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ABSTRACT

During post-earthquake, operational integrity of roads is essential due to its role in
providing access to emergency medical services. However, debris of structures adjacent
to the roads poses significant challenge in maintaining the operability of the roads,
therefore making access to emergency services more challenging. In this study, an
approach in estimating the amount of debris spread generated by low-storey structures
during seismic events is presented. The methodology begins by assessing the seismic
hazard using a Probabilistic Seismic Hazard Analysis (PSHA), that generates peak
ground acceleration (PGA). Utilizing a debris distribution curve, a ground acceleration
road threshold equation is formulated to evaluate road segment seismic capacity. The
eguation evaluates the road width covered by debris by using the PGA. Segments are
classified as 'Unimpeded Access Routes,' 'Potentially Impacted Roads,' or 'Emergency
Response Constrained Roads,' which dictates the application of the threshold equation.
Road operability, crucial for emergency services, is determined by debris width and
vehicle access requirements. Applied to Surigao City's road network, the framework
identifies 37 unimpeded access routes, 77 potentially impacted roads, and 11 emergency
response constrained roads. A ground acceleration road threshold map, and road
operability maps are generated to facilitate analysis and discussion of results.

1. INTRODUCTION

Earthquakes are among the most catastrophic natural hazards, as they pose
severe risks to human safety and inflict substantial damage on infrastructure. Dilig & San
Juan (2019) stated that the Philippines experiences an average of 3.2 earthquakes per
day. The necessity of ongoing monitoring and mitigation strategies to improve disaster
resilience is emphasized by the high level of seismic activity. The distribution of debris
from collapsed or damaged structures is a critical aspect of earthquake impact. This can
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severely obstruct road networks, impeding emergency response and recovery efforts.

Road networks are essential lifelines that facilitate the efficient movement of
people, goods, and services, particularly during emergencies. It is imperative to
guarantee their operability following an earthquake to facilitate the timely provision of
medical assistance, rescue operations, and supply distribution. Nevertheless, the
collapse of adjacent buildings and infrastructure is a frequent consequence of seismic
events, resulting in the accumulation of debris on roadways. Depending on the intensity
and duration of the seismic activity, as well as the type and construction quality of the
structures affected, this debris can vary in size and density. Roadblocks that result from
debris distribution patterns can impede emergency operations and extend recovery
efforts, underscoring the significance of comprehending these patterns.

Anelli et al. (2020) has emphasized the necessity of evaluating both direct and
indirect impacts of seismic activity on road networks. Direct impacts encompass
structural damage, including ground failures due to liquefaction, landslides, and fault
ruptures. Significant challenges are also posed by indirect impacts, such as the
accumulation of debris from damaged buildings. They underscored the significance of
debris resulting from building collapses in the evaluation of road. Probabilistic seismic
hazard analysis (PSHA) and deterministic seismic hazard analysis (DSHA) are often
used to assess seismic hazards, thereby offering indispensable frameworks for the
prediction and comprehension of the consequences of earthquakes on infrastructure.

The analysis of the factors that influence the spread and accumulation of debris
on roadways is a critical component of the study of debris distribution because of seismic
activity. These factors encompass the seismic intensity, distance from the road, building
typology, and structural integrity. By combining these analyses with debris distribution
models, researchers can forecast the severity of road blockages and pinpoint critical
segments that are most susceptible to debris accumulation. This method was employed
to evaluate the road networks in Surigao City, which revealed substantial probabilities of
inaccessibility because of debris from neighboring structures.

The development of targeted mitigation measures is facilitated by the integration
of debris distribution analysis into seismic risk assessments. These measures may
involve the reinforcement of buildings along critical roadways, the establishment of debris
clearance protocols, and the design of road networks with redundancy to guarantee the
availability of alternative routes. In addition, the precision of debris distribution models
can be improved by advancements in remote sensing and GIS technologies, which can
provide valuable data to emergency planners and responders. Communities can more
effectively prepare for and mitigate the negative impacts of earthquakes on critical
transportation infrastructure by prioritizing the investigation of debris distribution because
of seismic activity.

The objective of this study is to evaluate the distribution of debris on roadways in
a specific region of Surigao City, Surigao del Norte, Philippines. The study aims to
develop a comprehensive examination of the potential road blockages that may arise
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because of seismic action. The factors that influence the spread of debris, such as the
structural integrity of buildings, their proximity to roads, and their typology, will be
meticulously analyzed. The results are intended to provide local authorities and planners
with the necessary information to enhance the resilience of the road network in Surigao
City and develop effective mitigation strategies.

