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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

The manufacturing errors of steel truss members exhibit considerable randomness, potentially compromising the on-site 

assembly accuracy and hindering compliance with the specified assembly requirements. This paper proposes a theoretical 

analysis approach based on error propagation and quantifies the assembly accuracy with metamodel-based methods to 

address this issue. Furthermore, the reliability is taken as an indicator to ensure the assembly accuracy due to the 

stochasticity. First, develop error propagation and accumulation models of statically indeterminate steel trusses through 

structure deconstruction. Then, determine the uncertainty factor and the assembly accuracy function. Finally, compare the 

assembly accuracy and efficiency of the Monte Carlo simulation and approximation, simulation, and metamodel-based 

methods for better subsequent quantification calculation. The assembly accuracy and sensitivity analysis of two different 

structural steel trusses in practical engineering are conducted. The assembly accuracy results show that the assembly 

accuracy of the first steel truss is 1.200mm, 1.239mm, 1.053mm, and 0.988mm, and that of the second one is 1.293mm, 

1.293mm, 1.088mm, and 1.010mm, all with 100% reliability. The sensitivity analysis results indicate that the angular error 

of the first steel truss is the most critical variable, and the rod length error of the second one plays a vital role during 

assembly. In addition, the theoretical research is independent of the materials and structures employed, allowing for its 

application to more complex structures. 
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1.  Introduction 

 

Steel truss structures are widely used in civil engineering, such as large-

span bridges[1], high-rise buildings[2], stadiums[3], and airports[4]. The 

manufacturing errors of steel truss members exhibit considerable randomness, 

potentially compromising the on-site assembly accuracy and hindering 

compliance with the specified assembly requirements[5]. 

 To ensure successful on-site assembly, physical pre-assembly is 

extensively adopted to verify the machining accuracy of members in the factory 

to achieve precision matching. It is used to identify quality problems in 

connection parts for timely resolution[6]. However, it has several shortcomings, 

such as high cost and a long construction period[7]. Besides, factors that 

influence assembly are incompletely considered. For large and spatial steel 

trusses, only neighboring members, instead of the whole structure, are generally 

physically pre-assembled[8]. Essential factors affecting assembly quality may, 

hence, be ignored. As a result, there are many cases in which steel trusses cannot 

be assembled successfully on-site, even after physical pre-assembly. 

Virtual assembly, i.e., trial assembly with physical information in a digital 

environment, has attained widespread attention in the construction industry and 

has been increasingly employed to solve the above problems[9]. It has been 

applied in product design[10, 11], virtual construction simulation[12], assembly 

process simulation [13], quality checking[14], and virtual assembly systems[15]. 

Although virtual assembly adopts advanced measurement and digital 

technologies to reverse model existing members and simulate the assembly 

process, it still falls short of replacing physical pre-assembly in current 

engineering practices. The primary reason is the interferences arising from 

various uncertainties in the three-dimensional laser scanning, inverse modeling, 

and virtual assembly process, which lead to significant deviations between the 

virtual and practical assembly outcomes. 

In practical engineering, some construction difficulties, such as complex 

construction conditions, high risk of construction safety, high structural linear 

requirements, etc., make assembly accuracy challenging to control precisely. 

Adjustment measures will be adopted in such cases, such as utilizing corner and 

elevation adjustments, longitudinal deviation adjustments, transverse deviation 

adjustments, and so on[16]. The main span of the steel truss girder of the 

Shanghai-Suzhou-Nantong Changjiang River Bridge was accurately closed 

after longitudinal moving, pulling back from both longitudinal and transverse 

directions[17]. For rapid and smooth closure of the main bridge steel girder of 

the Wuhu Changjiang River Rail-cum-Road Bridge with high precision, 

adjusting the cable forces of some stay cables, pushing and longitudinally 

moving girder sections on the tops of pylon piers, and adjusting temperature 

differences are employed[18]; During the erection of a three-main-truss steel 

girder of the Shanghai-Suzhou-Nantong Changjiang River Rail-cum-Road 

Bridge, when the diagonal rod position is inaccurate, adjustment measures such 

as tensile, roofing, and counter-pressure were adopted to complete the rod 

buttressing[19]. As proved in previously cited literature, the adjustments can 

effectively complete assembly for subsequent construction. However, for some 

geometric defects derived from manufacturing errors, it is hard to precisely 

decide which parts and what values to adjust because the relationship between 

the errors and assembly accuracy exhibits ambiguity, resulting in a cumbersome 

adjustment process. As a result, forced assembly generally is the final option in 

on-site construction[20, 21]. Thus, internal forces and deformations of statically 

indeterminate structures will be generated, causing more significant uncertainty 

and safety risks for the structural performance and the construction process. 

