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A B S T R A C T

Quantifying the rotational ductility of connections is key to studying the robustness of steel structures under 
extreme hazards and loading scenarios. In partial-strength bolted steel connections, the ultimate failure state is 
typically governed by bolt rupture. Simulating bolts using solid finite element models can be inconvenient for 
practical applications due to high computational demands and lengthy calibration procedures of the material 
damage parameters. Additionally, current bolt models do not capture the uncertainty associated with the bolt’s 
elongation capacity. To address these challenges, a trilinear empirical spring model is proposed to accurately 
capture the bolt response up to failure while incorporating uncertainty; thereby supporting studies related to 
reliability and performance-based engineering. Two multi-variate empirical expressions are developed to predict 
the bolt’s elastic stiffness and plastic elongation, as a function of its size, grade, grip, and thread lengths, 
providing improved accuracy across a wide range of bolt geometries. These expressions are derived from an 
extensive dataset of bolt assemblies under uniaxial tension, compiled from literature and supplemented by 200 
newly tested specimens. The proposed model is applicable in finite element simulations employing axial con
nectors, numerical mechanics-based analyses, or design applications. The model is validated against experi
mental data at both the component and joint scales for various bolt grades and connection topologies, 
highlighting the impact of the bolt’s response uncertainty on the joint-level ductility. The implications of high 
loading speed, representative of real dynamic hazard, on the bolt’s response parameters are also quantified.

1. Introduction

The rotational ductility of bolted steel connections is a key response 
characteristic that controls the design and the assessment of structural 
robustness under extreme loading scenarios arising from natural and 
man-made hazards such as collapse-level earthquakes, explosions, im
pacts, and progressive collapse following column loss. Design codes 
[3,10] provide explicit design provisions for the strength and stiffness of 
connections. On the other hand, there are no quantitative guidelines for 
the rotational ductility. Instead, rotational ductility is assumed to be 
adequate if material properties, geometric detailing, and fabrication 
guidelines are satisfied. In partial-strength bolted connections, bolt 
rupture is generally the controling failure mode. Empirical models that 
quantify the rotational ductility for partial-strength bolted connections 
are scarce [14,18]. This is attributed to the relatively limited experi
mental data for connections tested up to bolt failure, the complexity 
associated with the numerical simulation of bolt fracture, and the low 

confidence in such simulations considering the intrinsic uncertainty 
associated with bolt failure due to geometrical and material variations.

The ductile behavior of partial-strength bolted steel connections, 
which are widely used in the steel construction practice, is mainly 
controlled by the plastic deformation of one or more of the connection’s 
components (e.g., endplate bending, angle bending, column flange 
bending, beam local buckling, and column web panel zone shear 
distortion) as illustrated in Fig. 1. In such connections, the limit state 
representing complete loss of strength (i.e., failure) is mainly controlled 
by either bolt rupture, bolt stripping, bolt pull-through, weld failure, or 
plate tearing near heat affected zones. Weld failure may occur due to 
under-sized fillet welds, poor welding quality, strain concentration, or 
residual stresses [4,6]. Bolt stripping may occur under tension due to 
sub-grade materials, incompatible nut/bolt thread, and/or over- 
tightening [9,13]. Pull-through failure can occur in very thin plates 
with oversized bolts. Plate tearing can take place near the heat-affected 
zone, particularly in thin plates, or plasticized regions under large 
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strains or cyclic fatigue. These failure modes can be avoided through 
proper design, detailing, and fabrication. This leaves bolt rupture under 
tension or tension/shear as the primary failure mode, after sustaining 
excessive plastic deformation in the rest of the connection components. 
This damage hierarchy, consistent with Mode 2 and 3 yield mechanisms 
as per Eurocode 3 [10], is sought in design to ensure sufficient rotational 
ductility. Bolt elongation followed by bolt tensile rupture is the most 
common failure mode observed in endplate connections [14,16,30]. 
Contrary to bolt stripping, weld failure, and plate tearing, bolt rupture 
failure is predictable in theory, as it is based on connection mechanics, 
bolt geometry, and basic material properties. Accordingly, it is relatively 
simpler to simulate as part of computational simulations.

Bolt rupture develops as the bolt undergoes excessive plastic defor
mation and strain localization (necking) caused by void nucleation, 
growth, coalescence, and fracture formation. The fracture process de
pends on several factors such as the material type and loading conditions 
(i.e., stress state). Several continuum finite element (CFE) models were, 
and continue to be, proposed in the literature to simulate bolt behavior 
up to failure. In these models, various techniques are used to model the 
bolt geometry. On the extreme end, there is the highly detailed repre
sentation of the bolt assembly through the explicit modeling of the bolt 
head, thread, and nut geometry and corresponding variations in mate
rials properties [21,24,39,46], as shown in Fig. 2(a). These types of 
models are generally used in studies concerned with studying thread 
clearance effects, simulating bolt thread stripping, or bolt preload 
through nut tightening. When it comes to predicting the bolt’s force- 
deformation or the joint’s moment-rotation responses, the high 
computational cost of such sophisticated models is not justified and 
would not yield a noticeable difference compared to simpler models 
[24,39]. A simpler approach, and the most common, is to model the bolt 
as a single solid part with a simplified round head/nut and a smooth 
shank whose diameter varies equivalent to both the nominal and 
threaded portions, as demonstrated in Fig. 2(b). Finally, the simplest 
method is to represent the bolt using a wire -axial- connector element, as 
shown in Fig. 2(c). This method has a few limitations such as dominant 
shear loading scenarios, but it is computationally efficient, particularly 
when dealing with parametric or large-scale simulations.

