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Abstract: The post-earthquake functionality of hospital systems seriously affects the recovery time 9 

of a city, and it is important to quantify the hospital system functionality. This paper presents a 10 

method that takes into consideration the post-earthquake medical supply–demand relationship in 11 

order to quantify the initial functionality and instantaneous functionality loss of a hospital system 12 

under the conditions of an earthquake, which is different from the current quantitative method that 13 

takes into consideration only the internal factors of the hospital system. In this method, a geographic 14 

information system and an earthquake damage prediction model are first used to obtain the medical 15 

supply capacity before and after the earthquake and the medical demand after the earthquake. Based 16 

on the results of the post-earthquake medical demand and the distribution of the medical supply 17 

capacity, the substitution capacity of medical resources is then calculated. Finally, the substitution 18 

capacity of medical resources is used to evaluate the functionality of the hospital system before and 19 

after the earthquake. A hospital system of a city in eastern China is considered as an illustrative 20 

example, and the impact of changes in the medical supply and demand at different times of the day 21 

on the hospital system functionality are analyzed. The results obtained show that the changes in 22 

medical supply and demand not only affect the hospital system functionality, but also cause changes 23 

in the instantaneous functionality loss of the hospital system after the earthquake. The proposed 24 

method can be used to quantify the hospital system functionality and reflect the balance of the 25 

medical supply–demand relationship before and after the earthquake, and it can help decision 26 

makers in developing a disaster reduction strategy to improve the disaster resilience of the hospital 27 

system. 28 

Keywords: Hospital system, Functionality quantification, Instantaneous functionality loss 29 

calculation, Earthquake, GIS 30 

1 Introduction 31 

In the process of human social development, many cities has been continuously damaged by 32 

natural disasters, which has caused serious casualties and economic losses (Gencer 2013). The 33 

hospital system is one of the most important systems in a city, and its ability to provide services 34 

after an earthquake is an important factor affecting the recovery of urban areas. After the earthquake, 35 

the hospital system and the transportation system on which it depends generally sustain damage of 36 
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varying degrees. Therefore, the functionality of the hospital system is affected (Fang et al. 2017). 1 

Furthermore, the increase in medical demand after the earthquake worsens the medical supply–2 

demand relationship and causes more serious casualties and losses. The evaluation methods of the 3 

hospital system in the field of disaster research can be categorized into qualitative and quantitative 4 

evaluation methods. There are many evaluation frameworks of qualitative evaluation methods 5 

(Bruneau et al. 2003; Cutter et al. 2008; Cimellaro and Pique 2016). Quantitative evaluation 6 

methods have gradually become a hot topic of recent research, which we focus on in this paper. The 7 

majority of quantitative assessment methods are focused on the vulnerability assessment of the 8 

hospital system and the quantification of its functionality loss after the earthquake.  9 

The vulnerability assessment methods of the hospital system are mainly categorized into three 10 

types: index evaluation method (IEM), vulnerability function model evaluation method (VFEM), 11 

and graphical visualization method (GVM). 12 

⚫ The IEM extracts the most representative indexes from the operation process of the 13 

hospital system, assigns values to each index according to importance and impact, and 14 

then evaluates the vulnerability (Heidaranlu et al. 2017). Moran-Rodriguez and Novelo-15 

Casanova (2018) established an earthquake vulnerability-evaluation method for health 16 

facilities, in which the vulnerability of the health facilities are evaluated in terms of four 17 

aspects, structural, non-structural, functional, and administrative-organizational, and 18 

measures for improving the vulnerability are then provided. 19 

⚫ The VFEM is based on elements. The main influencing factors of the vulnerability 20 

evaluation are first identified, a mathematical function model is then established, and the 21 

vulnerability of the object is evaluated (Arboleda et al. 2007, 2009). Tamima and 22 

Chouinard (2017) considered the impact of structural damage on personnel evacuation 23 

and emergency rescue and established a probabilistic model that could simulate the 24 

process of roadside debris generation. They then used the model to simulate the response 25 

time and the changes in the spatial distribution of emergency facilities to illustrate their 26 

impact on the vulnerability of the hospital system. 27 

⚫ The GVM is used to evaluate the vulnerability of the hospital system in a graphical manner, 28 

such as using a vulnerability map (Delavar et al. 2015; Santa-Cruz et al. 2017). Ghaychi 29 

