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In this study, the bit-level table of orthogonal test is adopted as the coding form of Genetic Algorithm (GA), and a Back
Propagation (BP) neural network prediction model of the basic properties of full steel slag aggregate concrete (FSSAC) is
established, and the experiment data are validated with good agreement. -e impacts of several parameters including the sand
ratio, water-cement ratio, content of steel slag sand, replacement particle size of steel slag sand, content of coarse steel slag, and
replacement particle size of coarse steel slag on the compressive strength and expansion rate of the FSSAC are numerically
investigated. -e results show that the compressive strength of the FSSAC declines with the increase of the sand ratio, water-
cement ratio, content of the steel slag sand, or coarse steel slag while it first increases and then decreases as the replacement particle
size of steel slag sand or replacement particle size of coarse steel slag increases. -e expansion rate of the FSSAC increases as the
sand ratio or content of coarse steel slag increases. With a gradual increase of the water-cement ratio, content of steel slag sand,
replacement particle size of steel slag sand, or replacement particle size of coarse steel slag, the expansion rate of the FSSAC first
increases and then decreases. In addition, the impacts of the three most important parameters (i.e., water-cement ratio, content of
steel slag sand, and replacement particle size of steel slag sand) on the stress-strain relationship of the FSSAC stub columns is
further numerically studied.

1. Introduction

With the accelerating process of urbanization, the urban
renovation and construction industry are rapidly flourish-
ing, which make concrete one of the world’s most widely
used construction materials. -e massive use of concrete
consumes a large amount of natural aggregate, sand and
gravel, etc., which is unfavorable to the environment and not
conducive to the protection of the natural resources.
-erefore, the search for a reasonable and effective substitute
for concrete aggregate attracts the attention of scholars.

Steel slag is an industrial waste generated in the process
of steel-making, which occupies about 15%∼20% of the
crude steel output. At present, the steel slag is mainly used as
raw material for steel and iron, backfill material for road,
admixture material for concrete, and so on [1–5]. -e main

chemical composition of the steel slag is similar to that of
cement, as shown in Table 1 [6]. Using it to replace cement is
a main direction of resource utilization of steel slag. Monshi
Ahmad [7] used pulverized steel slag to produce steel slag
Portland special cement and found that the prepared cement
met the requirements of stability. Altun [8] added steel slag
to ordinary Portland cement and demonstrated the strength
and durability of the mixed cement conform to the Turkish
TS standard. Li 9 carried out the tests on the durability of the
steel slag cement and showed that the steel slag cement
presented the advantages of high later strength, good du-
rability, and slightly expanding. Mymrin [10] tested the
hydration hardening products of the steel slag and showed
that the gelling properties of the steel slag were good, which
could be enhanced by adding a small amount of limestone.
Wu [11] investigated the Portland cement with binary steel
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slag and fly ash and indicated that the strength could be up to
52.5 standard. -e properties of the double mixing cement
were small shrinkage, good durability, and slight swelling.

In view of certain hardness, fineness, and activity of
steel slag, in recent years, some scholars have attempted to
prepare steel slag aggregate concrete (SSAC) by using steel
slag as concrete aggregate. Shi [12] investigated the basic
performance of the SSAC and showed that the early
compressive strength of the SSAC was low while the du-
rability was good. Geng [13] studied the basic mechanical
properties of the SSAC and revealed that the early activity
of the SSAC was better than that of the fly ash and slag
concrete. Anastasiou [14] recycled construction waste and
electric furnace steel slag as coarse aggregate to produce
low-strength concrete with part of the cement replaced by
fly ash and demonstrated that with a small quantity of the
steel slag, the low-strength concrete satisfied the require-
ments of the durability. Qasrawi et al. [15] conducted the
experimental study to evaluate the suitability of the local
unprocessed steel slag for use in normal concrete mixtures.
-e steel slag was adopted as fine aggregate substituting the
sand in the mixtures, and five different replacement ratios
(i.e., 0%, 15%, 30%, 50%, and 100%) were considered. -e
results demonstrated that the introduction of steel slag
would increase the concrete strength, especially the tensile
strength, provided the rational replacement ratio was
adopted.

On the permeability and durability of the SSAC, Yang
[16] tested the permeability of chloride ion through the
SSAC and demonstrated that the permeability of chloride
ion through the concrete with highly charged steel slag was
similar to that of the ordinary concrete. Further, the per-
meability was significantly increased by adding an admix-
ture, such as double mixing fly ash. For the concrete
prepared with steel slag, researchers [17, 18] found that the
durability properties such as water absorption, accelerated
ageing, and porosity were smaller than those of the concrete
prepared with natural aggregates. -e results of Mo [19]
showed that after CO2 curing, the compressive strength of
the SSAC increased remarkably.

