic squared errors as the objective
function. Two typical anchor bolt pull-out engineering cases
were selected to compare the performance of the proposed
model with those of existing ones. Results showed that the
optimal combination model was suitable not only for the slow
P-s curve but also for the steep P-s curve. Its accuracy and
stable
classification, were better than those of the other prediction
models. Therefore, the optimal combination model is an
effective processing method for predicting the maximum pull-

reliability, as well as its prediction capability

out load of anchor bolts according to measured data.
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ith rapid economic development, geotechnical an-
Wchoring projects (e. g., foundation pit protection,
underground engineering antifloating, railway tunnels,
underground cave support, and slope reinforcement) are

131 Anchor bolts are the core of an-

steadily expanding
choring projects as their quality plays a vital role in the
stability of engineering structures; thus, testing the bear-
ing capacity of anchor bolts is one of the most important

links in quality inspection'*™.

Given the complexity of
geotechnical structures, the method for accurately deter-
mining the ultimate bearing capacity of anchor bolts still

involves in situ pull-out tests. The P-s curve is deter-
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mined according to the uplift load P and displacement s of
the anchor bolt, and the maximum pull-out load is deter-
mined by the P-s curve!”. Although this method is intui-
tive and reliable, testing the complete P-s curve requires
the anchor bolts to be subjected to damage testing. The
process also takes much time and money. Therefore, es-
tablishing a mathematical model that can predict the max-
imum pull-out load of anchor bolts before failure may
help reduce testing time and costs.

A typical mathematical prediction model is generally
established using partial measured data. On the basis of
this model, the complete P-s curve of an anchor bold can
then be obtained. Through this model,

pull-out load of the anchor bolt can be predicted. Sun et
1781

the maximum
al. studied a prediction method for the pull-out load of
anchor bolts that was based on the improved exponential-
power mixed model and modified D-S evidence theory.
By testing a dynamic mass measurement method for an-
chor bolts, Xu et al. "’ discussed the gray system predic-
tion method for the uplift bearing capacity of anchor
bolts. Liu"” studied the method of predicting the pull-out
load of anchor bolts by using gray system theory and then
conducted engineering verification. Xue et al. !’ intro-
duced a genetic algorithm to establish a genetic neural
network model for predicting the maximum pull-out load

of anchor bolts. Ying et al. '

used hyperbolic and expo-
nential models to simulate the P-s curve of an anchor bolt
and analyzed their practicality. Zhao et al.'" proposed
an adjusted hyperbolic model to predict the maximum
pull-out load of anchor bolts. These existing studies used
single models to predict the P-s curve of anchor bolts.
However, such models have some limitations, and they
lack accuracy.

Meanwhile, the mixed model of improved exponential
andpower function ( MIEPF) and unequal interval gray
GM(1, 1) model (hereinafter referred to as the U-GM(1,
1) model) have higher accuracy and more stable reliabili-
ty than other single models for predicting the maximum
pull-out load of anchor bolts. Specifically, the MIEPF
has relatively high accuracy, whereas the U-GM(1, 1)
model has relatively poor accuracy. Considering the limi-
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tations of using a single model to predict the P-s curve,
this study uses the minimum logarithmic error square sum
as the objective function to solve the optimal weighting
coefficient. An optimal weighted geometric mean combi-
nation prediction model is then proposed. Finally, the ac-
curacy and stable reliability of every single model and the
optimal combination model are verified in two engineer-
ing cases.

1 Existing Prediction Models

The mathematical models that can be used to predict
the P-s curves of anchor bolts are the hyperbolic function
model'", adjustment hyperbolic (A-H) function mod-
el'”, modified hyperbolic ( M-H) function model'™,
power function model"®, exponential function model'”!,
exponential-power-linear (EPL) function model'”, im-
proved exponential ( I-E) function model)', MIEPF
model'”, U-GM(1, 1) model, and gray GM(1, 1) mod-
el'*™ . A brief introduction to each mathematical model
is presented here. In the discussion, P, s, and P, repre-
sent a certain level of uplift load, the displacement under
load P, and the maximum pull-out load of the anchor
bolt, respectively; a and b are two parameters to be

solved.
1.1 Hyperbolic function model

Christon first proposed the hyperbolic function model.
In using this model to predict the bearing capacity of an-
chor bolts, its mathematical equation is

P=Pu(l— ) (1)

s+a

1.2 A-H model

Zhao et al.'" presented the A-H function model,
which has stronger adaptability and adjustability than the
hyperbolic function model. The A-H model is as

P=P 5 (2)

“s+as/(s" +s, ) +b

where s, _, is the measured displacement of the anchor

n-1

bolt under the last second-level uplift load.

