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Abstract 

As a critical joint component, the high-strength (HS) bolt is extensively used in various types of 

structures. Based on the 276 m high-rise pure steel TV tower being constructed in the windy and 

corrosion-prone region of Northwest China, various specifications of Grade 8.8 HS bolts are applied in 

this structure. Under this circumstance, two specifications of HS bolts with large hexagon head and large 

diameter are investigated via uniaxial tensile experiment. Besides, the impact of different sampling 

positions and surface treatment methods (with or without hot-dip galvanizing) on the mechanical 

properties is also taken into account. Typical mechanical properties, stress-strain curves, bolt pre-

tensions and tightening torques for the HS bolts with large diameter are obtained from the experiment. 

In general, test results indicate that hot-dip galvanizing and different sampling positions have limited 

impact on the mechanical performance of HS bolts. Furthermore, according to the measured stress-strain 

curves and critical mechanical indicators, a reasonable full-range stress-strain constitutive model is 

proposed and made detailed comparisons with existing constitutive models, which shows sufficient 

accuracy (as high as 99.86% goodness of fit) for HS bolts. Therefore, the proposed constitutive model 

can be used to simulate the stress-strain relationship in the design and numerical modelling of HS bolts 

with large hexagon head and large diameter. 

Keywords: Steel structures, mechanical properties, stress-strain constitutive model, high-strength bolt, large diameter, uniaxial 

tensile test, hot-galvanizing, pre-tension. 

1. Introduction 

Large-diameter high-strength bolts play a pivotal role in high-performance building structures, 

frequently used in large-diameter flange tubular joints and large-sized gusset plate connections. The 

study of the mechanical properties, constitutive relationships, and preload design of high-strength bolts 

in key connections is particularly important. The primary performance indicators of bolts are detailedly 

studied, including tensile behavior [1-5], shear behavior [6-9], tensile-shear behavior [10, 11], fatigue 

performance [12], corrosion resistance [13-16], impact toughness [17], pre-tension [6, 18, 19] and 

preload losses [20, 21], etc. Besides, the mechanical properties of HS bolts under- and post- fire [22-28] 

are studied and relevant formulas regarding the reduction factors and constitutive models are proposed. 

Previous literatures regarding the properties of HS bolts are primarily based on regular diameter (not 

exceeding 30 mm) specified in existing standards, thus whether the related conclusions are equivalently 

applicable to large-diameter HS bolts or not, still needs to be ascertained and deserves further 

investigation. As one of a series of scientific research aiming at the 276m pure steel TV tower 

constructed in Yinchuan (see Fig. 1), Northwest China, comparative experimental investigations are 

carried out on the mechanical properties of large-diameter and large-hexagon head Grade 8.8 HS bolts 

used in flange or gusset plate connections under hot-dip zinc protection (see Fig. 2), so as to determine 
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the mechanical performance indicators of hot-dip galvanized HS bolts, as well as the pre-tension value 

and tightening torque.  

 
 

Figure 1: Overview of Yinchuan TV Tower Figure 2: Applications of large-diameter bolt connections 

Based on the experimental stress-strain curves and existing constitutive models, a full-range stress-strain 

constitutive model suitable for HS bolts with large diameter and large hexagon head is proposed. 

Nonlinear regression analysis and statistical analysis are performed on the model parameters to 

determine their intrinsic relationships, mathematical and physical implications, and influencing extents 

on the constitutive model. A deterministic constitutive model that characterizes the mechanical 

properties of each test specimen and related parametric values are obtained. The application of material 

property test results and proposed stress-strain constitutive models to the finite element modeling and 

numerical analysis, can provide a theoretical basis and calculation reference for further analyzing the 

stress distribution and deformation characteristics of the fully bolted connections in the TV tower 

structure. 

