[image: image1.png]Pan American Health Organization
Regional Office of the
World Health Organization





[image: image2.png]Pan American Health Organization
Regional Office of the
World Health Organization





( Pan American Health Organization, 2000

A publication of the Emergency Preparedness and Disaster Relief Coordination Program, PAHO/WHO.

The views expressed, the recommendations formulated, and the designations employed in this publication do not necessarily reflect the current policies or opinions of the Pan American Health Organization or of its Member States

The Pan American Health Organization welcomes requests for permission to reproduce or translate, in part or in full, this publication. Applications and inquiries should be addressed to the Emergency Preparedness and Disaster Relief Coordination Program, Pan American Health Organization, 525 Twenty-third Street, N.W., Washington, D.C. 20037, USA; 

fax: (202) 775-4578; e-mail: disaster-publications@paho.org.

The production of this publication has been made possible through the financial support of the Swedish International Development Cooperation Agency (SIDA); Department for International Development of the U.K. (DFID); International Humanitarian Assistance Division of the Canadian International Development Agency (IHA/CIDA); and the Office of U.S. Foreign Disaster Assistance of the U.S Agency for International Development (AID/BHR/OFDA) 

Preface
This set of slides is directed at those countries in Latin America and the Caribbean that are exposed to seismic hazards. It is a tool for disseminating the basic principles of disaster mitigation in health facilities, whether they are existing or are still in the planning stages.

The slides focus on the structural components of health facilities, that is, components such as columns, beams, walls, and foundations that help to keep the building standing. A complementary set of slides, also produced by PAHO/WHO, deals with nonstructural components such as architectural elements, medical and support equipment, and electrical and mechanical installations.

Health infrastructure planners, hospital administrators, engineers, architects, technicians, and others are encouraged to use this audiovisual material to sensitize the health sector about the structural aspects that make health facilities particularly vulnerable to earthquakes. Structural failures that have caused severe damage or even the collapse of hospitals in Latin America and the Caribbean are highlighted.

Guidelines and recommendations are included on how to reduce the structural vulnerability of existing and planned facilities. Reference is also made to the achievements of the health sector in the Americas in hospital disaster mitigation. Finally, costs of investing in vulnerability assessments and mitigation measures are addressed.

Introduction

In the event of a seismic disaster, hospitals must remain operational, so that the health sector can respond efficiently to the emergency.  This calls for the hospital administration to carry out structural, nonstructural, and organizational vulnerability assessments before the occurrence of such an event. Given their interdependence, all three aspects must be assessed jointly.

Structural components 

Structural components are those that keep a building standing, such as foundations, columns, structural walls, beams, and diaphragms (floors and roofs designed to transmit horizontal seismic forces down through the beams and columns towards the foundations).

Nonstructural components 

Nonstructural components can be divided into three categories: architectural elements, installations, equipment and furnishings. They include those elements attached to the structure such as partition walls, windows, lighting fixtures, ceilings and doors. Electrical and mechanical installations such as plumbing, heating, air conditioning, and electrical wiring are critical to the performance of the facility. Equipment used in hospitals includes medical equipment, machinery and furniture. In the case of health facilities, nonstructural components have a higher economic value than the structure itself; on average these components represent more than 80% of the total facility cost.

Administration and organization 

Administrative and organizational aspects of a health facility that must be assessed for vulnerability to disasters include the distribution and relationship between architectural spaces and the medical and support services provided by the hospital.  This also encompasses administrative processes such as contracting, acquisitions, or routine maintenance, as well as the physical and functional interdependence of the different areas of a hospital.  Proper spatial distribution of these areas will ensure the correct performance of a hospital not only in normal conditions but also in the event of an emergency.  The relationship between the outpatient, inpatient, and emergency areas, as well as the decision to create a general services area with special safety and operational procedures, can prevent the functional collapse of a health facility. Disruption of services can occur even if the structure has not suffered severe damage.

