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Abstract 

To accurately predict the strength of concrete in a combined structure, this paper 
analyzed the effect of steel plates on the pore structure and strength of concrete. Two 
concrete strengths and eight steel plate thicknesses were used for the experimental 
specimens, and their pore structures and strengths were tested at 3, 7, and 28 days. It 
was found that the pore structure of concrete increased with the increase in steel plate 
thickness. Additionally, the strength of concrete decreased with the increase in steel 
plate thickness. Besides, an equation was proposed to predict the strength of concrete 
in specimens with steel plates in this research.

Keywords: Steel plates, Concrete, Compressive strength, Pore structure

Introduction
Concrete’s cement-based material strength closely connects with the internal pore 
structure [1–5]. Many researchers have studied the association between the compres-
sive strength and pore structure of concrete. For instance, Li established a method of 
influencing coefficients through pore diameter to predict the association between the 
compressive strength and pore structure of concrete [6]. Huang et  al. used the rela-
tive specific surface area of concrete pores to predict the strength of concrete [7]. Lian 
et al. discussed the association between the compressive strength and pore structure of 
porous concrete [8]. Gao et al. studied the association between the compressive strength 
and pore structure of concrete specimens with pore defects [9]. Despite the different 
contents of these studies, researchers recognize the conclusion that the increased den-
sity of pore structure leads to an increase in the strength of concrete [6–12].

The pore structure of concrete will change when its deformation is constrained. 
According to research [13, 14], concrete specimens with expansion agents have denser 
pore structures when their expansive deformation is constrained. Due to the lack of rele-
vant research, however, the change in the concrete pore structure remains unclear when 
the decrease of concrete volume is constrained.

When concrete is cast, cement will hydrate and consume the water inside the concrete, 
thus causing capillary stress on the pore wall inside the concrete. Capillary stress, combined 
with the drying effect and other factors, will decrease concrete volume, known as shrink-
age [15]. With the continuous development of composite structure, steel sheet-concrete 
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composite structure has been applied in an increasing number of projects. Research-
ers have found that steel plates can inhibit the shrinkage of concrete and this inhibition 
effect produces restrained stress inside concrete in the opposite direction of shrinkage, 
thus reducing the decrease of concrete volume caused by shrinkage [16]. When reinforced 
with steel plates of different thicknesses, concrete specimens will see a decrease of 30 to 
80% in shrinkage compared with plain concrete. According to past research on the asso-
ciation between the compressive strength and pore structure of concrete and the research 
results of the relationship between constraint and the concrete pore structure [15], it can 
be reasonably inferred that the reinforcement of steel plates will increase the concrete pore 
structure due to the constraint of steel plates and then decrease the compressive strength of 
concrete. However, this inference has not yet been proved.

Researchers have always been highly concerned about the strength of concrete and its 
influencing factors, especially for the composite structure. In structural design, selecting 
correct concrete strength parameters that accord with the actual situation is a vital link 
related to the structural safety and the normal function of the structure. If the inference pre-
sented in this study is confirmed, the concrete strength parameters used in the structural 
design will be higher than the practical values, which poses risks to the structure’s safety. 
At the same time, in the construction process, the strength of concrete is an essential basis 
to judge whether concrete blinding and supporting scaffolds can be dismantled. Following 
Chinese codes [17], the strength of general concrete components shall reach 75% of design 
strength to remove support, while that of important concrete components shall reach 100% 
of design strength. In the past, consideration was not given to the influence of constraint on 
concrete strength. Therefore, the strength of plain concrete specimens determined whether 
the concrete strength met the requirements. The provisions of existing codes may increase 
the risk of engineering accidents if research shows that constraint increases the concrete 
pore structure and reduces the concrete strength.