2. Experimental program 

2.1. Test specimen design 

Based on a 276 m high-rise steel TV tower in progress, the Grade 8.8 HS large hexagon-head and large 

diameter bolts are extensively used with many specifications, including M36×150, M42×170, M48×180 

and M52×190, among which the mechanical properties and full-range stress-strain relationships for 

M36×150 and M48×180 bolts are subjected to investigation. The chemical compositions of the two 

specifications of HS bolts are summarized in Table 1, both meeting the requirements of the relevant 

standard [30]. In the practical high-rise television tower structure located at the northwest China, all 

adopted bolts are hot-dip galvanized so as to solve the issues of bolt corrosion and durability under 

extremely complex climatic circumstances. Considering that the bolt surface temperature is normally 

above 420℃ during the hot-dip galvanizing process and the Grade 8.8 HS bolts are conventionally 

manufacured from HS alloy steels, the metallographic structure of the hot-galvanized bolts might be 

sensitive to high temperatures and take substantial transformation of the microstructure, which might 

engender remarkable impact on the fundamental mechanical properties and pre-tensions. For this reason, 

uniaxial tensile tests are carried out with respect to the two specifications of HS bolts (M36 × 150 and 

M48 × 180), hot-dip galvanized (MG) and non hot-dip galvanized (M), which have been used in the 

current construction process (tower height below 50 meters). In addition, the material properties of HS 

hot-dip galvanized bolts and screws at different positions may vary significantly due to the influence of 

high temperature, thus the sampling positions are different. Sampling and experimental comparative 

studies were conducted on the material mechanical properties under three different conditions: standard 

position (S) [31], bolt rod center (C), and bolt rod edge (E) (as shown in Fig. 3). All bolts (see Fig. 4) 

for test specimens are originated from the practical Yinchuan TV Tower. According to the results 

provided in the bolt Quality Inspection Report, the measured thickness of the hot-dip zinc coating is 77-

89 μm (for M36 × 150) and 79-96 μm (for M48 × 180), meeting the requirement of the standard values 

specified in the code [32]. All tensile test specimens are standard proportional specimens sampled from 
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the screws. The diameter of the center section is 10 mm, and the original gauge length is 50 mm (i.e. 

5.65 ). The threads of the gripping ends are processed according to the thread specifications of the M16 

bolt. The specific dimensions and photo are shown in Fig. 5. 

Table 1: Chemical compositions of Grade 8.8 HS large hexagon-head bolts and their sets (%) 

                    

Standard position       Central position             Edge position 

Figure 3: Sampling position of test specimen from the practical HS bolts with large hexagon head 

M48            M48-galvanized            M36       M36-galvanized  

Figure 4: Bolt specifications applied in Yinchuan TV tower 

specification parts value C Mn Si S P Cr 

M36×150 

screw standard 0.37～0.44 0.50～0.80 0.17～0.37 ≤0.030 ≤0.030 0.80～1.10 

measured 0.39 0.60 0.22 0.005 0.012 0.88 

nut standard 0.42～0.50 0.50～0.80 0.17～0.37 ≤0.035 ≤0.035 — 

measured 0.43 0.58 0.22 0.003 0.013 — 

washer standard 0.42～0.50 0.50～0.80 0.17～0.37 ≤0.035 ≤0.035 — 

measured 0.48 0.66 0.24 0.008 0.013 — 

M48×180 

screw standard 0.37～0.44 0.50～0.80 0.17～0.37 ≤0.030 ≤0.030 0.80～1.10 

measured 0.39 0.70 0.24 0.005 0.015 0.94 

nut standard 0.42～0.50 0.50～0.80 0.17～0.37 ≤0.035 ≤0.035 — 

measured 0.46 0.58 0.24 0.004 0.019 — 

washer standard 0.42～0.50 0.50～0.80 0.17～0.37 ≤0.035 ≤0.035 — 

measured 0.50 0.59 0.22 0.002 0.015 — 
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(a)                                                                                   (b) 