Afrouz et al. (2021) used the vulnerability curve to estimate the probability of damage 30 

and failure of hospitals in Tehran based on different ground motions. They then used the 31 

inverse distance squared weighted interpolation method to generate earthquake disaster 32 

zone maps. Finally, they assessed the seismic vulnerability of hospitals and health care 33 

systems. 34 

Scholars have introduced the concept of resilience in the quantification of the loss of 35 

functionality in the hospital system after an earthquake. Zhong et al. (2014a) defined the resilience 36 

of a hospital system as the ability of the hospital to resist, absorb, and respond to the shock of 37 

disasters, while maintaining its basic functionality, and then return to its original state or a new state. 38 
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The research on the resilience of a hospital system can be categorized into two types: those in which 1 

an index system is established for evaluating the resilience of the hospital system and others in 2 

which the resilience of the hospital system is quantified. 3 

⚫ In the study of the establishment of a resilience-evaluation index system, some scholars 4 

have used a factor analysis, analytic hierarchy process, and Delphi to extract key 5 

indicators of resilience. Zhong et al. (2014b, c) considered emergency medical response 6 

capability, disaster management mechanisms, hospital infrastructural safety and disaster 7 

resources as key indicators of hospital disaster resilience. Furthermore, from the 8 

perspective of emergency management, Cimellaro et al. (2018) believe that cooperation 9 

and training management, resources and equipment capability, structure, and 10 

organizational operating procedures are key indicators for evaluating hospitals’ disaster 11 

resilience. Fallah-Aliabadi et al. (2020) designed medical-system resilience-evaluation 12 

indicators from three fields: constructive, infrastructural, and administrative. Shang et al. 13 

(2019) proposed a framework for the quantitative assessment of hospital system resilience 14 

based on total probability theory and determined the weights of each subsystem. Because 15 

different scholars differ in the focus of their questionnaire survey and the subjects of the 16 

survey, some differences exist in the selection of key indicators obtained. 17 

⚫ In the quantification of hospital system resilience, some scholars have evaluated the 18 

functionality loss of the hospital system through the seismic response of the structure. 19 

Cimellaro et al. (2010a, b) not only considered the instantaneous economic and personnel 20 

loss of the system, but also considered the indirect economic and personnel loss caused in 21 

the recovery stage. They then quantified the earthquake loss of the system by calculating 22 

the vulnerability curve of the structural system. Shang et al. (2020) quantified the 23 

functionality of the hospital based on the economic loss of its components. Fallah-24 

Aliabadi et al. (2020b) first analyzed the earthquake hazard and then combined the 25 

vulnerability curve and geographic information system technology to quantify the 26 

earthquake functionality loss of 11 hospitals. The dynamic simulation model has also been 27 

used in the research on hospital resilience. This model can better reflect changes in the 28 

functional status of the hospital after a disaster and can also reflect the relationship 29 

between the various components. Khanmohammadi et al. (2018) proposed a system 30 

dynamics model that could describe the dynamic operation of the hospital after the 31 

earthquake and the allocation of recovery resources to evaluate the recovery process of 32 

the hospital after the earthquake. Li et al. (2020) proposed a system dynamics model for 33 

the functionality of the hospital after the earthquake to evaluate the resilience of the 34 

hospital. Jacques et al. (2014) linked the losses in hospital population and resources and 35 

structure and equipment failures to the loss of key hospital functions, created a fault tree 36 

that represents the loss of hospital service functions, and proposed a quantitative method 37 

of hospital seismic resilience based on the results of the fault tree. Yu et al. (2019)  38 
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proposed a hospital seismic resilience assessment framework based on fault tree analysis. 1 

The fault tree considers the relationship between damaged non-structural components and 2 

the influence of external supply. Cimellaro et al. (2011) presented a metamodel with fewer 3 

parameters than the discrete event simulation model to evaluate the waiting time for 4 

patients of various injury states. Subsequently, they used the waiting time as an indicator 5 

of the hospital emergency-department performance, measured the ability of the hospital 6 

emergency department to serve patients in emergency situations, and evaluated the 7 

hospital resilience (Cimellaro and Pique 2016; Cimellaro et al. 2019). 8 

The aforementioned research is mainly focused on the internal factors of the hospital system. 9 

They do not take into consideration the impact of changes in medical demand on the hospital system 10 

functionality. As an important urban infrastructure, hospitals have the attributes of supply and 11 

demand. Therefore, in quantifying the functionality of the hospital system, it is necessary to consider 12 

the relationship between supply and demand. Realizing the accurate quantification of the hospital 13 

system functionality based on increased demand and studying the variation pattern of the hospital 14 

system functionality are problems that are required to be addressed. Therefore, this paper presents 15 

a method for quantifying the functionality of the hospital system while taking into consideration the 16 

medical supply–demand relationship. Section 1 presents an overview of the existing research on the 17 

hospital system in the field of disasters and identifies the existing problems in the research; Section 18 