2. STUDY AREA

Surigao del Norte is a province located in Region XIlI, also known as the Caraga
Region. It is the closest area of Mindanao to the islands of Visayas. According to the
Manila Observatory (2005), the province is one of the ten most earthquake-prone
municipalities in the Philippines. A fault line passes through the province; hence the fault
segment is named Surigao Fault. The study area is in Brgy. Washington, Surigao City,
Surigao del Norte. The network has an area of approximately 446,000 square meters
and consists of 125 road segments.

FiQ 1 Study area for assééé'n%érr;tw('réaHigﬁlightéd a}ea)
3. METHODOLOGY

The estimation of debris distribution on roads as a result of seismic activity
involves a multi-step process that begins with a PSHA. In order to ascertain the PGA,
this analysis evaluates the probability of distance, magnitude, and ground motion.
Subsequently, the ground acceleration threshold for road segments is determined to
evaluate their ability to continue operating in the event of an earthquake. This calculation
considers the average story height of adjacent buildings, offset distance, and road width.
Lastly, the results from PSHA and threshold calculations are used to simulate earthquake
scenarios and visualize the probability of road inaccessibility through ground acceleration
mapping through GIS. This serves as essential data for pre-disaster planning and
mitigation strategies.
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Fig 2 Framework of the Study

3.1 Probabilistic Seismic Hazard Analysis (PSHA)

PSHA and DSHA are both valid methods for evaluating seismic hazards, each
with its own advantages. Although DSHA typically concentrates on a single, most
credible earthquake scenario, PSHA provides a probabilistic approach that assesses the
probability of a variety of seismic events and their potential effects over time. The
probabilistic nature of PSHA enables a more thorough comprehension of the potential
seismic activities, which may be advantageous for specific research studies. PSHA offers
a comprehensive evaluation that can inform risk management and decision-making by
incorporating uncertainties regarding earthquake occurrence, location, size, and ground
motion characteristics. As evidenced by the research conducted by Carandang et al.
(2019) and Valdez et al. (2020), PSHA is also extensively employed in the study of lifeline
network reliability and resilience. Consequently, PSHA was selected for this investigation
to capitalize on its capacity to consider the probabilistic nature of seismic hazards.
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One of the parameters essential for estimating the probability of failure is the peak
ground acceleration (PGA). In calculating the PGA, a PSHA is performed. The output of
the PSHA is a Uniform Hazard Response Spectra (UHRS) that shows the behavior of
spectral acceleration versus period. Baker (2013) utilized a framework using the Total
Probability Theorem that combines distance probability, magnitude probability, and
ground motion probability. The analysis involves a 2500-year return period, or 2%
probability of exceedance in 50 years which defines the Maximum Considered
Earthquake (MCE).

The first of the two parameters considered in the GMPE is the distance probability.
Given a fault source, earthquakes are expected to take place at any point along the fault.
Thus, there is an uncertainty present is considering source-to-site distances. Surigao
Segment of the Philippine Fault is the seismic source in the analysis since it is the nearest
source to the area of study. The segment has an approximate length of 100 kilometers
that passes through the eastern border of Malimono Ridge and the coastal area of San
Francisco, Surigao del Norte (Perez et al., 2015).

The second parameter considered in the study is magnitude probability.
Earthquake history with a maximum epicentral distance of 150km are considered. The
study uses the United States Geological Survey (USGS) Earthquake Database in
collecting earthquake history data. A total of 662 earthquakes beginning from 1913 to
2022 contain a moment magnitude of at least 5.0, all of which were considered in the
computation.

Determining the magnitude probability uses the Gutenberg-Richter Law (GR
Law). It provides the relationship between earthquake magnitude and earthquake history
considered. Eq. (1) explains the relationship provided in the GR Law.

log,,N =a-bM
(1)

where N is the number of events with magnitude of greater than or equal to M,
and a and b are the intercept and slope generated from the relationship of M and
log,o N, and b respectively. The values of a and b are utilized in determining the
magnitude probability. Thus, a probability density function (PDF), shown in Eq. (2) is
used.