The Problem

The location of the Americas within the global context puts it at high risk for severe seismic activity (slide 2) as well as other natural disasters such as hurricanes and floods. These phenomena have caused significant damage to health facilities in the Region.  According to the Economic Commission for Latin America and the Caribbean (ECLAC), 93 hospitals and 538 health centers were damaged due to natural disasters between 1981 and 1996 alone.  Direct losses in the region have been estimated at US$3.12 billion—the equivalent of 20 countries each losing 6 major hospitals and 25 health centers (slide 3).

Characteristics of use and design of hospitals make them particularly vulnerable to natural disasters (slide 4).  This makes it vital to assess their vulnerability and implement mitigation measures that can guarantee the proper functioning of these facilities during and after a severe earthquake or other disaster.

In the case of seismic events, damage to health facilities, or their collapse, is generally due to structural failure.  However, some hospitals have been forced to stop functioning due to damage to nonstructural components.  For this reason, it is vital to use an integrated approach to disaster mitigation, looking at all the variables that can increase vulnerability.

The 1985 Mexico City earthquake (slide 5) took an enormous toll on Mexico's health sector. One of the most tragic examples was the collapse of the Juárez Hospital: 536 beds were lost, and 561 people died, including patients, medical staff, and support personnel.  The 1995 earthquake in Kobe, Japan, severely damaged a number of hospitals as well (slide 6).

The Nature of Earthquakes

The Origin of earthquakes 

Seismic activity worldwide is closely linked to plate tectonics or continental drift, the movement and collision of continental plates over a liquid mantle.  A seismicity map of the epicenters of earthquakes measuring more than 4.0 on the magnitude scale shows that seismic activity is concentrated in certain areas of the globe. see slide 2.

measuring earthquakes

Several scales exist to quantify the magnitude and intensity of an earthquake, but the most widely used are the Richter scale of magnitude and the Modified Mercalli Intensity scale (slide 7).

The size of an earthquake is related to the amount of energy released. Charles Richter defined earthquake magnitude in 1935 as a measure of the strength of an earthquake as calculated from records of the event made on a calibrated seismograph. Every time the magnitude increases by a unit – say, from 4.5 to 5.5 – the quantity of energy released increases 32 times.

The Modified Mercalli Intensity Scale (MM), on the other hand, has been adopted worldwide to quantify the intensity of a seismic event. There are 12 levels of intensity based on damage caused to structures and the human response to ground shaking. 

Soil characteristics, Interaction between the Soil and the Structure, and Types of Foundations
Local Soil characteristics

The type, amplitude, and duration of seismic events are determined by the magnitude of the earthquake, the depth of the hypocenter from the surface, the distance from the epicenter, and the local conditions of the site.  The importance of hospitals during a major earthquake requires that soil characteristics be rigorously assessed.  Comprehensive soil and seismic hazard analyses should be carried out, taking into account all the available information about historic seismicity and the geology and tectonics of the area.

Parameters that Modify Soil Response

The parameters that modify soil response include the following (slide 8):

1. Soil stiffness.  It is necessary to determine if the soil is soft or hard (rocky).  Soft soil can amplify the maximum acceleration of the seismic movement, resulting in greater damage  (slide 9).

2. Depth of the compressible layer.  Like soil stiffness, the thickness of compressible layers increases the severity of the shaking, making it more likely that differential settlement will affect the foundations of the structure (slide 10).

3. Liquefaction potential.  Liquefaction occurs when a layer of saturated sand or sandy soil is subjected to intense seismic shaking that causes the layer to lose its strength and behave more like a liquid, rendering anything on top unstable (slide 11).
4. Potential for Landslides.  Sloping surfaces with soft soil, at a steep angle, or saturated with groundwater tend to fail as a result of an earthquake’s horizontal and vertical forces, causing additional damage (slide 12).

To determine the effect of a seismic event upon a structure, and in particular on its foundation, it is common to assume that ground shaking would be equal to the motion that would occur were there no building on the site (slide 13).  However, this assumption is only true if the soil is not very compressible.  

If the potential for liquefaction exists, ground stabilization measures must be applied, foundation piles must be used, or the site should be abandoned.