On the expansion properties of the SSAC, Geiseler [20]
found that when some f-CaO was in the concrete, the steel
slag caused the concrete to expand in a short time. Chatterji
[21] investigated the expansion mechanism of CaO and
MgO in the steel slag and revealed that the expansion of steel
slag was caused by the growth stress of the crystal and the
diffusion effect from the dissolution of the oxide. When the
contents of f-CaO and MgO in the steel slag were high, the
hydration reaction of the steel slag caused the concrete to
expand. Qian [22] found that for a steel slag that contained
Fe, Mn, and MgO, MgO did not affect the stability of the
steel slag, which could be estimated using the property
parameter KM of the RO phase in the steel slag. Wang [23]
derived a formula for the steel slag expansion force and

applied a removable test device to measure the safety factor
of the expansion stress.

It is well known that the steel slag contains MgO and
f-CaO. Due to the expansion of MgO and f-CaO during
hydration, the application of the SSAC in civil engineering is
limited to some extent. -e expansion property of the SSAC
is obviously different from that of ordinary concrete. To
further expand the application arrange of the SSAC, it is a
feasible and reasonable selection to prepare the expansive-
shrinkage self-balancing SSAC by properly using steel slag
instead of the coarse aggregate or fine aggregate. -is not
only solves the contradiction between the supply and de-
mand of natural aggregate, but also ensures the shrinkage
compensating self-balancing properties of concrete. -e
expansive-shrinkage self-balancing SSAC shares the char-
acteristics of small volume deformation, good stability, and
excellent durability, which can significantly improve the
working performance of concrete.

Orthogonal experimental design is one of the most widely
used methods for studying and processing multifactor ex-
periments, with the characteristic of “uniform dispersion,
uniform comparability” [24]. Genetic algorithm is a parallel
random search optimization method, which can imitate the
natural genetic mechanism and evolutionary process. -e
individuals with high fitness value are retained by the genetic
algorithm to form a new group that inherits the previous
generation and is better than the previous generation, so as to
iterate until certain requirements are met [25, 26]. Inspired by
the biological nervous system, Back Propagation (BP) neural
network is a method to calculate the gradient of nonlinear
multi-layer network, which adopts the Widrow-Hoff learning
algorithm and the nonlinear differentiable transfer function
[27]. BP neural network consists of three layers as input layer,
hidden layer and output layer. -ere are complete connec-
tions between the upper and lower layers, and no connections
between the neurons in each layer.

In this study, the experimental data of the FSSAC are
employed as the input sample of the Genetic Algorithm
(GA), the bit-level table of orthogonal test is adopted as the
coding form of the GA, the GA is used for optimization, a BP
neural network model of the FSSAC is established, and the
rationality of the prediction model is verified by the ex-
perimental data. On this basis, the impacts of the several
parameters on the compressive strength, expansion rate, and
stress-strain relationship of the FSSAC are numerically
investigated.

2. BPNeuralNetworkPredictionModel ofBasic
Properties of the FSSAC

2.1. Experiment Description. To reveal the influence of
various studied parameters (i.e., sand ratio, water-cement
ratio, content of steel slag sand, replacement particle size of
steel slag sand, content of coarse steel slag, and replacement

Table 1: Chemical composition of the steel slag [6].

Chemical composition CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) SO3 (%) TiO2 (%) MnO (%) P2O5 (%)
Steel slag 52.71 12.97 2.12 19.53 4.31 0.3 1.59 2.21 2.57
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particle size of coarse steel slag) on the basic properties of the
FSSAC, the orthogonal tests of the compressive strength and
expansion rate of the FSSAC are conducted. Twenty-five
100mm× 100mm× 300mm tested blocks and twenty-five
100mm× 100mm× 100mm cube tested blocks are designed
and prepared. According to the method specified in the
Chinese code GB/T 50081-2019 [28], 100mm×

100mm× 100mm cube tested blocks are used to determine
the compressive strength of the FSSAC and the continuous
and uniform loading scheme are employed in the tests, and
the loading speed is 0.5MPa/s. With reference to the test
method in the Chinese code GB/T50082-2009 [29],
100mm× 100mm× 300mm tested blocks are adopted to
measure the expansion rate of the FSSAC. -e specific
calculation formula of the expansion rate is as follows:

Ext �
Lt − L0( 

Le
, (1)

where Ext means the t-th day expansion rate, Le represents
the gauge length of FSSAC, L0 and Lt are the 3-day and t-th
day length of FSSAC. -e quantitative levels of each pa-
rameters, the bit-level table of orthogonal test, and exper-
imental results are listed in Tables 2 and 3 [30, 31]. -e
amount of various materials of the FSSAC is listed in Table 4.
Additionally, as depicted in Figure 1, eight
150mm× 150mm× 550mm FSSAC stub columns are
prepared and tested under axial compression, and the
measured stress-strain relationship curves of the FSSAC stub
columns are obtained.