1.3 M-H model

Jiang et al. '”' presented the M-H function model and
verified it in practical engineering cases. The M-H model
satisfies the following equation:

P=P,—>—— (3)
a+s+bs

where ¢ denotes the parameter to be solved.

1.4 Power function model

Bai et al. """ described the power function model as

p:Pu{1_[1+(";l)’“]'} (4)

u

where k and n are the initial uplift stiffness and tangential
stiffness index, respectively. If a=(n -1)k/P,, b =1/
(n-1), then Eq. (4) can be transformed into

I S
(1 +as)’

P:Pu[l (5)

For the slow P-s curve and steep P-s curve, the n val-
ues are 2.9 and 2.0, respectively.

1.5 Exponential function model

1 [12]

Ying et a assumed that the P-s curve of an anchor

bolt conforms to the following exponential equation:

1
P=p,(1-5) (6)
e
where a is the parameter to be solved. This model is sim-
ple and feasible, and it can be completed by a small com-
puter program.

1.6 I-E model

Sun et al. "™ comprehensively analyzed Eqs. (1), (5),
and (6) and discovered that they all have the same frame
structure, which is

X
P_Pu[l—f(s)] (7)
where f(s) and x are the function factor and parameter to
be solved, respectively. Eq. (7) should satisfy the five
characteristics ( point of origin, non-negative and bound-
ed, infinite convergence, convexity, and monotonous in-
crease) of the P-s curve of a theoretical anchor bolt. A
general function model framework is used to improve the
exponential model under the assumption that the anchor
bolt’s P-s curve satisfies the following improved exponen-
tial equation:

P=Pu(1— 1+k)

o (8)

where a and k are the two parameters to be solved, a >0,
k> -1.
1.7 MIEPF model

Sun et al."" presented the MIEPF and supposed that
the anchor bolt’s P-s curve satisfies

1 +k
= 1- bs+1)°
P=pP 1= (bs+1)] )

where a, b, ¢, and k are the parameters to be solved.
1.8 EPL function model

Kuang et al. """ established the EPL function model to
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describe the load-slip curves of anchor bolts; the model is
given by

P:Pu[l-%&(ﬁsn)] (10)
c +,u

where «, B, and u are undetermined parameters.
1.9 U-GM(1,1) model

The gray GM(1, 1) model is mainly suitable for pre-
diction problems with short time, small quantity, and low

volatility"™”

. Displacement is regarded as the generalized
time when tracking the development trend of an anchor
bolt’s P-s curve. The first-order dynamic differential
equation-based GM(1, 1) model of a load sequence is es-
tablished. The actual anchor bolt displacement is an une-
qual interval, and in most cases, known displacement
values are used to estimate load uplift values. Hence, the
gray GM(1, 1) model established should involve an une-
qual interval. The initial load sequence and settlement se-

quence can be obtained from the pull-out test as

PV =(pP", P, ..., P}
(D (1 } (11)

R RN

ey O,

The load and settlement series in Eq. (11) are reduced

once, and a new series is obtained as

P = {P‘O) P<°’, s P;(” }
sO = {57,597, .., 57} } (12)
where
PUSPU PN 13
550) =S£]) _Siljl L= (13)

According to the modeling method of the gray system,
the first-order differential equation GM (1, 1) is estab-
lished as

dpP"”

PV =b
ds +a

(14)

where a is the development coefficient and b is the gray
action quantity.
According to the least-squares method,

{Z}:(BTB) By, (15)
where
s -0.5(P\" +P"y 1
B s -0.5(P)" +P") 1
s QL -0.5(P", + Py 1
(16)
Y, =(P",P", .. P"}T (17)

Therefore, the solution of differential equation (15) is
as

P(l)

W [P(ll) _ﬁ]e—a[.\-;‘j,-;’,w +% (18)

a
where P|', is the prediction value of the anchor bolt under
the k +1 level uplift load. The maximum pull-out load of
an anchor bolt can be obtained by

P, = lim P\’ = % (19)