ﬁe['ﬁ(m'mmin)]

1-elB(mmax-mpmin)]

fu(m)=
(1)

where fy(m) is the probability density function and g is b multiplied by 2.303.
The function is converted to magnitude probability by determining the product of f(m)
and the difference of upper and lower intervals considered.

Incorporating both magnitude and distance probabilities into an intensity measure
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is essential to calculate ground motion, which is done by using a ground motion prediction
equation (GMPE). The study used a GMPE that is similar to the model used by the
Philippine Institute of Volcanology and Seismology (PHIVOLCS) in the Philippine
Earthquake Model (PEM). The attenuation model by Youngs et al. (1997) provides a
GMPE that considers both source-to-site distance and magnitude, which is represented
as shown in Eq. (3).

Iny = —0.6687 + 1.438M,, + C; + C,(10 — My,)3
+ C3 In(r + 1.097e%617Mw 4 0.00648H + 0.3643Z;
(2)

where 1y, is the intensity measure (IM), My, is the moment magnitude, r is the
source-to-site distance, H is the focal depth, and Z; is the source type indicator. Zy is
equivalent to zero (0) if source type is interface, and equivalent to one (1) if source type
is intraslab. Coefficients present in Equation (3) represent regression coefficients which
are summarized by Villaverde (2009) shown in Table 1.

Table 1 Regression coefficients per period for GMPE (Villaverde, 2009)

Period C1 c2 C3 C4 C5
0 0 0 -2.329 1.45 -0.1
0.075 2.4 -0.0019 -2.697 1.45 -0.1
0.1 2.516 -0.0019 -2.697 1.45 -0.1
0.2 1.549 -0.0019 -2.464 1.45 -0.1
0.3 0.793 -0.002 -2.327 1.45 -0.1
0.4 0.144 -0.002 -2.23 1.45 -0.1
0.5 -0.438 -0.0035 -2.14 1.45 -0.1
0.75 -1.704 -0.0048 -1.952 1.45 -0.1
1 -2.87 -0.0066 -1.785 1.45 -0.1
15 -5.101 -0.0114 -1.47 15 -0.1
2 -6.433 -0.0164 -1.29 1.55 -0.1

3 -6.672 -0.0221 -1.347 1.65 -0.1

4 -7.618 -0.0235 -1.272 1.65 -0.1

Finally, the annual rate of exceedance can be calculated by using the Total
Probability Theorem where probabilities of ground motion, distance to source, and
magnitude are considered. Eq. (4) represents the calculation for the annual rate of

exceedance.
Ns Ny Ng
A= z Z z viP[Y>y'|P[M=m,]P[R=r;]
i-1 i=1 i=1
3)

where 4, is the annual rate of exceeding a ground acceleration y*, v; is the

mean annual rate of exceedance given the situation where magnitude is equivalent to
Am, P[Y > y"] is the probability of exceedance of acceleration y*, P[M = m;] is the

magnitude probability, and P[R = ry] is the distance probability. Using this relationship,
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the peak ground acceleration (PGA) and uniform hazard response spectra (UHRS) are
determined.

3.2 Acceleration Threshold Calculation

Road acceleration threshold describes the peak ground acceleration a road
segment can withstand to achieve an “functional” road state. Anelli et al. (2020)
constructed debris graphs that were used in the study as basis for road capacity.
Furthermore, it is defined that for a road to be operational, the open road width shall not
be less than 3.50 meters to accommodate emergency services during post-earthquake.
The developed equation is only limited to reinforced concrete structures. Thus, utilization
of debris distribution graphs for other structure types is recommended for future studies.

The debris graph provided by Anelli et al. (2020) shows that the debris width W,
can be determined. The consideration of the debris graphs explains that debris
distribution varies from 7% to 50% DF. 7% DF contains a performance level of Operative
Limit State (OLS). Whereas 50% DF contains a performance level of Safety Limit State
(SLS). The relationship contains the assumption that debris area has a linear growth as
the PGA grows from OLS to SLS. Thus, determining the estimated debris width values
at SLS is through Eq. (5) where Ah is the average floor height of the structure.