2.2. BP Neural Network Prediction Model. To solve the
problem that there is no clear mapping between the com-
pressive strength and expansion rate of FSSAC and various
studied parameters, a BP neural network is used as the main
prediction model in this analysis. -e nonlinear mapping
relationship between the input layer and output layer is
established by learning and training the bit-level table of
orthogonal test and experimental results, as shown in Fig-
ure 2. -e output value range of the BP neural network is [0,
1]. -e test data are processed and the measured com-
pressive strength and expansion rate of the FSSAC are,
respectively, multiplied by the coefficients of 0.01 and 0.1 in
this analysis. -e structure of the BP neural network in this
study is established based on Kosmogorov theorem, which is
an empirical suggestion and can not be used to determine an
accurate model. -erefore, the number of the hidden layer
neurons of the model needs to be adjusted. In this study, 15,
20, 25, and 30 were taken as the number of hidden layer
neurons, respectively, and 2, 7, 12, 17, and 22 groups were
selected as trial data. -e error curve is shown in Figure 3. It
can be concluded that the error is minimum when the
number of neurons in the hidden layer is 25.

2.3. BP Neural Network Model Optimized by Genetic
Algorithm. BP neural network can not obtain the initial
weights and biases quickly and accurately. To overcome this
shortcoming, the GA is employed to optimize the neural

network structure. -e network structure parameters are
taken as the optimization parameters, and the reciprocal of
the squared sum of errors returned by the network model is
taken as the fitness function for optimization. -e detailed
process is shown in Figure 4.

2.4. Verification of the BP Neural Network Prediction Model.
To validate the rationality of the above-mentioned modified
model, experimental data in this study and predicted results
are compared in Table 5. Obviously, the experimental data of
compressive strength and expansion rate of FSSAC agree
well with the predicted results. Additionally, the compari-
sons between the model prediction results and the experi-
mental data are shown in Table 6 and Figure 5. -e
comparisons between the measured and predicted values
show that the model has acceptable precision, and most of
the predicted ultimate stress and ultimate strain values are in
good agreement with the experimental results.

2.5. Numerical Simulation of Compressive Strength of the
FSSAC. In this section, the impacts of the sand ratio, water-
cement ratio, content of steel slag sand, replacement particle
size of steel slag sand, content of coarse steel slag, and re-
placement particle size of coarse steel slag on the com-
pressive strength of the FSSAC are numerically investigated
based on the above-mentioned prediction model. In the
process of model analysis, due to the large dispersion of the
compressive strength of the FSSAC, the GA is amplified to
reduce the error of the prediction results, as shown in
Figure 6. As can be seen from the figure, when the GA is
greater than 60, the error variation tends to be stable.

2.6. Impact of Sand Ratio on the Compressive Strength. To
reveal the impact of the sand ratio on the compressive
strength of the FSSAC, the parameters are set as follows: the
water-cement ratio is 0.58, contents of steel slag sand and
coarse are 50% and 60%, replacement particle size of steel
slag sand and coarse steel slag are the full particle size. -e
sand ratio is set as 34%, 36%, 38%, and 40%, respectively. As
depicted in Figure 7, the compressive strength decreases
with the increase of the sand ratio. -is is mainly because in
the case of unchanged dosage of cementing material, with
the increase of sand ratio, the wrapping performance of
cement mortar to coarse and fine aggregates is reduced,
which weakens the adhesion between the coarse aggregate
and fine aggregate, leading to the reduction of the com-
pressive strength of the FSSASC [32, 33].

2.7. Impact of Water-Cement Ratio on the Compressive
Strength. To analyze of the impact of water-cement ratio on
the compressive strength of the FSSAC, the parameters are
set as follows: the sand ratio is 0.38, contents of steel slag
sand and coarse are 50% and 60%, and replacement particle
size of steel slag sand and coarse steel slag are the full particle
size. -e water-cement ratio is set as 0.32, 0.38, 0.47, and
0.58, respectively. As illustrated in Figure 8, decreasing the
water-cement ratio enhances the compressive strength of the
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FSSAC.-is may come from that with the decrease of water-
cement ratio, the free water between solid particles de-
creases, resulting in the reduction of pores formed in the
concrete hardening process, and the corresponding decrease
of porosity, thereby enhancing the compressive strength of
the FSSAC [34].

2.8. Impact of the Content of Steel Slag Sand on the Com-
pressive Strength. To examine the impact of the content of
steel slag sand on the compressive strength of the FSSAC, the
parameters are set as follows: the sand ratio is 0.38, water-
cement ratio is 0.58, content of coarse steel slag is 60%, and
replacement particle size of steel slag sand and coarse steel
slag are the full particle size. -e content of steel slag sand is
set as 0, 25%, 50%, 75%, and 100%, respectively. As shown in

Figure 9, obviously, the compressive strength decreases as
the content of steel sand increases.-is is mainly because the
fineness modulus of the steel slag sand is smaller than that of
the ordinary sand, and the increase in the content of steel
slag sand enhances the void rate and the specific surface area
while decreasing the package area of cement.