Types of foundations

Soil characteristics of a building site determine the type of foundations used. Following are some commonly used foundations (slide 14):

1. Spread footing has the function of balancing both the forces induced by gravitational loads and those produced by earthquakes.  It is particularly useful when soil conditions are adequate and the forces that work on it are not too strong. 

2. Combined footing receives loading from more than one column or load-supporting element. It is used when vertical elements are close together; it is also effective for balancing large forces. 

3. Footing on piles is used when firm soil is at a considerable distance below the natural level of the site, or when there is the possibility of liquefaction.

4. Mat foundation is used when the soil conditions at the site are poor, the use of piles is not an option, or when basements are planned. It is also a means of lessening the effects of differential settlements. See slide 10.
Sterngth and Ductility of Structural Components
Internal Forces 

Structural components are subject to various types of internal forces, including axial load, shear force, bending moment, and torsional moment (slide 15)​.

Axial load is defined as a compressive force when it acts on a component causing it to shorten, and as a tensional force when it causes stretching. In the case of reinforced concrete, its capacity is related to the concrete’s resistance to compression, to its transverse reinforcement, and to its longitudinal reinforcement. Damage may occur when there is a deficiency in any of these characteristics (slide 16).

Shear force occurs when two parallel forces act on a component in opposite directions and cause adjacent parts of the component to slide against each other. The failure due to shear is sudden and difficult to foresee (slide 17).  When it affects vertical components (walls and columns), it can compromise the stability of the entire structure.

Bending  moment can be defined as the tendency of a couple of forces to cause rotation around a given point or axis.  While sufficiently severe rotation can damage a component, it also can help to dissipate energy.  It is preferable for it to occur in beams rather than columns.

Torsional moment is an action that tends to twist the component along its longitudinal axis.  Damage caused by this action can be as severe as that caused by shearing, and can result in the partial or total collapse of the structure.

Function of the Structural Elements

Based on the definitions above, columns are the structural elements that support axial loads (compressive or tensional), shear forces, and bending moments. Beams absorb both shear forces and bending and torsional moments. Walls provide the same function as the columns, with the additional possibility of resisting torsion.  Finally, floor slabs between stories (diaphragms) can transmit gravitational forces toward resistant components such as columns, beams, and structural walls, thereby distributing seismic forces.

Damage to Beams and Columns

One of the ways in which a structure can survive an earthquake is by means of energy dissipation through inelastic rotations and deformations that concentrate the damage to specific parts of the structure.

It is preferable for damage to occur in beams rather than columns (slides 18 and 19), to prevent the lateral instability of the structure (slide 20).  In order to archive this, total strength of the columns must be larger than that of beams at each structural joint. Beams are generally easier to repair than columns.

Seismic Effects on Structures

Seismic Design Standards

Most seismic standards in Latin America and the Caribbean aim to ensure that every structure, and each of its parts, be planned, designed and built in order to ensure that (slide 21):

1. They resist seismic activity of moderate intensity without any damage;

2. There is only limited damage to nonstructural components during earthquakes of severe intensity;

3. Regardless of the damage, buildings do not collapse during severe earthquakes, allowing the people inside them to be evacuated.

From the points outlined above, it is clear that these seismic-resistant standards and building codes have the ultimate goal of protecting the lives of a building’s occupants. However, these standards are inadequate for hospitals.  In addition to protecting occupants’ lives, health care facilities must remain fully operational after an earthquake. 

Seismic design is based on a compromise: certain components could sustain limited damage so that the structure can dissipate energy through non-elastic deformations.

Customarily, seismic analysis considers that multi-story structures have three degrees of freedom (that is, possible independent displacements) for each story: two that are traverse on a horizontal plane of the building, and one that is torsional along the vertical axis of the building (slide 22).

Slide 22 shows the behavior of structural and nonstructural components and the various displacements that may affect a building during an earthquake.

Structural Systems and Structural Ductility
When planning a building, the design team must decide on the structural system that will be employed to resist the impact of earthquakes.  Several systems are available. They fall into two main categories: flexible or rigid.