Therefore, accurately calculating assembly precision based on stochastic 

manufacturing errors has become an urgent and unresolved challenge during 

assembly. 

 This paper proposes a theoretical analysis approach based on error 

propagation and quantifies the assembly accuracy with metamodel-based 

methods to address the issue. Furthermore, the reliability is taken as an indicator 

to ensure the assembly accuracy due to the stochasticity. First, develop error 

propagation and accumulation models of statically indeterminate steel trusses 

through structure deconstruction. Then, determine the uncertainty factor and the 

assembly accuracy function. Finally, compare the assembly accuracy and 

efficiency of the Monte Carlo simulation and approximation, simulation, and 

metamodel-based methods for better subsequent quantification calculation. The 

assembly accuracy and sensitivity analysis of two different structural steel 

trusses in practical engineering are conducted. Assuming alterations in the shape 

or geometric parameters of a steel truss structure, the core methodology for 

analyzing and quantifying approaches used during the calculation process 

remains the same, which is the paper's fundamental value and key contribution. 

Therefore, the developed strategy is independent of the materials and structures 

employed, allowing for its application to more complex structures. 

The subsequent sections of the paper are structured as follows: Section 2 

provides a detailed description of the error propagation and accumulation 

modeling process of two statically indeterminate structures. Section 3 outlines 

the uncertainty quantification, including the uncertainty factor, the assembly 

accuracy function, and strategies for estimation. Taking two different structural 

steel trusses in practical engineering as an example, the assembly accuracy and 

sensitivity analysis are implemented in Section 4. Lastly, in section 5, a 

comprehensive summary of the key points and contributions of the paper is 

provided. 
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2.  Error propagation and accumulation model 

 

Steel truss structures, treated as statically indeterminate systems, are often 

analyzed through finite element simulation in structural engineering 

applications. However, due to the randomness of errors, repeated evaluations of 

the simulation process are necessary, rendering it highly time-consuming or 

even impractical. Error propagation and accumulation models are proposed as 

an alternative and more affordable method for iteratively analyzing the law of 

propagation and calculating assembly accuracy, considering the random error 

distribution. These models are developed by deconstructing statically 

indeterminate structures into statically determinate ones. The deconstruction 

assumes that the statically indeterminate structure consists of one start structure, 

one end structure, and n connecting structures, which can be deconstructed into 

a static structure by disconnecting (n-1) connecting structures. 

Error modeling is divided into three steps. First, develop the coordinate 

system of the start, connecting, and end structures. Second, identify each 

member's Denavit-Hartenberg (D-H) parameters according to the coordinate 

systems, and calculate the coordinate transformation matrix between two 

neighboring coordinate systems[22]. Finally, calculate the coordinate 

transformation matrix between the start and the end structure coordinate 

systems. Accordingly, the coordinate transformation matrix between the (i-1)th 

and the i-th coordinate systems is shown in Eq. (1). Moreover, assuming that 

the 0-coordinate system is located at the start structure and the m-coordinate 

system is located at the end structure, the coordinate transformation matrix 

between the two structures is calculated by Eq. (2). 
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Where θi is the angle from the axis xi-1 to xi counterclockwise rotating in the 

positive direction of the zi-1-axis; αi is the angle from the axis zi-1 to zi 

counterclockwise rotating in the positive direction of the xi-axis; ai is the 

distance from axis zi-1 to zi along the positive direction of the xi-axis; di is the 

distance from axis xi-1 to xi along the positive direction of the zi-1-axis. 
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Where 
0

1T  is the coordinate transformation matrix between the 0-coordinate 

and the 1-coordinate systems; 
1

2T is that between the 1-coordinate and the 2-

coordinate systems; 
1m

mT
−

is that between the (m-1)-coordinate s and the m-

coordinate systems. 

