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ABSTRACT 

Typhoon Haiyan, in 2013, caused massive destruction in eastern Luzon and 

central Visayan region in the Philippines. Failure (collapsed) of non-engineered masonry 

walls were the most common failure experienced by residential structures in the area. 

Local government declared No Build Zone policy along coastal barangays, however this 

policy was not successfully implemented due to economic and social considerations.This 

exposed the high vulnerability of non-engineered masonry walls, as employed in 

residential structures in rural areas, against extreme events. Existing building codes for 

large reinforced concrete (RC) frame structures had performed well during Typhoon 

Haiyan, however, the current construction method for masonry walls for coastal 

structures has high vulnerability to out-of-plane (OOP) failures due to poor construction 

methodology and insufficient design considerations. On-site survey along the coastal 

barangays of Tacloban City was conducted mainly to investigate the construction and 

design process for masonry walls of the low-rise residential structures.  Based on this 

survey, a common non-engineered design was established. Adequacy of the minimum 

design requirement for masonry walls based on NSCP 2015/ACI 530-02 was also 

verified. The estimated maximum pressure capacity using yield line method for the non-

engineered masonry walls and NSCP 2015/ACI 530-02 compliant design was found to 

be below the possible lateral pressure due to storm surges. Thus, improved construction 

design was proposed and assessed against similar loads with consideration about the cost 

and suitability for the local worker’s skills and techniques. Improvements in design 

includes reducing spacing and increasing the size of steel reinforcements, increasing CHB 

thickness, and regulating masonry wall dimensions. Comparison in lateral pressure 

capacity per design consideration of masonry walls were established by finite element 

analysis using Staad Pro V8. Based on the comparison of the analytical results, it is 

concluded that the maximum pressure capacity of the improved masonry design increased 

significantly compared to the current non-engineered masonry design. 

Keywords: Storm surge, typhoon Haiyan, out-of-plane failure, masonry walls 
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Figure 1: The affected population in the Philippines by affected by the 

Typhoon Haiyan and its actual storm path (UK Aid, 2013) 

CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study 

Typhoon Haiyan (local code name Typhoon Yolanda) crossed the Philippines 

Area of Responsibility (PAR) on the 7th and 8th day of November, year 2013 (National 

Disaster Risk Reduction and Management Council, 2013). The aftermath of the typhoon 

has recorded more than 6,200 deaths, 28,000 injured and 4 million displaced (UK Aid, 

2013). From 1970-2013, a total of 720 tropical cyclones entered the Philippine area of 

responsibility (PAR). Based on NDRRMC records, Typhoon Haiyan is the worst typhoon 

ever hit the Philippines to date. It is ranked No.1 among the top 10 worst typhoons in 

terms of damage to properties amounting to Php 93B (infrastructure, production, social 

and cross-sectoral). The estimated wind speeds is up to 314km/hr with an estimated 

forward speed of 41km/hr. Figure 1 shows the affected population in the path of Typhoon 

Haiyan. The typhoon caused excessive rainfall, landslides and flash floods throughout the 

region; however, the main cause of death is due to extreme storm surge. Storm surge is 

caused by irregular rise of ocean water caused by tropical cyclones. (National 

Geographic, 2017) 
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Figure 2: The aftermath of Typhoon Haiyan in the coastal areas of Tacloban City, Leyte: (a) Two-

storey residential building with collapse masonry wall at the groundfloor, (Pedrasa, 2013) (b) A 

bungalow house with collapse exterior wall and damaged roof but RC frame is intact. (Edds, 2014) 

 Confined masonry walls of several large RC frame residential and commercial 

structures have shown sufficiency to resist the lateral pressure of storm surge and extreme 

wind pressure. However, several low-rise structures have experienced significant damage 

to the masonry walls where only the RC frame remained intact as shown in the Fig. 2.  

 

This catastrophic phenomenon revealed the insufficiency of the structural design  

in the country’s structure against extreme weather conditions like storm surge on the scale 

of Typhoon Haiyan. Structural codes and standards might be enough for larger RC frame 

structures since there is a significant number of structures that remained intact after the 

Typhoon. However, majority of the low-rise structures suffered from total damaged.  

In this study, the researcher aims to mitigate the structural failure of non-

engineered CHB masonry walls. It aims to lessen the failure of this non-structural 

member that may lead to damage to properties, injures occupants and even death.  This 

research will complement the existing hazard maps in providing public safety.  

Masonry is a general term that applies to construction using hand-placed units of 

clay, concrete, structural clay tile, glass block, natural stones and the like. One or more 

types of masonry units are bonded together with mortar, metal ties, reinforcement and 

accessories to form walls and other structural elements. The concrete hollow 

blocks(CHB) was the most common type of masonry used low-rise structures in the 

Philippines. Concrete hollow blocks(CHB) are standard size rectangular block made from 
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cast concrete with hollow centers or cores to reduce weight. The CHB block may be 

produced in many sizes, the most common are 40cm long, 20cm tall and thickness varies 

from 10cm, 15cm and 20cm. A core also allows for the insertion of steel reinforcement, 

tying individual blocks together in the assembly. To hold the reinforcement in proper 

position and to bond the block to the reinforcement, the cores must be filled with grout 

or concrete. Steel reinforcement are inserted in cores vertically in a certain on-center 

distance and laid horizontally in between CHB layer. The intersection of the horizontal 

and vertical reinforcement was secured using galvanized iron (GI) wires. 

Non-engineered structures in general are structures that are constructed without 

the proper supervision of a licensed engineers, architects, or other professional that has 

the technical knowledge and experience in designing and constructing such structures. 

By definition, non-engineered structures are those built without engineering input 

(Macabuag, Guraain, & Bhattacharya, 2010). Also, non-engineered structures are 

constructed spontaneously and informally constructed in the traditional manner without 

the intervention by qualified architects and engineers in their design (UNESCO, 2016). 

Masonry walls are also part of the structure that is constructed without the supervision of 

licensed engineer. Since the method for the standardized structural design has not been 

established yet for this structure, the quality of construction varies from one construction 

worker to other (Tanaka, et al., 2004). Generally non-engineered buildings in the Central 

Visayas, particularly in Tacloban City can be divided in two main categories: (1) Timber 

Houses constructed using wood and bamboo, (2) Concrete Houses with minimal 

reinforcement. 
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1.2 Problem Statement 

Several structures had been severely damaged in the path of Typhoon Haiyan 

more particularly to the non-engineered structures in coastal areas in Tacloban City, 

Leyte.  Structures had collapsed due to strong winds, and extreme storm surge resulting 

to injuries and casualties. Most of these structures are not designed to resist lateral forces 

caused by storm surge, thus, structural engineers must modify and enhance these 

structures capability to resist external forces due to different environmental occurrence 

such as storm surge. Non-engineered masonry walls are vulnerable to out-of-plane failure 

since they are not designed to carry lateral pressure. This type of structural failure can 

lead to major injuries and even death to the occupants.  

Government agencies had provided hazard maps and determined “No Build 

Zone” Policy for areas with high risk based on storm surge height of 1.5 meters and above. 

However, the building and zoning laws state that the maximum “No Build Zone” is at 

most 40m from the shoreline. Surveys and studies show that several areas experienced 

storm surge heights of greater than 1.5 meters even if they are 40m away from shoreline. 

With this, structures along the coastline must be constructed with some consideration that 

the area would suffer from extreme storm surge like Typhoon Haiyan. 

To achieve a much lower fatality and property damage, we must consider two 

points: (1) Warning and (2) Action/Response. Hazard maps and weather forecast greatly 

help in ensuring public safety by providing calamity advisory. As engineers, it is our 

mandate to provide structural safety. In this study, design and construction process of 

non-engineered masonry walls will be investigated to mitigate its catastrophic out-of-

plane failure under lateral pressure due to storm surge. 

1.3 Objectives 

1.3.1 General Objectives 

 This study aims to find out the structural behavior in terms of bending of 

masonry wall of non-engineered structures when it is subjected to storm surge on 

a scale of Typhoon Haiyan with respect to its out-of-plane failure.  The researcher 
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conducted an interview survey in Tacloban City to determine the necessary 

information in the construction of the non-engineered masonry walls. With this, 

the researcher used this information to model, analyze and improve these 

structural systems. This study mainly aims to provide design recommendation and 

ideal construction design for non-engineered masonry wall that is more secure 

and sound. 

1.3.2 Specific Objectives 

 Specifically, the researcher aim to: 

a. Identify the current construction process, building design consideration, and 

materials used by interviewing the local construction workers, design and site 

engineers and residents of Tacloban City specifically in the coastal areas and 

gather maps/building plans of the low-rise structures from the local 

government unit. 

b. Investigate the current construction method and current design provisions  of 

NSCP by yield line method in masonry wall with varying parameters such as 

steel reinforcements, CHB thickness and wall dimensions. 

c. Establish the present performance of the non-engineered masonry walls and 

determine its deficiencies in terms of material quality used, method of design 

and construction. 

d. Improve the present design in order to increase its capacity and minimize its 

vulnerability due to bending by improving the following: (1) Size and spacing 

of steel reinforcements, (2) Thickness of CHB, (3) Regulating the wall 

dimension.  

e. Develop and assess a better construction design of non-engineered masonry 

wall, to improve the storm surge capacity with minimal cost increase and at 

the same time, provide a generalized design applicable to the local worker’s 

skills and techniques.  



 

16 

1.4 Significance of the Study 

        The findings of this study will redound to the benefit of the society considering 

that disaster risk mitigation is one of the priority of the Philippine government.  One of 

the outputs of this study is the improvements in designing and constructing of non-

engineered masonry walls. This can help in mitigating the disastrous effect of collapsed 

masonry walls that may lead to injury, damage to property and even casualties. 

Redesigning the structures itself is a must to cover the inaccuracy of hazard zoning. This 

study will also help the building officials to evaluate structures that are vulnerable when 

flooding/storm surge occurs. For the researcher, the study will be useful for his/her future 

study on improving the structural integrity of structures in the Philippines. 

1.5 Scope and Limitations 

This study is limited only the following scope and limitations. 

 The study focused on Tacloban City, Leyte as the site of study since it was the most 

severely damaged municipality in Central Visayas. Residents/local workers of the 

coastal area of Tacloban City will be the correspondents to the interview and 

surveys conducted. Local builders and contractors were interviewed to determine 

the overall design and construction method for the masonry walls. 

 The masonry wall was modelled based on the properties of locally available 

materials.  In case of limited information, the minimum design requirements of the 

building code was used as a valid reference for material properties 

 The study was limited only to the masonry walls. Concrete frames such as beam, 

columns and wall footing will be considered rigid. All masonry wall damage was 

assumed to be caused by extreme flooding or surge.  

 Cracking pressure was estimated using Staad Pro V8 computer program. On the 

other hand, maximum pressure was estimated using yield line method for masonry 

walls. Different failure patterns were considered based on the damage assessments.  

 Masonry wall was considered failed/insufficient when the maximum pressure 

capacity is less than the pressure load due to the storm surge in the scale of Typhoon 
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Haiyan. Pressure load calculation was based on the provision of FEMA Coastal 

Construction Manual and ASCE 7-10. 

 Calculation of storm surge loads primarily requires information on the storm surge 

height. In this study, the storm surge heights used in the calculation of storm surge 

loads was based on the data from JSCE-PICE Typhoon Haiyan Joint Survey and 

Project Noah. The maximum storm surge height to be considered is 2.5-3m meters 

depending on the maximum height of the masonry wall of a low-rise structure.  

 Sufficiency of anchorage was not considered in this study. It was assumed that the 

out-of-plane failure of the non-engineered masonry wall is mainly due to excessive 

bending and lateral deflection due to insufficient reinforcements and concrete 

flexural and bond strength. 

 Out-of-plane failure on unreinforced masonry walls was not considered in this 

study. Although, survey results indicated that some houses have masonry walls 

without steel reinforcement.  