Ki—

2 Optimal Weighted Average Geometric Predic-
tion Model

Take for example m types of prediction models, such
aS Vi,s Yars -o- s Yur 1=1,2,3, ...,

ble for predicting the maximum pull-out load of anchor

N, which are availa-

bolts. Then, y, is the i type of the prediction model and
the predicted value of the ¢ phase. Moreover, y, is the
weighted geometric average combination prediction model
of the m types of prediction models and represents the

prediction value of the ¢ phase of the model.

yo=11vi (20)

i=1

Suppose W= {w,,w,,...,w,}" eR", and Y w, =1,
i=1

w,=0, i=1,2, ...,

displacement in the ¢ period,

m. If y, is the measured values of the
then s, =Iny, — Iny, and S,
=Iny, — Iny, are used to denote the logarithmic errors of

v, and y,, respectively. Subsequently,

Sf = (Iny, - lny) = (lnHy lny =
( z Wilnyr lnyt z w; (lnyn 111)7”) ]2 =
i=1
Iny,, —Iny,
Iny,, —1
ftwi w, w1 T e lny iy, Iny,, - Iny,
Iny,, —1Iny,
Wl Slt
- 2 S
oIny, —Iny }oo " A= {w, wy, ow, }{0
Wlﬂ S‘l?’lf
w,
w,
{S1) S50 cen S} " 4= =W (s,s,)W (21)
Wm
where W = {w,, w,, ..., w, }" and (s,s,) is an m-order
square matrix.
Thus, the logarithmic error square sum is
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“

[
M=
E%
M2

WT(s” s W = W Z (5;,5;)

(22)
N
where A = z (s,s;) is generally a positive definite ma-
t=1
trix.
N N
1) As [ Z (5] = 2 (580" = X (ss,), ma-
t=1
trix A is a symmetric matrix.
2) For random X = {x,, x,, ...,x,} e R" = {0},
N N
XT[ z (S” h) ]X Z XT(SII /t)X 2 ( 2 xkskr
t=1 =
(23)

If X'AX =0 always holds, so Y x5, =0, 1 =1,2,
k=1
., m, that is, for any nonzero m-dimensional vector X,
it is solved by

o+s,x, =0

ml

SpX, 8y x, +.

SpX, F 80X, + ... +8,,x, =0

(24)

Sin Xy + S X, + oo+ S, 0x, =0

Ifx, =1, x,=0, i#k i,k=1,2,...,m, thens, =0, k
=1,2,....om, t=1,2,...,N, int=1,2, ..., N. In fact,
s,, =Iny, —Iny is not always equal to zero. Thus,

X"AX=0 (25)

From testimonies 1) and 2), matrix A is a positive def-
inite matrix, so that A is invertible. For any nonzero vec-
tor W, the minimum logarithmic error square sum S* >0.
IfQ=(1,1,...,1}" € R", then the optimal weight coef-
ficient W can be determined by minimizing the sum of the
logarithmic error square S° = W'AW of the combined pre-
diction model under the constraint conditions of W'Q =
1, W=0.

Based on the results of Ref. [21], the solution is

W = =] (26)

For the weighted geometric combination prediction
model composed of the MIEPF and U-GM(1, 1) model,
the optimal weight coefficients are

N N
2
z Sy z S1Su
t=1 t=1
Wy =y
2 2
2 (s, +85 —25,,8,,
=1 (27)
z (Slt 8152,)
w, =
= 2s,,5,)

2 2
z (s, +85
=

Given w, +w, =1, only one of w,, w, is required in

actual calculations.
3 Model Assessment

On the basis of the five parameters, namely, the sum
of squares due to error (SSE), the sum of squares due to
relative error ( SSRE), standard error ( SE),
standard error (RSE), and mean absolute percentage er-
ror ( MAPE),

model was used to quantify the estimation performance.

relative

the accuracy of the proposed prediction

N
SSE = ) (3, —=y)°

=y,
SE - (%)0,5
RSE = (SS;E)“

MAPE =

MAPE can be treated as the benchmark and is more
stable than the commonly used mean absolute error and
root mean square error'>’’

bility of the prediction model (see Tab.1).