2 is focused on the method of quantifying the functionality of the hospital system and the 19 

quantification of the instantaneous functionality loss after the earthquake; in Section 3, a city in 20 

northeastern China is considered as an example for quantifying the functionality of the hospital 21 

system, the earthquake instantaneous functionality loss of the system is calculate, and the results 22 

thus obtained are analyzed and discussed; Section 4 presents the discussions and conclusions of this 23 

study. 24 

2 Method 25 

2.1 Overview of method 26 

This study presents a hospital-system functionality-quantification method based on the medical 27 

supply–demand relationship that comprises four steps, as shown in Figure 1. The quantification of 28 

the medical demand comprises the use of urban heat-map data obtained from the Baidu Maps 29 

application programming interface to obtain the population-density distribution results using image-30 

processing technology, and the earthquake disaster prediction model is then used to quantify the 31 

medical demand after the earthquake. The quantification of the medical-supply capacity comprises 32 

the use of the Network Analyst tool in ArcGIS 10.6 for analyzing the pre-earthquake network dataset 33 

and service radius (rescue time), and the attenuation coefficient is used to quantify the pre-34 

earthquake service capability of different hospitals. In the same manner, the impact of road rubble 35 

and blockage after the earthquake was taken into consideration, the network dataset was improved, 36 

and the medical supply capacity of the hospital after the earthquake was quantified. Based on the 37 

quantitative results of the medical supply and demand, we divide the hospital system into the most 38 
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fine-grained evaluation units, and each evaluation unit has the same medical demand and medical 1 

supply capacity. The use of the parameter of the substitution capacity of medical resources (SCMR) 2 

is proposed, which takes into consideration the medical demand and medical supply capacity of the 3 

hospital system, and it is used to evaluate the hospital system functionality. In addition, the SCMR 4 

is the result of adding the supply and demand coefficient on the basis of the cumulative opportunity 5 

method, which takes into consideration the influence of the hospital diversity. The weighted 6 

summation of the SCMR is used to quantify the hospital system functionality before and after the 7 

earthquake. 8 

 

Fig. 1 Flowchart of hospital system functionality quantification before and after earthquake. 

2.2 Quantification of medical demand after the earthquake 9 

The number of people injured in the earthquake is used as a quantitative indicator of post-10 

earthquake medical demand. In the research on the quantification of the medical demand, the 11 

majority of scholars calculate the medical demand based on the hospital's historical patient arrival 12 

rate, and this method does not consider the authenticity and timeliness of the medical demand 13 

(Cimellaro and Pique 2016; Khanmohammadi et al. 2018). In these studies, although some scholars 14 

have improved the patient arrival rate to approach that of the real situation in the hospital, the 15 

improved patient arrival rate is still based on historical data. Accordingly, in this study, the changes 16 

in population distribution over time are taken into consideration. The collapse of buildings and the 17 

shedding of non-structural components are the main causes of casualties in an earthquake. 18 

Furthermore, the population distribution at different times of the day also exhibits different 19 

characteristics (Cimellaro et al. 2010a). Therefore, as the population distribution changes, the 20 

number of people injured in the earthquake changes, which results in changes in the medical demand. 21 

2.2.1 Population density (ρ) 22 

Zhou et al. (2020b) presented a population distribution prediction method, which reflects the 23 

characteristics of urban population distribution at different times. This method provides an image 24 
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that can represent the population distribution obtained from the Baidu Maps heat map. It can obtain 1 

the urban population density distribution according to the corresponding relationship between the 2 

RGB value of the heat map and the population density. The Baidu Maps heat map has been widely 3 

used in the field of urban population distribution research (Ye et al. 2016; Cao et al. 2019). It is 4 

based on the data of 200 million Baidu Maps users, and it collects information regarding the 5 

population density and population flow in real time through the statistics of the area and uses 6 

visualization technology to display the map of the population aggregation state with the "heat index" 7 

(Tan et al. 2016). Therefore, it is more reliable to obtain the population distribution trend based on 8 

such a heat map. 9 

2.2.2 Earthquake population injury ratio (RI) 10 

In the field of earthquake damage research, earthquake casualty prediction models are mainly 11 

categorized into two types: an empirical evaluation method based on historical data and a method 12 

for assessing the casualty ratio based on the vulnerability of the building. The advantage of the first 13 

method is that it comprises the use of few input variables, and no detailed data is required. However, 14 

owing to the limited historical disaster data available in various places, the established models are 15 

usually of a global or national scale, which is not suitable for urban-scale casualty-population 16 

prediction (Yin 1991; Li et al. 2015). The second method takes into consideration the state of the 17 

building structure in the earthquake, and the calculated result thus obtained is closer to the true value 18 

(COBURN et al. 1992; So and Spence 2013). To realize an accurate quantification, the second 19 

method is selected to predict the casualties in this study (Ma and Xie 2000), and the population 20 

density and earthquake occurrence time are replaced with the quantitative results of medical demand 21 

at different times to improve the timeliness of the prediction method. The equation for earthquake 22 

casualty prediction is as follows: 23 log10 𝑅𝐷 = 9.0 ∙ 𝑅𝐵0.1 − 10.07 (1) 

𝑁𝐷 = 𝑅𝐷 ∙ 𝑀 (2) 

𝑁𝐼 = 3𝑁𝐷 (3) 

𝑅𝐼 = 3𝑅𝐷 (4) 

where RD is the death ratio of the population; ND is an estimate of the number of deaths in a certain 24 

area; RB is the collapse probability of the building (RB = collapsed building area/total building area 25 

in a certain area); and M is the total population of the area. NI is the number of injuries in the area 26 

and is three times the number of deaths, and the injury ratio (RI) is also three times the death ratio 27 

of the population. 28 

The calculation of the house collapse rate is based on the following assumptions: (1) the 29 

buildings constructed before 1978 are considered as non-seismically designed buildings (Wang and 30 