 In this study, non-engineered masonry wall refers to the masonry wall of low-rise 

structures that were constructed without the supervision of a licensed engineer. 

Masonry wall is limited to concrete hollow blocks (CHB)  that has a typical 

dimensions of  40cm long, 20cm tall and thickness varies from 10cm, 15cm and 

20cm. 
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CHAPTER TWO 

REVIEW OF RELATED LITERATURE 

2.0  Introduction 

  This chapter contains the discussion of important subjects, related research and 

experiments conducted that helped in the execution of this study. This includes researches 

in different subjects such as analysis of Typhoon Haiyan, the damaged structures, the 

existing design parameters and construction procedure for CHB masonry wall of non-

engineered structures, out-of-plane (OOP) plane failure of masonry walls, yield line 

method, and FEM analysis. 

2.1 Typhoon Haiyan and its aftermath 

 Typhoon Haiyan made landfall on the 7th day of November with estimated wind 

speeds up to 314km/hr. in the Philippines and then five other areas, including southern 

China and Vietnam. However, the Philippines was one of the worst affected. From 1970-

2013, a total of 720 tropical cyclones entered the Philippine area of responsibility (PAR). 

Based on NDRRMC records, Typhoon Haiyan is the worst typhoon ever hit the 

Philippines to date. It is ranked No.1 among the top 10 worst typhoons in terms of damage 

to properties amounting to Php 93B (infrastructure, production, social and cross-sectoral).  

The historical distribution of maximum wind speeds in the Western North Pacific 

between 1951 to 2012 is shown in Fig. 3. It is evident that Typhoon Haiyan was one of 

the most powerful ever recorded. (Takagi, et al., 2015) 

In terms of number of deaths, Typhoon Haiyan already outranked Typhoon Uring in 1993 

with 6300. Typhoon Uring in 1993 which caused the Ormoc City tragedy killed 5,101 

persons, followed by Typhoon Sendong in 2011 with 1,286, Typhoon Pablo in 2012 with 

1,248, and Typhoon Nitang in 1984 with 1,029 (NDRRMC, 2013). Around 90% of all 

buildings were destroyed, trees were uprooted or flattened, debris covered the land, 

electricity supplies were cut and infrastructure and communications destroyed. Some 5 
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Figure 3: Historical distribution of maximum (a) wind speed  and (b) forward speed  in the Western 

North Pacific between 1951 and 2012, showing that Typhoon Haiyan was one of the most powerful 

ever recorded. The figure was obtained by reanalyzing the Joint Typhoon Warning Center (JTWC) 

best track data. (Takagi, et al., 2015) 

 

million people saw their homes destroyed or become uninhabitable, and the airport was 

unusable. Of the total 6340 fatalities (estimated), almost all were in Tacloban. 

 

 

The typhoon caused excessive rainfall, landslides and flash floods throughout the region; 

however, the main cause of death is due to extreme storm surge. Storm surge is caused 

by irregular rise of ocean water caused by tropical cyclones (National Geographic, 2017).  

Rise in sea water level is caused by high winds that push on the ocean’s surface and the 

low pressure at the center of a storm system. High gusty winds ravaged the vegetation in 

the islands affected, leaving behind bare mountains and flattened fields. Adding to the 

wind damage, a large storm surge inundated most of the coastline of Leyte gulf, causing 

particularly large damage to the sea front of Tacloban City. Many papers assessing storm 

surge risks had been published in other countries that are typically affected by these 

events, such as United States and Japan. However, in recent memory, no large storm surge 

had affected the Philippines, and thus, there have been comparatively little research 

carried out along the coastline of the Philippines. Based on historical records, around 14-

30 typhoons crossed in the October-November period, and thus Typhoon Haiyan was not 

unusual in terms of the season in which it took place. Number of research claimed that 

there is an increase in the intensity of tropical cyclones based on a 30-year analysis of 
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satellite records. Such increases could have important consequence for coastal areas in 

the Philippines (Takagi, et al., 2015). 

Several numerical simulations were carried out to demonstrate the distribution of 

storm surge in the Philippines, showing that the maximum storm surges occurred in Leyte 

Island, followed by Panay Island, Negros Island, and Cebu Island (see Figure 5). Based 

on storm surge simulations, the maximum storm surge was found to be 3-4 meters high 

in Tacloban City.  Storm surge height based on the simulations (blue) was verified by on-

site measurements (black)  as shown in Fig. 4. 

 

 

 

 

 

Figure 4: (a) Storm surge heights (black) adjusted to the tidal level at the time of passage of the 

typhoon, and inundation depths above ground level (blue) measured around Tacloban area (unit 

meters) along the streets of Tacloban Downtown. (b) Maximum flow velocity simulated along 

the streets of Tacloban Downtown. (Takagi, et al., 2015) 
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Figure 5: Maximum storm surge levels of the passage of Typhoon Haiyan through the 

Philippines. The graphs show the time history of the storm surge at its passage through 

(1) Tacloban City (Leyte Island), (2)Medellin (Cebu Island) and (3)Iloilo (Panay 

Isalnd). (Takagi, et al., 2015) 
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2.2 Building Damage Assessment  

 Damage patterns due to storm surge strongly correlated with inundation depth. 

The greatest damage was observed around Tacloban City where inundation levels were 

consistently beyond +5m, and in other places as high as +7m. Not only wooden houses 

were affected, but also more solid concrete constructions, ships, and oil tanks suffered 

heavy damage (see Fig. 6). The large wind speeds also contributed to the further 

devastation of the area. Throughout the entire region, roof of even the sturdiest houses 

and building were blown off, with everything else knocked down or reduced to rubble, 

including most of the vegetation. Failure modes for extreme wind and flood events are 

different than for seismic events. Out-of-plane failure becomes more significant because 

wind and floodwater push directly on the weak axis of the structures. Majority of timber 

houses are destroyed entirely. While houses, both one and two-storey, relying on a 

reinforced concrete (RC) frame system with infill walls performed poorly where only 

frames are left. This RC houses were unusable and often leaning hazardously. It is worth-

mentioning that many larger RC frame structures, such as commercial and public 

structures, performed well in the Typhoon, indicating that the building permit and code 

enforcement process in the Philippines can work quite well, but is not sufficiently applied 

to housing. (Build Change, 2014). Based on NDRRMC (2013), the number of damaged 

houses (see Table 1) remained at 1,140,332 houses, where 550, 928 houses were totally 

damaged, and 589, 404 houses were partially  damaged with a total damage cost of Php 

95B (see Table 2). Figure 7 shows the damged map of Tacloban. 

 

 

 

 

 

Table 1: Number of totally and partially damaged houses by region in 

the Philippines after Typhoon Haiyan (NDRRMC, 2013). 

 



 

23 

Figure 6: Examples of residential structures damaged by Typhoon Haiyan: (a) Timber houses near 

coasta areas, (b) RC House with damaged roofing system, (c) & (d)  One-storey confined masonry 

house that survive the typhoon, (e) & (f) Destroyed masonry house, (f) & (g) Destroyed masonry house 

in intact RC frames  (Build Change, 2014) 

 

 

Figure 7: Examples of residential structures damaged by Typhoon Haiyan: (a) Timber houses near 

 

 

(a) (b) 

(c) (d) 

(e) 
(f) 

(g) (h) 
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Figure 7: : Detailed map of areas with damaged structures inTacloban 

City after Typhoon Haiyan in 2013 (source: www.nytimes.com) 

 

Figure 8: : Detailed map of areas with damaged structures inTacloban 

City after Typhoon Haiyan in 2013 (retrieved from: 

https://www.nytimes.com/2013/11/12/world/asia/philippines-storm-

surge-leaves-scenes-of-devastation.html). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Total cost of damaged structures in the by region in 

the Philippines after Typhoon Haiyan (NDRRMC, 2013). 
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2.3  DRRM of Tacloban City 

 Philippine Atmospheric, Geophysical and Astronomical Services 

Administration (PAGASA) continuously disseminates weather bulletins and advisories, 

and constantly monitors the situation.  Department of Public Works and Highways 

(DPWH) conducted monitoring of critical infrastructures, major roads and bridges, and 

provide equipment assistance. Local Chief Executives of Department of Interior and 

Local Government (DILG) declared and announced the suspensions of classes in all 

school levels, public, and private in there area of responsibility on November 6, 2013 at 

1:00 PM. Local Government Unit (LGU) warned residents living at coastal barangays to 

monitor situation. Department of Environment and Natural Resources (DENR) reiterated 

flood and landslide risk hazard maps to LGUs  and issued advisories to local chief 

executives on possibility of landslides and flooding. 

Under the Joint DENR-DILG-DND-DPWH-DOST Memorandum Circular No. 

2014-01  entitled “Adoption of Hazard Zone Classification in Areas Affected by Typhoon 

Yolanda (Haiyan) and Providing Guidelines for Activities Therein” states that areas that 

are likely to experience storm surge flood heights greater than one and a half meters( 

1.5m) are considered as high storm surge susceptibility. Modern storm surge 

susceptibility areas are likely to experience storm surge flood heights of 0.5m to one and 

half meters (1.5m). On the other hand, low storm surge susceptibility are areas likely to 

experience storm surge with flood height of 0.5 meters or less (see Table 3). Under article 

51 of a Marcos-era Presidential Decree No. 1067 signed into law in 1976, the Water Code 

of the Philippines, which reads: 

Article 51. The banks of rivers and streams and the shores of the seas and lakes 

throughout their entire length and within a zone of three (3) meters in urban 

areas, twenty (20) meters in agricultural areas and forty (40) meters in forest 

areas, along their margins are subject to the easement of public use in the interest 

of recreation, navigation, floatage, fishing and salvage. No person shall be 
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Figure 8: (a)Sign boards for 'No Build Zone" within 40.0 meter easement from the 

shoreline implemented after the Typhoon Haiyan. (Basilio, 2014), (b) Diagram for the 

reference of 40.0  meter "No Build Zone". (Basilio, 2014) 

 

 

Figure 9: (a)Sign boards for 'No Build Zone" within 40.0 meter easement from the 

allowed to stay in this zone longer than what is necessary for recreation, 

navigation, floatage, fishing or salvage or to build structures of any kind. 

Also, there are laws stating different parameters for no-build zone. Civil Code or 

RA 386 states that structures are not allowed within three (3) meters away from the banks 

of rivers and streams (Article 638). Under Forest Code or PD 705 states that structures 

are prohibited within twenty (20) meters away from rivers and streams with channels at 

least five (5) meters wide (Section 16). 

Considering all existing provisions for no build zone (see Fig. 8) for hazardous 

areas, the maximum distance of no build zone is within 40m. Base on the conducted 

surveys and research, storm surge in Tacloban City reached 1.5 meters and above.  The 

storm surge hazard map was updated based on the gathered data for Typhoon Haiyan-

induced storm surges as shown in Fig. 9. 
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Figure 9: The storm surge hazard map of Tacloban City (DOST). 

 

 

Figure 10: The storm surge hazard map of Tacloban City (DOST) 

 

 

 

Table 3: Storm surge hazard zone classifications and recommended actions (Joint 

DENR-DILG-DND-DPWH-DOST Memorandum Circular No. 2014-01, 2014) 
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2.4  Regulatory Requirements, Building Codes and Design Standards 

  Preparing for storm surges induced by tropical cyclones is one of the most 

important challenges that many coastal areas in the world are currently facing. In Asian 

countries, many destructive storm surges were reported in recent years. These events have 

high-lighted the importance of cyclone shelters, which can save the lives of those living 

in vast expanses of low-lying grounds and the importance of preparation for rare cyclone 

tracks. In addition, the storm surge disaster in New York City caused by the 2013 

Hurricane Sandy showed that although early evacuation can save lives, urban waterfront 

infrastructure, and especially underground facilities, can be vulnerable against a storm 

surge. Furthermore, sea level rise and tropical cyclone intensity change. Hence, in order 

to establish adequate adaptation strategies for places at risks, it is important for storm 

surge-prone countries to raise awareness about the nature of such phenomena which 

needs to be adequately transmitted to the local population in a language that they 

understand (Mikami, et al., 2016). 