 

2.1. Error propagation modeling of the first statically indeterminate flat truss 

 

Fig. 1 (a) shows the first statically indeterminate flat truss. Assume a 

bottom chord is the start structure, a top chord is the end structure, and assume 

a left web member, a diagonal web member, and a right web member are three 

connecting structures. Suppose the connection between the left web member 

and the bottom chord and between the right web member and the top chord is 

disconnected. In that case, the statically indeterminate flat truss is deconstructed 

into a static determinate one, which is shown as (b) in Fig. 1. Mark the end 

positions of the members at the disconnection points as A1, A2, B1, and B2, 

respectively. Then, four error propagation models can be developed to 

investigate error propagation and calculate the coordinates of the points. Since 

error propagation models contain rod length and angular parameters, l1, l2, l3, l4, 

l5, θ1, θ2, θ3, and θ4, which are shown as (c) in Fig. 1, the three-dimensional 

coordinates of points A1, A2, B1, and B2, can be accurately calculated through the 

models, which are under the influence of the rod length and angular errors. 

 

  

 

(a) A statically indeterminate  

flat truss 
(b) A statically determinate flat truss (c) Rod length and angular parameters 

Fig. 1 The first flat truss structure 
  

  

(a) Calculating A1 coordinates (b) Calculating A2 coordinates 

  

(c) Calculating B1 coordinates (d) Calculating B2 coordinates 

Fig. 2 Error propagation model for calculating the coordinate 
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As a result, the error propagation models for calculating the coordinates of 

A1, A2, B1, and B2 are shown separately in Fig. 2 as (a), (b), (c), and (d). 

 

2.1.1. Error propagation model for calculating the coordinates of A1 

Assume the start and end structures of the error propagation model for 

calculating the coordinates of A1 are the 0-coordinate system and the 2-

coordinate system, and z0, z1, and z2 are oriented perpendicular to the paper plane 

outward, shown as (a) in Fig. 2. The corresponding D-H parameters, di, ai, αi, 

and θi, between the 0-coordinate system and 1-coordinate systems are identified 

as 0, l1, 0, and -θ1, and that between the 1-coordinate system and 2-coordinate 

system are 0, -l2, 0, and -θ2. Substitute them in Eq. (1), and the coordinate 

transformation matrices between the 0-coordinate and 1-coordinate systems and 

the 1-coordinate and 2-coordinate systems are shown as shown in Eqs. (3) and 

(4). 
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Substitute Eqs. (3) and (4) into Eq. (2), the coordinate transformation 

matrix between the start and end structure coordinate systems of the error 

propagation model can be calculated, the result of which is shown in Eq. (5).  
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(5) 

 

From Eq. (5), the coordinates of A1 are shown in Eq. (6), which represents 

the effect of the rod length and angular parameters, l1, l2, θ1, and θ2, on the 

coordinates of A1 during assembly. 

 

( )

( )
1

1

1

1 1 2 1 2

1 1 2 1 2

cos cos +

sin sin +

0

A

A

A

x l l

y l l

z

  

  

= −


= − +


=

 (6) 

 

2.1.2. Error propagation model for calculating the coordinates of A2 

Assume the start and end structures of the error propagation model for 

calculating the coordinates of A2 are the 0-coordinate system and the 1-

coordinate system, and z0 and z1 are oriented perpendicular to the paper plane 

outward, shown as (b) in Fig. 2. The corresponding D-H parameters, di, ai, αi, 

and θi, between the 0-coordinate system and 1-coordinate system are identified 

as 0, l3, 0, and 0. Substitute them in Eq. (1), and the coordinate transformation 

matrix between the 0-coordinate system and 1-coordinate system is shown in 

Eq. (7). 
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From Eq. (7), the coordinates of A2 are shown in Eq. (8), which represents 

the effect of the rod length parameter, l3, on the coordinates of A2 during 

assembly. 
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2.1.3. Error propagation model for calculating the coordinates of B1 