As described earlier, the pore structure of concrete in a combined structure may be 
increased by the shrinkage of the concrete due to the restraint of the steel plates, which 
in turn may lead to a reduction in the strength of the concrete. However, seldom studies 
have been carried out to confirm this possibility. The actual strength of the concrete in a 
combined structure composed of steel plates and concrete is directly related to the safety 
of the structure and the construction process. Therefore, in this study, the influence of steel 
plates on the pore structure and compressive strength of concrete was discussed using 
tests. The mercury injection method tested the pore structure specimens with two grades 
of strength (C20, C50) and eight steel plate thicknesses at 3, 7, and 28 days. Meanwhile, 
all types of specimens were also tested for the cube compressive strength. The changes in 
the pore structure caused by steel plates and the resultant change rule of concrete strength 
were studied by comparing the compressive strength and pore structure of concrete with 
steel plates of different thicknesses.

Methods
This research aimed to analyze the effect of steel plates on the pore structure and com-
pressive strength of concrete, and tests were conducted for 3, 7, and 28 days on pore 
structure specimens with C20 and C50 strength grades and eight steel plate thicknesses 
using the mercury injection method; also, all types of specimens were tested for cubic 
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compressive strength. Furthermore, by comparing the compressive strength and pore 
structure of concrete with different thicknesses of steel plates, the changes in the pore 
structure caused by the steel plates and the resulting change in the strength of concrete 
were analyzed.

The concrete specimens in this study were cured in a standard curing chamber at a 
temperature of 20°C ± 2°C and a relative humidity of 65 ± 5%. The specimens in the 
standard curing room were placed on stands and were spaced 10 to 20 mm apart from 
each other, and the surfaces of the specimens were kept moist. When the specimens 
reached the test age, they were checked for size and shape after being removed from the 
conservation site. The dimensional tolerances met the specifications of the standard and 
were tested within 1 day. The characteristics of the materials used, the mixing ratios, and 
the specific procedure of the tests are described in Test section of this study. Results and 
discussion section contains a discussion and analysis of the experimental results and the 
four main conclusions presented in Conclusions section. This research has no human 
participants, data, tissue, or animal studies.

Test
Materials and mix proportions

Table 1 displays the mixed proportions of the two kinds of concrete. Table 2 shows the 
chemical compositions of fly ash and cement as cementitious materials. The specific sur-
faces of cement and fly ash were 3471  cm2/g and 4680  cm2/g, and density is 3.10 g/cm3 
and 2.22  g/cm3, respectively. Coarse aggregate is crushed limestone with a maximum 
particle size of 20 mm, while fine aggregate is quartz sand with a fineness modulus of 3.0.

Specimens for testing the strength of concrete

In order to investigate whether the strength of concrete changes in a combined struc-
ture because the steel plates restrain the shrinkage of concrete. Thus, in this study, we 
tested the strength of concrete under different shrinkage conditions. The shrinkage 

Table 1 Mix proportions of concrete (kg/m3)

Mix Water/
binder ratio

Cement Water Fly ash Sand Coarse 
aggregate

Polycarboxylate 
superplasticizer

C20 0.50 290 175 60 825 950 9.1

C50 0.31 450 160 70 704 1056 11.2

Table 2 Chemical compositions of cementitious materials(%)

Composition (mass) Cement Fly ash

SiO2 21.47 49.47

CaO 65.77 4.45

Al2O3 5.47 20.67

Fe2O3 4.28 14.32

MgO 1.44 1.17

SO3 0.52 1.40
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strain of the concrete is the ratio of the shrinkage deformation of the concrete to the 
specimen size (length, width, or height) along the shrinkage direction, which makes 
the shrinkage strain of the concrete independent of the specimen size. Thus, a small-
size specimen is often used when studying the problems caused by concrete shrinkage 
[15, 16]. In this study, the specimen size used to conduct the test was 200 mm×200 
mm×500 mm.

The moulding of specimens was completed with the detachable Teflon mould. 
Before the casting of specimens, two layers of Teflon film with a thickness of 1mm 
were laid at the mould’s bottom. The mould was removed from all sides when the con-
crete was initially set. The above method ensured that steel plates only constrained 
concrete.

