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Abstract: In order to compute direct damages to structures and contents, the United States Army Corps of 
Engineers (USACE) has traditionally relied on relationships that define damage for a given depth.  These 
relationships are described using paired data relationships of depth and damage.  Generally, the curves utilized are 
based on an Elicitation of Experts (EoE).  This paper will present an alternative methodology which takes empirical 
data of damage and depth, stratified by building classifications, and use Non Linear Least Squares Estimation to fit 
a parameterized function to compute depth-damage estimates.  The general function will be described, and the 
parameters will be discussed.  Parameters include foundation height, ground elevation, percent damages below 
ground, number of stories, height of stories, maximum damage as a percent, and the beginning elevation for 
damage. The advantages of this approach include the ability to utilize empirical data, and the ability to change 
parameters based on building practices across the world. Additionally, the paper will illustrate a bootstrapping 
approach to the empirical data to assist in describing confidence limits around the parameterized functional depth 
damage relationship.  A Figure (Figure 1) is provided to illustrate the output of the process. 

 

 
1 Introduction 

     Evaluation of the damages due to flooding are 
necessary to determine what actions can be taken to 
reduce the damages of flooding.  There are many ways 
to accomplish the task of determining which projects to 
implement, but all require some statement of the 
damages with a project and without a project. The 
evaluation of the damages from flooding requires some 
sort of methodology that would account for changes to 
the nature of the flooding, the things that are exposed 
to flooding, or the vulnerability of those things that are 
exposed to flooding. 

 

     Generally, the basis of establishing the damages 
from flooding includes the loss of value of structures  
due to the flood event. Additionally, there is a strong 
relationship between deeper depth and greater damage 
at a structure. 

     In the field of flood damage assessment, terms such 
as damage, loss, and impact have various definitions. 
Broadly, flood damage can be categorized as direct or 
indirect. In this paper, direct damages are those due to 
physical contact between the floodwater and the 
inundated objects, and the indirect damages are based 
on the effects of direct damage on a wider scale of 

Figure 1 
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space and time (Meyer et al., 2013; Molinari et al., 
2014a; Thieken et al., 2005).  

     Both categories may be able to be described as 
damages that are tangible or intangible (André et al., 
2013; Kreibich et al., 2010). Tangible damages refer to 
damages that are marketable, whereas intangible 
damages are difficult to express in terms of marketable 
value. The focus of this study is on direct, tangible 
damages to buildings due to a short duration of riverine 
(low-velocity) inundation. 

2 Why flood damage assessment? 

     Flood damage assessment is a critical component of 
flood risk mitigation. To evaluate measures that can be 
taken to mitigate the damages from flooding, 
assessment of damages must be conducted. In addition 
to flood damage assessment, analysis of the measures 
and their reductions to the without project condition 
must be conducted.  Without clear and reproducible 
flood damage assessment, analysis is very difficult, and 
the management of risk is less reliable. 

3 Depth damage relationships 

      As stated previously, damages to structures in the 
floodplain are strongly related to the depths achieved in 
the structures due to the flooding.  There are many 
other important parameters, but depth describes the 
majority of the variance of damages when the 
structures are stratified by construction and use. 

     Fundamentally, for a given structure, holding all 
hydraulic constraints (velocity, duration, salinity, and 
sedimant load) constant, for increasing depths, 
damages should increase.  

     For a given construction practice (wood 
construction, concrete block construction, or steel 
frame construction), and a given use (residential, or 
commercial) there could be great variance between the 
contents of the structures.  Additionally, there may be 
considerable differences in the components of the 
structure and their elevation relative to the ground.  For 
instance, some two story residential structures may 
have the laundry room on the first floor, while others 
may have the laundry room on the second floor.  Since 
the laundry probably would have either gas or high 
voltage electrical, different components within the 
structures may get damaged at different depths relative 
to the first floor or ground level of the structure. 

     This implies that there is considerable uncertanty in 
the damage for a give elevation even when use and 
construction type are held constant. 