Coastal structures have higher risks of impact from natural hazards. However, 

coastal residential buildings that are properly sited, designed and constructed have 

generally performed well during natural hazard events. The design process includes 

consideration of the type of natural hazard that occur in the area where the building site 

is located and the design elements that allow a building to effective withstand the potential 

damaging effects of the natural hazards. 

The minimum design requirements for loads, materials, and material resistances 

for a given building design are normally specified in the locally adopted building code. 

In case of the Philippines, building codes are mainly an adaptation with American 

Standards like ASCE 7-10, which is the reference load standard in model building codes. 

Figure 10 shows the process of determining site-specific loads for three natural hazards. 

The process includes identifying the applicable building codes and standards for selected 

site, identifying building characteristics that affect loads, determining factored design 

loads using applicable load combinations (FEMA, 2011).  
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Figure 10: Summary of typical loads and characterstics 

affecting the determination of design load  (FEMA, 

2011).  

 

 

Figure 11: Typical load types and characteristics 

affecting loads for building design  (FEMA, 2011).  
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  The National Structural Code of the Philippines (2010) is one of the main 

reference of the structural design and analysis for the Philippine structures. This code is 

based on the ASCE/SEI 7-10. A detailed design and analysis is also provided by the 

Building Code Requirements for Masonry Structures or the ACI 530-02/ASCE5-02/TMS 

4020-02 reported by the Masonry Standards Joint Committee (MJSC). This codes focus 

on larger buildings not with the low-rise residential structures. Implementation of the said 

codes can provide safe and resilient design for Philippine structure but not economical to 

the low-rise residential structures. The Philippines could ensure the safety of structures 

by creating a simplified residential code for low-rise houses or buildings. The existing 

standards for CHB and CHB wall construction in the Philippines is shown in Table 4.  
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2.5 Masonry walls: OOP Failure and Analysis 

The mode of failure of the masonry structure in Tacloban can be categorized into 

two, based on the characteristics of applied load. These two categories are: (1) In-plane 

failure, (2) Out-of-plane failure. In-plane lateral loads induce shearing deformations in 

masonry wall. This deformation elongates one diagonal, including tension, and shortens 

the other, including compression perpendicular to the tension. Since masonry materials 

have much lower strength in tension than compression, in-plane forces typically induce 

diagonal cracking perpendicular to the tension axis. On the other hand, masonry walls 

subject to lateral forces can suffer from instability and collapse laterally. For walls which 

carry light gravity loads, out-of-plane loading typically induces a stability failure where 

a wall bursts outward or topples over.   

The out-of-plane (OOP) behavior of masonry walls has not been studied as well 

as the corresponding in-plane behavior, however, some research has been carried out on 

Table 4: Existing standards for CHBs and CHB 

masonry wall construction in the Philippines. 
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the OOP behavior. For example, Rivera et al. (2011) constructed six full scaled masonry 

walls tested against out-of-plane (OOP) loading. The variable studied was the wall 

support conditions; four sided and three sided simple supported walls were considered. 

The observed maximum pressures and failure cracking pattern for the walls with three 

side support were similar to those with four-sided supports. Masonry walls are vulnerable 

to out-of-plane failure during high seismic activities. Most of the research conducted 

focuses on out-of-plane failure of masonry due to ground motion. Simsir et al. (2004) 

conducted a study on the OOP behavior of unreinforced masonry bearing walls in 

buildings subjected to earthquake motions. The validated models are useful for 

establishing the permissible limits on wall slenderness as prescribed by the current 

seismic guidelines. There are also studies conducted to compare reinforced and 

unreinforced masonry walls. Bui et al. (2010) investigated the OOP of masonry walls 

under normal pressure by constructing three 2.9x2x0.2m test specimen. Two of which is 

unreinforced masonry wall, while the third specimen is reinforced to withstand a pressure 

induced by a snow-avalanche of 300mbars. Crack patterns are similar to those predicted 

by the field line theory adapted from that for reinforced concrete slabs. Steel 

reinforcements are the main component that resist the tensile stresses in masonry walls. 

Noor-E-khuda et al. (2016) examined the OOP behavior of mortared and mortarless 

masonry walls with various forms of reinforcement including unreinforced masonry in 

order to overcome the vulnerability of masonry to seismic and cyclonic lateral loads. 

Masonry walls is a composite structure. Based on  Mohamad et al. (2012) who conducted 

experimental tests of masonry walls to get the deformability, failure modes and 

compressive strength of the masonry. It is possible that the vertical mortar joint was the 

main responsible for initiated the failure mechanism of masonry. 

The masonry wall is an anisotropic composed resulting from the interaction 

between block and mortar. This material under loads could be subjected to a complex 

stress state that produce failure by reaching the tensile strength of the block or, even, 

mortar crushing. The failure mechanism of masonry is caused by the initiation and 

propagation of cracks, which start often induced by the mortar that exhibits high porosity 
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Figure 11: : Structures in Tacloban City whose masonry walls had been damaged by Typhoon 

Haiyan (Yolanda): (a) multi-purpose hall with total damage to walls but intact  RC frames and 

roof truss, (b) partial damage to masonry wall but roof is totally damaged, (c) totally damaged 

roof system with walls partially damage, (d) intact RC frames but total damaged to masonry 

walls. (Build Change, 2014) 

and different sizes of voids, with a possible initial decrease in volume caused by closing 

of flaw and voids. The lateral deformability between block and mortar is the main 

responsible for failure of masonry walls and it is important to understand the stress and 

strain mechanisms developed on block and mortar, It is possible to conclude that the 

interface between block and mortar was the weakness point of the masonry wall. 

(Mohamad, Lourenco, Rizatti, Roman, & Nakanishi, 2012). Some of the damaged 

structure in Tacloban after Typhoon Haiyan(Yolanda) is shown in the Fig.11.  

 

  

(a) (b) 

(c) (d) 
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2.5.1 Yield line method for masonry walls 

Yield line method is a well-established and a highly effective method used in 

determining the load bearing capacity of concrete slabs and plates. Several experimental 

studies show that the development of crack pattern of masonry walls is similar with 

reinforced concrete slabs. Yield line method is considered as economical, simple and 

versatile design method. It is economical because it considers features at the ultimate 

limit state. (Kennedy & Goodchild, 2004).  

The ACI Code contains no specific provisions for limit or plastic analysis of slabs, 

however yield line theory for the design of slab is an acceptable approach based on the 

successful use, analysis and tests.  Yield line theory is an example of plastic analysis 

method derived from the general theory of structural plasticity.   Based on this theory, the 

collapse load of a structure lies between an upper bound and a lower bound of the true 

collapse load (Nilson, Darwin, & Dolan, 2003) . The British Code for the design of 

masonry (BS5628) uses yield-line theory as a plastic method to predict the ultimate load 

capacity of reinforced concrete slabs. Haseltine et al. (1978) assessed the ability of the 

method to predict the cracking pattern and strength of masonry panels (Maluf, Parsekian, 

& Shrive). The similarity of the failure pattern in masonry walls and reinforced concrete 

slabs has been driven to apply Johansen’s yield line method to laterally loaded masonry 

walls. 

Yield line method requires the technical knowledge on how the masonry panels 

will fail. Several crack patters have been observed based on experimental studies 

conducted and based on historical records for masonry failures. With these, all possible 

failure mechanisms for any masonry wall must be investigated to confirm the correct 

solution that will give the lowest failure load (Nilson, Darwin, & Dolan, 2003). The 

failure pattern of masonry panel subject to out-of-plane forces is similar to the failure 

mechanism of reinforced concrete slab based on several tests. This kind of failure is 

characterized by the propagating diagonal, horizontal and vertical cracks that divides the 

masonry panel into smaller portions. Bakeer, et al (2009) proposed a modified yield line 
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method in determining the maximum pressure capacity of masonry walls. They introduce 

a reduction factor into the moment resistance at the first crack. Rivera, et al (2010) used 

yield line method in determining the out-of-plane behavior of confined masonry walls 

subjected to uniform pressure. 

The analysis using virtual work method can be used to determine the relationship 

between the applied loads and the resisting moments. Moments and loads are in 

equilibrium when the yield line pattern has formed, an infinitesimal increase in load will 

cause the structure to deflect further. The external work done by the loads to cause a small 

arbitrary virtual deflection must equal the internal work done as the masonry wall rotates 

at the yield lines to accommodate this deflection. The masonry wall is therefore given a 

virtual displacement, and the corresponding rotations at the various yield lines can be 

calculated. (Nilson, Darwin, & Dolan, 2003) 

Lawrence, et al (2000) evaluated the effectivity of the yield line method to 

estimate the lateral pressure capacity of masonry wall by verifying the results against the 

data collected from throught the world, covering both clay brick and concrete block 

masonry. This includes paper of Baker, Gairns, Anderson, Drysdale, West, Haseltine, 

Candy, Carrick and Shackel in year 1976 to 1989 with a total number of 207 masonry 

wall tests. 

2.5.2 FEM  analysis of masonry walls 

  Finite element modelling is a state-of-the art numerical analysis that can be used 

to estimate the pressure capacity of masonry walls under lateral loading. A number of 

research, both experimental and numerical analysis had been conducted to determine the 

behavior of masonry walls. Each research used unique numerical analysis validated by a 

corresponding experimental analysis of masonry walls. Based on these studies, it can be 

generalized that masonry is a heterogeneous structural material obtained by composition 

of natural or artificial blocks connected by dry or mortar joints following a regular or 

irregular arrangement. However, masonry may be modelled as a homogeneous material 
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by means of FE models, for performing analysis at macro scale level or modelling a 

masonry structure as a whole (Baraldi & Cecchi, 2016).The flexural load bearing 

behavior of masonry is determined by a large number of influences such as material 

properties of its component masonry unit and mortar, the bond behavior between the 

masonry unit and the mortar, the dimensions of the units, the length of the overlap, the 

masonry thickness. (Schmidt, Hannawald, Koster, Graubohm, & Brameshuber, 2012). 
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Figure 12: Conceptual Framework 

CHAPTER THREE 

THEORETICAL FRAMEWORK 

3.0  Introduction 

This chapter includes the systematic procedure conducted in this study. It also 

includes all the theories and concept used in conducting the research.  

3.1  Conceptual Framework 

The adequacy of masonry wall design was assessed in terms of the following 

design specification: (1) Spacing of steel reinforcement, (2) Thickness of CHB, (3) Size 

of Steel Reinforcement, (4) Wall Dimensions. Storm surge pressure load was estimated 

in accordance of the FEMA Coastal Construction Manual and ASCE 7-10. Different 

flood loads were considered such as: (1) hydrostatic load, (2) breaking wave load, (3) 

hydrodynamic load, (4) debris impact load, and (5) wind pressure load. On the other hand, 

the lateral pressure capacity of the masonry wall was estimated using the yield line 

method and FEM analysis (Staad Pro V8). The general conceptual framework is shown 

in Figure 12.  
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 In order to attain sufficient design, the masonry wall must have adequate lateral 

pressure capacity to resist different flood loads due to storm surge. The performance of 

the masonry wall will be based on the maximum pressure capacity, bending behavior and 

the pressure load due to Typhoon Haiyan-induced storm surges. A simple comparison of 

cost of different masonry models was provided. The cost to be considered are only based 

on the material cost and labor cost. With this, the researcher presented a design analysis 

and provided design recommendation.  