Assume the start and end structures of the error propagation model for 

calculating the coordinates of B1 is the 0-coordinate system and the 2-coordinate 

system, and z0, z1, and z2 are oriented perpendicular to the paper plane outward, 

shown as (c) in Fig. 2. The corresponding D-H parameters, di, ai, αi, and θi, 

between the 0-coordinate system and 1-coordinate system are identified as 0, l1, 

0, and -θ1, and that between the 1-coordinate system and 2-coordinate system 

are 0, -l4, 0, and θ3. Substitute them in Eq. (1), and the coordinate transformation 

matrices between the 0-coordinate system and 1-coordinate system, as well as 

the 1-coordinate system and 2-coordinate system, are calculated as shown in 

Eqs. (9) and (10). 
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Substitute Eqs. (9) and (10) into Eq. (2), the coordinate transformation 

matrix between the start and end structure coordinate systems of the error 

propagation model can be calculated, the result of which is shown in Eq. (11).  
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From Eq. (11), the coordinates of B1 are shown in Eq. (12), which 

represents the effect of the rod length and angular parameters, l1, l4, θ1, and θ3, 

on the coordinates of B1 during assembly. 
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2.1.4. Error propagation model for calculating the coordinates of B2 

Assume the start and end structures of the error propagation model for 

calculating the coordinates of B2 are the 0-coordinate system and the 1-

coordinate system, and z0 and z1 are oriented perpendicular to the paper plane 

outward, shown as (d) in Fig. 2. The corresponding D-H parameters, di, ai, αi, 

and θi, between the 0-coordinate system and 1-coordinate system are identified 

as 0, l5, 0, and -θ4. Substitute them in Eq. (1), and the coordinate transformation 

matrix between the 0-coordinate system and 1-coordinate system is shown in 

Eq. (13). 
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From Eq. (13), the coordinates of B2 are shown in Eq. (14), which 

represents the effect of the rod length and angular parameters, l5 and θ4, on the 

coordinates of B2 during assembly. 
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2.2. Error propagation modeling of the second statically indeterminate flat truss 

 

Fig. 3 (a) shows a different statically indeterminate flat truss structure. 

Fig. 4 shows the error propagation models for calculating the points A'1, A'2, 

B'1, and B'2 coordinates. The coordinate representation and subsequent 

calculation are the same as those in Section 2.1. 

 

 
 

 

(a) Another statically indeterminate flat 

truss 

(b) Corresponding statically determinate 

flat truss 
(c) Rod length and angular parameters 

Fig. 3 The second flat truss structure 

 

 

 

Calculating A'1 coordinates Calculating A'2 coordinates 

  

Calculating B'1 coordinates Calculating B'2 coordinates 

Fig. 4 Error propagation model for calculating coordinates 

 

3.  Uncertainty quantification 

 

3.1. Uncertainty factor 
 

All uncertainty factors affecting assembly accuracy during the on-site 

assembly are represented as rod length and angular errors in the error 

propagation and accumulation models. Manufacturing error is one dominant 

factor causing rod length error, and ambient temperature variance is the other. 

The i-th rod length li during assembly is shown in Eq. (15). 

 

( ) ( )+ 1i di eil l l T=  +   (15) 

 

Where ldi is the designed value, mm; lei is a manufacturing error, mm; α is the 

linear expansion coefficient, 1/℃; ΔT is the ambient temperature variance, ℃. 

The angular error also resulted from the manual connecting process. The i-

th angle θi during assembly is shown in Eq. (16). Suppose a rod length is lm, and 

the permitted deviation diameter of which is d, its maximum angular error range 

is ±arctan(d/lm). 

 

+i di ei  =  (16) 

 

Where θdi is the designed value, °; θei is the error value, °. 

 

3.2. Assembly accuracy function 

 

Eq. (17) shows the assembly deviation dA between A1 and A2 and dB between 

B1 and B2 of steel trusses in Sections 2.1 and 2.2. If any dA or dB is greater than 

the designed value of assembly accuracy, the assembly cannot be completed; 

conversely, it can be completed. 
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Where l1, l2, and l5 are the diagonal, left, and right web members of the flat truss; 

l4 and l3 are the top and bottom chords of the flat truss; θ1, θ2, θ3, and θ4 are the 

angles between the diagonal web member and the bottom chord, between the 

diagonal web member and the left web member, between the diagonal web 

member and the top chord, and between the bottom chord and the right web 

member. 
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3.3. Strategies for estimation 

 

In the presence of uncertainties regarding the system's physical properties, 

the structure may operate outside its nominal range. Given all uncertainty 

factors, the uncertainty analysis aims to quantitatively assess the probability that 

the structural assembly accuracy on-site satisfies the designed specifications 

during the assembly process. The Monte Carlo simulation[23] is generally 

adopted to estimate probability. According to the law of large numbers in 

statistics, if the samples are large enough, the calculated results of the Monte 

Carlo simulation will gradually converge to the actual value. Therefore, the 

paper's sample size is 1e6 [24, 25]. However, it is often time-consuming because 

it requires repeated evaluations of the computational model describing the 

system's behavior. 