when used to evaluate the capa-

Tab.1 Capability of the prediction model

MAPE % Prediction capability
<10 High capability
10-20 Good capability

20-50 Reasonable capability
>50 Weak capability

4 Verification Based on Engineering Cases

An anchor bolt’s P-s curve obtained by the pull-out test
is closely related to the mechanical characteristics of the
anchor bolt itself and to multiple factors, such as side
friction resistance, diameter, anchoring length, and mor-
tar strength™”

. In general, the P-s curve can be roughly

divided into two types: slow P-s curve and steep P-s
curve. In this work, two typical engineering cases were
selected to compare the accuracies and stabilities of the
models, as well as the accuracies of the maximum pull-
out loads predicted by the models. The P-s curve in case
I is the slow curve, while the P-s curve in case Il is the

steep curve.
4.1 Case 1

The anchoring stratum of the antifloating anchor bolts
in a swimming pool in Shenzhen, China, was granite re-
sidual soil™ . During the loading process in which the
“pressure cannot be increased and displacement does not

converge, ” the corresponding load was taken as the fail-



Prediction of a maximum pull-out load of anchor bolts using an optimal combination model

203

ure load, and 95% of it was taken as the maximum pull-
out load. The anchor bolt lengths in test groups A and B
were 12. 0 and 15. 0 m, respectively. The bolt-grouting
body diameter was 180 mm, and the anchor bolts were all

2@32 mm threaded steel bars. The maximum pull-out
load values of the anchor bolts in test groups A and B
were 664 and 670 kN, respectively. The measured data
are shown in Tab. 2.

Tab.2 Measured data of pull-out test on anchor bolt (case [)

P/kN 70 210 350 420 490 560 595 630 665
y Group A 0.60 2.19 4.86 6.82 8.85 20.55 23.82 29.24 46.03
S/ mm
Group B 0.37 2.11 5.72 8.99 13.68 17.07 19.67 24.13 39.19
bar adopted a threaded anchor bolt with a tensile strength
4.2 Case II P £

In an antifloating anchor bolt test at a construction site
in Qingdao, China"™', a trench with a width of 1.2 m
and a depth of 0. 6 m was directly excavated. Reinforcing
steel was set at the center of the trench, and the bottom
plate was cast with C30 commercial concrete. The steel

of 590 MPa, elastic modulus of 200 GPa, diameter of 28
mm, vertical anchoring length of 15d (d is the anchor
bolt diameter), and horizontal bending lengths of 20d and
30d. The maximum pull-out load values of the anchor
bolts were 360 and 381 kN, respectively. The measured
data are shown in Tab. 3.

Tab.3 Measured data of pull-out test on anchor bolt (case [I)

P/KN 30 60 9 120 150 180 210 240 270 300 330 360
L, WS20d 005 020 036 070 L13 143 Le0 235 425 6.8 1185 20.24
YMM Wws30d 0.1 048 0.83 0.9  1.16  1.28  19.67 24.13  39.19  6.22  10.63  18.94

On the basis of the measured data in Tabs. 2 and 3,
this study used MATLAB’s fmincon function based on the
principle of minimum error square sum to obtain the pre-
diction model parameters'™ . Among the existing models,
the prediction accuracies of the exponential model, hyper-
bolic model, and power function model were very poor
and could no longer be used to predict the bearing capaci-
ty of the anchor bolt. Apart from that of the U-GM(1, 1)
model, the maximum pull-out loads predicted with the
MIEPE and I-E, A-H, and M-H models were all higher
than the measured values (see Fig. 1(a)). The predicted
value of the maximum pull-out load in this study was rel-

Measured 21670 [C_]Group A
MIEPF model 1672 Group B
I-E model 1237085
A-H model [ 7}7897
M-H model 1714 2903
U-GM(1,1) model 639
This study 4 %5,%
0 200 400 600 800 1000 1200

Ultimate bearing capacity/kN
(a)

atively close to the measured value. As shown in Fig. 1
(b), for the tests WS-20d and WS-30d, the maximum
pull-out loads predicted by the U-GM( 1, 1) model were
less than the measured values, except for the I-E model in
the test WS-30d. The predicted values from the MIEPE
and I-E, A-H, and M-H models were all higher than the
measured values. Meanwhile, the predicted values of the
combined model were consistent with the measured val-
ues. Therefore, the optimal combination model proposed
in this work can use the commonness and individuality of
two single prediction models.