3.2  Theoretical Framework  

 Figure 13 shown is the detailed theoretical framework that includes all necessary 

equations and step-by-step procedure to determine the adequacy of lateral pressure 

capacity of the masonry walls and the necessary procedure to estimate the storm surge 

pressure. The analysis is subdivided into two major analyses: (1) masonry wall design 

analysis, and (2) storm surge pressure analysis. The design was considered  adequate once 

the estimated lateral pressure capacity of the wall is greater than the estimated storm surge 

pressure load.  On the other hand, the design is considered inadequate when 𝑾𝒖 < 𝑷𝑺𝑳. 

When the design is inadequate, the masonry wall design was improved by: (1) Higher 

steel reinforcement ratio, (2) Thicker CHB thickness, (3) Larger size of steel 

reinforcement, and (4) Minimize distance of column support.  This alteration was 

terminated once the desired lateral pressure capacity was attained. 
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Figure 14: Schematic diagram of the research methodology 

CHAPTER FOUR 

MATERIALS AND METHODOLOGY 

4.0  Introduction 

This chapter includes all the necessary methods conducted in this research.  This 

includes the procedure for interview survey, identifying storm surge heights, estimation 

of lateral pressure capacity of masonry walls using FEM software Staad Pro V8 and yield 

line method and estimation of storm surge pressure load.  

4.1  Research Methodology 

To assess the damage of masonry walls in Tacloban City after Typhoon Haiyan, 

the researcher identified the barangays and structures damaged by Typhoon Haiyan using 

available data from NDRRMC, LGU and other international agency. Based on the data 

gathered in the interview, the researcher identified the following:(1) Common design 

used, (2) Method of construction, (3) Type of material Used, (4) Damaged created by 

Typhoon Haiyan. Pressure load capacity of the masonry walls was analytically estimated 

using FEM analysis with the aid of Staad Pro V8 and yield line method. The storm surge 

pressure load was calculated based on the design procedure stated in FEMA Coastal 

Construction Manual. Since the current design is insufficient, the researcher conducted 

some alteration on the design to provide improvement to the structural integrity of the 

non-engineered masonry wall. Some of the alterations to be made are limited to: (1) 

Spacing of steel reinforcement, (2) Thickness of CHB, (3) Wall dimensions and (4) Size 

of steel reinforcement. After the analysis of different wall design, the researcher provided 

design recommendation. This research methodology is shown in the Fig.14. 

 

Damage 
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Common 
design and 

construction 
method

Design 
Analysis

Improvement 
of Design

Design 
Recommendation
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Figure 15: Schematic diagram of the interview process 

Figure 16:  (Upper) Photos taken during interview process: (a) Contractor, (b) House Owner, (3) 

Mason/ Carpenter. (Below) Example of non-engineered houses in the coastal barangays 

 

4.2 Conduct of Interview Survey 

The schematic model on how to determine the construction process and design 

parameters of non-engineered masonry walls in Tacloban City is illustrated in the Fig. 

15. It is a structured interview using the questionnaire sheet  (see Appendix A) 

 

 

 

 

 

 

 

 

 

 

 



 

41 

 The researcher conducted on-site survey (see Fig. 16) in Tacloban City to 

determine the following: (1) Common design used, (2) Method of construction, (3) Type 

of material Used, (4) Damaged created by Typhoon Haiyan. Some of the main questions 

asked were the following: 

1. Who built or designed my house? 

2. How old is my house? 

3. Has my house been damaged by past Typhoon Yolanda last 2013? 

4. Has my house been totally flooded during Typhoon Yolanda? 

5. How far is my house from  the shoreline? 

6. What is the shape of the house? 

7. Has my house been extended to two storey? 

8. Are the external walls of my house 6-inch (150mm) thick CHB? 

9. Are steel bars of standard size and spacing used in walls ? 

10. What material is used as your column? 

11. What part of the house is damaged? 

12. What is the foundation of my house? 

13. What is the soil conditions under my house? 

14. What is the overall condition of my house? 

 

Sample questionnaire form  was provided in Appendix _. The detailed result of 

the on-site survey was documented in Appendix _. 

 

4.3 Estimation of storm surge pressure load 

Floodwaters can exert a variety of load types on building elements. Both 

hydrostatic and depth-limited breaking wave loads depend on flood depth. Different flood 

loads were considered in the estimation of storm surge pressure loads, these includes: (1) 

hydrostatic load, (2) breaking wave load, (3) hydrodynamic load, (4) debris impact load. 

Lateral hydrostatic loads are given by Equation (4.4.1). Note that 𝑓𝑠𝑡𝑎𝑡𝑖𝑐  is 

equivalent to the area of the pressure triangle and acts at a point equal to 2/3 𝑑𝑠   below 

the water surface. 

𝑓𝑠𝑡𝑎𝑡𝑖𝑐 =
1

2
𝛾𝑤𝑑𝑠

2 (4.4.1) 

where 𝛾𝑤 is the specific weight of floodwater, 𝑑𝑠 is the floodwater depth. 
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Hydrodynamic load is a function of flow velocity and structural geometry. In the 

Coastal Construction Manual of FEMA, the velocity of floodwater is assumed to be 

constant or steady-state flow. Hydrodynamic loads can be calculated using Equation 

(4.4.2)..  The drag coefficient used in Equation # can be determined by one of the 

following ratios (see Table 6). 

𝐹𝑑𝑦𝑛 =
1

2
𝐶𝑑𝜌𝑉2𝐴 (4.4.2) 

where 𝐶𝑑  is the drag coefficient, 𝜌  is mass density of floodwater, V is velocity of 

floodwater, and A is the surface area of obstruction normal to flow.  

 

  

 

 

 

 

The impact force when waterborne debris can be a cause of building damage..  

This can be estimated using Equation (4.4.3).  

𝐹𝑖 = 1.3 𝑢𝑚𝑎𝑥√𝑘𝑚𝑑(1 + 𝑐) (4.4.3) 

where 𝐹𝑖  is the impact force, 1.3 is the importance coefficient for Risk Category IV 

structures that is specified by ASCE 7 Chapter 5 for debris impact, 𝑢𝑚𝑎𝑥 is the maximum 

flow velocity carrying the debris at the site ( the debris is conservatively assumed to be 

moving at the same speed as the flow), c  is the hydrodynamic mass coefficient which 

represents the effect of fluid in motion with the debris (see Table #), k is the effective net 

Table 5: Drag Coefficient for Ratios of Width to Depth (FEMA, 2011)   
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Table 6: Mass and Stiffness of Some waterborne floating debris 

 

combined stiffness of the impacting debris and the impacted structural elements deformed 

by the impact, 𝑚𝑑 is the mass of the debris. 

 

 

 

 

 

 

 The damming effect caused by accumulation of waterborne debris can be treated 

as a hydrodynamic force enhanced by the breath of the debris dam against the front face 

of the structure. The damming forces can be estimated using Equation (4.4.4). 

𝐹𝑑𝑚 =
1

2
𝜌𝑠𝐶𝑑𝐵𝑑(ℎ𝑢2)𝑚𝑎𝑥  (4.4.4) 

where 𝜌𝑠 is the fluid density including sediments, 𝐶𝑑 is the drag coefficient, 𝐵𝑑 is 

the breadth of the debris dam, ℎ is the flow depth, and u  is the flow velocity at the location 

of the structure. It is recommended that the drag coefficient be taken as 𝐶𝑑 = 2.0.  

In the estimation of storm surge pressure load, the FEMA Coastal Construction 

Manual provided some load combination based on the typical time series of the complex 

combination of storm surge pressure loads (see Fig. #). Point A is characterized by the 

rising floodwater and estimated as hydrostatic. Point B is the time where the flood water 

attained its maximum depth where the flow is impulsive.  This impulsive pressure is 

estimated to be 150% of the hydrodynamic pressure. Point C is characterized  where the 

flow of floodwater is hydrodynamic. The critical pressure typically occurs due to the 

impact of debris as characterized by Point D and F. After the initial debris impact, debris 
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tends to accumulate on the face of the structures. This leads to an increase of pressure due 

to the increased in contact area and weight of debris.   

Summary of different load combination where considered based on FEMA 

Coastal Consruction Manual.  These combination where based on the typical time series 

of the complex combination of storm surge pressure loads (see Fig. 17). 

 

 

 

 

 

 

 

 

  
Pressure 

(kPa) 

A Rising Floodwater Hydrostatic 

B 
Floodwater with surge 

(Impulsive) 
Combined Hydrostatic with Impulsive 

C Floodwater with surge Combined Hydrostatic with hydrodynamic 

D Floodwater with Debris 
Combined Hydrostatic and hydrodynamic 

with debris impact 

E Debris Damming Combined Hydrostatic with hydrodynamic 

F Increasing Debris Impact 
Combined Hydrostatic and hydrodynamic 

with increase debris impact 

Figure 17: Typical time series of the complex combination of storm surge pressure loads. 
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Figure 18: Load combination of flood loads. 
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Yield pattern No.1                   Yield pattern No.2                            Yield pattern No.3 

  

 

Yield pattern No.1                   Yield pattern No.2                            Yield pattern No.3 

  

 

4.4 Estimation of lateral pressure capacity of masonry walls 

The structural analysis for the maximum pressure capacity of the masonry wall 

used yield line method. Maximum pressure ( 𝑊𝑚𝑎𝑥)  was predicted using yield line 

method. Equations 4.4a, 4.4b, 4.5c are used to calculate the maximum pressure capacity 

of masonry walls with varying yield line pattern (see Fig. 19). 

 

where 𝑤𝑢 is the maximum pressure capacity, ∅ is reduction factor, 𝑀𝑛𝑥 and 𝑀𝑛𝑦 are the 

nominal moment strength in x and y direction respectively, a and b are the width and 

height of the masonry walls.  Nominal moment capacity of the masonry walls, 𝑀𝑛𝑥 and 

𝑀𝑛𝑦 was calculated in accordance with the design procedure stated in the Building Code 

Requirements for Masonry Structures (ACI 530-02/ASCE5-02/TMS 402-02). The design 

nominal moment strength for out-of-plane wall loading was calculated in accordance with 

Equation (4.4d). 

Yield line 

pattern 1 

𝑀𝑛𝑥

𝑀𝑛𝑦
=

𝑎2

𝑏2
 

𝑤𝑢

∅
= 12 (

 𝑀𝑛𝑥

𝑎2
+

 𝑀𝑛𝑦

𝑏2
) (4.4a) 

Yield line 

pattern 2 

𝑀𝑛𝑥

𝑀𝑛𝑦
<

𝑎2

𝑏2
 

𝑤𝑢

∅
=

24𝑎(𝑀𝑛𝑥 + 𝑀𝑛𝑦)

2𝑏2𝑥 + 3𝑏2(𝑎 − 2𝑥)
 (4.4b) 

Yield line 

pattern 3 

𝑀𝑛𝑥

𝑀𝑛𝑦
>

𝑎2

𝑏2
 

𝑤𝑢

∅
=

24𝑏(𝑀𝑛𝑥 + 𝑀𝑛𝑦)

2𝑎2𝑦 + 3𝑎2(𝑏 − 2𝑦)
 (4.4c) 

Figure 19: Most common yield line pattern for masonry OOP failure (Wang, Salmon, & Pincheira, 2007.) 
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𝑀𝑛 = (𝐴𝑠𝑓𝑦 + 𝑃𝑢) (𝑑 −
𝑎

2
) (4.4d) 

where 𝐴𝑠  is the area of steel reinforcement, 𝑓𝑦  is the specified yield strength of steel 

reinforcement, 𝑃𝑢 is the factored axial load, 𝑑 is the distance from extreme compression 

fiber to centroid of tension reinforcemen, 𝑓′𝑚 is the specified compressive strength of 

masonry, and 𝑏 is the width of section. The width of section, 𝑏 in Equation # is the least 

value of the following: (1) center to center bar spacing, (2) six times the wall thickness, 

and (3) 72 inches or 1829mm, 𝑎  is the depth of an equivalent compression zone at 

nominal strength which can be calculated using Equation (4.4e). 