2.9. Impact of Replacement Particle Size of Steel Slag Sand on
the Compressive Strength. To analyze of the impact of the
replacement particle size of steel slag sand on the com-
pressive strength of the FSSAC, the parameters are set as
follows: the sand ratio and water-cement ratio are 0.38, 0.58,
contents of steel slag sand and coarse steel slag are 50% and
60% and replacement particle size of coarse steel slag is the
full particle size. -e replacement particle size of steel slag

Table 2: -e quantitative levels of each parameter [30, 31].

Factor

Level Sand
ratio A

Water-cement
ratio B

Content of steel slag
sand C (%)

Replacement particle size of steel
slag sand D (mm)

Content of coarse
steel slag E (%)

Replacement particle
size of coarse steel slag

F (mm)
1 34 0.58 0 Full particle size 0 Full particle size
2 36 0.58 25 0.15∼0.3 0 2.36∼4.75
3 38 0.47 50 0.3∼0.6 30 4.75∼9.5
4 38 0.38 75 0.6∼1.18 60 9.5∼16.0
5 40 0.32 100 1.18∼2.36 100 >16.0

Table 3: -e bit-level table of the orthogonal test and test results.

ID
Sand
ratio

Water-
cement
ratio

Content of
steel slag
sand (%)

Replacement particle
size of steel slag sand

(mm)

Content of
coarse steel
slag (%)

Replacement particle
size of coarse steel

slag (mm)

Compressive
strength (28d)

(MPa)

Expansion rate
(30d) (10−4)

A B C D E F
1 1 1 1 1 1 1 34.5 −2.26
2 1 2 2 2 2 2 36.5 1.95
3 1 3 3 3 3 3 34.1 3.62
4 1 4 4 4 4 4 34.5 1.10
5 1 5 5 5 5 5 44.3 0.63
6 2 1 2 3 4 5 26.9 1.56
7 2 2 3 4 5 1 23.5 −0.65
8 2 3 4 5 1 2 44.5 −4.20
9 2 4 5 1 2 3 40.8 1.16
10 2 5 1 2 3 4 60.6 4.21
11 3 1 3 5 2 4 33.7 1.36
12 3 2 4 1 3 5 25.5 1.51
13 3 3 5 2 4 1 20.3 1.08
14 3 4 1 3 5 2 32.1 1.59
15 3 5 2 4 1 3 47.4 2.45
16 4 1 4 2 5 3 11.9 −0.20
17 4 2 5 3 1 4 17.5 1.07
18 4 3 1 4 2 5 41.3 −1.7
19 4 4 2 5 3 1 45.5 −0.40
20 4 5 3 1 4 2 34.8 0.02
21 5 1 5 4 3 2 21.5 1.84
22 5 2 1 5 4 3 29.2 −1.87
23 5 3 2 1 5 4 31.7 −0.676
24 5 4 3 2 1 5 26.1 2.88
25 5 5 4 3 2 1 40.3 0.65
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sand is set as full particle size, 0.15mm∼0.3mm,
0.3mm∼0.6mm, 0.6mm∼1.18mm, and 1.18mm∼2.36mm,
respectively. As can be seen from Figure 10, when the re-
placement particle size of steel slag sand is larger than 0.3,
the compressive strength increases as the replacement
particle size of steel slag sand increases. -is is mainly be-
cause the skeleton function of concrete aggregate and in-
terfacial bond strength enhance with the increase of the
replacement particle size of steel slag sand. When the re-
placement particle size of steel slag sand is smaller than 0.3,
the compressive strength slightly decreases with the increase
of the replacement particle size of steel slag sand.

2.10. Impact of the Content of Coarse Steel Slag on the Com-
pressive Strength. To reveal the impact of the content of
coarse steel slag on the compressive strength of the FSSAC,
the parameters are set as follows: the sand ratio and water-
cement ratio are 0.38 and 0.58, content of steel slag sand is
50%, replacement particle size of steel slag sand and coarse
steel slag are the full particle size. -e content of coarse steel
slag is 0, 30%, 60% and 100%, respectively. Figure 11 depicts
the impact of the content of coarse steel slag on the com-
pressive strength of the FSSAC. Apparently, the compressive
strength of FSSAC declines as the content of coarse steel slag
increases. -is is mainly because the void rate increases as

Table 4: Amount of various materials of the FSSAC (kg/m3).

