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Abstract: Uneven foundation settlement is one of the common engineering problems in a collapsible
loess area. In order to study the influence of uneven foundation settlement on the seismic performance
of a structure, the incremental dynamic analysis (IDA) method is used to analyze the seismic
vulnerability of the steel structure frame. The differences in the seismic response of the structure
in relation to uneven foundation settlement are analyzed. The influences of uneven foundation
settlement quantities and various areas of uneven settlement on the seismic response of the structure
are discussed. On this basis, the relationship between ground motion intensity and structural failure
probability is studied, by changing the magnitude of seismic acceleration peaks. Compared with the
unsettled structure, the internal force redistribution of the structure caused by uneven foundation
settlement is one of the causes of earthquake damage for some components. The uneven foundation
settlement located at the corner of the plane of the structure is likely to cause more serious earthquake
damage to the structure. Uneven settlement will cause an increase in storey drift. With the increase in
settlement, the seismic damage of the superstructure will be aggravated.

Keywords: uneven settlement; collapse probability; seismic fragility analysis; incremental dynamic
analysis; seismic performance

1. Introduction

When the construction of a tunnel results in local cavities and insufficient thickness around the
tunnel lining, this causes uneven settlement of the adjacent surface buildings’ foundations and possibly
unrecoverable damage [1–3].

Regarding this problem, much research has been carried out. The estimation of maximum building
settlement is developed by the Potts and Addenbrooke method [4], numerical simulation [5], and
InSAR monitoring data [6,7]. However, the monitoring and prediction of settlement is important, but
the impact of settlement on the engineering structure is more concerning [8–10]. Most of the research
on structural deformation assessment is carried out on greenfield ground [11], but the evaluation
results are conservative [12]. In order to more accurately evaluate the ground movements, the impacts
of structural weight [13,14] and stiffness [15–18] need to be considered.

However, most of the existing research focuses on ground movements and monitoring methods,
or on the effects of tunnel excavation on the deformation of the superstructure. It is still very rare to
study the dynamic response of structures after uneven foundation settlement, especially the study
of the seismic response of structures after uneven foundation settlement, which is not found in
related literature.

Settlement is a deformation feature of a building. It is the result of the vertical deformation of
the foundation and the interaction of the building. Settlement is mainly divided into two categories:
uniform settlement and uneven settlement [19,20]. Uniform settlement usually occurs when the load
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on the building and the foundation soil are relatively uniform. Uniform settlement generally does
not cause secondary stress on the building structure and does not damage the building components,
but excessive settlement can also cause a series of problems in practice. Uneven settlement is a kind
of foundation deformation that occurs easily, often jeopardizing the safety of the building structure.
In order to study the influence of uneven settlement on the seismic response of the structure, this paper
takes a steel frame structure with an uneven foundation settlement as the research object. Different
settling areas and settlements are set in the model, and the incremental dynamic analysis (IDA) method
is used to calculate the structural seismic response. The seismic vulnerability analysis and evaluation
of the structure are carried out by determining the damage index and performance parameters of
the structure.

2. Seismic Vulnerability Analysis

2.1. Seismic Vulnerability Analysis Process

For the accurate estimation of the complete range of structural earthquake response, incremental
dynamic analysis (IDA) [21] is used as one of the most powerful analysis methods available. Based
on the non-linear dynamic time history analysis, IDA analyzes the seismic performance level of the
structural system through a large number of seismic calculation results. The method can be widely
used in the process of structural seismic performance evaluation and vulnerability analysis, while
considering factors such as the different seismic requirements of structures and the uncertainties of
various parameters. As a nonlinear analysis method, IDA analysis can reflect the changes in a structural
system with the change in ground motion intensity.

Using this series of seismic actions of different intensities for the structure and time-history
analysis, we can calculate the relationship between the seismic response parameters and the ground
motion intensity under the action of single ground motion, namely the IDA curve. An IDA curve
includes the entire process of structural failure: the initial elastic phase, the intermediate elastoplastic
deformation phase, and the final phase up until the structural instability collapses, so the IDA curve
can very comprehensively reflect the relationship between ground motion and the structural response
of different strengths. The incremental dynamic analysis method has two characteristics: predicting the
responses of the structure under the influence of ground motion and accurately reflecting the change
process of the structure’s strength, stiffness, and deformation under earthquake action. Therefore,
as an effective way to simulate the seismic collapse performance of structures, incremental dynamic
analysis methods have been widely used worldwide.

Before the IDA analysis, in order to ensure the accuracy of the subsequent analysis results, it is
necessary to determine a reasonable and effective ground motion intensity measure (IM), which is
used to reflect the scaling factor of the record, and a damage measure (DM), which is used to evaluate
the output of the corresponding non-linear dynamic analysis.