The fundamental principle of yield line method is that work done internally and 

externally must balance. In other words, at failure, the expenditure of external energy 

induced by the load on the masonry walls must be equal to the internal energy dissipated 

within the yield lines. The detailed derivation of maximum pressure capacity for the three 

common yield line pattern was documented in Appendix #. 

Different masonry design was considered based on the following: (1) non-

engineered masonry, (2) NSCP 2015 Compliant, (3) ACI 530-02 Compliant, and the (4) 

recommended design. The  design specification for the non-engineered masonry walls 

was verified based on the on-site survey conducted. The maximum pressure capacity of 

NSCP2015/ACI 530-02 Compliant design was also investigated using yield line method.       

Based on the survey, non-engineered masonry walls are walls with horizontal 

reinforcement  spaced every 4th CHB layer and whose vertical reinforcements are spaced 

at 80cm O.C.  It is also worth-mentioning that some masonry walls do not have steel 

reinforcements mainly because of financial incapability of the occupants. However, 

unreinforced masonry is not considered in this study. Some houses also used 40 x 20x 

𝑎 =
(𝐴𝑠𝑓𝑦 + 𝑃𝑢) 

0.80𝑓′𝑚𝑏
 (4.4e) 
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10cm thick CHB even if the desired designed CHB thickness for exterior walls are 40 x 

20 x 15cm CHB. This has been verified during the survey since around 65% of the 380 

houses confirmed that their house is not made of 6” CHB (40 x 20 x 15cm). According 

to some construction hardware, majority of the locals purchased/used 10mmØ for the 

construction of their houses. 

In terms of the NSCP 2015 and ACI 530-02 Compliant provides  a maximum 

spacing of 1.20 meter for a minimum diameter of 10mm steel reinforcements, both 

vertical and horizontal. Based on  NSCP 2015 and ACI 530-02, the minimum CHB 

thickness for masonry walls are 10cm and 15cm, respectively (see Fig. 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Structural details of: (a) Non-engineered design, (b) NSCP 2015 

Compliant Design, (c) ACI 530-02 Compliant Design. 
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4.5 Macro-modelling using finite element analysis for masonry walls 

To estimate the cracking pressure of masonry walls per design consideration, 

macro-modelling using finite elemet analysis was conducted.  The study used Staad Pro 

V8 in the structural analysis. The said software was used because of its easy to understand 

features and  flexibility in  modelling that is very useful in the analysis of several design 

consideration. 

The masonry wall was modelled by structural meshing of 20cm by 20 cm square 

shell elements of 4 nodes and 6 degrees of freedom per node. The thickness of masonry 

wall was modelled using the corresponding CHB thickness per design consideration. 

Masonry walls was modelled as isotropic linear elastic. For the steel reinforcement with 

varying diameter of 10 to 12mm was modelled using stick or linear model. The endpoints 

of the reinforcements were considered fixed to consider the effects of embedment to the 

supports. Hinge supports were located along the confining elements to simulate the 

presence of columns and ring beams (see Fig. 21). Modulus of elasticity of masonry wall 

was 550𝑓′𝑚 , where 𝑓′𝑚 was 6.89Mpa based on the minimum compressive strength of 

masonry required. Modulus of elasticity and yield strength of steel reinforcement was 

200 GPa and 275 Mpa, respectively.  Poisson’s ratio was assumed equal to 0.20. 

Increasing uniform lateral pressure was applied perpendicular to the face of the masonry 

walls and the corresponding maximum lateral displacement was determin 

 

 

Figure 21: : Staad Pro V8 model for masonry wall subjected to uniform pressure: (a) 

details of reinforcement, (b) stress contour, (c) 3D model, and (d) lateral displacement. 
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STAADPro is equipped with a plate/shell finite element, solid finite element and 

an entity called the surface element. The features of each is explained in the following 

sections. "Surface structures" such as walls, slabs, plates and shells may be modeled using 

finite elements. For convenience in generation of a finer mesh of plate/shell elements 

within a large area, a mesh generation facility is available. 

The STAAD plate finite element is based on hybrid finite element formulations. 

An incomplete quadratic stress distribution is assumed. For plane stress action, the 

assumed stress distribution (see Fig. 22) is as follows. 

 

 

 

 

 

The incomplete quadratic assumed stress distribution: 

a1 through a10 = constants of stress polynomials. 

The following quadratic stress distribution(see Fig. 23) is assumed for plate bending 

action:  

Figure 22: Assumed stress distribution 
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The incomplete quadratic assumed stress distribution: 

a1 through a13 = constants of stress polynomials 

The distinguishing features of this finite element are: 

1. Displacement compatibility between the plane stress component of one element 

and the plate bending component of an adjacent element which is at an angle to 

the first (see the following figure) is achieved by the elements.  

2. This compatibility requirement is usually ignored in most flat shell/plate elements. 

The out of plane rotational stiffness from the plane stress portion of each element 

is usefully incorporated and not treated as a dummy as is usually done in most 

commonly available commercial software.  

Figure 23: Quadratic stress distribution assumed for bending 
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3. These elements are the simplest forms of flat shell/plate elements possible with 

corner nodes only and six degrees of freedom per node. Yet solutions to sample 

problems converge rapidly to accurate answers even with a large mesh size. 

4. These elements may be connected to plane/space frame members with full 

displacement compatibility. No additional restraints/releases are required.  

5. Out of plane shear strain energy is incorporated in the formulation of the plate 

bending component. As a result, the elements respond to Poisson boundary 

conditions which are considered to be more accurate than the customary Kirchoff 

boundary conditions. 
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

5.0  Introduction 

This chapter includes the the results and discussion of this study. The results of 

on-site surveys, estimation of lateral pressure due to Typhoon Haiyan, estimation of 

lateral pressure capacity of the non-engineered masonry walls and the recommended 

masonry wall design are discussed thoroughly in this chapter. 

5.1 Interview Survey 

Based on the damage assessment of Tacloban City after the Typhoon Haiyan, 

barangays along the coastal areas were identified (see Fig.20). On-site interview survey 

was conducted on this areas to determine the necessary information needed to assess the 

OOP failure of masonry walls. Additional questions were also asked to determine the 

current status of the houses along the coastal barangays.  

A total of 380 low-rise residentialcommercial houses were interviewed. This 

houses are located mostly at Brgy. 36, 37, 66, 67, 68, 69 and 70 in Anibong, at Brgy. 30, 

48-B, 52, 54, 58 and 60-A along Esperas Avenue and Real St., at Brgy. 83 and 85 at San 

Jose. Almost 84% of the 380 houses were built without the proper supervision of a 

licensed civil engineer or professional architect (see Fig.24). Since coastal areas are the 

most vulnerable to high storm surges, around 79% of the houses surveyed were 

categorized as totally damaged after Typhoon Haiyan (see Fig.24). The number of houses 

that were considered as totally damaged is directly proportional to the number of houses 

that are totally flooded. 

Around 58% out of the 380 houses surveyed are within the 40meter No Build 

Zone implemented by the local government of Tacloban City. Almost 69% of the houses 

within the No Build Zone areas are single storey houses and the remaining 31% has the 

capabilities to move on higher grounds since their houses were two storey structures.  On 
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the other hand, 65% of the total houses within 40-100metermeter from shoreline are 

considered as single storey structures and the remaining 35% are two storey structures 

(see Fig.25).  

 

 

 

 

 

 

 

 

 

  
Figure 24: (a)Percentage of houses per designer in the coastline of Tacloban City , (b) Percentage 

of houses along the coastline of Tacloban City that are partially and totally damaged by Typhoon 

Haiyan(2013), (c) Number of houses along the coastline of Tacloban City  that are partially or 

totally flooded during Typhoon Haiya ( 2013). 

Figure 25: Number of houses within/beyond the No Build Zone in the coastal 

areas of Tacloban City. (survey conducted March, 2018) 
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5.2 Current Construction Method and Structural Details 

Based on the survey of the housing structures in the coastal area, a typical house, 

named House E shown in Fig. 26, is selected for investigating the current construction 

method and structural details of masonry walls. House E is a 2 stories non-engineered RC 

framed with masonry wall structure and is constructed 2 years ago. The plan, cross section 

and structural details of House E is shown in Fig. 27.  

 

 

2.7-3m 
2.7-3m 

2.7-3m 

Figure 27:. Actual photos of House E, with flood depth, located at Brgy. San Jose, Tacloban City, Leyte 

Figure 26: Structural details of House E, a two-storey residential RC frame house located within flood storm 

surge prone areas along the coastline of Tacloban City 
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 5.3  Storm Surge Pressure load 

To estimate the pressure load imposed by the storm surge during Typhoon Haiyan, 

different flood was calculated. Different flood loads include hydrostatic load, breaking 

wave load, hydrodynamic load and debris impact load. Wind load calculation was based 

on ASCE 7-10. ASCE 7-10 is the procedure most commonly used for designing low-rise 

residential buildings. Figure # illustrates a typical time series of the complex combination 

of storm surge pressure loads. In this figure, a dashed line represents the actual capacity 

of the structure. There is a decrease in capacity that can be attributed to the buoyancy 

force reducing the resistance of the structure to global failure. In this research, it was 

difficult to calculate the exact pressure load on the masonry walls as a function of time, 

thus, the researcher determined the estimated pressure ranges or the possible maximum 

values of pressure load considering the maximum estimated values for flood depth, flow 

velocity, specific weight of flood water, weight of debris and other factors.  

The hydrostatic pressure is a force under static condition. Considering a flood 

depth ranges from 2 to 3 meters high, the estimated hydrostatic pressure on masonry wall 

was 16.19 kPa. 

𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝛾𝑤ℎ𝑠  = (1.1) (
9.81𝑘𝑁

𝑚3
) (1.5𝑚) = 16.19 𝑘𝑃𝑎 (5.3.1) 

The impulsive force is caused by the impingement of a leading edge of initial 

surging floodwater onto the structure. The impulsive force acts only on the front side of 

the structure. Presently, there is no established and rational method available to predict 

the force. Based on two independent laboratory studies of Ramsden (1993) and Arnason 

(2005), the upper limit of the impulsive force is approximately 150% of the subsequent 

maximum hydrodynamic force in a quasi-steady flow.  

 When the floodwater is in motion around the structure, the hydrostatic condition 

no longer exists. However, the deviation caused by the initial flow of floodwaters is 

mainly small in comparison with the hydrostatic state. For the hydrodynamic forces 
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considering drag coefficient: 𝐶𝑑=2.0, flood water velocity ranges from 2-3 m/s, Surface 

Area, A: is a 3 x 3meter walls, floodwater density is approx. 1000𝑘𝑔/𝑚3, the estimated 

maximum hydrodynamic force was 29.70 kN acting at mid-height of the masonry walls. 

𝐹𝑑𝑦𝑛 =
1

2
𝐶𝑑𝜌(ℎ𝑢2) =

1

2
(2.0)(1100

𝑘𝑔

𝑚3
) (

3𝑚

𝑠
)

2

(3𝑚) = 29.70𝑘𝑁 

 

(5.3.2) 

 The impulsive forces was estimated to be 150% of that of hydrodynamic forces 

based on experimental results, the the estimated maximum impulsive forces was 

44.45KN.  

𝐹𝑖𝑚𝑝 = 1.5𝐹𝑑𝑦𝑛 = 1.5 (29.70𝑘𝑁) = 44.45𝑘𝑁 

 
(5.3.3) 

Debris impact forces are difficult to estimate. Several engineering attempts have 

been made previously, and they are summarized in Appendix D of FEMA P-646 (2012). 

Unlike other forces, debris impact forces occur locally at the point of contact when debris 

is smaller than the building. Theoretically, debris impact forces can be evaluated with 

impulse-momentum principle. Nonetheless, application of the theory in practice is 

difficult due primarily to uncertainty in the determination of impact time duration. The 

magnitude of this forces depends on the weight of the debris. Based on the local condition 

of Tacloban City, debris may include woods, garbage, stone, etc.  