Specimen ID Ordinary sand (kg) Steel slag sand (kg) Coarse steel slag (kg) Coarse aggregate (kg) Cement (kg) Water (kg)
1 616 0 1195 0 345 200
2 462 154 1195 0 345 200
3 296 296 803 344 426 200
4 140 420 435 653 526 200
5 0 531 0 1030 625 200
6 489 163 463 695 345 200
7 326 326 0 1158 345 200
8 157 470 1113 0 426 200
9 0 593 1054 0 526 200
10 562 0 699 300 625 200
11 344 344 1122 0 345 200
12 172 516 785 337 345 200
13 0 660 431 646 426 200
14 626 0 0 1022 526 200
15 445 148 967 0 625 200
16 172 516 0 1122 345 200
17 0 688 1122 0 345 200
18 660 0 1077 0 426 200
19 469 157 715 307 526 200
20 297 297 387 580 625 200
21 0 724 760 326 345 200
22 724 0 434 651 345 200
23 521 175 0 1042 426 200
24 330 330 988 0 526 200
25 156 467 935 0 625 200

Figure 1: -e FSSAC stub columns and cube test blocks.
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the content of coarse steel slag increases and the crushing
value of the steel slag is lower than the ordinary gravel.

2.11. Impact of the Replacement Particle Size of Coarse Steel
Slag on the Compressive Strength. To examine the impact of

the replacement particle size of coarse steel slag on the
compressive strength of the FSSAC, the parameters are set as
follows: the sand ratio and water-cement ratio are 0.38 and
0.58, contents of steel slag sand and coarse steel slag are 50%
and 60%, and replacement particle size of steel slag sand is
full particle size. -e replacement particle size of coarse steel
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Figure 4: Flow chart of the BP neural network optimized by genetic algorithm.

Table 5: Comparison between the experimental data of the compressive strength and expansion rate of the FSSACwith the predicted results.

Mechanical property Compressive strength (MPa) Expansion rate (10−4)
ID Measured Predicted Error (%) Measured Predicted Error (%)
2 36.5 37.4 2.5 1.95 1.94 0.5
4 34.5 32.9 4.6 1.10 1.12 1.8
5 44.3 42.1 5.0 0.63 0.64 1.6
13 20.3 21.0 3.4 1.08 1.06 1.9
21 21.5 22.5 4.7 1.84 1.87 1.6

Table 6: Comparisons between the model prediction results and the experimental data.

Specimen Ultimate stress (104N/mm2) Ultimate strain (10−3)

Water-cement ratio ID Measured Calculated Error (%)
Transverse Axial

Measured Calculated Error (%) Measured Calculated Error (%)

0.58 ZS1 27.13 27.51 1.4 1.76 1.73 1.7 0.57 0.53 7.2
ZS2 28.45 25.72 9.6 1.54 1.61 4.5 0.64 0.60 6.3

0.47 ZS3 15.98 17.35 8.6 1.60 1.67 4.4 0.39 0.36 7.7
ZS4 28.49 29.72 4.3 1.69 1.53 9.5 0.55 0.52 5.5

0.38 ZS5 35.85 28.47 20.6 1.94 1.65 14.9 0.36 0.41 13.9
ZS6 31.24 30.58 2.1 1.21 1.31 8.3 0.43 0.45 4.7

0.32 ZS7 36.83 30.59 16.9 1.72 1.39 19.2 0.53 0.52 1.9
ZS88 35.58 29.18 18.0 1.77 1.51 14.7 0.72 0.62 13.9
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Figure 5: Continued.
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slag is set as full particle size, 0.15mm∼0.3mm,
0.3mm∼0.6mm, 0.6mm∼1.18mm, and 1.18mm∼2.36mm,
respectively. As illustrated in Figure 12, the compressive
strength of the FSSAC first decreases and then increases as the
replacement particle size of coarse steel slag increases. -e
reason is that when the replacement particle size of coarse
steel slag is marginal, the aggregate strength of steel slag
slightly decreases with the increase of the replacement particle
size of coarse steel slag.-e aggregate strength of steel slag and
concrete interface connection strength increase as the re-
placement particle size of coarse steel slag increases.

2.12. Numerical Simulation of the Expansion Rate of the
FSSAC. In this section, the impacts of the sand ratio,

water-cement ratio, content of steel slag sand and coarse
steel slag, replacement particle size of steel slag sand, and
coarse steel slag on the expansion rate of the FSSAC are
numerically investigated based on the developed analysis
model. -e GA and error variation is shown in Figure 13.