Flexible systems are designed to withstand relatively lower forces due to earthquakes.  One drawback is that the structural detailing of the various components must be very rigorous.  Moreover, their flexibility can lead to considerable drift during an earthquake, causing the interaction of structural and nonstructural components and increasing the likelihood of damage. This is not desirable in a hospital.

With rigid systems, the structure’s ductility demand is not as great, the detailing does not have to be as rigorous, drift is lower, and there is less possibility of interaction with nonstructural components.

Structural Systems

The structural systems commonly employed include the following (slide 23):

1. Ductile frames in concrete or steel.  This system basically consists of beams and columns.  Their use with flat slabs is not recommended, since the latter produce very flexible structures with undesirable structural performance.  This sort of structure is quite ductile, requiring rigorous structural detailing in order to dissipate energy effectively through plastic joints.

2. Concrete or masonry shear walls. This type of system produces rigid structures with less ductility demand than frame structures.  Masonry walls are more fragile, and are designed for ductility values that are lower than those required for concrete walls.

3. Dual or mixed systems.  These structures aim for seismic resistance through a combination of ductile concrete or steel frames with concrete or masonry shear walls. They provide an intermediate level of flexibility and ductility demand, in comparison with the two structural types mentioned above.

4. Braced frames.  Frame structures with built-in steel or concrete bracing are lighter than a dual system, but their behavior is very similar, since the bracing provides rigidity similar to that of shear walls.

Structural Vulnerability as a result of Architectural Configuration
Plan configuration

The configuration in the plan of a structure (slide 24) plays a key role in its behavior during an earthquake. Simple, symmetrical horizontal layouts are preferable (slide 25 and 26) to U-, Y-, L-, H-, and T-shaped plans, since the connections between wings are subject to a concentration of stresses that can result in considerable damage.

It is possible to use complex plans (slide 27) as long as there is sufficient clearance to prevent collisions between the wings or buildings (slide 28).

Irregularly shaped plans generate eccentricity between the center of mass and center of rigidity of the various resistant components.  Sometimes, buildings that appear to be symmetrical are not, due to the distribution of lateral force-resistant components (slide 29). Asymmetrical distribution of lateral force-resistant components leads to a non-uniform distribution of stresses. Components that are furthest away from the center of rigidity are the most likely to be affected (slide 30).

Vertical Configuration

Irregularities in the vertical configuration (slide 31) may affect the behavior of a building due to one of the following factors:

1. One story has a different height than the stories above or below it;

2. There is an abrupt change in the vertical configuration of a building, such as a cantilevered upper story (slide 32);

3. There is discontinuity in the vertical components (slides 33 and 34);

4. There are concentrations of mass on any given story (slide 35).

Factors causing problems in the performance of health care facilities during an earthquake include the following (slide 36):

· Abrupt changes in stiffness;

· Soft stories;

· The interaction of nonstructural components with the structure;

· Collapse due to the short-column effect;

· Pounding of adjacent buildings.

Soft Story

A "soft story" lacks the stiffness of stories above or below it. Soft stories are frequently on the ground floor (slide 37), where architects strive to achieve the greatest amount of open space and visibility.  This design may limit the use of elements such as shear walls. Soft stories accumulate severe deformations that can lead to the sudden collapse of the structure (slide 38).

Interaction of structural and nonstructural ELEMENTS

Another key cause of damage to hospitals during an earthquake is related to nonstructural components such as masonry walls or partitions, rigid ceilings or façades (slide 39) that interact with the structure.  In many cases, these nonstructural elements were not considered in the original engineering design of the structure. For instance, nonstructural partition walls frequently are firmly anchored to structural components (slide 40) so that they respond as part of the seismic-resistant system.  Since they were not designed for that purpose, failure is likely.  One way to prevent the interaction between such structural and nonstructural elements (slide 41) is to uncouple the partition wall, allowing it to move freely.

Short Column

Another frequent cause of structural failure and collapse is the short-column effect.  This happens when the effective height of a column between two stories has been shortened in order to include nonstructural walls (slide 42) that do not reach the full height of the column.  This type of column often fails due to shear (slide 43), rather than bending or compression.