The estimated debris impact was 128.17 KN considering flow velocity,  𝑢𝑚𝑎𝑥 

ranges from 2-3m/s., hydrodynamic mass coefficient, c = 0, debris stiffness, k=2.4 x 106 

N/mm, mass of the debris, 𝑚𝑑= 450 kg.  

𝐹𝑖 = 1.3 𝑢𝑚𝑎𝑥√𝑘𝑚𝑑(1 + 𝑐) 

𝐹𝑖 =  1.3 (
3𝑚

𝑠
) √(2.4𝑥106)(450𝑘𝑔)(1 + 0) = 128.17𝑘𝑁 

 

(5.3.4) 

The debris damming forces are due to the jamming effect of debris on a structure, 

which increases the hydrodynamic forces by increasing the surface area exposed to the 

flow. This force follows after the initial impact force of the debris. This can be calculated 
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by replacing the width of the structure with the width of the jammed debris, thus 

increasing the force.  

Different load combination was considered based on the typical time series of th 

complex combination of stor surge pressures. Table 7 show the estimated pressure per 

masonry dimensions.  For example, point A in Fig. is characterized by rising floodwater 

at the face of the masonry wall. It was assumed that the floodwater exerts a hydrostatic 

pressure of 16.19 kPa.  This load combination was based on the FEMA Coastal 

Construction Manual.  

Table 7: Storm surge pressure load for different wall dimensions. 

  Load Combination 

3x3m 

wall 

(kPa) 

3x4m 

wall 

(kPa) 

3x2.5m 

wall 

(kPa) 

A Rising Floodwater Hydrostatic 16.19 16.19 16.19 

B 
Floodwater with 

surge (Impulsive) 

Combined Hydrostatic with 

Impulsive 
21.14 19.90 22.13 

C 
Floodwater with 

surge 

Combined Hydrostatic with 

hydrodynamic 
19.49 18.67 20.15 

D 
Floodwater with 

Debris 

Combined Hydrostatic and 

hydrodynamic with debris 

impact 

33.73 29.35 33.28 

E Debris Damming 
Combined Hydrostatic with 

hydrodynamic 
- - - 

F 
Increasing Debris 

Impact 

Combined Hydrostatic and 

hydrodynamic with increase 

debris impact 

>33.74 >29.35 >33.28 
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5.4 Lateral Pressure Capacity of Masonry Walls  

In order to organize the difference between each masonry wall design. Design 

specifications were categorized as: S-Category, C-Category, B-Category, and D-

Category as shown in the Table 8. To investigate the maximum pressure capacity of 

masonry walls using yield line method, different combination per category was 

considered. For example, the non-engineered masonry walls are under S1-C1-B2 

Category. The NSCP 2015 Compliant design is under S2-C1-B2 and the ACI530-02 is 

under S2-C2-B2. Yield pattern defends on the nominal moment capacity (see Eq. 4.4d) 

and dimensions of the masonry wall under D-Category (see Table 8). Masonry wall under 

D1 exhibits yield line patter 1, D2 for yield line pattern 2, and D3 for yield line pattern 3.  

 

 

The list of different masonry design was organize in Table #. The effective 

compression width per bar is the least of the following: (a) Center-to-center bar spacing, 

(b) six times the wall thickness, (c) 72 inches ( 1829mm). For masonry design with 10cm 

thick CHB (C1) or steel reinforcement spaced  at 60cm O.C.  (S2), the governing effective 

compression width per bar is 600mm.  For masonry design with steel reinforcement with 

steel reinforcement spaced at 40 cm O.C. (S3), the effective  compression width per bar 

is 400mm.  Tensile force can be calculated using 𝑇 = 𝐴𝑠𝑓𝑦 , where 𝐴𝑠  is the cross-

sectional area of a single steel bar and 𝑓𝑦 is the yield strength equal to 27 MPa. Once the 

Spacing of Rebar 
CHB 

Thickness 
Rebar Diameter 

Wall Dimension 

(w x h) 

S-Category C-Category B-Category D-Category 

S1 
HOR. 

Every 4th CHB 

Layer C1 10cm B1 8mmØ D1 3 x 3m 

VERT. Every 80cm O.C. 

S2 
HOR. 

Every 3rd CHB 

Layer C2 15cm B2 10mmØ D2 4 x 3m 

VERT. Every 60cm O.C. 

S3 
HOR. 

Every 2nd CHB 

Layer C3 20cm B3 12mmØ D3 2.5 x 3m 

VERT. Every 40cm O.C. 

Table 8: Category per design specification of masonry wall 
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effective width and tensile force per bar has been calculated, the depth of the compression 

block can be calculated by 𝑎 =
(𝐴𝑠𝑓𝑦+𝑃𝑢) 

0.80𝑓′𝑚𝑏
, where 𝑓𝑚

′  is equal to 6.89 MPa. With these, the 

nominal moment capacity can now be calculated by 𝑀𝑛 = (𝐴𝑠𝑓𝑦 + 𝑃𝑢) (𝑑 −
𝑎

2
). The 

results of analytical analysis is provided in Appendix.  

Table 9: Specification per masonry wall 

Yield line pattern is governed by the following criteria (see Table #) where 
𝑀𝑛𝑥

𝑀𝑛𝑦
 is 

the ratio of the nominal moment capacity along x and y. While 
𝑎2

𝑏2
 is the ratio of the 

   Wall Design Specifications 

   Spacing of Reinforcement CHB Dimensions Rebar 

   Horizontal  Vertical 
Length 

(mm) 

Height 

(mm) 

Thickness 

(mm) 

Diameter 

(mmØ) 

S1 C1 B1 Every 4th CHB Layer Every 80cm O.C. 400 200 100 8 

S1 C1 B2 Every 4th CHB Layer Every 80cm O.C. 400 200 100 10 

S1 C1 B3 Every 4th CHB Layer Every 80cm O.C. 400 200 100 12 

S1 C2 B1 Every 4th CHB Layer Every 80cm O.C. 400 200 150 8 

S1 C2 B2 Every 4th CHB Layer Every 80cm O.C. 400 200 150 10 

S1 C2 B3 Every 4th CHB Layer Every 80cm O.C. 400 200 150 12 

S1 C3 B1 Every 4th CHB Layer Every 80cm O.C. 400 200 200 8 

S1 C3 B2 Every 4th CHB Layer Every 80cm O.C. 400 200 200 10 

S1 C3 B3 Every 4th CHB Layer Every 80cm O.C. 400 200 200 12 

         

S2 C1 B1 Every 3rd CHB Layer Every 60cm O.C. 400 200 100 8 

S2 C1 B2 Every 3rd CHB Layer Every 60cm O.C. 400 200 100 10 

S2 C1 B3 Every 3rd CHB Layer Every 60cm O.C. 400 200 100 12 

S2 C2 B1 Every 3rd CHB Layer Every 60cm O.C. 400 200 150 8 

S2 C2 B2 Every 3rd CHB Layer Every 60cm O.C. 400 200 150 10 

S2 C2 B3 Every 3rd CHB Layer Every 60cm O.C. 400 200 150 12 

S2 C3 B1 Every 3rd CHB Layer Every 60cm O.C. 400 200 200 8 

S2 C3 B2 Every 3rd CHB Layer Every 60cm O.C. 400 200 200 10 

S2 C3 B3 Every 3rd CHB Layer Every 60cm O.C. 400 200 200 12 

         

S3 C1 B1 Every 2nd CHB Layer Every 40cm O.C. 400 200 100 8 

S3 C1 B2 Every 2nd CHB Layer Every 40cm O.C. 400 200 100 10 

S3 C1 B3 Every 2nd CHB Layer Every 40cm O.C. 400 200 100 12 

S3 C2 B1 Every 2nd CHB Layer Every 40cm O.C. 400 200 150 8 

S3 C2 B2 Every 2nd CHB Layer Every 40cm O.C. 400 200 150 10 

S3 C2 B3 Every 2nd CHB Layer Every 40cm O.C. 400 200 150 12 

S3 C3 B1 Every 2nd CHB Layer Every 40cm O.C. 400 200 200 8 

S3 C3 B2 Every 2nd CHB Layer Every 40cm O.C. 400 200 200 10 

S3 C3 B3 Every 2nd CHB Layer Every 40cm O.C. 400 200 200 12 
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squared of the width and height of the masonry wall.  Masonry walls under D1: 3x3m has 

yield line pattern 1. Masonry walls under D2: 4x3m has yield line pattern 2 . Masonry 

walls under D3: 2.5x3m has yield line pattern 3 as shown in Table 10. 

Table 10: Maximum pressure capacity using yield line method 

 

Once the yield line pattern has been identified by using the given criteria, the 

maximum pressure capacity using yield line method was calculated (see Table 10). 

Derivation of equations for Table 10 is provided in Appendix B. This analytical analysis 

was performed in all the masonry walls with varying design specification. The maximum 

pressure capacity per masonry wall design was shown in Table 11.  In order to 

determine the sufficiency of the design, Fig. 28 provides a comparison in the maximum 

pressure capacity and storm surge pressure for each masonry wall design. 

Two compressive strength of CHB, 𝑓𝑚
′  were considered: (1) Non-load bearing, 

(2) Load bearing CHB. Non-load bearing CHB has less compressive strength compared 

to load bearing CHB since there are design to function differently. The minimum 𝑓𝑚
′  

Yield Pattern Criteria 
Wall 

( a x b) 

Maximum Pressure 

Pattern 

1 

 𝑀𝑛𝑥

𝑀𝑛𝑦

=
𝑎2

𝑏2
 

D1: 3 x 3m:  
𝑤𝑢

∅
= 12 (

 𝑀𝑛𝑥

𝑎2
+

 𝑀𝑛𝑦

𝑏2
) 

Pattern 

2 

 𝑀𝑛𝑥

𝑀𝑛𝑦

<
𝑎2

𝑏2
 

D1: 4 x 3m 
𝑤𝑢

∅
=

24𝑎(𝑀𝑛𝑥 + 𝑀𝑛𝑦)

2𝑏2𝑥 + 3𝑏2(𝑎 − 2𝑥)
 

Pattern 

3 

 𝑀𝑛𝑥

𝑀𝑛𝑦

>
𝑎2

𝑏2
 

D1: 2.5 x 

3m 

𝑤𝑢

∅
=

24𝑏(𝑀𝑛𝑥 + 𝑀𝑛𝑦)

2𝑎2𝑦 + 3𝑎2(𝑏 − 2𝑦)
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required for load bearing CHB was 6.89 MPa, for non-load bearing CHB, it is 2.10 MPa 

(ASEP, 2016). 

Considering load bearing CHB, non-engineered masonry walls under S1-C1 

category CHB have an estimated maximum pressure capacity below the estimated 

pressure due to flood loads caused by storm surge.  For example, S1-C1-B2 has an 

estimated pressure capacity of 10.32 kPa, 7.97 kPa and 12.53 kPa for wall dimension of 

3x3m, 4x3m, and 2.5x3m respectively. This masonry design is not capable of resisting a 

lateral hydrostatic pressure of 16.19 kPa. The NSCP 2015 Compliant design, S2-C1-B2 

has an estimated pressure capacity of 10.32 kPa, 7.97 kPa and 12.53 kPa for wall 

dimension of 3x3m, 4x3m, and 2.5x3m respectively. The ACI-530-02 Compliant design 

has an estimated pressure capacity of 15.65 kPa, 12.10 kPa and 19.01 kPa for wall 

dimension of 3x3m, 4x3m, and 2.5x3m respectively.  Based on these result, the ACI530-

02 Compliant design can sustain floodloads under static condition. Additional 

improvements must be considered against hydrodynamic and impulsive forces during 

storm surge events. 