2.2. Analysis Parameter Selection and Setting

A set of ground motion records is needed to perform IDA. For mid-rise buildings, 10 to 20 records
are usually enough to provide sufficient accuracy in the estimation of seismic demands [21,22]. A set
of 10 ground motion records belonging to a bin of relatively large magnitudes of 6.5–6.9 and moderate
distances were selected from current Pacific Earthquake Engineering Research Center terminology,
listed in Table 1. The peak ground acceleration (PGA) was used as the ground motion intensity
parameter. The advantage of PGA is that the concept is clear, the calculation is simple, and the existing
ground motion attenuation relationship can be used to determine the seismic hazard.

Three performance levels of structures were divided by FEMA356 [23]: immediate occupancy
(IO), life safety (LS), and collapse prevention (CP), and these three performance levels were always
used to reflect the deformation properties of the component [24]. The maximum interstorey drift ratio,
defined as the ratio of the maximum interstorey drift to the interstorey height, is a good measure of the
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responses of a structure. Therefore, the corresponding maximum interstorey drift ratio limits were set
for each performance level. Furthermore, the deformation criterion was used to select the quantitative
index, and the interstorey drift ratio θmax was selected as the quantitative index in this paper.

Table 1. The set of 10 ground motion records used.

No. Event Station Peak Ground
Acceleration (PGA)(g)

1 Northridge, 1994 CanyonCountry-WLC 0.410
2 Loma, 1989 Capitola 090 0.443
3 Hecter Mine, 1999 HECTOR 0.337
4 Kobe, 1995 Shin-Osaka 0.212
5 Landers, 1992 Yermo Fire Station 0.245
6 Majil, 1990 UTC 0.132
7 Superstition hills, 1987 POE 0.300
8 Cape, 1992 Rio Dell Overpass FF 0.549
9 San, 1971 LA-Hollywood Stor 0.174
10 Chi-Chi, Taiwan, 1999 TCU045 0.220

The seismic waves selected in the previous section were scaled according to their intensity indexes,
and 200 ground motion samples were generated from 0 to 2.0 g in increments of 0.1 g. The models
were calculated by non-linear dynamic analysis, using SAP2000 v20 [25], which is a well-known
commercial software tool for the analysis and design of structural systems. Advanced analytical
techniques allow for step-by-step large deformation analysis, material nonlinear analysis with fiber
hinges, and progressive collapse analysis, and nonlinear analyses can be static and/or time history,
with options for fast nonlinear analysis nonlinear time history dynamic analysis and direct integration.
The IDA was carried out to obtain the maximum interstorey drift ratios of the structure under different
ground motion strengths.

3. Model Analyses

3.1. Model Design

The remainder of this paper is organized as follows. The steel frame structure model is established,
with the problem of uneven settlement. Three different foundation settlement zones, Zone I, Zone
II, and Zone III, are set in the structural plane, and different settlement quantities of 20 mm, 40 mm,
60 mm, 80 mm, and 100 mm are sequentially set for each area. Furthermore, the IDA method is used to
analyze the seismic responses of structures under different earthquakes, and the seismic vulnerability
and seismic performance of each structure are further studied, as shown in Figure 1.Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 18 
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Figure 1. Structure plane layout and vertical layout. (a) Structure plane layout and the distribution of
the uneven settlement zone. (b) Vertical layout of the structure.
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The steel frame height was 3.2 m and the total height was 16.0 m. The beam was made of H-shaped
steel, the beam section was W12 × 30, and the column was made of box steel. The cross-section of the
bottom column was box 250 mm × 10 mm, and the remaining section of the column was box 200 mm ×
10 mm. For designing the structural members, steel material with fy = 240 MPa was used.

3.2. Structural Seismic Vulnerability Analysis

The maximum interstorey drift ratios of the structure can reflect the comprehensive effects of
structural damage, local damage, and layer height, and are easier to obtain during the analysis.
Therefore, the maximum interstorey drift ratios of structures have become the most commonly used
damage index in structural performance analysis and vulnerability research. Through the model IDA
analysis, the median IDA curves were extracted, and Figure 2 shows the 50% probabilities of different
settlement zones.
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Figure 2. The median incremental dynamic analysis (IDA) curves of different uneven settlement areas.

In order to more clearly show the influence of the uneven settlement area on the maximum
interstorey drift ratios of the structure, the median line of the maximum interstorey drift ratios
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corresponding to different uneven settlement areas under the same settlement quantity is plotted in
Figure 2.

