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Table 1 Main chemical composition of cementitious materials W/%
Material CaO A1203 MgO Fe203 Si02 SO3
Cement 65.40 5.50 3.30 2.90 21.00 2.00

W is mass fraction.
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Table 2 Basic properties of fiber

Material Length/mm Diameter/pum Tensile strength/GPa plg-em™)
Polypropylene fiber 6 30 780 091
Steel fiber 12-13 350 2.8 200
&3 HEAELEE
Table 3 Test mix ratios
Sample No. Binder-sand ratio Water-binder ratio w(Water reducing admixture)/%  w(Steel fiber)/%  w(Polypropylene fiber)/%

Ul 1.0 0.17 0.8 2 0.10

U2 1.0 0.17 0.8 2 0.10

U3 0.8 0.17 0.8 2 0.10

U4 1.2 0.17 0.8 2 0.10

us 1.0 0.17 0.8 2 0.05

18[9 1.0 0.17 0.8 2 0.15

u7 1.0 0.15 0.8 2 0.10

Cementitious material mass ratio is m(cement):m(silica fume) = 1.00:0.42. Fine aggregate is sand.
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Table S Test plan design
Controllable factor B/S W/B
Test No. CE o(PF)/%
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Fig. 1 Early shrinkage specimen

Dial gauge

Probe

Shrinkage specimen
| SNINkase specin

Holder

Bedplate

(a) Eariy shrinkage test device (b) Early shrinkage test photo

2 R RE I ke B
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Table 4 Test controllable factors and levels

Controllable factor and

tevel B/S ratio W/B ratio CE A(PF)/%
1 0.8 0.15 Standard curing ~ 0.05
2 1.0 0.17 Dry curing 0.10
3 1.2 0.15

B/S ratio is cement sand ratio. W/B ratio is water/binder ratio. CE is
curing environment. @PF) is polypropylene fiber volume content, the

same below.

combination ratio  ratio

Ul B/S2-W/B2-CE1-PF2 1.0  0.17 Standard curing  0.10
U2 B/S2-W/B2-CE2-PF2 1.0 0.17 Dry curing 0.10
U3 B/S1-W/B2-CE1-PF2 0.8 0.17 Standard curing 0.10
U4 B/S3-W/B2-CE1-PF2 1.2 0.17 Standard curing 0.10
Us B/S2-W/B2-CE1-PF1 1.0 0.17 Standard curing 0.05
U6 B/S2-W/B2-CE1-PF3 1.0 0.17 Standard curing 0.15

u7 B/S2-W/B1-CE1-PF2 1.0 0.15 Standard curing 0.10
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Fig. 12 Schematic diagram of the BPNN structure
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Table 6 BPNN structure parameters
Model Input parameters Hidden layer Predicted output Activation function Learning rate Loss function
Drying shrinkage 7 [18, 14, 8] 1 ReLU Purelin 0.02 MSE
Autogenous shrinkage 7 [16, 12, 12] 1 ReLU Purelin 0.02 MSE

%7 WOA-BPNN 4588
Table 7 WOA-BPNN structure parameters

Model Input parameters Hidden layer Predicted output Activation function Learning rate Loss function
Drying shrinkage 7 [18, 14, 8] 1 ReLU Purelin 0.02 MSE
Autogenous shrinkage 7 [16, 12, 12] 1 ReLU Purelin 0.01 MSE
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Table 8 Prediction performance of BPNN and WOA-BPNN
early drying shrinkage models

BPNN WOA-BPNN
Model types
Training set Test set Training set Test set
RMSE 0.126 0.107 0.051 0.050
MAE 0.100 0.086 0.039 0.040
R? 0.779 0.813 0.962 0.959
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Table 9 Prediction performance of BPNN and WOA-BPNN
early autogenous shrinkage models

BPNN WOA-BPNN
Model types
Training set Test set Training set Test set
RMSE 0.063 0.105 0.042 0.076
MAE 0.045 0.073 0.028 0.053
R 0.951 0.803 0.978 0.896
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Early Shrinkage Performance and Neural Network Prediction Model of Ultra-High
Performance Concrete
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(1. School of Civil Engineering, Changsha University of Science and Technology, Changsha 410114, China;
2. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China)

Extended Abstract

Introduction Ultra-high performance concrete is an advanced cement-based material with high strength and high durability. Due to
the low water-binder ratio and high binder consumption of UHPC, the early shrinkage of UHPC during the setting and hardening
process is larger than that of conventional concrete and high-strength concrete, which easily leads to the cracking of engineering
structures and affects the performance of structures. Therefore, it is of great significance to study the early shrinkage characteristics of
UHPC for the optimization of the material and the prediction of early cracking. In this paper, the effects of binder-sand ratio,
water-binder ratio, different fiber types and contents and curing environment on the early shrinkage performance of UHPC were
investigated, and the early shrinkage model of UHPC was established by combining BPNN and WOA-BPNN neural network.