2.13. Impact of Sand Ratio on the Expansion Rate. To reveal
the impact of the sand ratio on the expansion rate of the
FSSAC, the parameters are set as follows: the water-cement
ratio is 0.58, contents of steel slag sand and coarse steel slag
are 50% and 60%, replacement particle size of steel slag sand
and coarse steel slag are the full particle size.-e sand ratio is
set as 34%, 36%, 38%, and 40%, respectively. Figure 14
depicts the impact of the sand ratio on the expansion rate
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Figure 5: Comparisons between the model predicted stress-strain curves and measured curves. (a) ZS1. (b) ZS2. (c) ZS3. (d) ZS4. (e) ZS5.
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of the FSSAC. Clearly, the expansion rate of the FSSAC
gradually increases with the increase of the sand ratio. -e
reason is that increasing the sand ratio, the content of the
steel slag sand increases gradually and correspondingly
enhances the expansion effect of the steel slag.

2.14. Impact of Water-Cement Ratio on the Expansion Rate.
To analyze of the impact of the water-cement ratio on the
expansion rate of the FSSAC, the parameters are set as
follows: the sand ratio is 0.38, contents of steel slag sand and
coarse steel slag are 50% and 60%, and replacement particle
size of steel slag sand and coarse steel slag are the full particle
size. -e water-cement ratio is set as 0.32, 0.38, 0.47, and
0.58, respectively. As shown in Figure 15, the expansion rate
of the FSSAC increases first and then decreases with the
increase of the water-cement ratio. -is may come from that
the expansion stress enhances as the water-cement ratio

increases in certain range. As the water-cement ratio further
increases, the shrinkage deformation of the FSSAC increases
obviously and correspondingly decreases the expansion
deformation.

2.15. Impact of the Content of Steel Slag Sand on the Expansion
Rate. To examine the impact of the content of steel slag sand
on the expansion rate of the FSSAC, the parameters are set as
follows: the sand ratio and water-cement ratio are 0.38 and
0.58, content of coarse steel slag is 60%, and replacement
particle size of steel slag sand and coarse steel slag are the full
particle size. -e content of steel slag sand is set as 0, 25%,
50%, 75%, and 100%, respectively. As depicted in Figure 16,
the expansion rate of the FSSAC first increases and then
decreases with the increase of the content of steel slag sand.
-e reason is that the expansion stress produced by steel slag
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sand increases with the increase of the content of steel slag
sand. With the further increases in the content of steel slag
sand, the redundant steel slag sand can not take part in the
alkali aggregate reaction.

2.16. Impact of Replacement Particle Size of Steel Slag Sand on
the Expansion Rate. To analyze of the impact of the re-
placement particle size of steel slag sand on the expansion
rate of the FSSAC, the parameters are set as follows: the sand
ratio and water-cement ratio are 0.38, 0.58, contents of steel
slag sand and coarse steel slag are 50% and 60%, and re-
placement particle size of coarse steel slag is the full particle
size. -e replacement particle size of steel slag sand is set as
full particle size, 0.15mm∼0.3mm, 0.3mm∼0.6mm,
0.6mm∼1.18mm, and 1.18mm∼2.36mm, respectively. As
can be seen from Figure 17, the expansion rate of the FSSAC
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sand on the compressive strength of the FSSAC.
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increases first and then decreases with the increase of the
replacement particle size of steel slag sand. -is indicates
that when the replacement particle size of steel slag sand is
less than 0.6mm, the activity of steel slag can be fully de-
veloped, and the steel slag can completely participate in the
alkali aggregate reaction of concrete. When the replacement
particle size of steel slag is larger than 0.6mm, the specific
surface area of steel slag gradually decreases, and the activity
of steel slag is not fully developed and the expansion rate of
the FSSAC decreases accordingly.

2.17. Impact of Content of Coarse Steel Slag on the Expansion
Rate. To reveal the impact of the content of coarse steel slag
on the expansion rate of the FSSAC, the parameters are set as
follows: the sand ratio and water-cement ratio are 0.38 and
0.58, content of steel slag sand is 50%, and replacement
particle size of steel slag sand and coarse steel slag are full
particle size. -e content of coarse steel slag is 0, 30%, 60%,

and 100%, respectively. As illustrated in Figure 18, appar-
ently, the expansion rate of the FSSAC increases as the
content of coarse steel slag increases. -is is mainly because,
in contrast, the steel slag has a relatively large porosity, and
the crushing value is lower than the ordinary gravel.

2.18. ImpactofReplacementParticleSizeofCoarseSteel Slagon
the Expansion Rate. To examine the impact of the re-
placement particle size of coarse steel slag on the expansion
rate of the FSSAC, the parameters are set as follows: the
sand ratio and water-cement ratio are 0.38 and 0.58,
contents of steel slag sand and coarse steel slag are 50% and
60%, and replacement particle size of steel slag sand is full
particle size. -e replacement particle size of coarse steel
slag is set as full particle size, 0.15mm∼0.3mm,
0.3mm∼0.6mm, 0.6mm∼1.18mm, and 1.18mm∼2.36
mm, respectively. As shown in Figure 19, the expansion
rate of the FSSAC first increases and then decreases as the
replacement particle size of coarse steel slag increases. -is
is mainly because when the replacement particle size is
marginal, the appropriate increase of the replacement
particle size of the coarse steel slag is beneficial to the alkali
aggregate reaction of the FSSAC. With the further increase
of the replacement particle size of coarse steel slag, the
specific surface area reduces, correspondingly decreasing
the expansion rate of the FSSAC.