This study contained 18 types of specimens, including two different kinds of concrete 
strength (C20 and C50) and eight steel plate thicknesses (4, 6, 10, 12, 16, 20, 25, and 30 
mm). To measure the constraint effect of steel plates, the ratio of the cross-sectional area 
As of steel plates to that Ac of concrete was defined as the constraint ratio:

Table 3 shows the details of the specimens. Steel plates of different thicknesses were 
laid at the bottom of concrete specimens to meet the requirements of the test design 
(Fig. 1), according to Table 4. When pouring the specimen, the plate was first placed 
at the bottom of the Teflon mould, followed by pouring the concrete. Each specimen 
was thoroughly vibrated according to the requirements of Chinese specifications 
GB50081 [18]. When the concrete was initially set, the detachable Teflon mould was 
removed, so the steel plate only constrained the concrete.

(1)� = As/Ac

Table 3 Detail of specimens

No. Strength grades The thickness of steel plates (mm) Constraint 
ratio (%)

C20-R0 C20 0 0.0

C20-R1 4 2.0

C20-R2 6 3.0

C20-R3 10 5.0

C20-R4 12 6.0

C20-R5 16 8.0

C20-R6 20 10.0

C20-R7 25 12.5

C20-R8 30 15.0

C50-R0 C50 0 0.0

C50-R1 4 2.0

C50-R2 6 3.0

C50-R3 10 5.0

C50-R4 12 6.0

C50-R5 16 8.0

C50-R6 20 10.0

C50-R7 25 12.5

C50-R8 30 15.0
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The concrete compressive strength at different ages was tested by preparing three speci-
mens of each type. The stable environment (20 ± 2°C, 65 ± 5% relative humidity) was used 
to cure and test all specimens.

At test ages (3, 7, and 28 days), three cylindrical specimens (height/diameter=2) with a 
diameter of 100 mm and a height of 200 mm were respectively drilled by a drill from the 
samples of each type of component according to the relevant requirements of JGJ/T384 [19] 
to test the concrete compressive strength, and the result was derived from the mean value 
of the three samples (Fig. 1). The test method of concrete strength was adopted according 
to the Chinese national standard GB/T50081 [18].

Specimens used for testing the porosity of concrete

The porosity of plain concrete specimens (C20-R0 and C50-R0) and concrete specimens 
reinforced with steel plates with a thickness of 6, 12, and 25 mm (C20-R2, C20-R4, C20-
R7, and C50-R2, C50-R4, C50-R7) was tested. The specimens used for testing the porosity 
of concrete are the same as those used for testing the strength of concrete. At test ages, 
the remaining specimens were sampled for testing the porosity of concrete after cylinders 
used for testing the strength of concrete were drilled from the specimens. First of all, the 
removed concrete was squashed, and concrete particles of 2.5 to 5 mm were selected with a 
sieve. Second, acetone stopped the concrete from hydrating, and the sample was dried with 
a vacuum dryer. Lastly, the pore structure was tested with an AutoPore IV9510 automatic 
mercury porosimeter. Each test result comes from the average of the three test samples on 
the same specimen.

Fig. 1 Setup for the testing of physical properties and pore structure (mm): a specimen; b specimen after 
pouring. Note: The white part of (a) means the cavity left in the rectangular specimen after the cylindrical 
specimen was removed

Table 4 Properties of the steal plate

Material Elastic modulus (×104 MPa) Yield strength (MPa) Ultimate strength (MPa)

Steel plate Q345A 21.1 395.0 550.0
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Results and discussion
Pore structure

Table 5 shows the pore structure parameters of plain concrete specimens (C20-R0 and 
C50-R0) and specimens with 6, 12, and 25 mm steel plates (C20-R2, C20-R4, C20-R7, 
and C50-R2, C50-R4, C50-R7) at 3, 7, and 28 days, including median and average pore 
diameters, the critical diameter of the capillary, porosity, and pore distribution. Each test 
result comes from the average of the three test samples on the same specimen. In terms 
of the test results, for the same specimen, no significant differences between the test 
results were found at the same age except for the very individual results.

