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 After long-term use at high temperatures, the iron ore tailings (IOT) reinforced concrete 

will suffer from problems like carbonization, corrosion, and durability decline. It is highly 

practical to analyze the bonding performance and thermomechanical coupling mechanism 

of IOT reinforced concrete. The relevant literature rarely considers the influence of 

temperature over the bonding performance of samples, or prepares samples from IOT 

concrete. There are very limited results on the similarity of the temperature field and 

mechanical response of reinforced concrete under high temperatures. To solve the problem, 

this paper constructs a bond slip curve model for the IOT-reinforced concrete interface, 

and provides a way to plot the mean bond slip curve, before computing the bond stress 

distribution, as well as local bond stress-relative slip distribution. Next, the authors 

summarized the thermal parameters of the IOT concrete material, and the high-temperature 

relationship between thermal stress and thermal strain. Finally, sixteen central pull-out tests 

were carried out on central pull-out samples by applying strain gages into rebar slots. In 

this way, the authors obtained the results on the bonding performance and 

thermomechanical coupling analysis of IOT reinforced concrete. 
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1. INTRODUCTION 

 

The rapid urbanization in China leads to a rising demand for 

reinforced concrete [1-6]. To fulfil the demand, a huge sum of 

sand and gravels has been mined, causing serious damages to 

rivers and mountains. The environmental degradation is 

accompanied by the growing shortage of construction sand [7-

10]. Facing the lack of resources, and enhanced awareness of 

environmental protection, it is a national strategy to prepare 

building materials from ore tailings. For example, the 

preparation of iron ore tailings (IOT) concrete can effectively 

alleviate the contradiction between resources and the 

environment [11-16]. After long-term use at high temperatures, 

the IOT reinforced concrete will suffer from problems like 

carbonization, corrosion, and durability decline, and even 

engineering safety risks. It is highly practical to analyze the 

bonding performance and thermomechanical coupling 

mechanism of IOT reinforced concrete. 

The macroscopic synthetic fiber reinforced IOT concrete is 

an environmentally friendly building material. The fibers are 

mixed into the recycled IOT to improve the performance of 

IOT concrete. Zhao et al. [17] systematically studied the 

mechanical performance of the macroscopic synthetic fiber 

reinforced IOT concrete. After selecting the macroscopic 

synthetic fibers of two different IOT substitution rates and six 

volume fractions (with an interval of 1.0%), Zhao explored the 

influence of IOT, aspect ratio, elastic modulus, and tensile 

strength of the macroscopic synthetic fiber over the 

mechanical performance of the concrete. The IOT, which has 

caused a severe eco-environmental problem, has been 

gradually adopted as a construction material. However, the 

high-volume density of the IOT as an aggregate hinders the 

concrete performance. Gu et al. [18] investigated the influence 

of hydroxypropyl methylcellulose (HPMC) over the 

workability, mechanical performance, and durability of the 

concrete prepared from the recycled IOT aggregate. The 

mercury intrusion method (MIC) and scanning electron 

microscopy (SEM) were adopted to examine the mechanism 

of the HPMC acting on the workability and mechanical 

performance of IOT concrete.  

The key to preventing building fires is to design and develop 

fireproof buildings. To assess the high-temperature 

performance of common concrete (CC) and ultra-high-

performance fiber reinforced concrete (UHPFRC), Ashkezari 

et al. [19] explored the coefficient of thermal expansion, 

weight loss, and residual compressive strength, and adopted 

two different curing methods (non-heating, and heating), and 

steel microfiber inclusions of two different mix ratios. On this 

basis, Ashkezari evaluated the mechanical performance of CC 

and UHPFRC, including compressive strength, splitting 

strength, bending strength, and elastic modulus. Makeeva et al. 

[20] specifically studied the stress state of large concrete 

structure and reinforced concrete structure under the 

temperature of the construction period, and analyzed the 

thermal stress state of large volume concrete floor slabs with a 

thickness of 1m. Without considering the temperature effect, 

their approach successfully evaluates the thermal stress state 

of numerous slabs in building foundations, and ensures that the 

thermal stress of the structure will not deviate significantly 

from the actual graph of tensile deformation. 