A summary of maximum pressure load for different masonry wall design is 

provided in Table 11. There is a minimal difference in the pressure capacity considering 

two different compressive strengths. A maximum of 20.93% difference in maximum 

pressure capacity (S3-C1-B3) between the non-load bearing and load bearing CHB.It can 

be generalized that the strength of the masonry wall is dependent to the spacing of 

reinforcement. 
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Table 11: Result of yield line method per masonry design  

 

   
Non-Load Bearing 

CHB, (A) 
  

Load Bearing CHB, 

(B) 

Wall Design 

Maximum Pressure 

Capacity 
  

Maximum Pressure 

Capacity 

D1 D2 D3   D1 D2 D3 

3x3m 4x3m 2.5x3m   3x3m 4x3m 2.5x3m 

S1 C1 B1 6.36 4.91 7.72   6.68 5.17 8.12 

S1 C1 B2 9.52 7.36 11.57   10.32 7.97 12.53 

S1 C1 B3 12.99 10.04 15.78   14.64 11.31 17.78 

S1 C2 B1 7.42 5.73 9.01   7.60 5.87 9.23 

S1 C2 B2 11.36 8.78 13.80   11.80 9.12 14.34 

S1 C2 B3 15.95 12.32 19.37   16.87 13.04 20.50 

S1 C3 B1 9.98 7.71 12.12   10.16 7.85 12.34 

S1 C3 B2 15.36 11.87 18.65   15.80 12.21 19.20 

S1 C3 B3 21.71 16.78 26.37   22.63 17.49 27.49 

                    

S2 C1 B1 6.36 4.91 7.72   6.68 5.17 8.12 

S2 C1 B2 9.52 7.36 11.57   10.32 7.97 12.53 

S2 C1 B3 12.99 10.04 15.78   14.64 11.31 17.78 

S2 C2 B1 9.77 7.55 11.87   10.10 7.80 12.27 

S2 C2 B2 14.86 11.48 18.05   15.65 12.10 19.01 

S2 C2 B3 20.67 15.98 25.11   22.32 17.25 27.11 

S2 C3 B1 13.18 10.19 16.02   13.51 10.44 16.41 

S2 C3 B2 20.19 15.60 24.53   20.98 16.22 25.49 

S2 C3 B3 28.35 21.91 34.44   30.00 23.18 36.44 

                    

S3 C1 B1 9.19 7.10 11.16   9.92 7.67 12.05 

S3 C1 B2 13.43 10.38 16.31   15.22 11.76 18.48 

S3 C1 B3 17.71 13.69 21.51   21.41 16.55 26.01 

S3 C2 B1 14.31 11.06 17.38   15.04 11.62 18.27 

S3 C2 B2 21.43 16.56 26.03   23.21 17.94 28.20 

S3 C2 B3 29.23 22.59 35.50   32.93 25.45 40.01 

S3 C3 B1 19.43 15.01 23.60   20.16 15.58 24.49 

S3 C3 B2 29.43 22.74 35.75   31.21 24.13 37.92 

S3 C3 B3 40.75 31.49 49.50   44.45 34.36 54.00 
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Figure 28: Maximum pressure capacity of masonry walls with load bearing CHB,𝑓𝑚
′ = 2.10 𝑀𝑃𝑎 : 

(a) 3x3m, (b) 4x3m and (c)2.5x3m using yield line method. 
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Figure 29: Maximum pressure capacity of masonry walls with load bearing CHB,𝑓𝑚

′ = 6.89 𝑀𝑃𝑎 : 

(a) 3x3m, (b) 4x3m and (c)2.5x3m using yield line method. 
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5.5 Development of the Improvement 

Considering the estimated maximum pressure capacity of the non-engineered 

masonry walls using yield line method, it is evident that this current masonry wall design 

has experienced difficulty in sustaining lateral pressure due to floodwater induced by 

storm surges. The researcher conducted several attempts to improve the lateral pressure 

capacity of the masonry walls by: (1) Minimizing the on-center distance of the steel 

reinforcements, (2) Increasing the CHB wall thickness from 4” to 6” and 8” thick, (3) 

Providing a larger steel rebar diameter (see Fig. 29). 

Comparing all the estimated lateral pressure capacity of each masonry wall 

design, the recommended design is S3-C2-B3 because of the following reason: (1) 

Capacity to sustain impact forces, (2) minimal addition in construction works, (3) 

architectural consideration, and (d) minimal cost increase.  

The S3-C2-B3 is masonry design whose vertical and horizontal reinforcements 

are 12mmØ spaced @ 60cm, CHB thickness of 150mm or 6” and the column distance is 

from 2.5 to 3meters (see Fig. 29). The S2-C2-B3 has the estimated lateral pressure 

capacity that is sufficient enough to resist impulsive forces and debris impact. The S3-

C2-B3 can be upgraded to C3 category to improve resistance to sever debris impact. 

Based on the information obtained from the results of the investigation and analytical 

analysis, the points of improvement to upgrade the lateral pressure capacity of masonry 

walls are identified. The concept of improvement is to reinforce the strength of the 

masonry walls with minimum cost increase. The proposed improvements are listed in 

Table 13. 
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Table 12: Structural details of different masonry wall as per design consideration 

 

 

Part 
Non-engineered 

design 
NSCP 2015 ACI 530-02 

Horizontal 

Reinforcement 

Every 4th CHB 

Layer 

Max. of 1.2meter or  as 

specified by a structural 

engineer. 

Max. of 1.2meter or  

as specified by a 

structural engineer. 

Vertical 

Reinforcement 

Every 80cm 

O.C. 

Max. of 1.2meter or  as 

specified by a structural 

engineer. 

Max. of 1.2meter or  

as specified by a 

structural engineer. 

Thickness of 

CHB 

10 cm Thick 

CHB  

10 cm Thick CHB  or 

1/30 the lesser of the 

unsupported length and 

unsupported height                     

(NSCP 2015 Table 

411.3.1.1) 

 Minimum of  6" or 

152mm                            

(ACI 530-02 Sec. 

5.6.2 ) 

Bar Size Max. of 10mmØ Min. of 10mmØ Min. of 10mmØ 

Spacing of 

Support 

(Column) 

Min of 3 m. 
 l/t or h/t is 18 to 20 or 

2.7 to 3meters 

 l/t or h/t is 18 to 20 

or 2.7 to 3meters 

Joint Mortar for 

CHB 
Partially Partially/Fully Partially/Fully 

Masonry wall 

Covering 
Not plastered     

CHB Layout 
Running and 

Stack Bond 

Running and Stack 

Bond 

Running and Stack 

Bond 

Figure 30: Detail plan of the recommended design for a 3x3m. masonry walls. 
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Table 13: Structural details of recommended masonry design per hazard zone. 

 

Cracking pressures were estimated using the Staad Pro V8 computer program; 

four models of 3 x 3m masonry walls were developed, one for each design considerations 

studied namely: (1) non-engineered masonry, (2) NSCP 2015 Compliant, (3) ACI 530-

02 Compliant, and the (4) recommended design.  Material properties per masonry design 

is summarized in Table 14. 

Table 14: Summary of the design parameters per masonry design consideration. 

Model 

Non-

engineered 

design 

NSCP 2015 

Compliant 

ACI 530-02 

Compliant 

Recommended 

design 

Rebar Diameter 10mmØ 10mmØ 10mmØ 12mmØ 

Spacing of Rebar 80cm O.C. 60cm O.C. 60cm O.C. 40cm O.C. 

CHB Thickness 10cm 10cm 15cm 15cm 

Wall Dimension 3x3m 3x3m 3x3m 3x3m 

Part 
Recommended design per hazard zone 

Low Moderate High 

Horizontal 

Reinforcement 
Every 3rd CHB Layer 

Every 3rd CHB 

Layer 

Every 2nd CHB 

Layer 

Vertical 

Reinforcement 
Every 60cm O.C. Every 60cm O.C. Every 40cm O.C. 

Thickness of 

CHB 
15 cm Thick CHB  

15 cm Thick 

CHB  

15 cm-20cm 

Thick CHB  

Bar Size Min. of 12mmØ Min. of 12mmØ Min. of 12mmØ 

Spacing of 

Support 

(Column) 

2.5 to 3 meters 2.5 to 3 meters 2.5 to 3 meters 

Joint Mortar for 

CHB 
Fully Fully Fully 

Masonry wall 

Covering 
20mm plastering 20mm plastering 20mm plastering 

CHB Layout Running Bond Running Bond Running Bond 
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The masonry wall was modelled as a surface meshed by square elements of 

0.20x0.20m of 4 nodes and 6 degrees of freedom per node exactly in the same way for 

all masonry design. Figure 30 show the details of reinforcement in each masonry design. 

Reinforcement for non-engineered design was spaced at 80cm O.C. both vertical and 

horizontal.  Both NSCP2015 and ACI530-02 Compliant design has reinforcement spaced 

at 60cm O.C. both vertical and horizontal. For the recommended design, reinforcement 

was spaced at 40cm O.C. both vertical and horizontal.   

For the boundary condition, hinge supports were located along the confining 

elements to simulate the presence of columns and ring beams. The endpoints of the 

reinforcements were considered fixed to consider the effects of embedment to the 

supports. The mortar joints are not modelled directly as elements. The interface between 

blocks are assumed to be perfectly bonded. For the blocks, the behavior is considered 

elastic. Horizontal and vertical reinforcements are modelled using 1D elements and their 

behavior is considered as elastic perfectly plastic (see Fig. 31). 

 

 

 

 

Figure 31: Detailig of reinforcement is Staad Pro V8 per masonry as per (a) non-engineered, 

(b) NSCP2015/ACI530-02, and (c) recommended design. 

Figure 32: Support condition 
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The masonry walls were modelled using a structures mesh with square shell 

elements of 4 nodes and 6 degrees of freedom per node. The masonry wall was modelled 

using the corresponding CHB thickness per design consideration. Constitutive model 

used for the masonry walls was isotropic linear elastic; modulus of elasticity of masonry 

wall was 550𝑓′𝑚 , where 𝑓′𝑚 was 6.89Mpa based on the minimum compressive strength 

of masonry required. Modulus of elasticity and yield strength of steel reinforcement was 

200 GPa and 275 Mpa, respectively.  Poisson’s ratio was assumed equal to 0.20.  

Increasing uniform lateral pressure was applied perpendicular to the face of the 

masonry walls and the corresponding maximum lateral displacement was determined (see 

Fig. 32). These procedures were performed with increasing pressure to the four masonry 

wall design. In each pressure load, the corresponding maximum midheight deflection is 

determined. The results were graphically represented in Fig. 33. Based on the ACI 530-

02 Sec. 3.2.5.6, the maximum midheight displacement is limited to 0.007h or 21mm 

where h is the height of the masonry wall. 

 

 

 

 

Figure 33: (a) Loading, (b) stress distribution, (displacement) for masonry walls using Staad Pro V8. 
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Increasing the CHB wall thickness and reducing the spacing of reinforcement 

significantly improves the lateral pressure capacity and reduce the lateral displacement 

of the masonry walls. The recommended design can sustain lateral pressure 2 to 3 times 

of the non-engineered masonry walls considering a 10mm lateral displacement. This may 

represent the difference in lateral pressure capacity for fully grouted, well-plastered 

Figure 34: Lateral Pressure-displacement curve for different design consideration. 
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masonry walls with different design considerations.  Although it refers to a wide range of 

structural details and construction works, the key points of the improvements are as 

follows: 

1. Increase steel reinforcement ratio  

2. Increase the strength of the concrete by controlling the concrete mixture and 

the amount of water 

3. Minimize the distance of column to provide adequate lateral support. 

4. Adequate rebar joint lapping length. 

5. Use 12mm rebar to minimize the cost increase. 

Sample detail plan for the recommended masonry wall design is shown in Fig. 34. 