It can be seen from Figure 3 that with the gradual increase in the settlement quantity, the difference
in the maximum interstorey drift ratios of the structure corresponding to the three uneven settlement
areas became more and more obvious. Among them, Zone I was the most obvious. The main reason
for this is that Zone I was located at the corner of the structural plane. There was a large difference
in the four-sided constraint. After the foundation is unevenly settled, the frame column will be
inclined toward the relatively weak side. In addition, compared to Zone II and Zone III, the number
of horizontal members connected to Zone I was relatively small, and it was difficult for the frame
columns to be internally distributed by adjacent members, making the zone more susceptible to
damage. Contrary to this, Zone III was close to the center of the structural plane, and the surrounding
constraints were relatively large and balanced, and the frame column of the subsidence zone was less
prone to a tendency to one side. At the same time, the components in the adjacent area could also have
a relatively sufficient internal force redistribution to the frame column, so that the larger internal force
could be better distributed.
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Figure 3. Relationship between structural demand and peak ground acceleration (PGA) of Zone I. 
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3.3. Probabilistic Seismic Demand Analysis of Structures

Nonlinear dynamic time history analysis for 3600 analysis models was carried out, and the
maximum interstorey drift ratio data points of the structure with the peak acceleration were obtained
as variables, as shown in Figures 3–5. Figures 3–5 correspond to Zone I, Zone II, and Zone III,
respectively. Each point in the graph represents the nonlinear dynamic time-history analysis of the
structure response, obtained by the excitation of a ground motion sample. The vertical data points
of each column in the figure are the responses of the structure under the same PGA. The horizontal
red lines represent the different performance level limits for different performance levels LS1, LS2,
LS3, and LS4 from bottom to top, and the specific values correspond to the quantitative index limits of
the structure, as shown in the Table 2. From the bottom to the top, the different performance level
limits LS1, LS2, LS3, and LS4 in turn represent basic integrity, minor damage, medium damage, severe
damage, and collapse. These horizontal red lines are the dividing lines for the different levels of
damage of the structure.
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Figure 4. Relationship between the structural demand and PGA of Zone II. Figure 4. Relationship between the structural demand and PGA of Zone II.
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Table 2. The interstorey drift ratios limits for different performance levels.

Performance Levels Immediate Occupancy Life Safety Collapse Prevention

θmax 0.7% 2.5% 5.0%

As can be seen from Figures 3–5, the seismic response of the frame structure corresponding to
Zone I was generally larger than that of Zone II and Zone III. Moreover, even under the same intensity
earthquake, as the settlement increased, more and more structural seismic responses reached greater
performance level limits, which was particularly evident in Zone I.

Compared with the structure with no uneven foundation settlement, the uneven settlement
made it easier for the structure to form a plastic hinge under the action of the earthquake. During an
earthquake, the plastic hinge will dissipate as part of the seismic energy. A considerable number
of plastic hinges appeared in the horizontal members connected to the uneven settlement zone and
dissipate seismic energy during the earthquake, thereby mitigating the seismic response of the frame
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columns. Perhaps this is why the maximum interstorey drift ratios in some cases were higher for Zone
I at 0 mm than in other cases.

3.4. Collapse Probability Analysis

The vulnerability curve of the structure indicates the probability that the structural demand
exceeds a specific failure state under the action of different intensity earthquakes. Figures 6–8 are
graphs showing the collapse probabilities of structures under earthquake action when different uneven
settlement quantities occurred in Zone I, Zone II, and Zone III. It can be seen from the figures that
as the earthquake intensity increased, the collapse probability of the structure increased significantly.
However, in different uneven settlement areas, there was a certain difference in the collapse probability.
When 100 mm of uneven settlement occurred, the peak acceleration of the 50% collapse probability of
Zone I corresponded to 1.0 g, and Zone II and Zone III corresponded to 1.30 g and 1.33 g, respectively.
This proves that when uneven settlement occurred in Zone I, the risk of structural collapse was higher.
Of course, the earthquake collapse may be a partial collapse within a limited range in Zone I.Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 18 
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Figure 6. Collapse probabilities of structures with different uneven settlement quantities in Zone I.
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Figure 7. Collapse probabilities of structures with different uneven settlement quantities in Zone II.
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Figure 8. Collapse probabilities of structures with different uneven settlement quantities in Zone III.

In Zone I, due to the different restraining action of the surrounding members on the corner
column, it was easily inclined toward the side where the restraining action of lateral restraint was
relatively weak when the foundation was unevenly settled. At the same time, the uneven settlement
of the foundation and the seismic action caused the interstorey drift ratios to increase significantly,
which led to damage of the corner column and its adjacent components. Although the direct damage
caused in Zone I was localized, the possibility of progressive collapse of the entire structure cannot be
ignored [26,27].