Figure 5: Test specimen for bolt material properties: (a) dimensions; (b) photo 

Table 2: Design values of standard tensile specimens processed from Grade 8.8 HS bolts(mm) 

parameter d0 L0 r d1 h Lc Lt 

name 
parallel 

diameter 

original 

gauge 

length 

transition arc 

radius 

gripping 

diameter 

gripping 

length 

parallel 

length 

total 

length 

design 

value 
10 50 8 16 25 60 122.5 

The standard tensile specimens were processed with reference to GB/T 228.1-2021 [33] and ISO 6892-

1 [34], and their nominal dimensions and measured values are shown in Tables 2 and 3. The measured 

results indicate that the deviation between the measured values of the geometric dimensions of the 

sample and the design values is small. For bolt specimens with the same specifications, sampling 

locations, and surface treatment methods, two identical tensile specimens are taken for tensile testing, 

as shown in Table 3. 

Table 3: Measured dimensions of standard specimens processed from Grade 8.8 HS bolts (mm) 

specimen d0t (mm) d0m (mm) d0b (mm) d0 (mm) L0 (mm) S0 (mm2) Lc (mm) Lt (mm) 

M36S-1 9.55 9.64 9.66 9.62 50.64 72.63 60.00 122.5 

M36S-2 9.69 9.69 9.68 9.69 50.20 73.70 60.00 122.5 

M36C-1 10.01 9.94 10.06 10.00 51.03 78.59 60.00 122.5 

M36C-2 9.72 9.80 9.86 9.79 50.57 75.33 60.00 122.5 

M36E-1 9.44 9.58 9.69 9.57 50.12 71.93 60.00 122.5 

M36E-2 9.67 9.83 9.76 9.75 50.18 74.71 60.00 122.5 

MG36S-1 9.71 9.73 9.78 9.74 50.61 74.51 60.00 122.5 

MG36S-2 9.85 9.88 9.89 9.87 50.75 76.56 60.00 122.5 

MG36C-1 9.51 9.83 9.97 9.77 49.64 74.97 60.00 122.5 

MG36C-2 9.51 9.82 9.89 9.74 49.67 74.51 60.00 122.5 

MG36E-1 10.00 10.05 9.97 10.01 50.41 78.64 60.00 122.5 

MG36E-2 9.83 9.80 9.78 9.80 50.07 75.48 60.00 122.5 

M48S-1 9.69 9.72 9.76 9.72 50.02 74.25 60.00 122.5 

M48S-2 9.77 9.85 9.92 9.85 50.46 76.15 60.00 122.5 

M48C-1 9.90 9.89 9.97 9.92 50.80 77.29 60.00 122.5 

M48C-2 9.59 9.61 9.67 9.62 50.53 72.73 60.00 122.5 

M48E-1 9.71 9.75 9.79 9.75 50.01 74.66 60.00 122.5 

M48E-2 9.76 9.79 9.81 9.79 50.52 75.22 60.00 122.5 

MG48S-1 9.75 9.79 9.85 9.80 50.57 75.38 60.00 122.5 

MG48S-2 9.67 9.75 9.85 9.76 50.44 74.76 60.00 122.5 

MG48C-1 10.14 9.85 10.04 10.01 50.39 78.70 60.00 122.5 

MG48C-2 10.14 10.18 10.00 10.11 50.11 80.22 60.00 122.5 

MG48E-1 10.01 9.94 10.06 10.00 51.03 78.59 60.00 122.5 

MG48E-2 9.66 9.69 9.72 9.69 49.83 73.75 60.00 122.5 

Note M36S: 36 denotes that the nominal diameter of HS bolt is 36 mm, S denotes that the sampling position is standard 

position of screw; M36C-1:  C denotes that the sampling position is central position of screw, -1 denotes the first parallel test 

specimen; M36E-1: E denotes that the sampling position is edge postion of screw; MG36C-1: G denotes that the test specimen 

is sampled from the hot-dip galvanized bolt; d0t、d0m、d0b denote the diameters of the top, middle, bottom locations of the 
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original gauge range; d0 denotes the average diameter of the original gauge range, taken as the average value of d0t, d0m and d0b; 

S0 denotes the average sectional area of the original gauge range, calculated by 2

0 0 4S d . 