Wd,4- == Ah
(5)

Offset Distance, 0S5,

Road width, W,.,,

Offset Distance, 0Sp

Fig 3 Illustration of the physical parameters considered for acceleration threshold equation

From this graph, a relationship between debris width and acceleration is present.
This is used as one of the parameters for determining the acceleration threshold. Let the
road width free from debris be Wg,.. The condition of the road based on functionality is

determined through Eq. (6) and Eq. (7)

Wsy = 3.50m,road is operational

(6)
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Wr, < 3.50m,road is inoperable

(7)

In the succeeding equations for derivation of acceleration threshold equation, let
average storey height of Building A and Building B be AH, and AHpg respectively. The
ratio between debris width of Bldg. A (W4 4) and Bldg. B (W, g) to be equivalent to ratio
between AH, and AHg by using the debris distribution graph of Anelli et al. (2020).
Thus, the relationship is expressed mathematically as shown in Eq. (8).

Waa AHy AHp
= > Waa=Wup—-
Wap AHp ’ '~ AHp

(8)

The width free from debris (W) is determined by considering the road width
(W), 0S4, 0Sg, W44, and W,, which is expressed as shown in Eq. (9).

Wfr = VVTW + OSA + OSB - Wd,A - Wd,B
9)

By incorporating the condition set in Eq. (6) to Eq. (9), then the consideration for
operability of the is now through Eq. (10).

3.50=>W,, + 0S4+ 0Sg — Wy, — W, > Road is operational
(10)

W, p is converted to acceleration using the debris distribution graph considered.
A linear relationship is observed from 0.20g to 0.45g. By using similar triangles or linear
interpolation, the equation is shown in Eq (11).

(0.45g — 0.20g) _ arya-p —0.20g
AHj - Was

(11)

By using Eq. (10) in substituting W,4p to Eq. (11) by isolating the variable, the
relationship is now as shown in Eq. (12).

(04‘59 - OZOg) _ aTH,A_B - OZOg
AHp B
(W, + 0S4 + 0S5 — 3.5)
AH,
(AHB +1)

(12)

By isolating ary4—p to the rest of the variables, the solution arrives to the
acceleration threshold equation. The equation is expressed as shown in Eq. (13).
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0.25(W,., + Wystset — 0.875)
_B= 2
arH,A-B AH, + AHj +0.20g

(13)

where ary 4-p is the acceleration threshold of the road segment with interfering
structures Building A and Building B, W,., is the road width in meters, Wsse, is the
offset distance of the interfering structures, 4H, is the average storey height of Building
A, and AHjy isthe average storey height of Building B. Three cases come with using the
acceleration threshold equation which is shown in Table 2.

Table 2. Cases in using the acceleration threshold equation

Case Condition Description
Unimpeded arya>0.45¢ Under this condition, the road width free from
Access debris will be kept above 3.50m even with high

ground accelerations. Thus, road will be
considered operable and has a road blockage
probability of 0%.

Potentially  0.20g<atyA.5<0.45g Under this condition, the simulated PGA is
Impacted greater than ary,-p , road is considered
inoperable. Otherwise, road is operable.

Emergency aryA-8<0.20g Under this condition, the road width is equal or
Response less than 3.50m. Therefore, the road will only be
Constrained considered operable if the simulated PGA is less
than or equal to 0.20. Otherwise, road is

inoperable.

4. CASE STUDY ON SURIGAO CITY
3.2 Results of the PSHA

Fig 4 shows the summary of the distance probability analysis of the area of study.
p(R =r) shows the probability that an earthquake occurs at a specific epicentral
distance. For instance, there is a 6.89% probability that an earthquake will occur with an
epicentral distance of 5 kilometers from the area of study. Furthermore, there is a 19.46%
probability that an earthquake will occur at an epicentral distance of 25 kilometers or less.

Fig 5 shows the magnitude probability per magnitude. It is evident that higher
magnitudes result in lower frequency of occurrence. According to Fig. 3, a probability of
48.40% that a critical earthquake occurs in the study area with a moment magnitude of
5.1. Meanwhile, a probability of 0.1074% that a critical earthquake will occur in the study
area with a moment magnitude of 6.9.
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Fig 4 Distance Probability Graph of the Study Area
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Fig 5 Magnitude Probability Graph of the Study Area

By using the Ground Motion Prediction Equation (GMPE) in combining the
distance and magnitude probabilities, the calculated PGA under the MCE Scenario is
0.55¢g for the study area. The calculated value was verified by using The Philippine
Earthquake Model (PEM) which shows a PGA of approximately 0.60g. This is an 8.70%
difference between the calculated PGA from PEM.