     To accomidate that, structures are grouped into like 
categories, (i.e. Brick houses with 1 story vs Wooden 
houses with one story, or Metal industrial building vs 
Masonary Commercial building). Depth damage 
functions should be described with uncertanty at each 
depth ordinate, and the curves should be monotonically 
increasing. Some samples of depth damage 
relationships would look like this.   

     These damage functions are for residential 
structures, and are described in Economic Guidance 
Memorandum 03-01.  These curves are the depth 
damage relationships USACE personell must use in 
flood risk mitigation analysis for residential structures.  
There are no defined commercial or industrial depth 
damage relationships for USACE.  The reason for this 
paper is to provide a methodology to allow users to 
create depth damage relationships with uncertainty 
based on observable parameters, and emprical data. 

     Since construction practices may vary from region 
to region, Emperical data and fitting methodologies 
have been developed to assist in regonalizing the 
functional relationships. 
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4 Evaluating the maximum 
damageable value 

     A significant parameter in evaluating the damage to 
a structure from flooding is the overall suceptibility of 
the structure to flooding.  Some structures may have 
very little damage to the physical building due to 
flooding, and can be easily recovered after the flood.  
A parameter in the functional relationship should be 
utilized to describe the maximum damage a structure 
can recieve due to flooding.  Since some structures 
may have variability even with the same general 
construction type and practices, the estimate of 
maximum damage should be given with a possible 
range.   

     To determine maximum damages a simple approach 
is described by the Bureau of Transport Economics in 
Austrilia.  For a given construction type, define an 
average distribution of the assembly items in the 
structure. Then assign value to those items to 
determine their value relative to the value of the 
structure.  Next define how succeptible each 
component may be to flooding. After an exercize in 
accounting a total maximm damage can be estimated. 
This should be repeated for many different variations 
of assembly comonents. 

     Assembly items of the buildings based on the 
proposal of the HAZUS technical manual (FEMA, 
2012) have been categorized into five general groups: 

– foundation and below first floor, which includes site 
work, footings, walls, slab, piles, and items that are 
located below the first floor of the structure; 

– structure framing, which includes all of the main load 
carrying members below the roof and above the 
foundation; 

– roof covering and roof framing; 

– exterior walls, which includes wall coverings, 
windows, exterior doors and insulation; and 

– interiors, which includes interior walls and floor 
framing, drywall, paint, interior trims, floor coverings, 
cabinets, and mechanical and electrical facilities. 

5 Evaluating the rate of damage 
accumulation

As described in detail by the HAZUS technical manual 
and the Australian construction cost guide 

(Rawlinsons, 2014), the replacement value of interiors 
and exterior walls, which can be damaged with very 
low incremental depths, are about 70% of the total 
replacement value of the building. This implies that for 
the first few feet of flood, the rate of damage to 
electrical equipment and insulation is greater than the 
remaining stages. 

    This implication yields insights into a general 
functional form that may describe damages relative to 
depth above a first floor of a structure. The function 
form would increase quickly and then slowly reach 
some maximum damage.  A good representation of that 
form would be a power function where the power is 
between zero and 1.  To easily accomplish that, a root 
function using 1/r can be utilized. 

     Depth damage relationships should include some 
parameter that governs the shape of the depth damage 
function, and that parameter in this paper is referred to 
as r. 

6 Constructing a functional model 

     Based on the previous two sections, the following 
function could easily describe the damages for a single 
story building. 

���� � ���	

� � ���� � � 	���� � � 	

      Where D is the damage calculated, H represents the 
total height of the building above the first floor, h is the 
depth above first floor being evaluated, r is the shape 
parameter, and then MaxD representing the maximum 
damage for the structure.  

     As described earlier, r would be a value between 0 
to 1, so the shape of the function would generally 
follow the family of the square root functions, scaled 
by MaxD.  MaxD would be between 0 and 100, so D 
would represent a number between 0 and 100, and 
would represent a percentage damaged at the structure 
based on depth. 