For the solid models, the parameters of available phenomenological 
state-based damage models (the material’s ductile fracture properties) 
are calibrated against tension/shear tests on bolt assemblies of a 
particular grade. This involves calibrating the parameters (primarily, 
critical plastic strains) defining damage initiation and evolution. Those 
are dependent on the material, the geometry, the stress state, and the 
loading rate. This calibration mainly involves trial and error iterations 
until the simulation results match that of the experiment. In these 
studies, fine mesh size is regularly employed and proposed; around 
0.2–1.0 mm solid brick mesh elements. This, in addition to the fracture 
material model calibration procedure, leads to high computational cost. 
This is particularly critical in large studies involving system-level or 
parametric joint-level CFE simulations. Past studies also tend to develop 
models that are over-fitted to a case-specific test specimen/study. This 
over-fitting through trial-and-error procedures and model parameter 
tuning can introduce bias; consequently, the model accuracy, when 
extrapolated to other cases, becomes questionable. Notwithstanding 

these issues, when these calibrated bolt models are incorporated in 
connection-level simulations, the error in predicting the failure rotation 
ranges from 15 % to 40 % [36,40,48]. This is triggered by the un
avoidable uncertainty associated with the variability of material prop
erties and the fracture phenomenon. In reality, even for bolts from the 
same batch with exact class and specifications, the fracture point 
(elongation) can vary by up to 40 % [12,24,31]. Quantifying this un
certainty is key to developing design guidelines, numerical models, 
fragility function, and quantifying the reliability of structural systems at 
extreme limit states. To the best of the authors’ knowledge, the uncer
tainty associated with bolt fracture has not been quantified in these past 
studies.

Within this context and considering the limitations of past studies, an 
empirical bolt model is proposed in this paper to simulate bolt rupture as 
part of CFE or component-based models, using the axial connector 
approach. This approach is meant to be practical by being 1) compu
tationally efficient (does not need prior calibration, biased model tun
ing, sophisticated modeling, or significant simulation time), 2) simple to 
apply for a wide range of bolt geometries and grades, and 3) able to 
provide consistently accurate results across scales with quantifiable 
prediction intervals.

The paper is organized as follows: first, 200 high-strength bolts of 
different grades and geometric parameters were tested up to failure 
under varying loading speeds, up to 80mm/sec. Next, the experimental 
data is combined with those collected from the literature to create a 
multi-attribute dataset. Empirical expressions are developed using the 
compiled dataset to define the bolt’s full-scale trilinear response 
including the uncertainty boundaries. These expressions address the 
limitations of current research with respect to generalization and ac
curacy. Thorough validations are presented with respect to individual 
bolt assemblies and full-scale joint tests, highlighting the model’s ac
curacy and the potential implications of bolt response uncertainty. 
Finally, the effect of the loading speed (i.e., strain rate) on the bolt 
response parameters is quantified.

2. Characteristics of bolt geometry and F-Δ response

A bolt assembly consists of a head, nut, washers, threaded portion, 
and shank portion. Fig. 3(a) illustrates the parameters defining the bolt 
geometry which include the bolt’s length (Lb), nominal diameter (db), 
grip length (Lg), shank length (Ls), and thread length (Lt). Fig. 3(b) il
lustrates the typical force-elongation (F-Δ) response fitted by a trilinear 
model. When a bolt assembly is under tension loading, it will initially 
undergo small movement until the threads are engaged (region noted as 
“s”). It will then develop uniform elastic deformation along the whole 
cross-section until reaching the yield force (Fy). Plastic deformations are 
then concentrated within the threaded portion where plastic elongation 
continues to develop until reaching the ultimate force (Fu). Subse
quently, the threaded portion will experience necking and strength 
degradation until the failure force (Ff). The bolt’s response is controlled 
by the yield, ultimate, and failure points. Therefore, a trilinear model is 
introduced to capture the main characteristics of the F-Δ response. The 
yield point is defined using the bolt elastic stiffness (Ke) and yield 
strength (Fy). The ultimate point is determined by the ultimate plastic 

Fig. 1. Typical deformation modes in partial-strength bolted connections leading to bolt rupture.
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elongation (Δu,p) and the corresponding force (Fu). Note here that the 
ultimate plastic elongation is computed as the ultimate elongation (Δu) 
minus the yield elongation. The failure point (i.e., post-necking 
behavior) is defined using the plastic elongation at complete failure 
(Δf,p) and the corresponding force (Ff). These response parameters are 
quantified based on experimental data, as discussed in the following 
section.

3. Experimental dataset

3.1. Experimental study

A total of 200 HV-class high-strength bolts were tested. The bolts 
were either bright zinc-plated or galvanized and included both partial- 
thread and full-thread. Both grade 8.8 and 10.9 are considered as well 
as bolt sizes ranging from M12 to M24. Different bolt lengths were 
considered ranging from 75 mm to 150 mm. This is meant to vary the 
gripped thread length and investigate its effect (see supplementary data 
for the full test matrix).

(a) Detailed thread solid model (b) Equivalent shank solid model (c) Axial connector model

Fig. 2. Typical bolt modeling techniques in CFE simulations.

Fig. 3. (a) Bolt’s main geometric parameters; (b) typical bolt tensile response and deduced parameters.