The approximation, simulation, and metamodel-based adaptive methods 

are used for calculation and comparison to improve the calculation efficiency. 

The approximation methods, including First Order Reliability Method 

(FORM)[26, 27] and Second Order Reliability Method (SORM)[28, 29], are 

based on approximating the limit-state function locally at a reference point. The 

simulation methods, such as Importance Sampling (IS)[30, 31] and Subset 

Simulation (SS)[32], are based on sampling the joint distribution of the state 

variables and using sample-based estimates of the integral. The metamodel-

based adaptive methods, evidenced by Adaptive Kriging Monte Carlo 

Simulation (AK-MCS)[33, 34] and Bayesian Line Sampling (BLS)[35, 36], are 

based on iteratively building surrogate models that approximate the limit-state 

function in the direct vicinity of the limit-state surface.   

 
4.  Case study 

 

4.1. Uncertainty quantification of the first flat truss 

 
The designed geometric parameters, l1, l2, l3, l4, l5, θ1, θ2, θ3, θ4, are 6042mm, 

6042mm, 5000mm, 5000mm, 6042mm, 65.556°, 48.888°, 65.556°, and 

114.444°, separately. The manufacturing error of the rod length is ±1mm. The 

permitted deviation diameter of bolts is 0.3mm, which aligns with Tolerances 

for fasteners—Bolts, screws, studs, and nuts (GB/T 3103.1-2002)[37]. Referring 

to the law of calculating the angular error range in section 3.1, the angular error 

range of he left, right, and diagonal web members is ±0.0028°. 

After being prefabricated at the factory, steel trusses were transported to 

the actual construction site. The distance between the two places and the 

difference in altitude resulted in a significant change in ambient temperature 

during the manufacturing and assembly. The ambient temperature of the factory 

is a high temperature of 42°C and a low of -6°C, and that of the construction 

site is a high temperature of 39°C and a low of -5°C. Therefore, the cooling and 

warming ranges between the two places are 3 to 47°C and 1 to 45°C. Assuming 

the rod length and angular error follow a truncated normal distribution[38], 

different error groups of the flat truss are shown in Table 1. Groups 1 and 2 are 

set for calculating the assembly accuracy and corresponding reliability between 

A1 and A2, and 3 and 4 between B1 and B2. 

 
Table 1  

Different error groups of the flat truss 

Error group 1 2 3 4 

Ambient temperature variance range 
Warming： 

1~45℃ 

Cooling: 

3~47℃ 

Warming: 

1~45℃ 

Cooling： 

3~47℃ 

Rod length error 

Value ±1mm ±1mm 

Distribution type Truncated normal distribution Truncated normal distribution 

Mean value 0 0 

Standard deviation 0.333 0.333 

Truncation point [-1, 1] [-1, 1] 

Angular error of the left 

and right web members 

Value / ±0.0028° 

Distribution type / Truncated normal distribution 

Mean value / 0 

Standard deviation / 0.000933 

Truncation point / [-0.0028, 0.0028] 

Angular error of the di-

agonal web member 

Value ±0.0028° ±0.0028° 

Distribution type Truncated normal distribution Truncated normal distribution 

Mean value 0 0 

Standard deviation 0.000933 0.000933 

Truncation point [-0.0028, 0.0028] [-0.0028, 0.0028] 

 

Fig. 5(a) displays the 1e6 sample points obtained through the Monte Carlo 

simulation. Fig. 5(b) presents a composite plot illustrating the distribution 

characteristics of response values, integrating a histogram (grey background), 

probability density function (PDF, blue curve), and cumulative distribution 

function (CDF, red curve). Besides, the left Y-axis labelled probability density 

quantifies the density of the response values within specific intervals, and the 

right Y-axis labelled cumulative probability indicates the cumulative 

probability of response values falling below a given threshold, ranging from 0 

to 1. The histogram illustrates the frequency distribution of the response values. 

The PDF provides a smoothed estimate of the probability density across the 

continuous range of response values, serving as a theoretical fit to the histogram. 

The CDF shows the cumulative probability of response values up to a specific 

point, capturing the overall trend of the distribution. The results show that the 

assembly accuracy corresponding to a cumulative probability density of 100% 

is 1.2 mm. 