It can be found from the table that the concrete pore structure gradually decreased 
as the concrete age increased when the mix proportion of concrete was the same as 

Table 5 Pore characteristic parameters of specimens

Average 
pore 
diameter 
(nm)

Median 
pore 
diameter 
(nm)

Critical 
diameter 
of capillary 
(nm)

Porosity 
(%)

Pore distribution (%)

<10 nm 10–50 nm 50–100 nm >100 nm

C20-R0

 3 33.89 80.54 76.65 24.75 15.33 8.91 39.19 36.66

 7 20.37 75.21 62.61 22.77 6.64 23.14 35.22 35.00

 28 18.74 39.66 47.68 19.94 13.29 31.99 27.19 27.54

C20-R2

 3 36.51 85.64 81.42 25.79 21.64 11.69 35.09 31.59

 7 22.54 70.53 69.92 24.74 19.11 31.14 28.95 20.81

 28 20.46 40.36 49.61 22.15 21.67 37.33 19.19 21.81

C20-R4

 3 39.95 92.66 92.47 28.66 10.99 8.28 45.97 34.76

 7 26.14 88.50 60.33 26.54 12.63 29.70 24.97 32.70

 28 23.68 52.76 66.32 25.61 20.74 32.45 23.54 23.26

C20-R7

 3 46.03 106.53 100.19 31.31 13.62 13.96 36.96 35.46

 7 35.85 91.60 90.47 28.71 22.41 18.38 32.70 26.51

 28 27.61 69.56 67.17 26.88 25.41 27.29 25.39 21.91

C50-R0

 3 28.17 76.53 73.65 20.97 16.09 45.23 14.93 23.74

 7 23.85 45.26 53.62 16.24 17.71 50.23 15.24 17.05

 28 20.52 30.63 22.52 13.83 21.89 64.95 6.10 7.05

C50-R2

 3 30.83 80.22 80.89 26.04 12.58 48.62 22.34 16.56

 7 28.33 54.40 58.65 18.40 13.44 62.25 15.14 9.17

 28 22.40 38.58 35.44 16.86 22.51 64.66 10.70 2.13

C50-R4

 3 35.59 86.26 89.47 28.32 10.55 52.02 20.62 16.81

 7 30.26 55.19 66.79 22.20 11.67 57.69 14.65 16.00

 28 26.32 42.95 42.31 18.50 22.69 61.93 6.05 9.32

C50-R7

 3 40.66 95.07 97.11 30.40 19.29 38.53 24.56 17.63

 7 35.23 67.61 81.26 25.33 7.56 53.16 19.99 19.30

 28 31.24 50.42 56.26 21.79 11.26 64.35 16.87 7.53
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the thickness of steel plates. Take plain concrete specimen C20-R0 as an example. It is 
average, and median pore diameters, the critical diameter of capillary and porosity was 
33.89 nm, 80.54 nm, 76.65 nm, and 24.75% at 3 days, but dropped to 18.74 nm, 39.66 nm, 
47.68 nm, and 19.94% at 28 days. Meanwhile, pores less than 50nm accounted for 45.28% 
of all pores at 28 ages, which is greater than 24.24% at 3 days. This phenomenon was 
mainly due to the fact that the hydration products of cement filled in pores, and the cap-
illary wall produced capillary stress after water consumption in concrete [20–23].