Some domestic and foreign scholars have tested and 

theorized the bonding performance of reinforced concrete, 

analyzed the crack forms of samples, and constructed the 

piecewise constitutive equation of the bond slip curve. 
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However, the relevant literature rarely considers the influence 

of temperature over the bonding performance of samples, or 

prepares samples from IOT concrete. There are very limited 

results on the similarity of the temperature field and 

mechanical response of reinforced concrete under high 

temperatures. 

Therefore, this paper explores the bonding performance and 

thermomechanical coupling mechanism of IOT reinforced 

concrete. The main contents are as follows: (1) The authors 

constructed a bond slip curve model for the IOT-reinforced 

concrete interface, provided a way to plot the mean bond slip 

curve, and computed the bond stress distribution, as well as 

local bond stress-relative slip distribution. (2) The authors 

summarized the thermal parameters of the IOT concrete 

material, and the high-temperature relationship between 

thermal stress and thermal strain. (3) The authors conducted 

sixteen central pull-out tests were carried out on central pull-

out samples by applying strain gages into rebar slots, and 

obtained the results on the bonding performance and 

thermomechanical coupling analysis of IOT reinforced 

concrete. 

 

 

2. BONDING PERFORMANCE ANALYSIS 

 

The first task of this paper is to build an improved bond slip 

model for the IOT reinforced concrete. Here, the bond slip 

curve is divided into four segments: the elastic microslip 

segment, the rising segment, the declining segment, and the 

residual segment. The Weibull model equation was employed 

to fit the elastic microslip segment. Let (p-pt)/(pv-pt) be the 

explanatory variable; r-rt)/(rv-rt) be the explanatory variable. 

Then, we have: 
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3
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  −
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Let pv and rv(rv1,rv2) be the bonding stress and slip amount 

at the peak slip points Xv, and Xv1 in the bond slip curve, 

respectively; ps and Rs be the bonding stress and slip amount 

of the residual slip point Xs, respectively; pt, and rt be the 

bonding stress and slip amount of the elastic slip point Xt, 

respectively; φ1, φ2, φ3, and φ4 be the parameters fitted from 

test data. If the slip bond model of the IOT reinforced concrete 

does not contain an obvious horizontal segment, then the 

micro-slip segment can be expressed as: 
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The rising segment and declining segment can be 

respectively expressed as:  
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The residual segment can be expressed as: 
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If the slip bond model contains an obvious horizontal 

segment, then the micro-slip segment can be expressed as: 
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The rising segment can be expressed as: 
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The horizontal segment can be expressed as: 
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The declining segment and the residual segment can be 

respectively expressed as:  
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To obtain the mean bond slip curve of the IOT reinforced 

concrete, the mean bonding strength and mean slip of each 

sample can be derived from the load and free end slip 

measured in tests. It is assumed that the bonding strength 

between rebar and concrete is uniformly distributed along the 

anchor length. Let d be the rebar diameter; l be the bonding 

length; Ψ be the additional load. Then, we have: 

 

p
dl


=   (11) 

 

The next step is to compute the bonding stress distribution. 

For a microsegment of rebar, the bonding stress of the rebar in 

the elastic phase is generally calculated through the strain 

measured from the microsegment in the equilibrium state. Let 

An be the cross-sectional area; ES be the elastic modulus of the 

rebar; Δε be the stress difference between adjacent measuring 

points of the rebar; Ce be the effective circumference of the 

rebar area in contact with concrete; Δl be the interval between 

strain gages. Then, we have: 

 

n S

e

A E
p

C


=   (12) 

 

The bonding stress calculated from each load level is 

accumulated along the free end to the load end. In theory, the 

cumulative value should be equal to the tensions Γi and Γi at 

the load end: 
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If the two sides of formula (13) are not equal, the 

microsegment can be finetuned according to their difference. 