3. Numerical Simulation of the Stress-Strain
Relationship of the FSSAC Stub Columns

According to the test results, among the six studied pa-
rameters, the water-cement ratio, content of steel slag sand,
and replacement particle size of steel slag sand have more
obvious impacts on the mechanical properties of the
FSSAC. In this section, the impacts of these three pa-
rameters on the stress-strain relationship of the FSSAC stub
columns are further analyzed based on the verified nu-
merical model.
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3.1. Impact of Water-Cement Ratio. In order to analyze the
impact of the water-cement on the stress-strain relationship
of the FSSAC stub columns, the parameters are set as fol-
lows: the sand ratio is 38%, content of steel slag sand is 50%,
replacement particle size of steel slag sand is the average
particle size corresponding to the fineness modulus, content
of coarse steel slag is 50%, and replacement particle size of
coarse steel slag is the average particle size of the continuous
gradation.-e water-cement ratio is set as 0.3, 0.35, 0.4, 0.45,
0.5, 0.55, and 0.60, respectively. -e impact of the water-
cement ratio on the ultimate stress of the FSSAC stub
columns is demonstrated in Figure 20. It can be seen that the
ultimate stress of the FSSAC stub columns decreases with the
increase of the water-cement ratio. -e rates of decrease at
lower and higher water-cement ratios are faster than that at
the medium water-cement ratio.

Figure 21 illustrates the impact of the water-cement ratio
on the ultimate strains of the FSSAC stub columns. It can be
seen from Figure 21(a) that when the water-cement ratio is
relatively small or large, the impact of the water-cement ratio
on the ultimate axial strain of the FSSAC stub columns is
obvious, and the ultimate axial strain of the FSSAC stub
columns increases significantly with the increase of the
water-cement ratio. In contrast, the impact of the water-
cement ratio on the ultimate transverse strain of the FSSAC
stub columns is not obvious, as shown in Figure 21(b).

Figure 22 shows the impact of the water-cement ratio on
the stress-strain relationship curves of the FSSAC stub
columns. It can be seen that during the initial stage of
loading, all the stub columns are in the elastic phases and the
stress-strain curves are approximately linear. -e elastic
stages of the specimens are longer due to the few internal
defects and small holes in the specimens. At this stage, the
slope of the axial stress-strain curves decreases with the
increase of the water-cement ratio, but there are no distinct
differences among the stress-strain curves. -en, as the load
increases, the elastic modulus of the FSSAC decreases and
the stress-strain curves of the specimens are no longer
straight line. -e slope of the axial stress-strain curves de-
creases significantly with the increase of the water-cement
ratio. In contrast, the water-cement ratio has little impact on
the transverse stress-strain curves. When the stress in the
specimens reaches the ultimate stress, the axial strain and
transverse strain increase rapidly. At this moment, the in-
crease in the water-cement ratio causes a decrease in the
ultimate stress and elastic modulus, and an increase in the
ultimate axial strain, but only a minor variation in the
transverse strain. -e slope of the stress-strain curves is
gentle.

3.2. Impact of the Content andReplacement Particle Size of the
Steel Slag Sand. In order to analyze the impact of the
content and replacement particle size of steel slag sand on
the stress-strain relationship of the FSSAC stub columns,
the parametersare set as follows: the sand ratio is 38%,
water-cement ratio is 0.47, content of coarse steel slag is
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50%, and replacement particle size of coarse steel slag is
the average particle size of the continuous gradation.

Figure 23 shows the impact of the content and re-
placement particle size of steel slag sand on the ultimate
stress of the FSSAC stub columns. Apparently, an increase in
the content of steel slag sand causes a decrease in the ul-
timate stress of the FSSAC stub columns, and vice versa. On
the other hand, the ultimate stress of the FSSAC stub col-
umns increases with the increase of the replacement particle
size of steel slag sand.

Figure 24 describes the impact of the content and re-
placement particle size of steel slag sand on the ultimate

strains of the FSSAC stub columns. As can be seen from
Figure 24(a), the ultimate axial strain of the FSSAC stub
columns increases faster and faster with increasing the
content of steel slag sand. Further, the ultimate axial strain
increases with no obvious tendency with the increase of the
replacement particle size of steel slag sand. As shown in
Figure 24(b), it can be seen that the increase in the content of
the steel slag sand causes a decrease in the ultimate trans-
verse strain of the FSSAC stub columns and the rate of
decrease increases gradually. -e impact of the replacement
particle size of the steel slag sand on the ultimate transverse
strain of the FSSAC stub columns is not obvious.