Dai 2010); (2) the collapse of masonry timber and wooden buildings is not considered (Ji and Wu 31 

2009; Cai et al. 2015). The earthquake collapse probability of a masonry structure is determined 32 

based on the vulnerability matrix proposed by Sun and Zhang (2012), as shown in Table 1. 33 

The study area is divided into 500 × 500 m2 grids, and the injury ratio is calculated for each 34 

grid. This division method is more common in urban-scale research; it can not only ensure the 35 
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reliability of the model, but also the accuracy of urban-scale research. 1 

Table 1 Vulnerability matrix comparison for seismic design and non-seismically design structures 
(%) 

Seismic 

intensity 
Ⅵ Ⅶ Ⅷ Ⅸ Ⅹ Ⅺ 

Serious 

damage 
66.67/20.00 11.70/4.56 34.52/22.82 56.49/35.29 31.37/13.79 31.88/34.21 

Damage 0.00 1.89/0.46 10.12/1.39 10.88/8.68 25.49/3.45 42.03/1.30 

Note: The left side of the oblique presents the earthquake damage matrix for the non-seismically designed masonry 2 

structures, and the right side presents the earthquake damage matrix for seismically designed masonry structures.  3 

2.2.3 Injury density of earthquake population 4 

The earthquake population injury density (ρRI) is obtained by multiplying the population 5 

density (ρ) and earthquake population injury ratio (RI), as shown in Equation (5), for quantifying 6 

the urban medical demand after the earthquake. 7 𝜌𝑅𝐼 = 𝜌 ∙ 𝑅𝐼 (5) 

2.3 Calculation of medical supply capacity 8 

In this study, the medical supply capacity is expressed in terms of the number of hospital beds 9 

and the scope of services. The method of expressing the medical supply capacity based on the 10 

service scope is common in the field of accessibility analysis research (Owen et al. 2010; Verma 11 

and Dash 2020). There are two methods for expressing the medical supply capacity: the 12 

consideration of a circular area with a certain distance as the radius (buffer analysis method) and 13 

that of a polygonal area with a certain topological distance as the end point (network analysis 14 

method). The first method has a low accuracy and cannot accurately reflect the restriction of the 15 

road to the range of services. In contrast, the second method of expressing the medical supply 16 

capacity can better reflect the basic laws of human travel. Thus, the current research on the scope 17 

of service (Qi et al. 2014; Halder et al. 2020) have been referred to in this study, the second method 18 

of expression of service scope is selected, and the maximum medical service topological distance 19 

of various hospitals is determined, as shown in Table 2. 20 

Table 2 Medical service radius 

Hospital level Maximum service radius distance (time) 

Community health center 500 m (5 minutes walk) 

Primary hospitals 1.5 km (3.6 minutes by car) 

Secondary hospitals 2.5 km (6 minutes by car) 

Tertiary hospital 3 km (7.2 minutes by car) 

The Gaussian attenuation function is used to express the law of hospital service functionality 21 

attenuation with distance (Luo et al. 2018). The Gaussian attenuation function g(tij) is defined as the 22 

function of the attenuation coefficient that changes with the rescue time t, as shown in Equation (6). 23 

In addition, in order to reduce the difference in the functional attenuation coefficient within the same 24 

time threshold, in this study, 1 min is used as the Time Step to divide the total service time, as shown 25 
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in Table 3. 1 

𝑔(𝑡𝑗) = {𝑒−1 2⁄ ∗(𝑡𝑗 𝑡0⁄ )2 − 𝑒−1 2⁄1 − 𝑒−1 2⁄ , t ≤ t00, t > t0 (6) 

Table 3 Correspondence table of hospital rescue time threshold and attenuation coefficient 
Hospital level Time threshold (attenuation coefficient α) 

Community health center Attenuation coefficient is 1 

Primary hospitals 0-1(0.95); 1-2 (0.77); 2-3 (0.45); 3-3.6 (0.13) 

Secondary hospitals 0-1 (0.96); 1-2 (0.93); 2-3(0.78); 3-4(0.61); 4-5(0.37); 5-6 (0.13) 

Tertiary hospital 0-1 (0.97); 1-2 (0.95); 2-3 (0.85); 3-4 (0.72); 4-5 (0.55); 5-6 

(0.35); 6-7.2 (0.12) 

The construction of a network dataset for the capacity of roads before the earthquake is the 2 

basis for quantifying the medical supply capacity. The network dataset is a set of datasets comprising 3 

the capacity of roads. Based a field investigation of the study area, the average speed of vehicles on 4 

the roads was calculated as 25 km/h, and the walking speed was calculated as 1.5 m/s, while the 5 

road capacity is expressed with the calculated road traffic time of each section. 6 