Furthermore, it is necessary to compute the local bonding 

stress – relative slip distribution. In the anchor length, the 

relative slip is determined by the unique difference between 
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the various steel bars and concrete. Let Ac and As be the cross-

sectional areas of the concrete and rebar, respectively; σci
* be 

the mean stress on the cross-sectional area of the concrete at 

the i-th measuring point; σsi be the rebar stress at the i-th 

measuring point. The following can be deduced from the 

measured rebar strain and microsegment equilibrium equation: 

 

0ci c si sA A  + =   (14) 

 

Let Sf be the displacement at the free end of the rebar; εsi, 

and εci be the strains of rebar and concrete at each measuring 

point, respectively; Δlsi, and Δlci be the deformations of rebar 

and concrete along the length of each microsegment, 

respectively. The slip of the concrete can be obtained by 

integrating the relative slips of microsegments along the 

anchor length. In the anchor length, the relative slip between 

rebar and concrete can be calculated by: 
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3. THERMOMECHANICAL COUPLING ANALYSIS 

 

Under high temperatures, the column sections of reinforced 

concrete can form a transient temperature field. In this case, 

the mechanical performance of the IOT reinforced concrete is 

affected by temperature. To disclose the similarity of the 

temperature field and mechanical response of reinforced 

concrete under high temperatures, this paper carries out finite-

element simulation of the thermomechanical response of 

reinforced concrete, and compares the reinforced concretes 

with different mix ratios through sequential thermomechanical 

coupling. 

Let σBE and τBE be the density and specific heat capacity of 

the IOT concrete, respectively. The volumetric heat capacity 

of the IOT concrete is the product between σBE and τBE. Then, 

we have: 
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The peak specific heat capacity τmax corresponds to the 

temperature range of 100℃~200℃. Let ηSU be the mass water 

content of the IOT concrete. Then, the peak specific heat 

capacity τmax at different water contents can be calculated by: 
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Then, the thermal conductivity coefficient of the IOT 

concrete can be calculated by:  
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The thermal expansion coefficient of the IOT concrete can 

be calculated by: 
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The volumetric heat capacity σREτRE of the rebar can be 

calculated by:  
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The rebar density does not change significantly under high 

temperatures. Thus, the thermal conductivity coefficient μRE of 

the rebar can be calculated by:  
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The thermal expansion coefficient βRE of the rebar can be 

calculated by: 
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Let gBE and ρBE be the thermal stress and thermal strain of 

the IOT concrete, respectively; g'BE be the axial compressive 

strength of the IOT concrete under high temperatures; ρmax be 

the strain corresponding to the peak thermal stress of the IOT 

concrete; g'BE0 be the axial compressive strength of the IOT 

concrete at normal temperature. Then, the thermal stress-
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thermal strain relationship of the IOT concrete at high 

temperatures can be expressed as: 
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When it comes to the thermal stress-thermal strain 

relationship of the rebar at high temperatures, it is assumed 

that the rebar elastic modulus in tensile state equals that in 

compressive state, before the rebar reaches the peak thermal 

strain ρBel. Then, the peak tensile thermal stress g'KL and peak 

compressive thermal stress g'BE of the rebar satisfy: 

 
' '0.0889KL BEg g=   (27) 

 

Under high temperatures, the thermal stress drops linearly, 

after the rebar reaches the peak strain ρBel. When the thermal 

strain of the rebar reaches 2ρBel, the corresponding stress of the 

rebar stands at 0.889g'KL, and will remain so thereafter. 

When the rebar’s thermal strain ρCO is below the peak 

thermal strain ρC, the linear relationship between the thermal 

stress and thermal strain of the rebar has a constant slope. 

Hence, the elastic modulus of the rebar at high temperatures is 

the secant modulus at ρCV. If ρCO is far greater than ρCV, the 

thermal stress of the rebar is linearly correlated with the 

thermal strain of the rebar. Let gb be the thermal stress of the 

rebar; gb0 be the yield strength of the rebar at normal 

temperature. The relationship between gb and gb0 can be 

expressed as:  
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4. EXPERIMENTS AND RESULTS ANALYSIS 

 

Our experiments use the following materials: The cement is 

the P.O 42.5R ordinary Portland cement (Hubei Jinglan 

Cement Group Co., Ltd., China). Grade 2 fly ash, IOT powder, 

IOT sands, and IOT stones were all obtained from Qian’an, 

northern China’s Hebei Province. The IOT powder was 

ground to the specific surface area of 538.9 m2/kg. The mortar 

specimens were prepared and cured for 28 days. Then, the 

activity index was measured as 66.8%. The rebars are HRB400 

deformed bars with a diameter of 18mm or 25mm. Four types 

of concrete were designed for the experiments: 1. Fly ash 

concrete; 2. IOT powder concrete; 3. IOT power-IOT sand 

concrete; 4. IOT concrete. The rebar diameter was set to 18mm 

and 25mm. The concrete strength was set to C35 and C40. 

