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Abstract. The waste heat boiler has been extensive application following the im-
ple-mentation of the national 'dual reduction' policy. However, certain installa-
tions may experience uneven subsidence due to inadequate foundations and sub-
stan-tial load. The effects of uneven foundation settlement on the structural in-
tegrity of boiler steel structures are relatively complex. Moreover, the 'Specifica-
tion for Design of Boiler Steel Structures' does not clearly define the analytical
principles or methodologies necessary for addressing these challenges. This
study utilized MIDAS finite element software to conduct a numerical analysis of
the mechanical performance of boiler steel structures under uneven settlement.
The focus was on examining the internal force distribution and variation patterns
of key components before and after settlement. The results indicate that uneven
settlement significantly increases stress at the base of the boiler steel columns.
Under the allowable settlement value of 0.005L specified by the code, the stress
at the base of the boiler steel columns increased by approximately 200%, and
there is a change in the sign of the bending moment.

Keywords: Waste Heat Boiler; Steel Structure; Settlement; Numerical Simula-
tion

1 Introduction

Since the announcement of the "Carbon Peaking and Carbon Neutrality" goals in Sep-
tember 2020, thermal power enterprises have faced increasingly stringent carbon emis-
sion requirements. Enhancing energy efficiency and advancing energy-saving technol-
ogies are regarded as key carbon reduction pathways and carbon manage-ment strate-
gies, driving the future green transformation of thermal power enter-prises. Previously,
the volume of research dedicated to waste heat boilers was rela-tively limited. Industrial
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waste heat is characterized by its broad industry distribu-tion, significant development
potential, and diverse technological solutions. The comprehensive and efficient devel-
opment and utilization of industrial waste heat will become a primary research focus in
the industry [N2153],

Uneven foundation settlement can induce additional internal forces in the upper
structure of the waste heat boiler, potentially leading to damage of structural compo-
nents, local deformation of load-bearing elements, or weld cracking. In severe cases,
this may result in a complete tilting of the structure, compromising its safe load-bearing
capacity 4651,

Currently, there are three main types of analysis models for evaluating the effects of
uneven foundation settlement on the upper frame structure. The first model uses tradi-
tional fixed supports, assuming a rigid foundation and applying vertical dis-placement
at the column bases to simulate uneven settlement. The second model employs vertical
elastic supports, where the vertical constraint at each column base is treated as an elastic
constraint, and uneven settlement is simulated by adjusting the spring stiffness. The
third model is a three-dimensional elastic support model, which defines the constraints
in three directions at each column base as elastic!®!”),

Considering the boiler frame as the subject of investigation, an analytical model for
static structural analysis was established to carry out calculations under both non-set-
tlement and settlement conditions of the waste heat boiler's steel frame structure. To
simulate uneven settlement among the supports, a forced displacement was applied.
This approach facilitated the determination of how uneven settlement deformation af-
fects the internal forces within the main load-bearing components of the boiler
framel810110].

This study focuses on the steel frame structure of a waste heat recovery boiler at a
specific power plant, damage assessment, and finite element analysis to investigate the
impact of uneven settlement on the stress distribution of the main load-bearing compo-
nents. The study aims to analyze the issues caused by uneven settlement. Currently,
research on this type of rigid structural form is relatively limited both domestically and
internationally. The impact of uneven settlement on the internal force redistribution of
structures is significant. Building on this foundation, a comparative analysis of the in-
ternal force variation of the boiler under uneven settlement is conducted through nu-
merical simulation, providing a reference for the study of the mechanical performance
of such steel structures.

2 Research Subject Overview

The waste heat boiler, constructed in 2014, consists of key components including steel
columns, bottom beams, top beams, module top beams, steam drum platform beams,
side walls, and stiffeners. Inside the boiler are 15 heating modules, with a crossbeam
mounted on top of these modules, connected at both ends to the top beam of the boiler.
Three steam drums, operating at high, medium, and low pressures, are positioned on
the top of the boiler. The total load for the steel structure and equipment of the boiler is
approximately 1,000 tons.
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There waste heat boiler is supported by a deep and soft soil foundation. To mitigate
foundation settlement, the original design incorporated a 45.0m friction pile foundation
combined with a raft foundation. Since installation, 24 settlement observations have
been conducted across 6 measurement points, with a maximum recorded settlement of
172.54mm. Notably, the maximum differential settlement between adjacent measure-
ment points reached 75.36mm, exceeding the allowable limit of 0.005L as specified.
To ensure safety and prevent production accidents, it is urgent to assess the safety of
the steel structure settlement of the waste heat boiler.

3 Establishment of Model 2

The waste heat boiler steel structure has a total length of approximately 12.750m, a
width of around 11.860m, and a height of about 26.470m. The design section of the
steel support column is a welded H-shaped steel with dimensions of 1,100mm
*400mm*20mm*32mm. The steel support top beam is designed as an I-beam, measur-
ing 1,600mm*400mm*2 Imm*42mm, while the module top beam is also an I-beam
with dimensions of 800mm*200mm™*16mm*20mm. The steel grade for the main com-
ponents, including the steel support columns, bottom beams, top beams, and module
top beams, is Q345B. The steel grade for secondary components, such as intermediate
beams and wall panel stiffeners, is Q235B.