By comparing the specimens with the same mix proportion but different steel plate 
thicknesses, it can be found that the pore structure of concrete increases as the steel 
plate thickness increases at the same age. For example, the median and average pore 
diameters, the critical diameter of capillary and porosity of C20-R7 specimen reinforced 
with 25-mm steel plate at 28 days were 27.61  nm, 69.56  nm, 67.17  nm, and 26.88%, 
respectively, which are significantly greater than those of C20-0 specimen without steel 
plates, C20-R2 specimen with 6-mm steel plates and C20-R4 specimen with 12-mm 
steel plates. This phenomenon can also be observed in each C50 specimen with different 
mix proportions.

The relationship between the pore structure of concrete and the constraint ratio of 
steel plates is presented in Fig. 2 to more clearly show the changes in the pore structure 
caused by the constraint effect of steel plates. This indicates that the concrete pore struc-
ture increases as the constraint coefficient of steel plates on concrete increases. The fol-
lowing formula can represent the relationship:

Fig. 2 Relationships between pore structure parameters and reinforcement ratio: a average pore diameter, b 
median pore diameter, c critical diameter of capillary, and d porosity
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where Kλ is the pore structure parameter of specimens reinforced with steel plates; 
k0 represents the pore structure parameter of plain concrete; m refers to the change 
amount of pore structure when the unit constraint ratio increases.

In this study, k0 is the pore structure parameter of plain concrete specimens (C20-
R0 and C50-R0) obtained according to this test. Table 6 shows the parameter m calcu-
lated by the experimental data regression. Figure 2 shows the relative error between 
the measured value and the pore structure parameter of concrete. The table suggests 
that the measured values were consistent with the calculated ones.

Concrete is a porous material, where the consumption of water in concrete due to 
the hydration, drying effect, and other effects of cement will form capillary stress on 
the pores and microcracks of concrete. This capillary stress will reduce the concrete 
volume, often called shrinkage. The capillary stress effect and the filling of hydration 
products will lead to a decrease in the concrete pore structure [20–23]. When the 
shrinkage of concrete is constrained, shear stress will be generated at the interface 
between concrete and constraint (steel plates in this study) due to the non-deforma-
tion of the constraint itself. According to mechanical knowledge, this shear stress 
will generate normal stress in the opposite direction of shrinkage, which is so-called 
restrained stress.

Figure 3b shows a concrete component of a restrained specimen. According to the 
capillary tension theory, capillary stress is the critical driver of concrete shrinkage 
(σca). In the specimen’s length (x) direction, restrained stress and capillary stress apply 
to the concrete. This study suggests that since the inhibiting effect of the steel plate is 
mainly in the length (x) direction, only capillary stress applies to the concrete com-
ponent in width (y) and height (z) directions. Using material mechanics, the concrete 
strain in length (x) direction (ℇc-x) is represented as follows:

(2)K� = k0 +m�

Table 6 Values of m for different pore parameters

Average pore diameter (nm) Median pore diameter (nm) Critical diameter of capillary 
(nm)

Porosity

m 110 250 200 90

Fig. 3 Changes in the concrete pore structure: a Concrete shrinkage restrained by steel plate. b Concrete 
element
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where σt is the restrained stress in the concrete. μ is the Poisson’s ratio of the concrete. Ec 
is the elastic modulus of the concrete.

The shear stress at the concrete interface causes compressive stress in the steel plate 
(σst) and restrained tensile stress in the concrete. The formula can be derived according 
to the requirement of the force balance as follows:

As a result, the restrained stress in the concrete can be indicated as follows:

Only the compressive stress applies to the steel plate. In this way, the deformation 
strain of the steel plate (εst-x) in the x direction can be indicated as follows:

where Est is the elastic modulus of the steel plate.
The concrete and steel plates have the same shrinkage strain in the restrained speci-

mens. Thus,

Taking formulas (5), (6), and (7) into formula (2), the restrained stress in the concrete 
with the steel plate can be calculated as follows:

As shown in formula (8), the restrained stress in the opposite direction of capillary 
stress increases as the constraint ratio (i.e., the thickness of the steel plate) increases, 
thus lowering the reduction degree of the pore structure due to capillary stress. There-
fore, the experimental results show that the pore structure of the concrete reinforced 
with the steel plate increases as the constraint ratio increases.