RS s
MIEPF model 7 A]Z%gg
1-E model 77A31 |63 63
A-H model 77 Zi 3J63588
M-H model /;%;Z
U-GM(1,1) model 33l
This study AI gg?
0 100200 300 400 300 600
Ultimate bearing capacity/kN
(b)

Fig.1 Maximum pull-out load of the anchor bolt. (a) Case I; (b) Case Il

The anchor bolt’s P-s curves were all slow curves ( see
Fig. 2), and the overall shape was convex. However,
concave points were observed in the middle of the curves.
The P-s curves simulated with the different prediction
models showed the same trend. In the elastic phase, the
predicted values of the test groups A and B were in good
agreement with the measured values. In the elastoplastic

phase, the predicted values were more discrete than the
measured values, and the curve fit was poor. In both
phases, the prediction accuracy of the proposed combined
model was better than that of any single prediction mod-
el. Specifically, the P-s curve of the proposed model al-
most coincided with the measured curve.
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700
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500 640,
2
= 400} 600
= 560, ) , ) ,
% 300 20 22 24 26 28 30
= 200} —o— Measured; —o— MIEPF model
—— [-E ' model; —— A4-H model
100 —o— M-H model ;—— U-GM(1,1) model
0 —lo—This sfudy . . .
10 20 30 40 50

Anchor displacement/mm

(a)

700
600
200 640
Z
§ 400 600
o
< 300] 560 -~
a 16 18 20 22 24 26
= 200F —— Measured; ——MIEPF model
——[-E model;  —=—4-H model
100 —— M-H model; —— U-GM(1,1) model
0 . This Stuldy ) ) )
0 10 20 30 40 50

Anchor displacement/mm
(b)

Fig.2 P-s curves of different prediction models and the measured values (case [ ). (a) Group A; (b) Group B

As shown in Fig. 3, for the anchor bolt’s slow P-s
curve, the relative error of the U-GM(1, 1) model was
large during the entire stage. When the anchor bolt dis-
placement was small, the relative error of each prediction
model was generally large, and the later fitting effect was
satisfactory. For example, when the anchor bolt displace-
ment of test group A was less than 8. 85 mm, the relative

error was between - 6. 47% and 6. 57% . However,

10

8
8
=
o
o
2
(¥
2 —a— MIEPF model; —o— I-E model
-10F  —— A-H model; —v— M-H model
——U-GM(1,1) model; —+—This study
~15 1 1 1 1 |
0 10 20 30 40 50

Anchor displacement/mm

(a)

when the anchor bolt displacement was greater than 8. 85
mm, the relative error of each prediction model was be-
tween —2.34% and 3.88% . For test group B, when the
anchor bolt displacement was less than 13. 68 mm, the
relative error was between —18.66% and 6.24% . When
the displacement was greater than 13. 68 mm, the relative
error of each prediction model was between —3.39% and
2.93%.

Relative error/%

—12F —— MIEPF model; —o—I-E model
—a— A-H model ; —— M-H model
-16 —>—U-GM(1,1) model; —<— This study
_20 1 1 1 J
0 10 20 30 40

Anchor displacement/mm

(b)

Fig.3 Relative error curves of different prediction models (case [ ). (a) Group A; (b) Group B

With regard to the SSE and SE for evaluating the accu-
racy of the prediction models ( see Figs.4(a) and (b)),
for the anchor bolt’s slow P-s curve, the [-E and U-GM
(1, 1) models showed the largest SSE and SE values, fol-
lowed by the MIEPF and A-H and M-H models. The SSE
and SE values calculated by the optimal combination
model were the smallest. For the indexes SSRE and
RSE, which reflected the stable reliability of the models
(see Figs.4(c) and (d)), the optimal combination model
also achieved the smallest values. This result revealed
that the accuracy and reliability of the optimal combina-
tion model were higher than those of the other models.

In terms of the capability classification of the prediction
models (see Fig.5(a)), the I-E model (MAPE value of
12.4) that predicted the pull-out load showed good capa-
bility (10 < 12.4 <20); all the other prediction models
showed high capability (MAPE < 10). Compared with

the other single prediction models, the optimal combina-
tion model achieved better prediction effects for the an-
chor bolt’s slow P-s curve. From the perspective of the
capability classification of the prediction models ( see Fig.
5(b)), the I-E model showed reasonable capability (20
<MAPE <50); the other prediction models demonstrated
good capability. As for the optimal combination model,
it achieved high capability. For the steep P-s curve, the
optimal combination model was also superior to the other
models.