POUNDING Of Adjacent Buildings

When buildings are too close to one another, they may collide during an earthquake, leading to damage or even collapse (slide 44).  This is most damaging when the story heights do not coincide in both structures (slide 45). Structures should be built so that they are not likely to come in contact when they sway during an earthquake (slide 46).

Seismic-Resistant Design

As noted earlier, the design of a seismic-resistant structure demands that steps be taken based on information about the expected hazard at a site (slide 47).

Basic Analysis

It is crucial to know the level of seismic hazard at the site. The intensity of accelerations to which the site has been subjected over a period of years should be taken into account; these have a return period that can be determined by studying the seismic history of an area. 

It is also necessary to know the risks associated with the dynamic response and other characteristics of the soil, and to determine the risk of liquefaction and landslides, which may indicate that the intended site is not appropriate for building a health care facility.

Performance requirements

Safe design must take into account the needs and knowledge of a variety of  participants. It must be undertaken as a multidisciplinary venture, involving doctors, hospital administrators, engineers, architects, and others. Most problems occur due to the lack of coordination and poor communication between parties.

The hospital must respond elastically without structural damage in the event of a moderate earthquake, a phenomenon that could occur several times during the useful life of the structure.  At the same time, the hospital should not suffer severe structural damage in the event of a strong earthquake, even if the odds of one occurring during the useful life of the structure are low.

For these demands to be met, the hospital must have an appropriate structure.  The configuration is very important in avoiding such negative effects as torsion, structural pounding, excessive drift, or failures due to short columns or soft stories.

​In Latin America and the Caribbean, studies have shown that adopting mitigation measures for earthquakes at the stage of planning and design only increases the total cost of the health care facility by 2%, including the equipment.

Design

Once one has established the design earthquake, and making use of structural dynamics tools, a structural analysis must be carried out to assign levels of strength and ductility demand to structural components.  If information is available concerning the design and characteristics of nonstructural components, these must be included in the analysis.  Meeting existing standards and providing the correct detailing can allow a structure to survive a severe earthquake without total collapse.  As discussed elsewhere, structural survival is not the only goal for seismic-resistant design in the case of hospitals, since they must remain operational immediately after an earthquake.

VerifiCATION

Verifying overall drift and inter-story drift to limit both structural and nonstructural damage must be a part of any assessment. Most standards require that relative displacements not exceed 1% of the inter-story height.

Structural design criteria are based on drift and on the determination that shear failure will not occur before bending failure. Plastic joints should also occur first in beams and then in columns. It should be verified that for each beam-column joint the total strength of beams attached to the joint is less than the total strength of the columns attached to the joint.

The latest design techniques (slide 48) require that health facilities be designed so that they can continue to operate after a “rare” earthquake, i.e., an earthquake with a 10% likelihood of occurring over a period of 50 years.  They should also, at the very least, remain strong enough to be reoccupied immediately after a “very rare” earthquake, one that has a 10% chance of occurring during a period of 100 years.

Assessing Vulnerability of Existing Health Facilities 
Structural vulnerability assessments are carried out in order to evaluate the seismic safety of existing facilities and buildings that are in the planning stages.  Such evaluations are carried out on buildings that have or have not been damaged by earthquakes. The evaluations may reveal the need for structural retrofitting to guarantee the uninterrupted functioning of the facility in the aftermath of an earthquake.

The assessment should identify deficiencies that may render a structure vulnerable to an earthquake, including those related to the structural form, physical configuration and strength of its components (slide 49).

Vulnerability Assessment Methods

Seismic vulnerability assessment methods fall into two categories: qualitative and quantitative.

Qualitative Methods

Qualitative methods (slide 50) are meant to assess quickly and simply the structural safety of the building.  The structure is assigned a “grade” based on such parameters as its age, condition, materials, number of stories, configuration, and an estimation of its resistance to shear failure based on the lateral force resisting system on each story and in every direction.  Geological conditions and seismic hazard at the site must also be taken into account.

The result of the qualitative assessment can substantiate the safety of a building. If the assessment indicates that a building is not safe, the more detailed quantitative assessment is conducted to determine seismic vulnerability.