Hence, a total of 48 samples were prepared for 16 groups. Each 

group contains 3 samples. 

The central pull-out sample is illustrated in Figure 1, where 

1 is the rebar extruding from the free end; 2 is the position for 

applying strain gages in the rebar slot; 3 is the non-bonded area 

formed by the polyvinyl chloride (PVC) casing; 4 is the 

concrete block; 5 is the rebar. 

Figure 2 explains how to open a slot in the rebar and apply 

the strain gages. In the bonded area, a shallow slot is opened 

horizontally along the rebar surface. Then, the foil strain gages 

are placed in the slot. After waterproofing treatment, the slot 

is sealed with epoxy resin. The wires of the gages are led to 

the concrete surface via fine soft plastic tubes. The gage 

interval is denoted by Δl. Table 1 summarizes the compressive 

and splitting strengths of the concrete blocks. 

As shown in Figure 3, the samples were damaged in two 

forms: the pull-out damage of rebar, and the splitting damage 

of concrete. (1) The pull-out damage of rebar is a form of 

ductile failure. After the load reaches the limit, the slip 

between the rebar and the concrete is far greater than that in 

the load rising segment. As a result, the rebar and concrete 

suffer from shear damages, and the rebar is pulled out. The 

damage form is similar to the ridges and furrows of the 

ploughed land. (2) The splitting damage of the concrete is a 

form of brittle failure. It is a very dangerous pattern of bonding 

damage. Since the rebar is not sufficiently constrained laterally, 

the extrusion of the rebar against the concrete produces a radial 

force, which brings splitting cracks between the rebar and the 

concrete. Once the load reaches the limit, the block will give 

off a loud noise, and disintegrate into fragments. 

 

 
 

Figure 1. Central pull-out sample 

 

 
 

Figure 2. Slot opening and gage application 
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(1) Pull-out damage of rebar                         (2) Splitting damage of concrete 

 

Figure 3. Damage forms of specimens 

 

Table 1. Compressive and splitting strengths of the concrete blocks 

 
Block 

number 

Compressive strength /MPa 

(28d) 

Compressive strength /MPa 

(90d) 

Splitting strength/MPa 

(28d) 

Splitting strength /MPa 

(90d) 

A1 44.2 53.2 3.05 3.67 

A2 38.9 46.5 2.77 3.27 

A3 40.2 48.3 2.89 3.36 

A4 40.9 49 2.87 3.39 

B1 47.5 59.4 3.42 4.08 

B2 43.4 52.6 2.93 3.46 

B3 44.3 53.8 3.15 3.78 

B4 46.4 56.2 3.06 3.74 

 

Table 2. Ultimate bonding stress, ultimate slip, and damage forms 

 
Block 

number 

Ultimate 

load 

Ultimate bonding 

stress 

Ultimate 

slip 

Relative difference of 

bonding stress 

Pull-out 

damage 

Splitting 

damage 

C35-1-d18 130 25.56 2.05 - 0 3 

C35-2-d18 121 23.79 2.35 -6.92% 0 3 

C35-3-d18 128 25.16 2.16 -1.56% 1 2 

C35-4-d18 132 25.95 1.98 +1.53% 1 2 

C40-1-d18 136 26.74 1.88 - 1 2 

C40-2-d18 127 24.97 2.11 -6.62% 1 2 

C40-3-d18 130 25.56 2.04 -4.41% 0 3 

C40-4-d18 138 27.13 1.95 +1.46% 2 1 

C35-1-d25 228 23.24 2.36 - 0 3 

C35-2-d25 210 21.40 2.66 -7.92% 0 3 

C35-3-d25 214 21.81 2.51 -6.15% 0 3 

C35-4-d25 230 23.44 2.24 +0.86% 0 3 

C40-1-d25 236 24.05 2.13 - 0 3 

C40-2-d25 218 22.22 2.43 -7.61% 0 3 

C40-3-d25 231 23.54 2.35 -2.12% 0 3 

C40-4-d25 238 24.25 2.21 +0.83% 0 3 

 