Fig. 4. Tensile bolt testing: (a) test setup; (b) test rig cross-section; (c) bolt axial elongation.
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The bolt tests were conducted in the Testing and Structural Research 
Laboratory at the University of Southampton using a 630kN Schenck 
servo-hydraulic machine shown in Fig. 4(a). The bolt assembly is pulled 
using two identical rigid bolt rigs, each with a plate thickness of 30 mm. 
Hardened adaptor washers, inserted within groove holes in the rigs, are 
used to adapt the rig for different bolt sizes, as shown in Fig. 4(b). Those 
are 10 mm thick washers, fabricated from Grade EN24 steel, and have a 
+ 1 mm larger hole diameter than that of the bolt (see Fig. 4(b)). In 
addition to the machine-recorded displacement, 2-dimensional Digital 
Image Correlation (DIC) and a redundant linear displacement potenti
ometer (LVDT) were used to track the planar movement of the test rig 
and the specimen. The test rig plates as well as the bolt head and nut 
were painted and speckled. This is done to measure the isolated bolt 
deformation, the test rig deformation, the separation distance between 
the rigid test rigs, and any potential slippage in the setup. Slippage be
tween the machine grips and the test rigs was not observed in any test. 
Also, the test rig remained elastic in all tests. The levelness of the test rig 
plate and the verticality of the LVDT were checked using digital in
clinometers before each test. The bolts were tightened to a snug-tight 
condition and then subjected to a tensile axial displacement at a con
stant loading speed of 0.05, 10, or 80 mm/s. The employed quasi-static 
speed of 0.05 mm/s is consistent with speeds used in past tests and 
conforms to the maximum speed limit as per ISO 898-1 [25] and ASTM 
606/F606M-16 [5]. Two Grade 10.9 nuts were generally used in each 
test to eliminate the chance of thread stripping in the HV-type bolts. This 
was not possible however for the 75 mm long bolts where only one nut is 
used. Standard flat washers were sometimes used at the bolt head and/ 
or the nut to generate variations in the grip length. For a given bolt size 
and length, three identical tests are conducted to quantify response 
variability.

3.2. Overall failure modes and response characteristics

Fig. 5 shows example F-Δ responses of bolts with different grades and 
geometries. The displacement Δ in these plots represents the isolated 
bolt’s elongation without the setup’s elastic deformations (see Fig. 4(c)), 
as tracked by the DIC system and confirmed by the redundant mea
surements. For the short 75 mm bolts with one nut (see Fig. 5(a)), thread 
stripping is observed as expected. The 100 mm long M16 bolts devel
oped limited elongation with thread rupture occurring close to the shank 
as shown in Fig. 5(b) due to the short thread length within the gripped 
length (Lt less than 10 % of Ls). Fig. 5(c) shows that bolts with lower 
grade and larger Lt develop larger elongation, as expected. These sample 
plots demonstrate the uncertainties in elastic stiffness, strength, and 
ductility (elongation capacity at failure) even when the bolts have the 
same geometric/material parameters and are produced by the same 
manufacturer. Those uncertainties are discussed and investigated in the 
next sections.

3.3. Experimental dataset from the literature

Out of the 200 bolts tested herein, 108 were tested under quasi-static 
load. Those are complemented with 76 additional tests collected from 
ten other research programs in the literature, resulting in a dataset of 
184 bolt specimens under quasi-static tensile load. Table 1 summarizes 
the main test parameters for the collected tests. Fig. 6 shows a break
down of the dataset’s basic parameters. In summary, most of the spec
imens are Gr 8.8 M16/M20 partially threaded bolts that failed by tensile 
rupture. The F-Δ response parameters are deduced and recorded for 
each test including the measured elastic stiffness (Ke), the measured 
critical plastic elongations (i.e., Δu,p and Δf,p), and the failure modes (e. 
g., stripping or rupture). Note that other researchers used comparable 
rigid test rigs. Nonetheless, the collected test data were carefully 
checked to ensure that the F-Δ curves reported by other researchers 
represent that of the bolt and exclude any elastic deformations from the 
test rig.

4. Proposed bolt’s F-Δ model

In this section, the proposed model for defining each of the bolt’s 
trilinear F-Δ parameters is discussed.

4.1. Initial elastic stiffness

Computing the axial stiffness (Ke) of a bolt assembly can be chal
lenging due to the changing cross section and interaction between the 
nut and bolt’s thread [13]. Few researchers provided analytical or 
hybrid analytical-empirical expressions for Ke. Agerskov [2] proposed 
an expression for computing the elastic deformation of non-preloaded 
bolts as given by Eq. (1), where nw is the number of washers, tw is the 
washer thickness, and Anom is the bolt’s nominal area. This expression 
considers the contributions of the shank, threads, washer, and nut. It was 
analytically driven and further modified by empirical coefficients. It was 
shown in the literature that this expression overestimates Ke by 9 % to 
20 %, where larger errors are correlated with a shorter grip length [45]. 

Ke =
E Anom

(Ls + 1.43Lt + 0.71Ln) + 2(0.2Ln + 0.2 nw tw)
(1) 

Similarly, Swanson et al. [43] proposed Eq. (2), where β is a 
correction factor that was recommended to be taken equal to 0.55. Note, 
however, that earlier research [8,42] noted that β is not constant but 
rather varies from 0.3 to 2.86, indicating the large uncertainty for Ke 
computation. Consequently, it was observed that Ke predicted by this 
expression can be overestimated by 74 % in average [13]. 

1
Ke

=
β db

E Anom
+

Ls

E Anom
+

Lt

E As
+

β db

E As
(2) 

The German standard VDI2230 [44] provides a code-based Ke model 
that considers the shank, threads, head, nut, and washer, as given in Eq. 

Fig. 5. Examples of bolt failure modes and F-Δ responses: (a) M16 Gr. 8.8 Lb = 75 mm; (b) M16 Gr. 10.9 Lb = 100 mm; (c) M12 Gr. 8.8 Lb = 90 mm.
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(3), where dh is the bolt head diameter, dw1 is the inner washer diameter, 
and dw2 is the external washer diameter. Similarly, Eurocode 3 Part 1–8 
[10] provides Eq. (4) to compute Ke for a single bolt row (i.e., two bolts), 
as part of the component-based method, which considers the bolt head, 
shank, washer, and nuts. 