 
 

(a) Sample points 
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(b) Distribution analysis 

Fig. 5 Sample points and response value using the Monte Carlo simulation 

 

Take the assembly accuracy of MCS as the datum, the FORM, SORM, IS, 

SS, AK-MCS, and BLS are separately used for better calculation efficiency. 

Table 2 shows the results of different approaches for Group 1. The ˆ
fP  

represents the cumulative probability, and ζ indicates the percentage of relative 

error of assembly accuracy estimated by the other methods with the datum value, 

which is shown in Eq. (18). The value's magnitude indicates the technique's 

estimation accuracy relative to the datum value. Specifically, a smaller value 

denotes a closer agreement between the estimated result and the datum value, 

thereby implying higher computational precision. In contrast, a larger value 

suggests a greater discrepancy between the method's estimate and the datum 

value, indicating a lower level of accuracy. 

 

,

,

100%
f f MCS

f MCS

P P

P


−
=   (18) 

 

Where Pf is the assembly accuracy of different methods; Pf,MCS is the datum 

assembly accuracy of the MCS.  

Among all methods, the SS, based on iteratively solving and combining a 

sequence of conditional reliability analyses utilizing Markov Chain Monte 

Carlo (MCMC) simulation, has the same assembly accuracy as the MCS with 

fewer sample points, reduced by a factor of 10. Besides, using a Bayesian active 

learning framework in combination with line sampling, the BLS has only 0.083% 

of ζ with sample points of 130, demonstrating exceptionally high computational 

efficiency and extremely low error. Fig. 6 shows the probability density and 

cumulative distribution of SS and BLS. It is concluded that SS has the highest 

accuracy, and BLS maintains exceptionally high accuracy with an extremely 

low sample size. The BLS perfectly balances sample size and accuracy, ideally 

suited for high-cost or real-time analysis scenarios. Therefore, it is adopted to 

calculate the assembly accuracy from Groups 2 to 4, which are 1.239mm, 

1.053mm, and 0.988mm, all with 100% reliability. 

 

Table 2  

Different approaches for Group 1 

Error group Method 
Sample 

point 

Assembly ac-

curacy (mm) 

ˆ
fP

(%) 
ζ(%) 

Datum MCS 1×106 1.200 100 0 

Approximation 

method 

FORM 1×106 1.198 100 0.167 

SORM 1×106 1.204 100 0.333 

Simulation 

method 

IS 1×103 1.207 100 0.583 

SS 1×105 1.200 100 0 

Metamodel-based 

method 

AK-MCS 1×105 1.195 100 0.417 

BLS 130 1.201 100 0.083 

 

 

(a) Probability density and cumulative distribution functions of Subset Simulation 

 
(b) Probability density and cumulative distribution of Bayesian Line Sampling 

Fig. 6  Probability density and cumulative distribution

 

Table 3  

Different error groups of the spatial truss 

Error group 1 2 3 4 

Ambient temperature variance range 
Warming： 

0~46℃ 

Cooling: 

2~48℃ 

Warming: 

0~46℃ 

Cooling： 

2~48℃ 

Rod length error 

Value ±1.5mm ±1.5mm 

Distribution type Truncated normal distribution Truncated normal distribution 

Mean value 0 0 

Standard deviation 0.5 0.5 

Truncation point [-1.5, 1.5] [-1.5, 1.5] 

Angular error of the left and 

right web members 

Value / ±0.001° 

Distribution type / Truncated normal distribution 

Mean value / 0 

Standard deviation / 0.000333 

Truncation point / [-0.001, 0.001] 
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Angular error of the diagonal 

web member 

Value ±0.0008° ±0.0008° 

Distribution type Truncated normal distribution Truncated normal distribution 

Mean value 0 0 

Standard deviation 0.000267 0.000267 

Truncation point [-0.0008, 0.0008] [-0.0008, 0.0008] 

Assembly accuracy 1.293mm 1.293mm 1.088mm 1.010mm 

Reliability 100% 100% 

 

4.2. Uncertainty quantification of the second flat truss 

 

Similarly, the designed values of rod length and angular parameters, l1, l2, 

l3, l4, l5, θ1, θ2, θ3, θ4, are 20887mm, 15500mm, 14000mm, 14000mm, 15500mm, 

47.911°, 42.089°, 47.911°, and 90°, separately. The rod length manufacturing 

error range is ±1.5mm. The angular error range of left and right web members 

is ±0.001°, and that of the diagonal web member is ±0.0008°. The cooling and 

warming ranges are 2 to 48°C and 0 to 46°C.  