Methods In this study, a total of seven groups of specimens were set up, considering four control factors, i.e., the cement-sand ratio,
water-binder ratio, curing environment and polypropylene fiber volume content. Each group consisted of four specimens with size of
25 mmx25 mmx280 mm (including three specimens for drying-shrinkage tests and one specimen for autogenous-shrinkage tests).
The specimens were cured in a curing box with a temperature of (25+2) ‘C and a relative humidity of (98%+2%). At the same time,
a control group was set up, which was cured in a natural environment with a temperature of (28+5) ‘C and a relative humidity of
(60%=£15%). The shrinkage deformation of the specimens was measured by a specific length meter at 0, 1, 2, 3, 4, 6, 8, 10, 12 h and
1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 9.0, 11.0, 14.0, 18.0, 21.0, 25.0, 28.0 d. Combined with BPNN and WOA-BPNN machine
learning models, the measured data were trained with small samples, and finally a neural network model that can be used to predict

the early drying and autogenous shrinkage performance of UHPC was obtained.

Results and discussion The early drying-shrinkage and autogenous-shrinkage of UHPC increased with an increase of the
cement-sand ratio, and the MIC values of drying shrinkage and cement-sand ratio also increased. The early drying-shrinkage and
autogenous-shrinkage of specimen with a cement-sand ratio of 1.2 increased by 108% and 60%, respectively, compared with
specimen with a cement-sand ratio of 0.8. The early drying-shrinkage and autogenous-shrinkage of UHPC increased with a decrease
of the water-binder ratio. The appropriate amount of polypropylene fiber and steel fiber mixture would limit the early shrinkage of
UHPC. With an increase of polypropylene fiber content, the inhibitory effect on both the early drying-shrinkage and
autogenous-shrinkage grew firstly and then weakened. The specimens with fiber content of 0.10 % exhibit the best inhibitory effect.
The drying-shrinkage expressed a great correlation with the curing method, and the MIC value was 0.56. The correlation between the
autogenous-shrinkage and curing method is small, and the MIC value is 0.27. The drying-shrinkage rate and self-shrinkage rate under

dry curing conditions were 2.5 times and 1.2 times that under standard curing conditions, respectively.
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The two machine learning (ML) algorithms were used in the shrinkage prediction and exhibit good accuracy. The WOA-BPNN
algorithm expressed delightful predicted accuracy, whose R%, RMSE and MAE for drying-shrinkage model are 0.959, 0.050 and 0.040,
respectively, and R?, RMSE and MAE for autogenous-shrinkage model are 0.896, 0.076 and 0.053, respectively. The predicted results
indicated that the whale optimization algorithm could improve the ML model effectively.

Conclusions The main conclusions of this paper are given as follows: 1) The fine aggregate has an inhibitory effect on the early
drying-shrinkage and autogenous-shrinkage of UHPC. When the cement-sand ratio decreases from 1.2 to 0.8, the early
drying-shrinkage and autogenous-shrinkage increase by 108% and 60%, respectively. 2) The early drying-shrinkage and
autogenous-shrinkage of UHPC increase with a decrease of water-binder ratio, and the decrease of water-binder ratio leads to the
advance of UHPC self-drying phenomenon. 3) The research found that the polypropylene fiber volume content of 0.10% exhibit the
best inhibitory effect on the UHPC shrinkage. 4) The curing method had a great influence on its early drying-shrinkage and
autogenous-shrinkage. The drying- shrinkage rate of specimens under dry curing condition is 2.5 times that under standard curing
condition, and the autogenous-shrinkage rate of specimens under dry curing condition is 1.2 times that under standard curing
condition. The early drying-shrinkage and autogenous-shrinkage predicted results of UHPC based on the WOA-BPNN neural
network show nice accuracy and robustness compared to that of BPNN.

Keywords ultra-high performance concrete; early drying shrinkage; early autogenous shrinkage; machine learning algorithms