The 2024 World Congress on
The 2024 Structures Congress (Structures24)
19-22, August, 2024, The K hotel, Seoul, Korea

3.2 Acceleration Threshold Results

Acceleration
Threshold
Map
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Fig 4 Acceleration Threshold Map of the Study Area

Acceleration threshold defines the capacity of the road segments to withstand
seismic activity. The debris distribution considered assumes the study area to consist of
reinforced concrete structures only. This is treated as a limitation to this case study and
may be improved by considering other types of structure such as steel and masonry. The
calculated acceleration threshold values are summarized through a map shown in Fig 4.
As observed, the acceleration threshold values are relatively high on the main roads
Rizal Street and San Nicolas Street. These roads are considered essential since a
medical facility, the Caraga Regional Hospital, is located along Rizal Street. This can not
only provide medical services to the area of study, but also to the road networks
throughout Surigao City and other nearby areas. Given that there are three cases based
on the acceleration threshold values, it is evident that most of the road segments within
the area of study belong under the ‘Potentially Impacted’ Case.

Table 1. Number of Road Segments per Case

No. of Road
Case Acceleration Threshold Condition Segments
Unimpeded Access asp > 0.45¢g 37
Potentially Impacted 0.20g < a;p < 0.45g 77
Emergency Response awn, < 0.20g or W, < 3.5m 11

Constrained
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Fig 5 Road conditions éfter MCE Scenario (Green - Operational, Red - Failure)

Furthermore, a map is provided showing the condition of the roads to visualize
the scenario of the road network. Fig 5 shows the road condition map after 0.55g
Earthquake. Out of the 125 road segments, only 37 road segments are rendered
operational. Thus, 88 road segments are inoperable. In arriving at the acceleration
threshold equation, if the exerted PGA is greater than or equal to 0.45g, the road
condition remains as is since the maximum debris spread is reached at 0.45g. Thus, the
road condition is applicable for PGA values of 0.45g and above. Furthermore, road
segments under ‘Potentially Impacted’ and ‘Emergency Response’ Cases fail in this
earthquake scenario, which implies that the passable width of the road segments having
the maximum debris spread is less than 3.5m.
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5. CONCLUSIONS AND RECOMMENDATIONS

A comprehensive methodology was developed in this study to estimate the
distribution of debris on roadways caused by seismic activity, which was applied on an
area in Surigao City, Surigao del Norte, Philippines. The PGA for the region was
estimates through the application of PSHA, a critical tool for evaluating the potential
impact on infrastructure. The seismic hazard was thoroughly evaluated through the
integration of ground motion probabilities, magnitude, and distance.

The ground acceleration threshold for road segments post-earthquake was also,
which was a critical step in determining the operability of roads. This calculation took into
account a variety of factors, such as the average story heights of adjacent buildings, the
offset distance of interfering structures, and the width of the road. The study identified
which roads will likely remain operational and which would be compromised by
classifying road segments into categories based on their acceleration thresholds. In order
to effectively prioritize mitigation and response efforts, emergency planners and
responders must adhere to this classification.

Lastly, the visual representation of the probability of road inaccessibility was
achieved through GIS ground acceleration mapping, which identified critical segments
that are most susceptible to debris accumulation. The maps produced by this study
provide local authorities and planners with valuable insights, allowing them to develop
targeted mitigation measures, such as establishing debris clearance protocols and
reinforcing buildings along critical roadways. This study makes a substantial contribution
to the enhancement of disaster resilience and the continuous operability of critical
transportation infrastructure in Surigao City by enhancing the comprehension of debris
distribution patterns as a result of seismic activity.

Additionally, the methodology of this study can be employed to determine the
failure probabilities of roads as a result of debris distribution during seismic activity,
thereby establishing a quantitative measure of seismic resilience. This framework may
also be expanded to account for additional direct and indirect damages that roads may
sustain during seismic events, providing a more comprehensive method of evaluating
and mitigating the effects of earthquakes on road networks. This methodology can also
be employed to estimate the potential loss of a study area under consideration as a result
of the analyzed damage, thereby providing a valuable tool for economic assessment and
planning. This holistic understanding is essential for the creation of resilient infrastructure
systems that can withstand and rapidly recover from seismic disturbances.
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