1
Ke

=
Ls + 0.4 db

E Anom
+

Lt + 0.85 db

E As
+

nw tw
E Ap 

where,
Ap =

π
4
(
d2

h − d2
w1
)
+

1
2
(
d2

w2 − d2
h
)

tan− 1

[
0.75 dh (nw tw − dh)

(
d2

w2 − d2
w1
)

]

(3) 

Ke =
1.6 E As

Lg + 0.5 th + 0.5 Ln
(4) 

The performance of these expressions is investigated against the 
experimental dataset (i.e., the 184 specimens discussed earlier). For this 
purpose, Ke is first deduced from the digitized F-Δ curves based on the 
secant slope joining the points at 20kN and 70 % Fu. This is a commonly 
used method [23] as it excludes any slippage/movement in the early 

stages of the F-Δ curve prior to the engagement of the bolt assembly 
components. Fig. 7 shows an example of Ke as deduced from the F-Δ 
curve (noted as Ke,1 in the plot). In the same plot, to check the sensitivity 
of Ke deduction, another method is used to deduce Ke based on the 25 % 
Fu point rather than 20kN (Ke,2). It is observed that the value of Ke can 
vary by up to 10 % depending on the deduction method with no 
observed bias with respect to one method or the other.

Fig. 8 shows the comparisons between the measured Ke and those 
predicted by the existing expressions. The expressions are evaluated 
assuming an average E = 200 GPa. Note that changing the E value to 190 
or 210 GPa would only shift the computed Ke values by ±5 % which 
would not impact the assessment presented herein. It is observed that 
existing expressions do not provide consistently accurate estimates of 
the stiffness. All expressions, except for Eurocode 3, overestimate Ke by 
50 % to 70 %, which is consistent with past observations in the literature 
[13,45]. The expression by Swanson et al. [43] can provide reasonable 
estimates if the β factor is taken equal to 2.5 (see Fig. 8(b)). The Euro
code expression mostly underestimates the bolt’s stiffness by up to 50 %. 
Note that this expression does not consider the threaded region length.

To address the limitations of existing expressions, a more accurate 
one is developed herein. It is proposed to compute Ke using a basic/ 
simple analytical expression that is modified with a correction factor, as 
given by Eq. (5). The analytical stiffness (Ke, analytical) is based on the 
equivalent axial stiffness of the shank and the threaded portions within 
the griped region. The stiffness correction factor (βk) is then computed as 
a function of db, Lg, Lt, and Ln, using the nonlinear power expression 
given in Eq. (6). The regression coefficients are regressed against the 
measured Ke to Ke, analytical ratios. The regression values corresponding 
to best fit (mean) as well as those based on the lower and upper bounds 
of the 68 % and 95 % prediction intervals are tabulated in Table 2. The 
fitted expression has an R2 of 0.70. As shown in Fig. 9, the new 
expression provides good Ke estimates where 61 % and 95 % of the 
specimens are predicted with an error of less than 20 % and 50 %, 
respectively. 

Ke = βk Ke,analytical = βk
1

Lt
E As

+ Ls
E Anom

(5) 

Table 1 
Summary of the collected tests on high-strength bolt assemblies (quasi-static loading).

Reference no. Grade db [mm] Lb [mm] Lt [mm] Ls [mm] Lg [mm]

Authors’ tests 108 8.8; 10.9 12;16;20;24 75–150 2.5–100 0–56 60–100
Hu et al. [24] 4 8.8 16 100 22.5 54 78
D’Aniello et al. [12] 11 10.9 16;20;24 100–120 7–24 56–73 80
Li et al. [29] 4 12.9 16;20;24 140 6–100 0–94 100
Li et al. [28] 4 10.9 16;20;24 140 5–100 0–95 100
Godrich et al. [20] 13 8.8; 10.9 16;20 105–161 4–99 0–109 84–144
Grimsmo et al. [21] 4 8.8 16 153 11–118 0–113 118–130
Schauwecker et al. [37] 4 10.9 10 – 5–60 0–55 60
Christopher et al. [11] 2 A490 22 – 3; 14 89 92; 103
Bendigo and Rumpf [7] 8 A325 22;25;29 – 51–102 0–115 102–171
Dlugosz and Fisher [15] 2 A325 22 – 3; 19 89; 105 108
Stranghoner et al. [41] 20 8.8; 10.9 16 100 20; 80 0; 60 80

Fig. 6. Breakdown of the high-strength bolt database basic parameters.

Fig. 7. Comparison between different Ke deduction methods.
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βk = c0 dc1
b Lc2

t Lc3
g Lc4

n units : [mm] (6) 

The previous Ke expression is meant to be utilized with the axial 
spring/connector approach. However, the need for the correction factor 
βk to match bolt test data highlights an important issue that relates as 
well to CFE models that employ the equivalent shank solid model as 
illustrated earlier in Figure 2(b). In this model, only the shank and the 
threaded portions (within the gripped length) are represented. There
fore, the resulting axial stiffness is expected to be equivalent to Ke, 

analytical (which diverges from the true stiffness value). This is demon
strated in Fig. 10 where the result of a CFE simulation is compared with 

test data for a sample specimen. The CFE simulation results in a much 
larger stiffness (~2 times larger). This is attributed to the exclusion of 
the threads from the current solid model. Consequently, the interaction 
between the threads of the nut and the bolt, and the resulting elastic 
deformations, are not captured. Note that the correct stiffness would be 
predicted if this interaction is explicitly captured, which is only feasible 
through the detailed thread solid model shown in Fig. 2(a). This issue 
was noted by D’Aniello et al. [13] where it was recommended to reduce 
the modulus of elasticity E by 50 % on average. A similar approach is 
employed here by modifying the modulus of elasticity using the βk factor 
which considers the bolt’s geometry, i.e., Emod = βk E. When the bolt 
model is analyzed with the modified E, the stiffness matches the test data 
as shown in Fig. 10. It should be noted that for connections controlled by 
the deformations of other components, such as an endplate or an angle, 
this issue will have an insignificant impact on the joint stiffness. How
ever, for other connections where the bolt is the weaker component, 
ignoring the E modification can result in erroneous global stiffness.

4.2. Yield and ultimate strengths

The bolt’s yield and ultimate forces (Fy and Fu) can be computed as 
the product of the bolt’s tensile stress area (As) and engineering yield 
and ultimate stresses (fy and fu), respectively. For this purpose, the 

Fig. 8. Comparison between the measured Ke and existing predictive expressions: (a) Agerskov (1967); (b) Swanson et al. (2001); (c) VDI 2230; (d) Eurocode 3.