2.4 Calculation of substitution capacity of medical resources (SCMR) 7 

2.4.1 Division of evaluation unit 8 

The study area is divided with the finest granularity, which results in a number of irregular 9 

evaluation units. In urban-scale evaluation research, the division of the evaluation unit is a crucial 10 

step. The amount of data increases with the refinement of the unit division. Therefore, in order to 11 

simplify the calculation process, many scholars express the evaluation unit as a community or 12 

administrative region (Cimellaro et al. 2019; Zhou et al. 2020a). However, the urban grid 13 

management has high accuracy requirements for the urban information scale, and the unit division 14 

methods that have been studied cannot meet the current requirements. Therefore, this paper presents 15 

a method of dividing the evaluation units with the finest granularity: based on the distributions of 16 

the medical demand and medical supply capacity, a series of non-divisible evaluation units are 17 

considered. The schematic of the division is presented in Figure 2, where ui represents the 18 

distribution of the medical demand; vj represents the distribution of the medical supply capacity; uivj 19 

represents the evaluation unit after segmentation; and each evaluation unit corresponds to a unique 20 

medical demand and medical supply capacity. 21 

 

 

 

 

 

Result 1  Result 2  Unit division 

Figure 2 Schematic of evaluation unit division 
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2.4.2 Substitution capacity of medical resources (SCMR) 1 

The SCMR is the main quantitative indicator for calculating the functionality of a hospital 2 

system, and the evaluation unit is the calculation unit. The SCMR is expressed as the degree to 3 

which there are alternative hospitals within the reach of the evaluation unit. It can also be understood 4 

as the degree to which the medical demand can still be met when some hospital functionalities are 5 

interrupted or lost. It should be noted that the SCMR proposed in this paper is different from the 6 

redundancy of hospitals in the cumulative opportunity method. There are two main differences: (1) 7 

the research object is different; the redundant research object is the hospital, and the research object 8 

of the SCMR is the hospital system evaluation unit indicated above, which comprises more factors 9 

that are external to the hospital; (2) in the cumulative opportunity method, the redundancy of 10 

hospitals is only the number superpositions of nearby hospitals, and the differences between 11 

hospitals in the hospital system and the difference in combination effects are not considered (Chen 12 

et al. 2007). Therefore, in this study, an improved cumulative opportunity method is used to 13 

calculate the SCMR, and the supply-demand coefficient (wij) is added on the basis of the cumulative 14 

opportunity method. It can not only reflect the SCMR, but also the supply–demand relationship of 15 

the medical resources. The equation for calculating the SCMR is as follows: 16 

𝐴𝑖𝑡 = ∑ 𝑤𝑖𝑗 ∙ 𝛼𝑖𝑗𝑛
𝑗=1  (7) 

𝑤𝑖𝑗 = 1 − 𝑀𝑖𝑁𝑗  (8) 

where Ait represents the SCMR of the evaluation unit I at time t; wij represents the supply–demand 17 

coefficient of hospital j for the evaluation unit I; αij represents the distance attenuation coefficient 18 

of the evaluation unit corresponding to hospital j; and n represents the number of times the 19 

evaluation unit is covered by the hospital. Mi represents the number of injured in the evaluation unit 20 

I; and Nj represents the number of available beds in hospital j. 21 

2.5 Hospital system functionality quantification  22 

The functionality of a hospital system is defined as the weighted sum of the SCMR of each 23 

evaluation unit (where the weight is expressed as the ratio of the total population in the evaluation 24 

unit to the total urban population). In the quantitative study of the functionality of a hospital system, 25 

Cimellaro et al. (2010b) defined the functionality of medical facilities according to their service 26 

quality (such as waiting time). Some scholars defined the functionality of medical facilities 27 

according to the availability of services of the medical facilities (Yavari et al. 2010; Jacques et al. 28 

2014). Mitrani Reiser et al. (2012) linked the functionality of medical facilities with the available 29 

space in the hospital to define the functionality of the medical facilities. Bruneau and Reinhorn 30 

(2007) regarded the ratio of the actual number of patients received per day to the number of patients 31 

that can be received as a functionality quantification index and evaluated the state of the hospital 32 

system using a value in the range of 0 to 1. The above method is focused on the hospital’s ability to 33 

cope with the medical demand. However, they did not consider the impact of the real medical 34 

demand after the earthquake on the functionality of the hospital system. Therefore, in order to 35 
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analyze the impact of medical demand on the functionality of a hospital system, in this study, the 1 

medical demand is linked with the system functionality, and the SCMR is used as the main 2 

quantitative index to evaluate the functionality of the hospital system. The calculation equation of 3 

the functionality of the hospital system is as follows: 4 

𝑄(𝑡) = ∑ 𝐴𝑖𝑡 ∙ 𝛽𝑖𝑚
𝑖=1  (9) 

where Q(t) represents the service capacity of the hospital system as a functionality of time t; Ait is 5 

the SCMR of evaluation unit i at time t; βi is the ratio of the total population in the evaluation unit 6 

to the total population; and m is the number of evaluation units within the hospital system. 7 