Compressive strength of concrete

The compressive strength of concrete specimens with different mix proportions under 
different constraint conditions is shown in Table  7, demonstrating that the concrete 
strength gradually increases with age when the mix proportion of concrete is the same as 
the steel plate thickness. The strength of concrete specimens at 3 and 7 days amounted 
to around 55 to 76% and 77 to 92% of that at 28 days, which is the same as the increased 
law of concrete strength observed in the past.

The strength of concrete changed dramatically after the reinforcement of steel 
plates. The concrete strength was inversely proportional to the thickness of the steel 

(3)

εc−x =
1

Ec
σx − µ σy + σz =

1

Ec
[(σca − σt)− µ(σca + σca)] =

1− 2µ

Ec
σca−

1

Ec
σt

(4)Acσt = Asσst

(5)σt =
As

Ac
σst = �σst

(6)σt =
As

Ac
σst = �σst

(7)
εc−x = εst−x

(8)σt =
(1− 2µ)

1+ Ec
�Est

σca
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plates. The thicker the steel plates were, the lower the strength of the concrete would 
be. Take C50 specimens as an example. The strength of the C50-R0 specimen at 28 
days was 52.0 MPa. As the thickness of steel plates increases, the strength of C50-R1, 
C50-R2, C50-R3, C50-R4, C50-R5, C50-R6, C50-R7, and C50-R8 specimens dropped 
to 51.5  MPa, 47.6  MPa, 44.3  MPa, 42.4  MPa, 41.5  MPa, 37.6  MPa, 32.5  MPa, and 
30.5 MPa, respectively.

This phenomenon was related to the changes in the concrete pore structure due to 
steel plates. The relationships between different parameters of pore structure and 
strength of concrete specimens under a constraint ratio of 3.0%, 6.0%, and 12.5% were 
shown in Fig.  4, which presents a negative correlation between the strength and pore 
structure of concrete. The smaller the concrete pore structure was, the higher the 
strength of the concrete would be. The restrained tensile stress generated by steel plates 
would weaken the reduction of capillary stress on the concrete pore structure. Thus, the 
pore structure of concrete reinforced with steel plates was larger, thereby leading to the 
lower strength of concrete. The thicker the steel plates were, the stronger the constraint 
effect would be. As a result, the strength of concrete decreased as steel plates increased.

Previously, researchers described the association between the compressive strength 
and pore structure of concrete using different models, such as linear, exponential, and 
polynomial relationships. In this work, the strength of the concrete also showed an 
excellent linear relationship with porosity and other parameters and increased with the 
decrease of porosity. However, it is worth noting that the strength of concrete with dif-
ferent mix proportions and the same pore structure parameters was significantly differ-
ent, which is the same as the phenomenon observed by researchers before [24, 25]. For 
example, the porosity and compressive strength of the C20-R2 specimen at 3 days were 
25.79% and 13.2MPa, but the strength of the C50-R2 specimen with a similar porosity 
(26.04%) reached up to 29.6 MPa.

Table 7 Test results of concrete strength (Mpa)