Table 2 
Regression coefficients for βk based on data fitting and uncertainty bounds.*

Best fit 
(mean)

68 % PI 95 % PI

LB UB LB UB

c0 0.362 0.338 0.387 0.316 0.415
c1 − 0.440 − 0.430 − 0.450 − 0.420 − 0.46
c2 0.087 0.087 0.087 0.087 0.087
c3 0.490 0.484 0.500 0.477 0.500
c4 − 0.320 − 0.311 − 0.330 − 0.302 − 0.340

* PI: prediction interval, LB: lower bound, UB: upper bound.

Fig. 9. Performance of the proposed Ke expression.

Fig. 10. Comparison between the equivalent shank solid model and test data 
considering modified modulus of elasticity.
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strength parameters (i.e., Fy and Fu) are deduced from F-Δ curves. 
Specifically, the yield strength (Fy) is determined as the force at which 
the elastic slope diverges from the F-Δ curve, with respect to the elon
gation, by 10 % [16].The ultimate strength (Fu) is directly determined 
when the F-Δ curve reaches the maximum point. Subsequently, the 
strength parameters are converted to the yield and ultimate stresses (i.e., 
fy and fu). Fig. 11 shows the histogram for the measured fy and fu/fy 
values for different bolt grades. The variability in the measured material 
stresses is evident in these distributions. Assuming they follow a normal 
distribution, the inherent material uncertainty is quantified using the 68 
% prediction intervals (i.e., ±1 standard deviation, σ) and superimposed 
in Fig. 11. In summary, coefficient of variations of 6.5 % and 3 % are 
observed on average for fy and fu/fy, respectively, which is consistent 
with past observations [31].

4.3. Plastic ultimate and fracture elongations

The critical plastic elongations, Δu,p and Δf,p, are key to capturing the 
bolt’s ductility. The critical elongations (i.e., Δu and Δf) are first deduced 
from the data and then transformed into the plastic elongations after 
subtracting the yield elongation as illustrated in Fig. 3(b). The relation 
between the plastic elongations and the gripped thread length (Lt) is 
investigated in Fig. 12 while differentiating bolts by their grade (i.e., Gr 
8.8/A325 and Gr 10.9/A490). It is observed that the critical plastic 
elongations linearly increase with Lt, as expected. The fitted linear 
functions are given by Eqs. (7) and (8). Note that for a bolt with a given 
grade and Lt, the critical plastic elongation may vary because of the 
inherent uncertainty associated with the material and the fracture 
phenomena. Therefore, the 68 % (±σ) PIs are superimposed in the plots 
and summarized in Table 3. Those intervals can be used in sensitivity 
and reliability analysis or when conservative design is sought. 

Δu,p =

{
0.89 + 0.0360 Lt Gr 8.8
0.41 + 0.0357 Lt Gr 10.9 (7) 

Δf,p =

{
5.82 + 0.0644 Lt Gr 8.8
2.87 + 0.0847 Lt Gr 10.9 (7) 

4.4. Maximum damage parameter

The post-ultimate drop in strength to Ff can be represented using the 
maximum damage parameter (Dmax) which is defined as 1-Ff/Fu. Based 
on the collected data, Fig. 13(a) shows the distribution of Dmax, which 

has an average value of 0.32 and a standard deviation of 0.05. Fig. 13(b) 
shows the QQ plot of the Dmax distribution with a linear correlation. 
Note that the p-value is computed as 0.39, which indicates the Dmax is 
normally distributed regardless of the material and geometric 
parameters.

4.5. Procedures for constructing a bolt spring model

To construct the trilinear connector model, the following steps are 
recommended: 

1) Using the bolt’s geometric parameters (db, Lg, Lt, and Ln), compute 
the elastic analytical stiffness (Ke, analytical) using Eq. (5).

2) Modify Ke using the correction factor (βk) as per Eq. (6).
3) Compute the plastic ultimate and failure elongations (Δu,p and Δf,p) 

using Eqns. (7) and (8), respectively.
4) Compute the bolt’s yield and ultimate forces (Fy and Fu) as the 

product of the bolt’s tensile stress area (As) and yield and ultimate 
stresses (fy and fu), respectively. The stress values can be assumed as 
the nominal or the expected ones based on the statistical metrics 
summarized in Figure 11. Alternatively, other material variability 
factors from the literature can be used [31].

5) Lastly, assume a value for Dmax based on the distribution in Fig. 13
and use it to compute the failure force (Ff = Dmax Fu).

One should note that the constructed F-Δ response excludes the 
initial deformation phase, noted by “s” in Fig. 3(b). This phase is about 
0.2 mm on average and is associated with low stiffness at low load levels. 
This primarily occurs due to thread engagement slack, surface irregu
larities, or when the bolts are not fully-pretensioned [24]. For practical 
purposes concerned with joint- and system-level responses, this phase 
has no impact.

5. Validation of the proposed model

In this section, the accuracy of the proposed methodology for 
simulating bolt fracture is examined in comparison with several past test 
specimens. The section is divided into two subsections. First, the 
methodology is validated against isolated bolt assemblies in tension. 
Second, the methodology is validated against full-scale beam-to-column 
joints with endplate connections under monotonic joint rotation.

Fig. 11. Distribution of the bolt’s measured engineering stress parameters based on the collected dataset.
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5.1. Bolt assembly tests

In this section, validation is conducted against four carbon steel bolt 
assemblies from four different experimental studies [12,21,24,28]. The 
grade and geometric details of the validation bolt specimens are sum
marized in Table 4. All the specimens experienced necking followed by 
rupture within the threaded area. Fig. 14 shows comparisons of the F-Δ 
test curves and those predicted by the empirical connector model. In 
these plots, the predicted responses are based on the mean and 68 % 
upper and lower PI bounds. The shaded area between the 68 % PI lines 
represents the uncertainty range for the prediction. For all cases, dam
age initiation (at Fu) is well predicted, the damage evolution (post-peak 
degrading –negative- slope) is in good agreement with the test data, and 
the observed bolt failure elongation Δf (at complete loss of force) falls 
within the 68 % PI bounds. Apart from the ductility, the equivalent 
elastic stiffnesses computed by Eq. (5), as well as the strength values, for 
all assemblies also show a good agreement with the test data.