2.6 Instantaneous functionality loss  8 

The instantaneous functionality loss is the functionality loss of the hospital system before and 9 

after the earthquake under the medical demand at a certain earthquake time point. The loss can be 10 

understood as the loss of the hospital's service scope owing to the decrease in road capacity. The 11 

decrease in road capacity is caused by the collapse of buildings. This is because building collapse 12 

and damage are the main components of earthquake disasters. In previous major earthquakes, the 13 

rubble produced by the collapse of buildings along the street caused traffic congestion and seriously 14 

affected the progress of rescue work. For example, in the Tangshan earthquake of 1976, there were 15 

a number of houses along the street. The collapse-blocked Wenhua Road, which is the main disaster 16 

rescue road, significantly hindered the rescue work (Du 2007). Similar examples are the 2008 17 

Wenchuan earthquake and the 2010 Port-au-Prince earthquake in Haiti, which further illustrate this 18 

point. Therefore, as the main part of the rescue work, the hospital system's post-earthquake 19 

functionality is affected.  20 

This study only takes into consideration the collapse of buildings outside the hospital. 21 

According to China's “Code for Seismic Design of Buildings”, the main structure of the hospital is 22 

less damaged when it encounters an earthquake less than or equal to the fortification intensity of the 23 

area (Research China Academy of Building 2010). Therefore, hospital buildings can maintain basic 24 

functionality after an earthquake.  25 

Table 4 Reduction coefficient f of road capacity in the case of rubble blockage 

Number 

of lanes 

Number of blocked lanes 

1 2 3 4 5 6 7 8 

4 0.58 0.25 0.13 0.00 N/A N/A N/A N/A 

6 0.71 0.50 0.26 0.14 0.07 0.00 N/A N/A 

8 0.78 0.63 0.41 0.23 0.09 0.05 0.04 0.00 

Note: According to the "Code for Urban Road Engineering Design" (Ministry of Housing and Urban–Rural 26 

Development of the People’s Republic of China 2012), urban roads are classified into three types: main roads, 27 

secondary roads, and branch roads. The numbers of their lanes are 8, 6, and 4, respectively. 28 

From the simulation of building collapse and road congestion, the reduction coefficient of road 29 

capacity caused by congestion after the earthquake is obtained. First, 2/3rd of the building height is 30 
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used as the impact distance of the building collapse (General Administration of Quality Supervision 1 

2007), and the impact range of the building collapse is simulated. Then, based on the simulation 2 

results, the impact of the collapse on the road capacity is analyzed. Finally, the reduction coefficient 3 

of the road capacity under disaster conditions is used to obtain the reduction coefficient f of the road 4 

after the earthquake (Niu and Jiang 2013), and the capacity of the road after the earthquake is 5 

obtained. The reduction coefficient of the severity of the rubble blockage is presented in Table 4. 6 

Based on the reduced road capacity, the post-earthquake network dataset is constructed. Then, 7 

using the quantitative method of medical supply capacity, the attenuation range of the hospital 8 

services after the earthquake is predicted. Finally, by calculating the SCMR of each evaluation unit 9 

and weighted summation, the functionality of the post-earthquake hospital system is obtained. 10 

Therefore, the difference in the hospital system functionality before and after the earthquake is the 11 

instantaneous functionality loss. The instantaneous functionality loss calculation equation is as 12 

follows: 13 𝐿 = 𝑄(𝑡0) − 𝑄(𝑡0′ ) (10) 

where L represents the instantaneous functional loss of the medical system; and Q(t0) and Q(to
’) 14 

represent the functional values of the medical system before and after the earthquake, respectively. 15 

3 Case Study 16 

The research object selected in this paper is an administrative area of a city in eastern China. 17 

The area covers 48.32 km2 and has a population of approximately 700,000. It is one of the most 18 

economically developed administrative areas in the city. As of 2020, the district has 10 general 19 

hospitals (including four tertiary hospitals, two secondary hospitals, and three primary hospitals) 20 

and 18 community health service centers, with 9,584 beds; and the area contains 352 roads and more 21 

than 20,000 buildings, which includes 6,053 masonry buildings. 22 

3.1 Quantification of medical demand after earthquake 23 

3.1.1 Population density (ρ) 24 

Figure 3 presents the population density distribution at six time points in a working day. It can 25 

be observed that there are differences in the population density distribution at different time points. 26 

The population aggregation is apparent at 2.00 am and is mainly concentrated in residential land 27 

areas. The population starts to flow at 6.00 am and gradually spreads from the gathering point to the 28 

outside. The population at 10.00 am continues to spread to the outside, and the spread mainly moves 29 

to the eastern region containing commerce or enterprises. The population distribution characteristics 30 

at 2.00 pm are almost the same as those at 10.00 am; 6.00 pm is the most active time point of the 31 

population, and the population aggregation is the smallest. At 10.00 pm, the population begins to 32 

gradually gather on residential land. The population density distribution at these six time points 33 

reflects the flow of the urban population. It conforms to the laws of people's daily life behavior and 34 

can represent the population distribution of the area. 35 
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Figure 3 Population density distribution 