     For a structure with a single floor this equation is 
satisfactory.  However, with additinoal stories, the 
accumulation of damage would accelerate at the 
transition for each new floor. To accomidate this, the 
equation can be modified in many ways.  Generically a 
simple assumption of equally dividing value between 
floors could be used, or each floor could be separately 
described.  Many multi story buildings have higher 
value in the first floor for electrical equipment.  Some 
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multi story buildings place the majority of that 
equipment on the roof.  Depending on the construction 
practice of the structures, there may be reasons for 
unequal value allocation. 

     To unequally allocate value each ith floor would 
need a value described, but the sum of all floors would 
need to sum to MaxD. Additionally, the rate of damage 
within any floor might actually vary, which would be a 
different r by floor.  Each floor could have different 
heights, which would be a different h for each floor. 

��� �������
���

     Regardless of percentage value allocation, the 
damage would be expressed in an equation much like 
this. 

����
� �� �������

��� � � � � � 	�������	� ! � � 	������� "�# � ����� � � 	� !���� � � 	� !

      The assumption is that the total damageable value 
Val for each floor is reached once the height of the 
floor is exceeded. 

Figure 3 

7 Evaluating the goodness of fit

     For any empirical data, curves could be produced.  
To do so the data would need to be stratified by 
construction type.  Further, the damage would need to 
represent only structure losses.  Each stratification 
would need to have a starting value for the parameters 
r, H, and MaxD.  By inputing the values into the proper 
equation, the function could be evaluated for each 
observed data element.  The objective would be to 
minimize the sum of the error from the observed 
damages and the calcuated damages.  

     Other measures could be used like Chi Squared test 
could be utilized to define the goodness of fit. 

8 Evaluating an estimated curve from 
emprical data. 

     The process in section seven would be duplicated 
for random selections of r, H and MaxD, provided the 
user gave a range of each parameter, and the set that 
produced the smallest cumulative error would be 
selected as the most likely curve.   

Figure 4 

9 Producing Epistimic Uncertainty 

     Given the size of emperical datasets, it is likely that 
the sampled data may not represent the population of 
damage estimates within a region.  To attempt to 
accomidate this issue, a bootstrapping methodology 
was utilized.  The full dataset would be used to create a 
parameter set, and then many iterations of the process 
would take place, each addtional iteration would 
sample from the dataset with replacement.  The set of 
parameters which maximize the depth damage 
relationship would be taken as a max curve, and the 
observation which created the minimum depth damage 
relationship would be taken as the minimum curve. 

     This would result in three curves.  For simplicity, 
the curves could be treated as a triangular distribution. 

     Alternatively, each observed curve in the 
bootstrapping process could be sampled for eahc half 
foot increment in depth, which could be used to create 
a histogram of likely damages for each half foot 
increment.  This could be stored as an empirical 
distribution and that could define the uncertainty about 
the depth damage relationship. 
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Figure 5 

10 Shortcomings 

     While empirical data may be utilized to fit a curve 
with uncertainty ranges, there are many additional 
parameters that may govern the significance of the 
damages for a given depth that may not be accounted 
for in this simplistic model: 

a. High velocity flows 
b. Salinity of water 
c. Long duration 
d. High sediment loading 
e. Early warning 

     These values may impact the accuracy of the 
proposed methodologies, and should be considered by 
the analyst when making risk mitigation decisions 
given the use of these depth damage relationships in 
the assessment of flood damages. Non quantitative 
analysis can be utilized by taking the charactersistics of 
the emperical data utilized to develop the curves, and 
comparing that to the expected floods in the location of 
interest and describing how these factors might impact 
the significance of flooding positively or negatively. 

11 Conclusion 

This functional relationship and analysis procedures 
provides a simple framework for taking depth damage 
observations, and creating depth damage relationships.  
It requires knowledge of the construction 
methodolgies, and practices in the region.  The 
proccess seeks to provide depth damage curves that are 
customizeable to each reagion, but requires an analyst 
familiar with construction practices, and historic data. 

     The process produces depth damage relationships 
that are funcitonal, and expresses the uncertainty 
inherint in the evaluation of damages at a structure. 
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