5.2. Joint tests

Five full-scale joint specimens with extended and flush endplate 
connections are selected from five different research studies [32–35,38] 
for validation. These specimens have different geometry, bolt sizes, and 
material properties, as summarized in Table 5. All specimens were 
subjected to ramped monotonic loading and eventually failed by bolt 
rupture. Bolt rupture was preceded by visible plastic deformations in the 
various connection components (column flange bending, panel zone in 
shear, beam buckling, endplate bending, bolt elongation, etc.).

The CFE models are developed within the commercial software 
Abaqus/CAE [1]. Boundary conditions, representative of each test setup, 
were applied. The boundary conditions were applied to reference points 
allocated at the centers of the column and beam(s) ends. Each reference 
point is connected using a rigid body constraint to the column or beam 
end surface. A global interaction property is defined to characterize the 
contact between the different model parts. This included hard contact 

Fig. 12. Established relations between the ultimate and fracture plastic elongations and the gripped thread length.

Table 3 
Uncertainty bounds for carbon steel bolts’ critical plastic elongations.

Grade 68 % PI 95 % PI

Δu,p [mm] Δf,p [mm] Δu,p [mm] Δf,p [mm]

8.8 Eq. (7) ± 0.43 Eq. (8) ± 1.1 Eq. (7) ± 0.85 Eq. (8) ± 2.2
10.9 Eq. (7) ± 0.30 Eq. (8) ± 1.2 Eq. (7) ± 0.60 Eq. (8) ± 2.4

Fig. 13. Maximum damage parameter Dmax: (a) histogram with fitted normal distribution; (b) QQ plot.

Table 4 
Summary of the validated bolt assemblies, their geometry, and the calculated 
mean response parameters [unit: mm and kN/mm].

Reference Bolt* Grade Lg Lt Δu,p Δf,p Ke

Grimsmo et al. [21] M16 PT 8.8 130 17 1.5 6.9 196
D’Aniello et al.[12] M24 PT 10.9 80 23 1.2 4.8 413
Li et al. [28] M20 FT 10.9 100 100 4.0 11.3 292
Hu et al. [24] M20 PT 8.8 77.5 22.5 1.7 6.3 337

* PT: partially threaded; FT: fully threaded.
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(in compression), allowed separation after contact, and a friction coef
ficient of 0.3. Surface-to-surface tie constraint is applied between the 
beam-endplate and stiffener-column interfaces (if applicable) instead of 
the weld. All components, except for the bolt, were meshed with 
quadratic tetrahedron elements (C3D10M) with a mesh size ranging 
between 10 mm to 20 mm. For the endplate, two elements were used 
through the thickness. The components’ elastic and plastic behaviors are 
defined based on the reported material stress-strain values, as summa
rized in Table 6. The plastic behavior is based on the Von Mises yield 
criteria with isotropic hardening and is defined up to the necking point 
(i.e., post-necking behavior is perfectly plastic). The trilinear bolt 
models are summarized in Table 7. Note that the axial connector detail is 
shown in Fig. 15(a) where two reference points were applied to couple 
the internal surfaces of the bolt head and nut. It is recommended that the 
bolt head and nut are modeled using solid elements such that yield line 
patterns in the connected elements are correctly captured. The 
connector stiffness and ductility parameters were computed. The 
connector is assigned an axial property where elastic, plastic (post-yield 
branch), and damage (post-ultimate branch) properties are defined 
-blindly- based on the previously outlined procedure. The dynamic 
Explicit solver is used while maintaining a slow loading rate, consistent 
with the validated quasi-static tests, with insignificant inertia forces and 
low kinetic energy maintained.

Fig. 15(b-f) shows comparisons of the moment-rotation response 
between the test data and computational simulations. In these plots, the 
CFE simulation results are shown up to the point of the first bolt rupture 
occurrence (noted here as the failure rotation, θf); subsequent bolt 

Fig. 14. Comparison of F-Δ response for different bolt assemblies demonstrating uncertainty range.

Table 5 
Summary of the validated full-scale joint specimens’ main attributes.

Reference ID Type Column Beam tep [mm] Bolt

Munter et al. [32] Test2 Splice Extended – IPE 400 14 M20 10.9
Qiang et al. [34] 2–3 A Exterior Flush HW 400x400x284 HW 300x300x95 15 M27 8.8
Rolle [35] S6 Interior Flush HEB 300 IPE 500 12 M20 10.9
Shi et al. [38] JD3-M Exterior Extended BU 300x250x8x12* BU 300x250x8x12 20 M20 10.9
Nogueiro [33] J4–1 Exterior Extended HEA 320* HEA 280 18 M24 10.9

* Stiffened column flanges.

Table 6 
Material properties of validation joint specimens’ components.