Compared with Zone I, when the structure had a 50% collapse probability under the same
settlement conditions in Zone II and Zone III, the corresponding seismic acceleration peaks were larger.
The reason for this is that Zone II and Zone III had more horizontal components connected to them,
which had more load transfer paths and were also more constrained. Because the surrounding restraint
was more uniform, the inclination of the column caused by uneven settlement in the uneven settlement
area was relatively small. Therefore, the interstorey drift ratios of the columns in the area were mainly
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caused by earthquake action. This shows that the risk of collapse caused by the location of uneven
settlement areas will be different, and the seismic damage of the components in the uneven settlement
area can be effectively reduced by increasing the load transfer paths.

3.5. Fragility Curves

Figures 9–11 show the structural vulnerability curves. The abscissa indicates the magnitude of
the ground motion, which is represented by PGA. The ordinate indicates the probability that the
structural demand exceeds different performance levels under earthquake action. As can be seen from
the figures, as the performance level progresses from the IO to the CP, the vulnerability curve gradually
becomes gentler.
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Figure 10. Fragility curves of structures with different uneven settlement quantities in Zone II.
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The vulnerability curve of IO is the steepest, indicating that the probability of the structure
surpassing the normal use performance level under earthquake action is large. As the structure
progresses from IO to CP, the vulnerability curve of the structure gradually becomes flat, that is, the
probability of transgression becomes smaller and smaller, which is in line with the structural design
criteria. Under the same settlement condition, the vulnerability curve of each working condition in
Zone I is steeper than that of Zone II and Zone III, indicating that the structural vulnerability had a
higher probability of surpassing each state. In addition, in Zone I, the increase in uneven settlement had
a more significant effect on the performance levels. It can be seen from Figure 9 that as the settlement
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increases the vulnerability curves become steeper, indicating that the increase in uneven settlement
increases the risk of structural damage. For Zone II and Zone III, the effect of changes in settlement on
the zones’ performance levels was relatively small.

3.6. Analysis of Influencing Factors

In order to show the relationship between the uneven settlement, the seismic acceleration, and
the displacement angle between the structural layers, a graph of the relationship between the three
parameters was drawn. Due to limited space, the 10th ground motion record was taken as an example,
as shown in Figure 12.
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It can be seen from Figure 12 that no matter where the settlement zone is located in the structural
plane, the ground motion intensity and the settlement quantity will affect the interstorey drift ratios.
The interstorey drift ratios will increase with the increase of the acceleration peak. At the same time,
the interstorey drift ratios will increase with the increase in settlement.

It can also be seen from Figure 12 that when the seismic acceleration peak is less than 1.2 g, the
ground motion intensity has a significant influence on the interstorey drift ratios. When the seismic
acceleration peak is greater than 1.2 g, the interstorey drift ratios no longer increase with the increase
in the seismic acceleration peak. This phenomenon is particularly evident in the Zone II and Zone III
uneven settlement areas. This shows that when the peak acceleration of the earthquake reached about
1.2 g, some components in the structure yielded, and the structural response caused by the earthquake
reached a relatively stable state.

The influence of uneven settlement on the structural response was most significant in Zone I.
It can be seen that the interstorey drift ratios of the structure increased with the increase in uneven
settlement under the same seismic acceleration. In Zone II and Zone III, even if the settlement quantity
was greatly increased, the interstorey drift ratios of the structure did not show a corresponding large
increase. Moreover, the larger the peak value of seismic acceleration, the smaller the influence of
uneven settlement on the seismic response of the structure.

4. Conclusions

Through the above analysis, the following conclusions can be drawn:

(1) Based on the seismic vulnerability curve of the structure, the damage probability of the structure
under the given seismic action can be determined, which provides a basis for the damage
assessment of earthquake disasters. According to the seismic vulnerability curve of such a
structure in a region, the seismic vulnerability matrix of the regional system can be formed and
used for earthquake prevention and disaster reduction planning in the region;
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(2) In addition to the seismic intensity, the uneven settlement area and the uneven settlement quantity
will adversely affect the structural seismic response. As the uneven settlement increases, the
structural seismic response will also increase. The uneven settlement area near the center of the
structural plane has a relatively strong and balanced constraint on the surrounding area, and the
seismic response of the structure is relatively small;

(3) In this paper, only PGA was selected as a ground motion parameter to express the structural
response and vulnerability curve. The acceleration response spectrum corresponding to the
basic period of the structure could also be used as a ground motion parameter to study the
vulnerability of the structure, so that the analysis results would be more universally applicable
and the dispersion of the structural response data would be smaller;

(4) For a building structure where the foundation uneven settlement areas are prone to occur, the
foundation integrity should be enhanced, and a pile foundation form with a better anti-settling
effect should be adopted as much as possible to prevent the occurrence of uneven settlement.
After uneven settlement occurs, it is necessary to strengthen the observation of deformations,
especially for areas of uneven settlement near the outer side of the building plane.
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