3 days 7 days 28 days

C20-R0 14.6 18.5 23.5

C20-R1 14.0 17.7 21.5

C20-R2 13.2 15.5 19.5

C20-R3 12.3 14.5 18.6

C20-R4 12.2 13.5 16.0

C20-R5 8.9 12.5 16.1

C20-R6 8.6 11.9 15.4

C20-R7 8.9 11.6 14.6

C20-R8 7.0 10.1 12.5

C50-R0 38.4 45.0 52.0

C50-R1 35.6 43.5 51.5

C50-R2 29.6 42.7 47.6

C50-R3 27.8 40.8 44.3

C50-R4 25.4 38.5 42.4

C50-R5 23.5 36.5 41.5

C50-R6 21.1 30.1 37.6

C50-R7 19.8 28.9 32.5

C50-R8 17.5 26.5 30.5
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This phenomenon may be related to the pore distribution of concrete pores. The pore dis-
tribution of C20 and C50 concrete specimens at all ages is illustrated in Fig. 5 and shows dif-
ferences in law. The pore diameter of C20 concrete specimens is mainly distributed between 
50 and 100nm, and the pore structure of C50 concrete specimens is principally composed 
of pores less than 50nm. Past research has suggested that the pore structure parameters 
(like median pore diameter and porosity) of concrete reflect all the pores of the concrete, 
and the difference in pore distribution may produce the same or different pore structure 
parameters [24, 25]. The smaller the pores constituting the concrete pore structure, the 
higher the concrete strength. Thus, it was observed that the strength of C50 concrete was 
higher than that of C20 concrete under the condition of similar pore structure parameters.

Relationship between the constraint ratio and compressive strength of concrete

According to previous research content, the constraint effect of steel plates on concrete 
would weaken the reduction of capillary stress on the pore structure and thus reduce the 
strength of concrete. The thicker the steel plates were, the stronger the constraint effect 
would be and the greater the loss of concrete strength would be. Therefore, it is necessary 
to consider the loss of strength caused by constraint in the case of designing and disman-
tling scaffolds in practical engineering, which, however, finds it difficult to determine the 
strength of concrete by testing pore structure, but easy to obtain the information on steel 
plates. In this case, a method of predicting the strength of concrete reinforced with steel 
plates using a constraint ratio was proposed in this study.

Fig. 4 Relationships between compressive strength and pore structure parameters: a average pore diameter, 
b median pore diameter, c critical diameter of capillary, and d porosity
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fcλ is the compressive strength when the constraint ratio is λ; fc0 represents the compressive 
strength when the steel plate thickness is 0. In this work, f0 stands for the strength value of 
C20-R0 or C50-R0 concrete specimens, and n refers to the calculation parameter and n=4.6.

Figure  6 shows the strength of concrete reinforced with steel plates of different thick-
nesses predicted using Formula 3. At 3, 7, and 28 days, specimens reinforced with steel 
plates of different thicknesses have a mean prediction error of 7.03%, 1.65%, and 0.25%, and 
a maximum error of 13.87%, while C60 concrete has a mean prediction error of 10.41%, 
10.54%, and 9.54%, and a maximum error of 14.93%, indicating that predicted values were 
in good agreement with actually measured ones.

Conclusions
In this study, the influence of steel plates on the pore structure and compressive 
strength was explored, and the structure and strength at different ages and with dif-
ferent steel plate thicknesses (constraint ratios) were tested. The following conclu-
sions were drawn:

(9)fc� = fc0exp
−n�

Fig. 5 Comparison between the pore distribution of C20 and C50 concrete specimens at different ages. a 3 
days; b 7 days; c 28 days
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(1) The concrete pore structure gradually decreased with age due to the effect of capil-
lary stress and the filling of hydration products, and the proportion of pores less 
than 50 nm in all pores increased.

(2) Steel plates would have a constraint effect on concrete. The constraint effect would 
be more substantial with the increase of steel plate thickness and lead to an increase 
in the pore structure (median and average pore diameters, porosity, and critical 
diameter of capillary) of concrete. The changes in the pore structure constrained by 
steel plates can be predicted based on Linear Formula 2.

(3) The strength of concrete would decrease after the reinforcement of steel plates. The 
thicker the steel plates were, the lower the strength of the concrete would be, which 
was because steel plates weakened the reduction of capillary stress on the pore 
structure.

(4) The strength of concrete reinforced with steel plates was predicted by the formula 
using the strength of plain concrete and constraint ratio. As a result, the predicted 
values were consistent with actually measured ones.
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