As shown in Fig. 6, the P-s curves were all steep
curves. When the anchor bolt displacement variation was
small, the pull-out load changed greatly. The U-GM(1,
1) model showed a poor simulation effect for the anchor
bolt’s steep P-s curve, whereas the other models showed
better simulation results. Meanwhile, the optimal combi-
nation model achieved the best outcome.
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SE value
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0 0.05 0.25 0.30

10033
7772227720.045

L 10.035
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MIEPF model

[-Emodel VA0 265

A-H model I
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10,028 —
M-Hmodel 7772750036 Group B

0,042
U-GM(LY) model v 2277 0.082

: 10,027
This study 70,035

(d)

Fig.4 Accuracy and stable reliability indicators of different prediction models (case [ ). (a) SSE value; (b) SE value; (c) SSRE val-

ue; (d) RSE value

MAPE value/%
11 12 13
MIEPF model
I-E model A 7777777777712 4
A-H model
[ 1Group A
M-H model ZAGroup B

(a)

MAPE value/%
0 5 10 15 20 25 30 35

1-E model

20.4

30.5
A-H model

———j08 L IWS-20d
N6 TAWS-30d

X
772777227722

. 159
This study 777 4

(b)

M-H model

U-GM(1,1) model 11.7

Fig.5 Capability classification of prediction models. (a) Case I; (b) Case Il

400
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it ;,/-; Measured; ——MIEPF model
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10074 140
50 120 . . .
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Anchor displacement/mm
(a)

400
350

300 - Measured; —— MIEPF model
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& 200 5 —— This study
= 00 —
et 150 160
L 120 ;
50 80 : : : :
0 . 04708 12 16 20
0 5 10 15 20 25

Anchor displacement/mm
(b)

Fig.6 P-s curves of different prediction models and the measured values (case I[). (a) WS-20d; (b) WS-30d

For the steep P-s curve (see Fig.7), similar to the slow
P-s curve, the relative error of each prediction model was
large when the anchor displacement was small. Further-
more, the relative error was larger than that for the slow
P-s curve in the early stage. With an increase in displace-

ment, the relative error of each prediction model gradually
decreased. Thus, for the anchor bolt’s steep P-s curve,
reducing the elastic phase data during processing should
greatly improve the accuracy and stable reliability of each
prediction model.
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As shown in Figs. 8(a) and (b), for the steep P-s
curve, the prediction accuracies of the MIEPE and I-E,
A-H, M-H, and U-GM(1, 1) models decreased. Mean-
while, the prediction accuracy of the optimal combination
model was the highest. As for the SSPE and SPE values
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(see Figs. 8(c) and (d)), the I-E model achieved the
worst stable reliability, followed by the A-H model,
MIEPE, M-H model, and U-GM(1, 1) model. The opti-
mal combination model had the best stable reliability.
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Fig.8 Accuracy and stable reliability indicators of different prediction models (case Il ). (a) SSE value; (b) SE value; (c) SSRE val-

ue; (d) RSE value

5 Conclusions

1) To accurately predict the maximum pull-out load of
anchor bolts, this study optimally combined the MIEPE
and U-GM(1, 1) model. The minimum logarithmic error
square sum of the proposed model was used as the objec-
tive function to solve the optimal weighting coefficient.
The optimally weighted geometric average combination
model for predicting the uplift bearing capacity of anchor
bolts was then derived.

2) The analysis of cases | and ]I showed that regard-

less of the type of P-s curve of the anchor bolt (i. e.,
slow or steep curve), the relative error predicted by each
model was large in the early stage and then greatly re-
duced in the later stage. The optimal combination model
was not only suitable for steep P-s curves but also for
slow curves. Its accuracy (SSE and SE) and stable relia-
bility (SSRE and RSE), as well its prediction capability
classification, were better than those of the other predic-
tion models.

3) As an effective scientific modeling method, the pro-
posed optimal combination model could be used to opti-
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mize the combination of multiple models and buffer the
advantages and disadvantages of every single model.
When the weight ratio does not appear negative, the ac-
curacy of every single model can be improved through a
scientific combination. Reducing the data at the elastic
stage will also help to improve model accuracy in predic-
ting the maximum pull-out load of anchor bolts.
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