Table 3 shows different error groups. Groups 1 and 2 are set for calculating 

the assembly accuracy and corresponding reliability between A'1 and A'2, and 

Groups 3 and 4 between B'1 and B'2. The results of using BLS to calculate the 

assembly accuracy are shown in Table 3, and they are all 100% reliable. 

 

4.3. Sensitivity analysis 

 

Let M(x) be an error propagation model, depending on input uncertainty 

factors, including ambient temperature, length error, and angular error, 

described by a random vector X. The aim of sensitivity analysis is to investigate 

how the uncertainty of assembly accuracy is assigned to each input variables X, 

through M(x). The Sobol' indices[39], predicated on expanding the 

computational model into summands of increasing dimensionality, serve as 

reference indices. The Sobol’ decomposition is defined in Eq. (19). 

( ) ( ) ( ) ( )1 0 1,2, , 1

1 1

, , , , ,
M

M i i ij i j M M

i i j M

f x x f f x f x x f x x
=   

= + + + +    (19) 

The relative contribution of each group of variables {xi, …, xis} to the total 

variance is represented in Eq. (20). The index concerning one input variable Xi 

is called the first-order Sobol’ index and describes the effect of Xi alone. The 

multiple-term indices, e.g., Sij, i ≠ j, are referred to as higher-order Sobol’ 

indices, which are interaction indices that account for the effects of the 

interactions of Xi and Xj that cannot be decomposed into the contributions of 

those variables separately[40].  

 

1, ,

1, ,

i is

i is

D
S

D
=




 (20) 

 

Fig. 7 shows the sensitivity analysis results. For the first steel truss in 

Section 2.1, the First-order Sobol' indices of ambient temperature, length error, 

and angular error are 0.010755, 0.100913, and 0.893942, as well as the Total-

order Sobol' indices are 0.004019, 0.102175, and 0.895793, indicating that the 

angular error is the most critical variable comparing with ambient temperature 

and rod length errors. Therefore, focusing on calibrating assembly angles with 

higher precision can elevate assembly accuracy in such structural practical 

engineering. Similarly, for the second steel truss in Section 2.2, the First-order 

Sobol's indices of ambient temperature, length error, and angular error are -

0.003955, 0.807207, and 0.177581, and the Total-order Sobol's indices are 

0.000007, 0.824145, and 0.192590, representing that the rod length error plays 

a vital role during assembly.  

 

  

(a)Sobol indices Order 1 of Section 2.1 (b)Total Sobol’ indices of Section 2.1 

 
 

(c)Sobol indices Order 1 of Section 2.2 (d)Total Sobol’ indices of Section 2.2 

Fig. 7 Sensitivity analysis results 
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5.  Conclusion 

 

This paper aims to quantify the on-site assembly accuracy of members 

exhibiting random manufacturing errors. The key findings are listed below. 

(1) This paper proposes a theoretical analysis approach based on error 

propagation and quantifies the assembly accuracy with metamodel-based 

methods. Due to stochasticity, its reliability is used as an indicator to ensure 

assembly accuracy. The research is independent of the materials and structures 

employed, allowing for its application to more complex structures. 

(2) The error propagation and accumulation models of statically 

indeterminate structures are developed through structure deconstruction, which 

has broad applicability in investigating errors with no limitation on various 

structural figures and geometric dimensions.  

(3) Based on the assembly accuracy of MCS, approximation methods 

including FORM and SORM, simulation methods such as IS and SS, and 

metamodel-based adaptive methods incorporating AK-MCS and BLS, are used 

for better calculation efficiency. The results show that SS has the highest 

accuracy and BLS perfectly balances sample size and accuracy. 

(4) The assembly accuracy of the first steel truss is 1.200mm, 1.239mm, 

1.053mm, and 0.988mm, and that of the second one is 1.293mm, 1.293mm, 

1.088mm, and 1.010mm, all with 100% reliability. The sensitivity analysis 

results indicate that the angular error of the first steel truss is the most critical 

variable and the rod length error of the second one plays a vital role during 

assembly. 
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