3.1.2 Earthquake population injury rate (RI) 1 

The scenario earthquake with MS = 8.0 is taken as an example for predicting the population 2 

injury ratio in the study area. Figure 4 presents the distribution of masonry structure buildings, which 3 

is expressed in the form of a density distribution. Figure 5 presents the distribution of the predicted 4 

population injury ratio. It can be observed from Figures 4 and 5 that the earthquake population 5 

injury ratios in the southwest, central, and northeast regions of this area are relatively high, which 6 

is consistent with the density distribution trend of the masonry structure in this area. 7 

 

Figure 4 Point density distribution of masonry structure 



13 

 

 

Figure 5 Population injury rate distribution 

3.1.3 Injury density of earthquake population 1 

According to Equation (5), we can obtain the distribution of the medical demand after the 2 

earthquake, as shown in Figure 6. Overall, the density of injured population is higher in the 3 

southwest, central, and northeast regions. From the perspective of time, the number of injured 4 

people at different times of the earthquake presents a large difference, as shown in Figure 7. When 5 

the study area experienced an MS 8.0 earthquake, the medical demand was the highest (7522 people) 6 

at the earthquake time of 10.00 pm; the medical demand was the lowest (7213 people) at the 7 

earthquake time of 2.00 pm. 8 

 

Figure 6 Population injury density distribution 
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Figure 7 The number of injured versus the time of the earthquake 

3.2 Medical supply capacity  1 

3.2.1 Pre-earthquake medical supply capacity  2 

The hospital service range is used to represent the medical supply capacity. The data in Tables 3 

2 and 3 are considered as the time cost of the ArcGIS Network Analysis, and the pre-earthquake 4 

medical supply capacity is then quantified based on the pre-earthquake Network Dataset, as shown 5 

in Figure 8. It can be observed that the medical resources in this area before the earthquake were 6 

sufficient; however, the southeast region is a tourist attraction with a small resident population, and 7 

the medical resources that can be provided there are thus relatively small.  8 

 

Figure 8 The attenuation range of hospital service before earthquake 

3.2.2 Post-earthquake medical supply capacity 9 
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The change in the medical supply capacity after the earthquake is realized by changing the road 1 

capacity. In this study, a collapse simulation and road congestion simulation are conducted on the 2 

buildings and roads, respectively, through superposition analysis, and the capacity reduction 3 

coefficients of each road section are thus obtained. The data of some road sections is listed in Table 4 

5. A network dataset containing reduction coefficients is used to quantify the supply capacity of the 5 

hospitals after the earthquake, as shown in Figure 9.  6 

Table 5 Road attenuation coefficient 

Road 

number 

Road 

grade 
Length(m) speed(m/min) 

transit 

time(min) 

reduction 

coefficient 

Reduction 

of transit 

time(min) 

1 secondary 443.61 416.67 1.06 0.25 4.26 

2 branch 280.57 416.67 0.67 1.00 0.67 

3 branch 342.36 416.67 0.82 0.25 3.28 

4 main  158.25 416.67 0.38 1.00 0.38 

5 branch 389.12 416.67 0.93 0.25 3.73 

6 branch 131.29 416.67 0.31 0.58 0.54 

7 branch 103.96 416.67 0.25 0.25 0.99 

8 branch 177.34 416.67 0.42 0.25 1.70 

9 secondary 209.28 416.67 0.50 0.25 2.01 

10 branch 106.42 416.67 0.25 0.58 0.44 

11 branch 415.60 416.67 0.99 0.25 3.99 

12 branch 223.62 416.67 0.54 0.25 2.15 

13 branch 54.64 416.67 0.13 0.25 0.52 

14 branch 189.47 416.67 0.45 0.25 1.82 

15 branch 168.97 416.67 0.40 0.25 1.62 

 

Figure 9 The attenuation range of hospital service after earthquake 

3.3 Calculation of substitution capacity of medical resources (SCMR) 7 

3.3.1 Division of evaluation unit 8 
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We have divided the study area at the finest granularity, as shown in Figure 10. The yellow 1 

area in the figure is an evaluation unit of the study area, and this evaluation unit is irregular. Its 2 

shape and distribution are related to the post-earthquake medical demand and medical supply 3 

capacity. The SCMR on the north and south sides are relatively low, and these areas cannot provide 4 

adequate medical services to those in need when an earthquake occurs. 5 

 

Figure 10 Evaluation unit division (The earthquake occurred at 10am) 

3.3.2 Substitution capacity of medical resources (SCMR) before the earthquake 6 

Figure 11 presents the distribution of the SCMR before the earthquake. With respect to time, 7 

the distributions of the SCMRs at the time of the earthquake are similar, and the dynamic changes 8 

of the population had little impact on the hospital system before the earthquake. In terms of the 9 

spatial dimension, the central area of the city generally has a relatively high SCMR, which indicates 10 

that, before the earthquake, the medical resources in this area were sufficient. 11 