2.2. Test setup 

The tensile test of the mechanical properties of HS bolts was conducted on an electro-hydraulic servo 

universal testing machine in the Structural Laboratory of Tsinghua University. The maximum loading 

force of the testing machine is 500 kN, and the test setup is shown in Fig. 6. During the experiment, the 

gripping parts of the specimen are screwed into the sleeve, and then the tension and friction are applied 

to the sleeve, as shown in Fig. 7.  

   

Figure 6: Uniaxial tensile test setup 
Figure 7: Bolt specimen 

installation 

Figure 8: Arrangement of 

extensometer and strain gauge 

2.3. Standard test method  

According to the standard tensile testing method specified in the national standard GB/T 228.1-2021 

[33] and the international standard ISO 6892-1 [34], the mechanical properties of hot-dip galvanized 

and non hot-dip galvanized Grade 8.8 HS bolts were investigated via uniaxial tensile tests at room 

temperature. Because the test specimen exhibits favorable uniform deformation, in order to obtain a 

more accurate, continuous, and smooth stress-strain curve, a strain rate based on the feedback from the 

extensometer (Method A1 closed loop) [33] was used before removing the extensometer. The 

recommended strain rate of 0.00025s-1 in the standard was selected for loading, in order to obtain the 

proof strength at a specified plastic strain (Rp) and percentage yield point extension (Ae). When 

measuring the tensile strength (Rm), percentage elongation after fracture (A), and percentage reduction 

area (Z), the estimated strain rate over the parallel length is used, which is achieved by using the 

crosshead separation rate calculated by multiplying the required strain rate by the parallel length 

(Method A2 open loop) [33], and the recommended strain rate of 0.0067s-1 is selected for loading. The 

mechanical indicators are calculated according to the relevant formulas in the standards [33, 34]. 

2.4. Test observation 

All test specimens exhibit continuous and uniform deformation characteristics during the axial tensile 

loading process, and noticeable necking phenomenon occurs on the verge of tensile fracture, as shown 

in Fig. 9(a). After the specimen shows tensile failure, the fracture section appears rough and uneven at 

the micro-level, but in general it is approximately perpendicular to the length direction (see Fig. 9(b)). 

The majority of specimens have fracture locations within the original gauge range, with only a few 

specimens experiencing fracture between the parallel and original gauge ranges. The typical failure 

characteristics of the specimens are shown in Fig. 9(c). The fracture morphology of all specimens is 

extremely similar as shown in Fig. 10, indicating that hot-dip galvanizing and sampling position have 

no significant effect on the fracture morphology of the specimens, but have a certain impact on the 

elongation after fracture. 
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(a) (b) (c) 

Figure 9: Test observation: (a) necking process; (b) after fracture; (c) typical fracture characteristics 

M36S     M36C      M36E      MG36S  MG36C   MG36E      M48S       M48C     M48E      MG48S  MG48C  MG48E 

Figure 10: Failure morphology of all test specimens 

3. Experimental results and analyses  

3.1. Experimental stress-strain curves  

The measured full-range stress-strain curves of typical test specimens are shown in Fig. 11. It can be 

seen from the stress-strain curves that all specimens have no apparent yield plateau, thus their nominal 

yield strength can be characterized by the proof strength Rp0.2 at a specified 0.2% plastic strain. The 

full-range stress-strain curve can be divided into three stages: linear ascending stage, nonlinear 

hardening stage, and nonlinear necking stage. Besides, the elongation within the gauge length (50 mm) 

measured by the extensometer is generally between 5% and 15%. When the average strain within the 

gauge length reaches 5%, the axial tensile force is basically approximate to or reaches the ultimate tensile 

strength of the specimen. Therefore, it is reasonable to consider that the ultimate strains of all test 

specimens are around 5%. Based on the full-range stress-strain curve, fundamental mechanical 

indicators such as Young’s modulus, proof strength, tensile strength, elongation after fracture, and 

percentage reduction area can be calculated. 