Figure 25 shows the impact of the content of steel slag
sand on the stress-strain relationship of the FSSAC stub
columns. It can be seen that during the early loading period,

0.3 0.4 0.5 0.6
1.0

1.2

1.4

1.6

1.8

2.0
U

lti
m

at
e a

xi
al

 st
ra

in
 (1

0–3
)

Water-cement ratio

(a)

0.3 0.4 0.5 0.6
0.40

0.45

0.50

0.55

0.60

U
lti

m
at

e t
ra

ns
ve

rs
e s

tr
ai

n 
(1

0–3
)

Water-cement ratio

(b)

Figure 21: -e impact of the water-cement ratio on the ultimate strains of the FSSAC stub columns. (a) Ultimate axial strain. (b) Ultimate
transverse strain.
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the stub columns are in the elastic phase, the stress-strain
curves are approximately straight lines. An increase in the
content of steel slag sand may cause a decline in the slope of
the axial stress-strain curves, even though there are no
distinct differences among the stress-strain relationship
curves. -en, with the further increase in loading, the
specimens enter the elastic-plastic phase. -e slope of the
axial stress-strain curves decreases rapidly as the content of
steel slag sand increases, and there are obvious differences
among the axial stress-strain curves. On the other hand, the
differences in the transverse stress-strain curves are quite
small. When the stress in the specimens reaches the ultimate

stress, the specimens are destroyed, and the axial strain and
transverse strain increase rapidly. Further, the ultimate
stress and elastic modulus of the FSSAC stub columns
decrease, and the ultimate axial strain enhances with the
increase of the content of steel slag sand. -e differences
among the transverse strains are still small, and the stress-
strain curves are gentle.

Figure 26 shows the impact of the replacement particle
size of steel slag sand on the stress-strain relationship of the
FSSAC stub columns. It can be seen that the axial and
transverse strains may decline with the increase of the re-
placement particle size of the steel slag sand. However, the
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Figure 24: -e impact of the content and replacement particle size of steel slag sand on the ultimate strains. (a) Ultimate axial strain. (b)
Ultimate transverse strain.
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differences among the axial or transverse stress-strain re-
lationship curves are fairly small.

4. Conclusions

In this study, a BP neural network prediction model of the
basic properties of the FSSAC is established, and the ex-
periment data are validated with good agreement. -e
impacts of the several parameters on the compressive
strength, expansion rate, and stress-strain relationship of the
FSSAC are numerically investigated based on the developed
prediction model. Based on the numerical analysis results,
the following conclusions can be drawn:

(1) -e compressive strength of the FSSAC decreases
with the increase of the sand ratio, content of steel
slag sand, or coarse steel slag. Decreasing the water-
cement ratio will enhance the compressive strength
of the FSSAC. -e compressive strength of the
FSSAC first decreases and then increases with the
increase of the replacement particle size of steel slag
sand or coarse steel slag.

(2) -e expansion rate of the FSSAC increases with the
increase of the sand ratio or content of coarse steel
slag. -e expansion rate of the FSSAC first increases
and then decreases with the increase of the water-
cement ratio, content of steel slag sand, replacement
particle size of steel slag sand, or coarse steel slag.

(3) -e ultimate stress of the FSSAC stub columns
decreases with increasing the water-cement ratio
while the ultimate axial strain increases significantly
with the increase of the water-cement ratio. How-
ever, the impact of the water-cement ratio on the
ultimate transverse strain of the FSSAC stub col-
umns is not obvious. -e increase in the water-ce-
ment ratio will reduce the slope of the axial stress-
strain curves while the water-cement ratio has little
impact on the transverse stress-strain curves.

(4) -e ultimate stress of the FSSAC stub columns
decreases as the content of steel slag sand increases
while the ultimate axial strain increases faster and
faster with the increase of the content of steel slag
sand. -e increase in the content of steel slag sand
causes a decrease in the ultimate transverse strain of
the FSSAC stub columns and the rate of decrease
increases gradually. -e slope of the axial stress-
strain curves of the FSSAC stub columns decreases
rapidly with the increase of the content of steel slag
sand, while the impact of content of steel slag sand on
the transverse stress-strain curves is not distinct.

(5) -e ultimate stress of the FSSAC stub columns in-
creases with the increase of the replacement particle
size of steel slag sand. -e ultimate axial strain in-
creases with no obvious tendency with the increase
of the replacement particle size of steel slag sand.-e
impact of the replacement particle size of steel slag
sand on the ultimate transverse strain of the FSSAC
stub columns is not obvious. -e replacement

particle size of the steel slag sand has little impact on
the axial and transverse stress-strain curves of the
FSSAC stub columns.
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