 

Figure 11 Distribution of SCMR before the earthquake 
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3.3.3 Substitution capacity of medical resources (SCMR) after the earthquake  1 

Figure 12 presents the distribution of SCMRs after the earthquake. It can be observed that the 2 

destruction of the system has a greater impact on the SCMR. Except for some areas in the central 3 

and eastern regions, where the SCMR has decreased to a lesser extent, the SCMR in other regions 4 

has fallen below 50%.  5 

 

Figure 12 Distribution of SCMR after the earthquake  

3.4 Initial functionality and instantaneous functionality loss  6 

According to Equation (10), the initial functionality and the residual functionality of the 7 

hospital system is calculated for each earthquake time. The calculation result is presented in Figure 8 

13.  9 

 

(a)Initial and residual functionality of hospital 

system 

(b) instantaneous functionality loss of hospital 

system 

Figure 13 Functionality and instantaneous functionality loss of hospital system 

Figure 13(a) presents the initial functionality and residual functionality of the hospital system 10 

at each earthquake time. It can be observed that, before the earthquake, the initial functionality of 11 

the hospital system at different earthquake times is different, which indicates that changes in the 12 



18 

 

medical demand have an impact on the functionality of the hospital system. The initial functionality 1 

of the hospital at 10:00 am is the greatest, which is 0.81. The initial functionality of the hospital at 2 

2:00 am is the smallest, which is 0.77. This is because the distribution of the medical demand at 3 

2.00 am is the most aggregate, which increases the need for nearby hospitals and causes an 4 

imbalance between the supply and needs of medical resources. Therefore, the hospital system has 5 

the lowest functionality at 2.00 am. 6 

Figure 13(b) presents the percentage of instantaneous functionality loss at each earthquake 7 

time. Overall, the instantaneous functionality loss after the earthquake is generally high, with an 8 

average loss of 70.75%. This shows that the functionality of the hospital system after the earthquake 9 

is basically lost, and it is necessary to formulate a targeted seismic strategy to address this. In terms 10 

of the spatial dimension, changes in the demand have an impact on the instantaneous functionality 11 

loss of the hospital system, with the largest function loss at 6.00 am (74.14%), followed by that at 12 

2.00 am (72.14%). In contrast, the loss at 10.00 am (69.5%), 2.00 pm (68.9%), 6.00 pm (70.14%), 13 

and 10.00 pm (69.7%) are relatively low. From the above result, it can be found that the population 14 

aggregations at 2.00 am and 6.00 am are the highest. At these times, the medical demand is 15 

extremely large and aggregate. Once an earthquake occurs, the loss of the unit supply capacity 16 

causes more injured people to become unable to receive medical services, thereby increasing the 17 

functionality loss of the hospital system. In contrast, when the population aggregation is low, injured 18 

people can be served by more hospitals. After an earthquake, the medical demand is relatively 19 

reduced, such that the functionality loss of the hospital system is relatively small. 20 

4 Conclusion 21 

In this study, the research methods used for determining the effect of disasters on hospital 22 

systems were investigated, and it was found that these research methods are mostly aimed at 23 

evaluating internal factors affecting hospital systems, without taking into consideration the impact 24 

of medical demand, and the accuracy of such an evaluation at the urban scale is also required to be 25 

improved. Therefore, this paper presents a quantification method for evaluating the hospital system 26 

functionality and functionality loss. Finally, a case study is conducted on the hospital system in a 27 

local area of a certain city in eastern China as the research object. The results showed that the initial 28 

functionality of the hospital system was not 1, and it changed with changes in the medical demand. 29 

The instantaneous functionality loss of the hospital system after an earthquake is relatively high, 30 

and the functionality loss at 6.00 am after the earthquake is the largest (74.14%), while that at 31 

2.00 pm after the earthquake is the smallest (68.9%). This shows that the injured cannot receive 32 

adequate medical services after the earthquake. 33 

 Changes in medical demand have an impact on the functionality of a hospital system. The 34 

greater the aggregation of medical demand, the lower the functionality of the hospital system, and 35 

the greater the instantaneous functionality loss. Therefore, it is extremely important to consider the 36 

key factor of medical demand. Although the SCMR performed well in some areas with aggregated 37 

needs, overall, the SCMR was not evenly distributed, which resulted in it being insufficient for 38 

meeting the substantial increase in the medical demand after the earthquake. Therefore, more 39 

attention should be paid to the rationality of the distribution of hospitals to achieve urban medical 40 

equity and to improve the functionality level of hospital systems.  41 

The quantitative method presented in this paper has strong timeliness. It can not only quantify 42 
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the instantaneous functionality loss of the hospital system according to the earthquake time, but also 1 

display the service status of the hospital system functionality based on the distribution of the SCMR. 2 

It is convenient for hospitals to reserve resources before an earthquake and add medical facilities. 3 

They can also assist the traffic management department in formulating pre-earthquake emergency 4 

plans and provide a basis for post-earthquake emergency rescue decisions. 5 
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