As shown in Table 2, with the growing grade of concrete 

strength, the bonding strength between rebar and concrete in 

the samples made from different materials all exhibited a 

continuous upward trend. For the samples of the same concrete 

strength, materials, and aggregate, the growth of rebar 

diameter would push up the ultimate load, and suppress the 

bonding strength. This is because a larger rebar diameter 

reduces the relative area, which weakens the bonding strength 

of reinforced concrete. 

Figure 4 displays the mean bond slip curves between 

concrete and rebar. Since most central pull-out samples suffer 

from splitting damage, the declining segment of their bond slip 

curves was not obvious or simply absent. It can be inferred that, 

when the concrete grade and rebar diameter remain the same, 

the bond slip curves of concrete made from different materials 

had similar trends; the bonding stress difference between 

concrete made from different materials was not significant: 

Although there was no obvious law for the bond slip, most 

bond slip values concentrated in 1.88mm-2.66mm. 

Figure 5 presents the bonding stress distribution curves. It 

can be observed that the bonding stress was zero at the free 

end and the load end, and peaked at 20-30mm from the load 

end. Along the anchor length, the bonding stress gradually 

decreased from the load end. At the same distance from the 

load end, the rebar-concrete bonding stress of the IOT concrete 

was slightly greater than that of the fly ash concrete. By the 

bonding stress, the different types of concrete can be ranked in 

descending order as IOT concrete, fly ash concrete, IOT 

powder concrete, and IOT power-IOT sand concrete. 

Figure 6 compares the relative slip distribution curves of 

different samples. In the initial stage of loading, the relative 

slip first occurred at the load end, and appeared the latest on 

the free end. With the growth of the load, the stress propagated 

towards the free end, and the bonding effect between rebar and 

concrete was gradually damaged. Along the anchor length, the 

slip basically increased at a uniform rate. When the free end 

slipped, the slip rose prominently with the load. At the same 

distance from the load end, the relative slip of the fly ash 
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concrete was slightly higher than that of the IOT concrete, and 

much higher than that of the IOT power-IOT sand concrete. 

The IOT power concrete witnessed the greatest relative slip. 

 

 
 

Figure 4. Mean bond slip curve of each type of concrete 

 

 
 

Figure 5. Bonding stress distribution curves of samples 

 

 
 

Figure 6. Change law of relative slip along the anchor length 

 

Figure 7 shows the constitutive relationship between 

thermal stress and thermal strain of reinforced concrete under 

high temperatures. Figures 8 and 9 illustrate the temperature 

changes at measuring points in the cross-section of reinforced 

concrete columns, and the axial deformations of reinforced 

concrete columns, respectively, and compare the finite-

element results with the test values. It can be seen that the 

temperature changes obtained by finite-element calculation 

basically agree with the test values at measuring points in the 

cross-section of each reinforced concrete column. The error 

between calculated and test values maximized at only 60℃, 

after the temperature increased continuously for 100min. 

Meanwhile, the axial deformations obtained by finite-element 

calculation had a large difference from the test values, but the 

axial deformation curves followed roughly the same trend as 

the temperature change curves. The gap between calculated 

and tested axial deformations peaked at 50-60min. The above 

analysis shows that the above simulation of the temperature 

field and mechanical performance of reinforced concretes 

fully demonstrate the thermal stress-thermal strain response 

mechanism. 