Reference Specimen Component Grade E [MPa] fy 

[MPa]
fu 

[MPa]

Munter 
et al. 
[32]

Test2

Beam
Fe360

200,000 300 450
Endplate 200,000 312 456

Bolt Gr 
10.9

200,000 990 1100

Qiang 
et al. 
[34]

2-3 A

Column/ 
Beam Q345 185,550 356 550

Endplate S690 185,550 789 820
Bolt Gr 8.8 199,167 700 950

Rolle [35] S6
All S355 200,000 379 537

Bolt Gr 
10.9

200,000 990 1133

Shi et al. 
[38]

JD3-M

Column
Q345

192,061 409 537
Beam 195,452 409 537
Endplate 188,671 409 537

Bolt
Gr 

10.9 206,000 995 1161

Nogueiro 
[33] J4–1

Column/ 
Beam S355

207,900 461 580

Endplate 209,000 415 540

Bolt
Gr 

10.9 213,000 990 1170
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failures, that would drop the moment capacity to zero, are omitted. The 
computational simulation shows a good agreement with the test data. 
Some differences in the initial stiffness and maximum strength of the 
connection are observed in the joint specimens; however, this difference 
does not exceed 15 %. The priority of the current study is to examine the 
validity of the proposed methodology in reasonably predicting the 
failure rotation of actual joints. As such, tuning the computational model 
parameters to achieve a perfect fit with the moment-rotation test data 
was not a priority. Note that the error in the mean predicted failure 
rotation of all specimens (i.e., based on the bolt’s mean critical elon
gations as per Eqs. (7) and (8)) is within ±10 %, as summarized in 
Table 8, which is acceptable from the perspective of engineering prac
tice. Most importantly, the predicted failure rotation of all specimens fell 

within the 68 % PI bounds with a maximum error range of about ±20 %. 
Referring to Table 8. the 68 % PI uncertainty in bolt ductility can result 
in up to ±1.3 % rads variation in the joint’s rotational ductility. Note 
that a larger variation would be observed if the 95 % PI bounds are 
employed. In summary, these validations demonstrate the ability of the 
proposed model to capture bolt failure within a real scenario where the 
bolt is subjected to combined actions (i.e., the stress state deviates from 
pure uniaxial tension). This is particularly notable considering that the 
computational models involved blind application of the methodology 
without any material calibration or model tuning.

6. Implications of the loading speed on bolt response

Actual hazards (e.g., earthquake, explosion, or sudden column loss) 
induce faster loading speeds on the joint components including the bolts. 
Past tests mostly investigated the strain-rate-dependent properties of the 
bolt material using round (i.e., turned-down) coupon specimens. 
Grimsmo et al. [22] tested Gr 8.8 coupons under different strain rates (i. 
e., from 10− 3 to 102 s− 1). It was observed that the ultimate stress (fu) can 
increase by up to 15 %, while the fracture strain showed no clear de
pendency. Similarly, Kendall et al. [27] observed that the ultimate strain 
was slightly increased, whereas the fracture strain remained constant for 
Gr 8.8 material under a loading speed of 0.05 to 10 mm/s. Yang et al. 
[47] tested Gr 8.8 and 12.9 coupons with strain rates ranging from 
0.00025 to 100 s− 1 and observed that the strength increased by up to 15 
%, the ultimate strains increased by 35 %, and the fracture strain was 
non-correlated to strain rates. Studies on bolt assembly behavior under 
high-speed loading are still limited. Therefore, a series of tests were 

Table 7 
Computed damage parameters for the bolt components in the connector.

Reference Specimen Bolt Lt 

[mm]
Δu,p,mean 

[mm]
Δf,p,mean 

[mm]

Munter et al. 
[32]

Test2 M20 
(FT)

28 1.40 5.20

Qiang et al. 
[34] 2-3 A

M27 
(FT) 50 2.70 9.00

Rolle [35] S6
M20 
(PT)

16 0.98 4.20

Shi et al. [38] JD3-M M20 
(PT)

10 0.77 3.70

Nogueiro [33] J4–1 M24 
(PT)

10 0.77 3.70

Fig. 15. Validation of the proposed methodology against full-scale bolted endplate joints.

Table 8 
Range of observed errors in precited failure rotation based on full-scale joint tests.*

Reference Specimen θf,test [rad] θf, CFE [% rads] Relative error [%]

LB M UB LB M UB

Munter et al. [32] Test2 0.035 3.2 3.8 4.4 − 8.6 8.6 25
Qiang et al. [34] 2-3 A 0.100 7.9 9.0 10.0 − 20 − 10 0
Rolle [35] S6 0.118 10.0 11.0 12.0 − 15 − 7 1.6
Shi et al. [38] JD3-M 0.067 5.6 6.5 7.6 − 16 − 3 13
Nogueiro [33] J4–1 0.100 8.9 10.3 11.6 − 11 3 16

* Lower boundary (LB), mean value (M), and upper boundary (UB).
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conducted as part of this experimental campaign to further investigate 
this issue.

Out of the 200 specimens, 92 were tested under high-speed loading: 
56 bolts were tested at 10 mm/s and 35 bolts at 80 mm/s. Those two 
speeds are equivalent to strain rates of about 0.5 to 8 s− 1 (assuming a 
gauge length of 10 mm). Fig. 16(a) shows a sample plot of a bolt as
sembly under different loading speeds. Note that for 10 mm/s tests, the 
actual speed reached the target speed before the yield point as demon
strated in Fig. 16(b) while for the 80 mm/s tests, the speed at the yield 
point was slightly less (~ 76 mm/s).

The bolt response parameters are deduced from the dynamic (i.e., 10 
and 80 mm/s) force-elongation curves and normalized by the corre
sponding values of the quasi-static tests (i.e., 0.05 mm/s). Fig. 17 shows 
the average normalized dynamic responses for strength and ductility. 
Overall, the strength (fy and fu) and plastic ultimate elongation (Δu,p) 
visually show an increase with the increase in loading speed, whereas no 
clear dependency is observed in the plastic fracture elongation (Δu,f). 
Those observations are consistent with the previous tests [22,47]. To 
quantify the loading speed effect, Table 9 summarizes the factors of the 
normalized responses (i.e., dynamic-to-static ratios). Concerning 
strength (fy and fu), both Gr 8.8 and 10.9 bolts develop a 1 % increase for 
fy at 10 mm/s. While larger increases are observed at 80 mm/s, which 
are 6 % and 4 % for Gr 8.8 and 10.9 bolts, respectively. Similar de
pendency is observed in fu, a 2 % increase is observed for both Gr 8.8 and 
10.9 bolts at 10 mm/s. When it comes to 80 mm/s, Gr 8.8 and 10.9 bolts 
develop an increase of around 4 %. For ductility (Δu,p and Δu,f), both Gr 
8.8 and 10.9 bolts show an increase with the increase of loading rate for 
Δu,p. Specifically, an increase of up to 10 % was observed at 80 mm/s 
regardless of bolt grades. When it comes to 10 mm/s, Gr 8.8 and 10.9 
bolts develop an increase of 4 % and 8 % for Gr 8.8 and 10.9 bolts, 
respectively. Finally, Gr 8.8 and 10.9 bolts show an over 5 % decrease in 
Δu,f at 10 mm/s, whereas the Δu,f at 80 mm/s is slightly decreased by 3 % 
and increased by 1 % for Gr 8.8 and 10.9 bolts, respectively.