The seismic fortification intensity of the steel structure for the waste heat boiler is
set at 7 degrees. The designed basic seismic acceleration is 0.10g, corresponding to the
first design earthquake group, with a building site category of Class IV, a characteristic
period of 0.4 s, and a standard fortification category (Class C). The basic wind pressure
is 0.5kN/m?, with a wind vibration coefficient of 1.2. Additionally, the basic snow pres-
sure is 0.30kN/m?, and the ground roughness is classified as Class B. The load specifi-
cations for the boiler equipment shall follow the design drawings. The structural layout
is illustrated in Fig. 1.
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Fig. 1. Layout of boiler steel structure
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4 Application of Foundation Settlement Conditions

In accordance with Article 5.3.3 of the “Code for Design of Building Foundation”
GB50007-2011 and Article 5.1.3 of the “Technical Code for Design of Civil Structures
of Thermal Power Plants” DL5022-2012, the allowable settlement for the waste heat
boiler area is 200mm, and the permissible differential settlement is 0.005L [4] [5].
Based on the settlement data in Fig. 2 and Fig. 3, the total settlement of the boiler is
172.5mm, which complies with these requirements.
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Fig. 2. Settlement Curve of Foundation
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Fig. 3. Schematic diagram of settlement of foundation

The settlement at column D/B14.2 is relatively large, slightly exceeding the allowa-
ble differential settlement in two directions associated with column D/B14.2 (with the
largest differential occurring between columns D/B14.2 and D/B26.1, where the settle-
ment difference is 75.36mm, exceeding the permissible 59.3mm). However, the devia-
tions remain manageable.
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The study employs a fixed support model to simulate uneven settlement between
supports, using enforced joint displacement to replicate the assumed differential settle-
ment. The settlement scheme is outlined in Table 1.

Table 1. Application volume of settlement conditions

Location of Foundation D/B14.2 | J/B14.6 | A/B16.7
Applied settlement amount (mm) | 172.54 168.56 100.01

Location of Foundation A/B23.5 | D/B26.1 | J/B25.7
Applied settlement amount (mm) 118.9 97.18 117.91

5 Analysis of Static Force of Boiler Steel Frame

The MIDAS finite element software was used to calculate and analyze the non-settle-
ment and settlement conditions of a waste heat boiler steel structure. The overall defor-
mation under normal and settlement conditions is presented in Fig. 4 and Fig. 5.
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Fig. 4. Displacement diagram of normal Fig. 5. Displacement diagram of settlement
condition under basic combination condition under basic combination

The settlement and internal column forces under normal and settlement conditions
are illustrated in Figs. 6 to 9. The maximum settlement deformation of the structure
occurs at the B14.2 column, located east of the D-axis, leading to significant settlement
deformation in adjacent span columns. The deformation is primarily concentrated on
the east side of the D to J axes. The axial forces of the columns on the east of the D-
axis and E-axis, as well as on the west of the J-axis, significantly decrease, while those
on the west of the D-axis, the east of the J-axis, and the H-axis show a notable increase.
This indicates that the axial force from columns experiencing the greatest differential
settlement is redistributed to adjacent columns, causing significant changes in their ax-
ial forces.
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Fig. 6. Comparison of axial forces on east support column
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Fig. 7. Comparison of axial forces on west support column
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Fig. 8. Comparison of bending moments on east support column
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As illustrated in Fig. 8 and Fig. 9, the bending moment of the east column under
settlement conditions increases significantly, ranging from 1.0 to 4.0 times the original
value. The maximum bending moment is observed on the east column along the H-axis,
where it is twice as high as under normal conditions. The settlement and deformation
of the west support column lead to changes in the bending moment at the base of the
column. These deformations cause the support columns on both sides of the E-axis to
J-axis region to shift from a symmetrical equilibrium state to an unbalanced state.
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Fig. 9. Comparison of bending moments on west support column

Based on the above conclusions, local uneven settlement deformation of the boiler
steel structure significantly affects the internal forces of the main load-bearing compo-
nents under basic static load conditions. During the structural design phase, incorporat-
ing settlement conditions and adjusting the cross-sectional dimensions and reinforce-
ment areas of upper load-bearing elements and foundations based on envelope calcula-
tion results can mitigate the impact of uneven settlement on the overall structural safety.

6 Conclusion

Through numerical simulation of uneven settlement in boiler steel structures, the inter-
nal force distribution and variation patterns under such deformations were analyzed,
leading to the following conclusions:

(1) In the area where settlement is applied, the axial force of mid-span columns de-
creases significantly, while that of side-span columns increases, with unloading ob-
served between adjacent columns. The influence of uneven settlement on the axial force
of columns located farther from the settlement area is relatively minor.

(2) In the area where settlement is applied, the bending moment at the base of col-
umns near the settlement zone increases significantly, whereas in the more distant
zones, the bending moment at the base may reverse or decrease. The impact of uneven
settlement on the axial force of columns located farther from the settlement area re-
mains relatively minor.
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(3) Imposing a settlement standard limit of 0.05L during the structural design phase
and utilizing envelope results for design considerations effectively mitigates the influ-
ence of differential settlements on the structural integrity.

(4) Considering the implications of actual uneven settlements during the structural
inspection and identification phase enhances the precision of the safety evaluations,
offering substantiated grounds for subsequent diagnostic conclusions and recommen-
dations for reinforcement.

(5) Further research and analysis of geological surveys, architectural design, struc-
tural design, and construction plans as pivotal control measures for uneven foundation
settlements. Extensive investigation and analysis of these factors are imperative to for-
tify the overall structural safety of boiler steel frame constructions.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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