The concrete hollow block must be 40x20x15cm fully grouted with mortar that complies 

with ACI standards. The reinforcement must by spaced at 40cm on center. Intersection 

of steel bars must be tied by galvanized iron wire with adequate gauge number. The first 

CHB layer must be laid on a wall footing designed by the structural engineer.  

 

 

 

 

 

 

 

 

Figure 35: Detailed plan for the recommended masonry wall design. 
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As for the cost of the construction, a construction foreman calculated the direct 

cost both for the non-engineered design vs the recommended design for a 3 x 3-meter 

wall. Figure 35 shows that the cost increase is about 15%. According to the interview to 

the local residents, some of the people answered that 15% cost increase is in the 

acceptable level. It means that the more cost reduction is necessary for promoting a better 

construction.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 36: Comparison of Direct Construction Cost of a 3 by 3-meter masonry 

wall using the non-engineered design and the recommended .design. 
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Chapter Six 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Based on the field surveys and the corresponding  analytical results of the assessment of 

the out-of-plane failure of non-engineered masonry walls due to Typhoon Haiyan-

induced storm surges, the following conclusions and recommendations are presented: 

 Existing codes for large RC frame structures had performed well during Typhoon 

Haiyan, however, the current construction method for masonry walls for coastal 

structures has high vulnerability to OOP failures due to poor construction 

methodology and insufficiend design considerations. 

 NO Build Zone Policy along coastal barangays was not totally implemented due 

to economical and social considerations.  The existing 40m. (max) is not enough 

to guarantee that coastal structures are safe against structural damage due to 

impending storm surges. 

 A standard design for masonry walls was established. Additional improvements 

must be considered for structures with high exposure to heavy debris. The 

resultscan be used as simple basis for evaluating coastal low-rise structures that 

are vulnerable to total failure during extreme typhoons. 

 The out-of-plane pressure capacity of the recommended masonry wall design was 

observed to range 2 to 3 times of the current non-engineered masonry walls.  The 

results of the analytical model show that reducing the spacing of reinforcement 

can increase the strength and ductility of the masonry walls. However, further 

experimental investigations are required to investigate the real OOP deformation 

on masonry walls. 

 Based on the analytical analysis, the OOP lateral strength of the masonry walls is 

directly proportional to the compressive strength of masonry block, and inversely 

proportional to the ratio of height to thickness. Comparison between the yield line 
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method and FEM model  resulst shows that there is a direct and acceptable results 

in terms of pressure capacityies. However, future researches on both static and 

dynamic OOP behavior of masonry walls is still needed. 

6.2 Recommendations 

To achieve a much lower fatality count, there is a need to strengthen the structures 

against natural hazards. Building codes and hazard zoning may be enough for large 

structures, however this must be implemented at the barangay level and develop a culture 

of preparedness. Although this is already embodied in our laws, its actual implementation 

leaves must be desired. 

The Philippines is visited by 20 cyclones each year and storm surges are common. 

The one that happened in the central Philippine region during Typhoon Haiyan is perhaps 

the most powerful in recent history and it will not be the last of its kind. The sooner the 

implementation of the improvements of hazard proof designs , the better the people and 

the structure can respond to any warning if an impending storm surge hazard.  
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APPENDIX B 

Derivation for yield line method 

Some of the three most common yield line patterns based on some research and 

experiements conducted are shown in the Fig.23.  In Yield pattern No.1 , there is no 

unknown position of yield line patterns. Thus, the nodal forces V need not to be 

predetermined, and their value is dictated by statics alone. The unknowns x and y in yield 

line patterns Nos. 2 and 3 must be determined by means of differential calculus in the 

virtual work method.  

 

 

Analysis for yield line pattern No.1  

Assuming a vertical deflection of ∆ at the intersection of the diagonal yield lines 

in Fig.24, the deflection at the centroids of the four triangles A-B-C-D is ∆/3. The work 

done at the collapse condition by the uniform load is the product of the total load on the 

entire panel and ∆/3; thus 

𝑊 =
𝑤𝑢

∅
𝑎𝑏(

∆

3
) 

Yield pattern No.1                  Yield pattern No.2                                     Yield pattern No.3 

Figure 37: Most common yield line pattern for masonry OOP failure 

(Wang, Salmon, & Pincheira, 2007) 

(4.6.4.1) 
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The work done by the yield moments on the boundaries of all four slab 

segments, referring to Fig. 37, is  

 

𝑊 = 2(𝑀𝑛𝑛𝑦 +  𝑀𝑛𝑝𝑦)(𝑎) (
2∆

𝑏
) + 2(𝑀𝑛𝑛𝑥 +  𝑀𝑛𝑝𝑥)(𝑏) (

2∆

𝑎
) 

Equating Eq.(4.6.4.1) to Eq.(4.6.4.2), and solving for 𝑤𝑢; 

𝑤𝑢

∅
= 12 (

𝑀𝑛𝑛𝑥 +  𝑀𝑛𝑝𝑥

𝑎2
+

𝑀𝑛𝑛𝑦 +  𝑀𝑛𝑝𝑦

𝑏2
) 

Alternately, the same solution is obtained using the equilibrium method. Taking 

moments about the lower edge of masonry segment A in figur#, 

1

2
(

𝑤𝑢

∅
) 𝑎 (

𝑏

2
) (

𝑏

6
) + 𝑉 (

𝑏

2
) = (𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑛𝑦)(𝑎) 

Taking moments about the left edge of masonry segment D in Fig.24, 

1

2
(

𝑤𝑢

∅
) 𝑎 (

𝑎

2
) (

𝑎

6
) = (𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑛𝑦)(𝑏) + 𝑉 (

𝑎

2
) 

Eliminating V  between Eqs.(4.6.4.5)  and (4.6.4.6) and solving for 
𝑤𝑢

∅
, the same 

expression for 
𝑤𝑢

∅
 as Eq.(4.6.4.3) 

Figure 38:Analysis of yield line pattern No.1 

(4.6.4.2) 

(4.6.4.3) 

(4.6.4.5) 

(4.6.4.6) 
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Analysis for yield line pattern No.2 

Assuming a vertical deflection of ∆ at the two points of intersection of the yield 

lines in Fig. 25, the work done at the collapse condition by the uniform load on the 

entire panel is  

𝑊 = 2𝑊𝐷 + 2𝑊𝐴1 + 4𝑊𝐴2 

= 2[
1

2
(

𝑤𝑢

∅
) 𝑏𝑥](

2∆

𝑏
) + 2 (

𝑤𝑢

∅
) (𝑎 − 2𝑥)((

𝑏

2
) (

∆

2
) + 4[

1

2
(

𝑤𝑢

∅
) 𝑥

𝑏

2
] (

∆

3
) 

=
𝑤𝑢

∅
(

∆

6
) (3𝑎𝑏 − 2𝑏𝑥) 

The work done by the yield moments on the boundaries of all four masonry 

segments is, referring to Fig.25 

𝑊 = 2(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)(𝑎) ( 
2∆

𝑏
) + 2(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)(𝑏) ( 

∆

𝑥
) 

Equating Eq.(4.6.4.7) to Eq.(4.6.4.7) and solving for 
𝑤𝑢

∅
, 

𝑤𝑢

∅
=

12[𝑏2(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥) + 2𝑎𝑥(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)(𝑏)(
∆

𝑥
)

𝑏2(3𝑎𝑥 − 2𝑥2)
 

Setting to zero the derivatice of Eq.(4.6.4.8)with respect to x gives the quadratic 

equation in x, 

Figure 39:Analysis of yield pattern No.2 

(4.6.4.7) 

(4.6.4.8) 

(4.6.4.8) 
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4𝑎(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)𝑥2 + 4𝑏2(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)𝑥 − [3𝑎𝑏2(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)] = 0 

Using the equilibrium mehod with V=0  because there are three intersecting yield 

lines and taking the moments about the lower edge of masonry segments A in Fig.25, 

2 [
1

2
(

𝑤𝑢

∅
) 𝑥

𝑏

2
] ( 

𝑏

6
) + (

𝑤𝑢

∅
) (𝑎 − 2𝑥) (

𝑏

2
) (

𝑏

4
) = (𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)(𝑎) 

𝑤𝑢

∅
=

24𝑎(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)

2𝑏2𝑥 + 3𝑏2(𝑎 − 2𝑥)
 

Taking moments about the left edge of masonry segment D in Fig.25. 

1

2
(

𝑤𝑢

∅
) 𝑏𝑥

𝑥

3
= (𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)(𝑏) 

𝑤𝑢

∅
=

6(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)

𝑥2
 

Equating Eq.(4.6.4.10)to Eq.(4.6.4.11) gives the same quadratic equaition in x as Eq. 

(4.6.4.9) 

 The condition for x=a/2  in Eq. (4.6.4.9) can be shown to be  

𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥

𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦
<

𝑎2

𝑏2
 

𝑓𝑜𝑟 𝑥 =
𝑎

2
 

which means that if the sum of positive and negative reinforcements in the a-direction, 

each per unit width of masonry wall, is equal to 
𝑎2

𝑏2 times the sum of positive and 

negative moment reinforcement in the b-direction, each per unit width of masonry wall, 

yield pattern No. 1 prevails. 

The condition for 𝑥 <
𝑎

2
 in Eq.(4.6.4.9) can be shown to be  

(4.6.4.9) 

(4.6.4.10) 

(4.6.4.11) 

(4.6.4.12) 
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𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥

𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦
<

𝑎2

𝑏2
 

𝑓𝑜𝑟 𝑥 <
𝑎

2
 

which means that in order for yield pattern No. 2 to prevail, the reinforcement in the a-

direction is less thab that for yield pattern No. 1 control. 

Analysis for yield line pattern No.3 

By interchanging the subscripts x and y  as well as the quantities a and b in 

Eq.(4.6.4.8),(4.6.4.9),(4.6.4.10),and (4.6.4.11), the following equations applicable to 

yield line pattern No. 3 are obtained. The quadratic equation in y (Fig.25) is 

4𝑏(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)𝑦2 + 4𝑎2(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)𝑦 − [3𝑏𝑎2(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)] = 0 

Similarly, the expressions analogous to Eq…(4.6.4.8),(4.6.4.10),and (4.6.4.11) for 
𝑤𝑢

∅
 in 

terms of y are 

𝑤𝑢

∅
=

12[𝑎2(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦) + 2𝑏𝑦(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)]

𝑎2(3𝑏𝑦 − 2𝑦2)
 

𝑤𝑢

∅
=

24𝑏(𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥)

2𝑎2𝑦 + 3𝑎2(𝑏 − 2𝑦)
 

𝑤𝑢

∅
=

6(𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦)

𝑦2
 

The condition for 𝑦 <
𝑏

2
 in Eq.(4.6.4.14)  can be shown to be  

𝑀𝑛𝑛𝑥 + 𝑀𝑛𝑝𝑥

𝑀𝑛𝑛𝑦 + 𝑀𝑛𝑝𝑦
>

𝑎2

𝑏2
 

(4.6.4.13) 

(4.6.4.14) 

(4.6.4.15) 

(4.6.4.16) 

(4.6.4.17) 

(4.6.4.18) 
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𝑓𝑜𝑟 𝑦 <
𝑏

2
which means that in order for yield pattern No. 3 to prevail, the reinforcement 

in the a-direction is more than that for yield pattern No. 1 control . (Wang, Salmon, & 

Pincheira, 2007) 
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APPENDIX C 

Result of On-site Survey in Tacloban City 
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APPENDIX D 

Yield line method for 3x3m wall (load bearing wall) 
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APPENDIX E 

Yield line method for 4x3m wall (load bearing wall) 
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APPENDIX F 

Yield line method for 2.5x3m wall (load bearing wall) 
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APPENDIX G 

Yield line method for 3x3m wall (non-load bearing wall) 
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APPENDIX H 

Yield line method for 4x3m wa ll (non-load bearing wall) 
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APPENDIX I 

Yield line method for 2.5x3m wall (non-load bearing wall) 
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