7. Model limitations

The developed model and empirical expressions are valid for partial- 
and full-threaded bolts of grade 8.8, A325, 10.9, or A490 with a nominal 
diameter between 12 mm and 30 mm and a grip length between 60 mm 
and 170 mm. Those ranges cover the ones allowed in construction 
practice EN-15048 [19]. The model can be potentially extrapolated to 
long structural rods/bolts (Lg > 200 mm). Note however that for steel 
rods that are cold-forged (not heat-treated), the post-ultimate plastic 
elongation may be omitted [26].

In joints undergoing rotational demands, the bolts are subjected to 
combined tension and shear. The bolt’s shear to tension force ratio de
pends on several factors such as the number of bolts, the beam length, 
gravity loads, catenary action, and level of rotation. Based on a recently 
compiled database for full-scale joint tests [4,9], when the connection 
reaches its capacity, the ratio of shear to tension force in bolts as part of 
flush and extended endplate connections varies between 0.01 and 0.2 
with an average value of 0.07. This level of shear force is not detrimental 
to the bolt behavior ([5,29,40,41]). Accordingly, the proposed model is 

valid for such cases. Conversely, for connections where the bolts are 
under dominant shear or bearing stresses, such as shear-tab or double 
web-angle connections, the model is not appropriate.

The loading speed (strain rate) effect is assessed herein based on 92 
tests at two loading speeds. Accordingly, the assessment is done in a 
rather qualitative manner while evaluating the average change in the 
bolt’s response quantities under higher loading speeds. Considering the 
observed relatively strong variability in the test results at high loading 
speeds, much more data is needed (across a wider range of varying 
loading speeds) to capture the underlying response correlations/de
pendencies and to potentially develop explicit expressions that consider 
the loading speed. Until then, the connection response can be potentially 
evaluated at high loading speeds using the developed quasi-static ex
pressions, after being modified using the quantified dynamic-to-static 
ratios.

8. Summary and conclusions

Bolt tensile rupture is a fundamental failure mode in bolted steel 
joints, particularly those with semi-rigid connections. There is a growing 
interest in quantifying the ductility of such connections with accuracy. 
As part of performance-based design and assessment of structures, it is 
important to quantify this while considering uncertainty. Toward that 
goal, work was undertaken to develop an empirical spring model for 
simulating the response of high-strength steel bolts undergoing tension 
for use in practical applications utilizing continuum finite element (CFE) 
or mechanical (component-based) models. The work’s highlights and 
main conclusions are as follows: 

• A parametric experimental study was conducted on 200 high- 
strength carbon steel bolt assemblies with varying sizes, lengths, 
grades, coating, and loading speeds. The data is complemented with 
76 similar tests collected from the literature to create a multi- 
attribute experimental dataset covering a wide range of European/ 
American bolt grades and geometric properties.

• Existing research- and code-based analytical/empirical expressions 
for estimating the elastic axial stiffness of high-strength bolts were 
assessed against the dataset. These expressions were found to be 
inconsistent in accuracy, sometimes resulting in errors of up to ±2 
times the expected value. This is because the elastic interaction be
tween the nut and the bolt threads is not being captured.

• Utilizing the experimental dataset, an expression was developed to 
predict the bolt’s elastic axial stiffness. The expression is a basic 
analytical one that represents the equivalent bolt stiffness consid
ering the shank and threaded portions within the gripped length. 
This analytical expression is modified by a correction factor (βk) that 
is empirically computed as a function of the bolt’s diameter, grip 
length, thread length, and the length covered by the nut(s).

• Utilizing the experimental dataset, empirical expressions are estab
lished relating the bolt’s critical plastic elongations with its grade 
and gripped thread length. The uncertainty associated with the bolt’s 
elongation at fracture is shown to have a coefficient of variation of 

Fig. 16. Bolt responses under high-speed loading: (a) force-elongation responses; (b) speed evolution as a function of bolt elongation.
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about 20 %. This uncertainty can translate to up to a notable ±1.3 % 
rads variation in the rotational ductility at the joint level.

• The percentage drop in the bolt’s ultimate strength before complete 
fracture is found to be about 32 % with a standard deviation of 5 %.

• Faster loading rates can affect the bolt’s response, especially for 
strength and ductility. The strengths fy and fu are amplified on 
average by 5 % and 4 % for Gr 8.8 and 10.9 bolts, respectively. With 
respect to ductility, the change in the ultimate plastic elongation (Δu, 

p) can reach to 10 % on average at 80 mm/s. Consistent with past 
research, no clear dependency is observed for the plastic elongation 
at fracture (Δf,p) where it may be amplified or reduced by 20 % at 80 
mm/s.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcsr.2025.109574.
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Politecnico de Braganca (Portugal), 2009.

[34] X. Qiang, F.S. Bijlaard, H. Kolstein, X. Jiang, Behaviour of beam-to-column high 
strength steel endplate connections under fire conditions–part 1: experimental 

study, Eng. Struct. 64 (2014) 23–38, https://doi.org/10.1016/j. 
engstruct.2014.01.028.

[35] L. Rölle, Das trag-und verformungsverhalten geschraubter stahl-und 
verbundknoten bei vollplastischer bemessung und in außergewöhnlichen 
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