Quantitative Methods

Quantitative methods are used to determine with greater precision the seismic resistance of the main structure.  The procedures are fairly similar to those used when designing a new seismic-resistant structure. However, when designing new structures, the architect or engineer designs for a degree of ductility demand to the structure.  In a vulnerability assessment, ductility is already a property of the structure, and may not always be easily determined.

Quantitative methods require a great amount of data to be compiled. They are more precise than qualitative methods, and more reliable when it comes to predicting the kind of failure that might occur, and where it might take place.

If the structure does not meet requirements for strength, drift and ductility demand, it may need retrofitting to increase structural seismic safety levels.

The costs of such a study can be high depending on the size and complexity of a hospital. It has been estimated that the value of a hospital vulnerability assessment (including functional, structural and nonstructural components) will not exceed 0.3% of the total cost of the hospital
.

Retrofitting Existing Structures
Structural reinforcement or retrofitting should be applied to those structures that are found to be at risk after a careful vulnerability assessment.  Vulnerability assessments should reveal the structure’s deficiencies in terms of strength, drift and ductility demands as well as identifying architectural configuration problems (slide 51).

Retrofitting should correct existing deficiencies, ensuring that the structure’s seismic response will be safe. The retrofitting should interfere as little as possible with the hospital’s daily operations (slide 52), and should not require the facility to be vacated while the process is underway.

The assessment of the reinforced structure should be conducted in view of existing seismic hazards.  Some components may need to be added or removed.  Nonstructural components should also be assessed: do they improve the building’s seismic response, or degrade it? As far as possible, retrofitting should strive to eliminate architectural or engineering defects detected during the vulnerability assessment of the building.

The design of new components should be as rigorous as if a new structure were being built.  Special attention must be given to how new components are connected to the existing structure.

In general, retrofitting strives to redistribute loads and stresses from existing structural components to new structural components.

Common types of Reinforcement 

The most common goal of structural reinforcement is to increase the existing structure’s stiffness and thereby reduce drift.  The following features may contribute to this goal.

· Infill walls such as were used to retrofit the National Children’s Hospital of the Costa Rican Social Security Fund in 1988 (slide 53);

· Buttresses, which were used to reinforce the Cardiology Hospital of the Mexican Social Security Institute (IMSS) (slide 54);

· Energy dissipation devices, used at the headquarters of the IMSS in Mexico City (slide 55);

· Perimeter frames, such as those employed at Hospital  Mexico of the Costa Rican Social Security Fund. (slide 56);

· Diagonal bracing (slide 57);

· Modification of the cross section to increase strength and stiffness of existing elements (slide 58), a technique used during the retrofitting of the headquarters of the IMSS in Mexico City.

The alternatives depend on the overall architectural design selected.

The costs of mitigating natural disasters in health care facilities vary considerably depending on the type of hazard and the degree to which an intervention must be conducted.  Mitigation projects (slide 59) carried out in the region between 1979 and 1993 show that the costs range from 4% to 8% of the total cost of an existing building, including the equipment.

Sources of the slides and images:

· PAHO/WHO Library

· NOAA National Geophysical Data Center Library

· British Geological Survey

· Teresa Guevara

· Omar Darío Cardona

· Jaime Argudo

· Miguel Cruz




STRUCTURAL ISSUES





Based on the slide set created by


Miguel Cruz


and


Rolando Castillo








Edited by


Claudio Osorio


San José, Costa Rica, 2000





Emergency Preparedness and Disaster Relief Coordination Program


PAHO/WHO








Disaster Mitigation In Health Facilities





� EMBED Word.Picture.8  ���








� See “Lecciones aprendidas en América Latina de mitigación de desastres en instalaciones de salud, aspectos de costo-efectividad,” PAHO/WHO, 1997.


� This figure is based on a variety of sources, especially the Mexican Social Security Institute.  See “Lecciones aprendidas en América Latina de mitigación de desastres en instalaciones de salud: Aspectos de costo-efectividad”, PAHO/WHO, 1997.
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