 

 
 

Figure 7. Relationship between thermal stress and thermal 

strain of concretes under high temperatures 

 

 
 

Figure 8. Temperature changes at measuring points in the 

cross-section of reinforced concrete columns 

 

Figures 10 (1) and (2) report the temperature rise and axial 

deformation of reinforced concrete columns of the reduced 

scale of 1, 0.8, and 0.4, respectively. At the same time, the 

temperature rise curve of the column of the reduced scale of 1 

was below that of any other column. In the first 5min of 
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heating, the temperature rise curves of all columns picked up 

quickly. As the heating lasted for 80min, the temperature rise 

curves of the columns varied significantly. When the heating 

reached 100min, the temperature difference was very small 

between the three temperature rise curves. Under high 

temperatures, the mechanical performance similarity between 

the columns of different reduced scales was correlated with 

their temperature field similarity. In the early phase of the axial 

expansion for reinforced concrete, the correlation was weak 

for the column with a relatively small reduced scale. In the late 

phase, the temperature field similarity between columns of 

different reduced scales continued to increase. As the heating 

time reached 100min, the difference in fire resistance rating 

between columns of different reduced scales dropped to the 

minimum. 

Figures 10 (1) and (2) report the temperature rise and axial 

deformation of reinforced concrete columns of the reduced 

scale of 1, 0.8, and 0.4, respectively. At the same time, the 

temperature rise curve of the column of the reduced scale of 1 

was below that of any other column. In the first 5min of 

heating, the temperature rise curves of all columns picked up 

quickly. As the heating lasted for 80min, the temperature rise 

curves of the columns varied significantly. When the heating 

reached 100min, the temperature difference was very small 

between the three temperature rise curves. Under high 

temperatures, the mechanical performance similarity between 

the columns of different reduced scales was correlated with 

their temperature field similarity. In the early phase of the axial 

expansion for reinforced concrete, the correlation was weak 

for the column with a relatively small reduced scale. In the late 

phase, the temperature field similarity between columns of 

different reduced scales continued to increase. As the heating 

time reached 100min, the difference in fire resistance rating 

between columns of different reduced scales dropped to the 

minimum. 

 

 
 

Figure 9. Axial deformations of reinforced concrete columns 

 

  
(1) (2) 

 

Figure 10. Temperature rise and axial deformation of reinforced concrete columns 

 

 

5. CONCLUSIONS 

 

This paper mainly investigates the bonding performance 

and thermomechanical coupling mechanism of IOT reinforced 

concrete. Firstly, the authors provided a bond slip curve model 

for the IOT-reinforced concrete interface, presented a strategy 

for drawing the mean bond slip curve, and computed the bond 

stress distribution, plus the local bond stress-relative slip 

distribution. Next, the thermal parameters of the IOT concrete 

material were summarized, and the high-temperature 

relationship between thermal stress and thermal strain was 

identified clearly. After that, central pull-out samples were 

prepared, and strain gages were applied to the slots of rebars. 

Through 16 sets of central pull-out tests, the authors summed 

up the results on the bonding performance and 

thermomechanical coupling analysis of IOT reinforced 

concrete. The main conclusions are as follows: 

(1) In the initial stage of loading, the relative slip 

concentrated at the load end. With the growth of the load, the 

stress propagated towards the free end along the anchor length. 

When slip occurred at the free end, the slip rose prominently 

with the load, and gradually surpassed the ultimate bonding 

capacity, resulting in damages to the concrete. These 

phenomena are common among all types of concrete samples. 

(2) According to the comparative analysis on the measured 

data, the bonding performance improves with the rising 
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strength grade of concrete, and weakens with the growth of 

rebar diameter. 

(3) The mean bond slip curves and stress distribution curves

of different types of IOT reinforced concrete were basically 

similar to those of fly ash concrete. Judging by the bonding 

stress distribution curve, the IOT concrete has a more uniform 

bonding stress, and greater bonding stress than fly ash concrete. 

(4) The authors displayed the temperature changes at

measuring points in the cross-section of reinforced concrete 

columns, and the axial deformations of reinforced concrete 

columns. The results show that our simulation of the 

temperature field and mechanical performance of reinforced 

concretes fully demonstrate the thermal stress-thermal strain 

response mechanism. 

(5) The authors also reported the temperature rise and axial

deformation of reinforced concrete columns of different 

reduced scales. The results show that, under high temperatures, 

the mechanical performance similarity between the columns 

of different reduced scales was correlated with their 

temperature field similarity. With the elapse of time, the 

difference in fire resistance rating between columns of 

different reduced scales dropped to the minimum. 
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