 3.2. Young’s modulus  

According to Appendix D [33] of the national standard GB/T 228.1-2021, the Young’s modulus of bolt 

specimens can be obtained by regression analysis of the linear segment of the stress-strain curve in 

uniaxial tensile tests, as shown in Table 4 and Fig. 12. As shown in the figure, all the average Young’s 

moduli of two identical specimens are between 200 GPa and 220 GPa, while the average Young’s 

moduli of M36 (i.e. M36S+M36C+M36E), MG36 (i.e. MG36S+MG36C+MG36E), M48 (i.e. 

M48S+M48C+M48E), M48S, M(G)36 (i.e. M36+MG36), M(G)48 (i.e. M48+MG48), and all 24 test 

specimens are around 210 GPa. For MG36E specimens, the average Young’s modulus is significantly 

lower than that without hot-dip galvanizing, indicating that the Young’s modulus at the edge of the bolt 

is degraded due to the thermal influence of hot-dip galvanizing. 
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Figure 11: Typical measured full-range stress-strain curves 

However, the MG48E specimens demonstrate the opposite case, which is unbelievable and deserves 

further study. The average Young’s moduli of MG48S+MG48C specimens are also lower than their 

corresponding values of M48 specimens, while MG36S+MG36C specimens present the reverse case, 

indicating that the effect of hot-dip galvanizing on the Young’s modulus at standard or center positions 

has no obvious pattern. Furthermore, for M36 and M48 specimens, the Young’s moduli sampled at the 

edge of the screw are significantly higher than those sampled at the center or standard positions, and the 

Young’s moduli of the latter are quite approximate, indicating that the farther the sampling position is 
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from the center of the bolt, the greater the Young’s modulus. However, for MG36 specimens, the thermal 

effect significantly weakens the Young’s modulus at the edge position, resulting in lower values than 

those at the center or standard positions, but MG48 specimens show the opposite effect. Therefore, the 

actioning mechanism of hot-dip galvanizing on the HS bolt is not ascertained. In addition, by comparing 

the test results obtained from specimens sampled at the standard position (see the numbers in parentheses 

in Table 4), it can be seen that except the sampling at the edge of M36 and MG36, the Young’s moduli 

sampled at different positions have slight differences from the test results obtained from sampling at the 

standard position, but the difference is not significant (the deviations all within 3%). 

Table 4: Measured Young’s modulus of standard tensile specimens 

sampling 

position 
specimen 

Young’s modulus Eb 

(MPa) 

mean value 

Ebm (MPa) 
specimen Eb (MPa) Ebm (MPa) 

standard 

position 

M36S-1 206196 
202893 

M48S-1 208390 
210028 

M36S-2 199590 M48S-2 211666 

MG36S-1  209001 
214323 

MG48S-1 209428 
208060 

MG36S-2 219645 MG48S-2 206691 

central 

position 

M36C-1 199336 204088 

(0.6%) 

M48C-1 219668 209501 

(-0.3%) M36C-2 208840 M48C-2 199333 

MG36C-1 208698 210946 

(-1.9%) 

MG48C-1 209548 208260 

(0.1%) MG36C-2 213193 MG48C-2 206971 

edge 

position 

M36E-1 231782 220069 

(8.5%) 

M48E-1 214835 215494 

(2.6%) M36E-2 208355 M48E-2 216153 

MG36E-1 200066 202976 

(-5.6%) 

MG48E-1 212303 212532 

(2.1%) MG36E-2 205886 MG48E-2 212761 
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Figure 12: Comparison of measured Young’s moduli for all test specimens. 

3.3. Constitutive model for high-strength bolts  

Existing stress-strain models applied to HS bolts are seriously inaccurate around the knee of the stress-

strain curve, irrespective of Ramberg-Osgood model, Rasmussen model or Shi model. Based on the Shi 

model, a further modified full-range stress-strain model for HS bolts is proposed as follows: 

p0.2

0b p0.2

p0.2 p0.2

0.2 p0.2 m

0.2b m p0.2

,                               for             Stage 1

+ ,      for     Stage 2

n

m

R
E R

R R
R R

E R R

 
 


 

  


  
      

 
   

       

               (1) 

where E0b is the initial Young’s modulus for Grade 8.8 HS bolts; Rp0.2 is the 0.2% proof stress (equivalent 

to σ0.2); n and m are the strain hardening exponents; α and β are the regression parameters from 

experimental data; Rm is the ultimate tensile strength (equivalent to σu); E0.2b (equivalent to E0.2) is the 

bolt initial tangent modulus of the stress-strain curve at Rp0.2; χ is the shape optimization factor for 
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improving the accuracy of the curve simulation at Stage 2, in view of the sharp change in slope around 

the knee region of the stress-strain curve (all experimental values of E0.2b/E0b are less than 0.1, leading 

to n > 10).  

By performing the nonlinear regression analysis of the strain hardening exponent n (which is based on 

the proposed model and test results) versus the stress ratio Rp0.01/Rp0.2 (from Table 10), the following 

expression is established: 

 
 

 p0.2 p0.01 p0.2 p0.01

2.972 In 20

In In
n

R R R R
                                    (2) 

As shown in Fig. 13, good agreement (with R2 = 98.27) between the proposed constitutive model and 

the fitting curve is reached for Grade 8.8 HS bolts. Besides, the values of the strain hardening exponent 

n for M36 HS bolts are generally larger than those for M48 HS bolts, because the latter present lower 

stress ratio (Rp0.01/Rp0.2) than the former.  

  

Figure 13: Relationship between n and  Rp0.01/Rp0.2 for all test specimens 

The relationship between the second-stage strain hardening exponent m and the yield ratio Rp0.2/Rm is 

plotted in Fig. 14(a). Apparently, the correlation between the two parameters is indistinct. Besides, the 

relationship between β and Rp0.2/Rm is also ambiguous (see Fig. 14(b)); however, if we define 

m p0.2

u 0.2

0.2b

R R

E
  




   , the correlation between β and ζ becomes very explicit with the coefficient 

of correlation at 97.55% and goodness of fit at 95.16% (see Fig. 14(c)).  

     
(a) m versus Rp0.2/Rm                         (b) β versus Rp0.2/Rm                              (c) β versus ζ 

Figure 14: Relationships among the parameters of the proposed constitutive model 

n = 2.972/In(Rp0.2/Rp0.01)  

R2 = 98.27% 
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The influence of the regression parameters χ, β and m on the second-stage curve and on the goodness of 

fit of the proposed model for M36S-2 is shown in Fig. 15. Obviously, the exact values for the parameters 

corresponding to the optimal model are consistent with the values. In general, when χ, β and m take 

average values of 0.818, 0.022 and 6.171, the most accurate model for the second-stage expression of 

all tested HS bolts are obtained. With respect to the first-stage expression, the optimal value for the 

parameter α takes as 0.002. 

     

     
(a) influence of χ                             (b) influence of β                          (c) influence of m 

Figure 15: The influence of parameters on the proposed constitutive model for M36S-2 

4. Conclusion: submission of contributions 

Uniaxial tensile tests on two specifications of large-diameter Grade 8.8 HS bolts with large hexagon 

head are carried out, in order to obtain the stress-strain curve and fundamental mechanical performance 

indicators. The influence of important factors such as different sampling positions and different surface 

treatment methods on mechanical properties is analyzed in depth. Based on the experimental results and 

standard calculation formulas, the pre-tensions and tightening torques for two different specifications of 

HS bolts are obtained. According to the experimental results and existing constitutive models in 

literatures, model parameter selection, optimization, and regression analysis are carried out to obtain a 

suitable full-range stress-strain constitutive model and recommended parameter values.  
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