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At the rate at which new information is generated and made available it is becoming increasingly difficult for the 

practising civil engineer to decide on the appropriate norms and analytical methods to be used in designs. 

Although there will always be cases necessitating a comprehensive independent literature study to ascertain 

the best suited norms an methods to achieve a sound solution, it is recognised that they tend to be the 

exception rather than the rule. The designer cannot be expected to undertake such detailed studies for each 

case as this would become impractical. Consequently the need for practical guidelines. 

The main aims of these guidelines are to ma e recommendations o S of calculation, design norms as 

ell as legal and other issues which need o be taken into cons in the pursuit of providing safe, 

economical and viable river crossings. The intention is not to stifle original thinkin and new development, and 

thus designers are expected to deviate from the general recommendations where optimum solutions clearly fall 

e the general applicable norms. The guidelines are furthermore intend to serve as a basis for governing 

to formulate their olicies on design standards with due considerati of legal and other risks. 

These guidelines comprise seven volumes each dealing with a particular subject or relat 

OS a number of major f rail infrastructure 

analysis of river crossin 

(ice to these systems an ritization, evaluation of alternatives 

and risk management. 

hilst this document should not as an exclusive 

t h e  risk of river crossing failure for use in maintenance priorilization, evaluation of alternatives and risk 

~nanagement. 

isk analysis, river bridges, risk estimation, risk 
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Data collection and evaluation 
Identification of hazards 
0) Hydrology 
(ii) River and stream stability characteristics 
(iii) Potential for morphological chan e due to extraneous factors 
(iv) 
(V) of the river crossing 
Hazard assessment rating 

3.3.2 Losses 

(a) Flooding in upstream reaches 
(b) Distress modes leading to structural failure 
(c) Scour 
(d) Debris accumulation 
(e) Overtopping 

iii 
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The need to provide safe and economically functional river crossing systems at all times, especially 
during extreme flood events, lead to the desire to review current design standar S and develop new 

uidelines for design of river crossing systems in the Republic of South rica. This guideline deals with 
isk Analysis of river crossing systems and forms part of a series of gui ines addressing various other 

aspects. 

The goal of this guideline is to provide a risk analysis procedure which can easily be applied in practice 
to manage river crossing systems. Risk analysis entails risk assessment and risk management. Risk 
assessment consists of hazard assessment, risk determination, an risk characterization. 
has been characterized, appropriate risk management strategies are develo implemented to 

inimize public exposure to hazards. 

isk analysis is required to ensure that individual river crossings and river crossin systems are safe for 
use by the public. 

The need for a consistent, holistic roach to evaluate the safety of river cr 
hasized by an anal of river crossing failure statistics colle 

America, New Zealand and the Republic of South Africa. A summary of the fi 
presented in Figure 1.1 in the Form of pie-charts, indicate that the major distress 
crossing failure are related to the hydraulic behaviour of the facility. Scour, ov 

roach failure) and debris accumulation accounts for 80 to 85 perce 
er crossing failure. The relative frequencies of structural inadequac 

is only 15 to 20 percent. 
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FIGURE 1.1 : DISTRESS MODES LE DlNG TO RIVER CROSSING FAILURE 
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isk analysis, entailing risk assessment and risk management, often provides im ortant decision making 
information. Risk assessment consists of hazard assessment, an estimate of risk and characterization 
thereof, whereas risk management consists of actions which can be implemented to manage or r 
the risk to "acceptable" levels. 

isk should not be confused with the probability of failure of a system. bility of failure is a 
numerical expression of the likelihood that a system would fail, and only forms the determination 
of risk. Risk, in engineering terms, is usually expressed as the product of probability of failure and 
consequences. Risk analysis requires a definition of river crossing failure. in I, a river crossing 
is deemed to have failed if either the ultimate or sewiceability limit states or both have been exceeded. 
The five major distress modes w ich lead to river cros failure are structural failure, 
erosion (approach failure), debris accumulation, scour, overtopping (Figure 1 .l). T 
modes are all considered in the analysis of risk of river crossing failure. 

igure 2.1 presents the outline of the risk analysis procedure which is followed in this guideline. The 
method consists of two levels of risk assessment and a risk management procedure. The Level I 

ssessment entails hazard assessment, exposure identification, consequence assessment, and risk 
characterization. The Level II proc ure consists of the standard approach of hazar assessment, risk 
estimation and risk characterization. However, the Level I procedure is sim than the Level II 

rocedure, allowin the practicing engineer to assess the risk of failure of a river c g by making use 
ardized procedure presented in this guideline. The Level I procedure also guides the 
making a decision as to whether more comprehensive risk assessment is re 

e the use of Fault and vent Trees to cal 
ization also requires more ex ertise than the Level I characterization. 

are used to develop 

ineer to one or the othe 
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The Level I risk assessment procedure is discussed by following the outline in Figure 2.1. The discussion 
commences with hazard assessment and describes a consistent procedure for rating hazards. 
making use of this information and identifying the entities which are exposed to the hazards, it is 
60 assess consequences. The consequence assessment of river crossing failure entails an es 
the number of human lives exposed to danger, and an estimate of potential losses (expressed in 
monetary terms). The risk is then characterized by combining this information with a preliminary estimate 
of the probability of failure of the river crossing. Risk is characterized as low, medium, high or 
unacceptable, and combined with the hazard rating to decide whether advanced risk assessment is 
required, whether risk management procedures should be implemented, or whether occasional 
maintenance will suffice. The procedure is presented by discussing pertinent issues and demonstrating 
its application by means of examples. Practical a plieation of the procedure is facilitated by providing 
standardized forms in Section 3.5. An example a typical Level I risk assessment investigation for a 
river crossing over the Caledon iver is presented in Appendix 7.2. 

azards are defined as sources of 

In the case of river crossing failure, the hazards associated with the occurrence of extreme floods play 
a dominant role, and can be divi ed into the following categories: 

S 

S Potential for morphological change due to extraneo 
S iuvial hydraulics in the immediate vicinity of the river crossing, and 
$a tructurai integrity of the river crossing. 

ctive of the Level l hazard assessment is to ident 

is available for the Level I assessme 
to the Level I risk analysis to the need for more comprehensive risk analysis (Level 11). 

CSRA Guidelines for the hydraulic design and maintenance of river crossings 
Volume VI, 1994, Committee of State Road Authorities, South Africa 
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a Land use plans, 
B Vegetation maps, 
BS Design and maintenance reports, 
S Design and construction drawings of the river crossing, and 

Geological information of both the river crossing site and catchment. 

It is advisable to collect historic maps and aerial photographs of the river. This allows an investigation 
of the stability characteristics of the river. 

Once collected, the data should be evaluated for completeness, consistency and accuracy. 

3.4.2 Identification of hazards 

The Level I hazard identification is conducted by considering hydrology, riverlstream stability, potential 
for morphological change due to extraneous factors, fluvial hydraulics and structural inte 
crossing. This subsection only briefly discusses the factors which should be consider 
most important part of the hazard assessment procedure, viz the hazard assessment rating, is present 
in Section 3.1.3. 

(i) Hydrology 

The important aspects are catchment characteristics, and meteor010 ical and flood data. The catchment 
characteristics which should be determined are size, land-use, topog 
geology, and river and stream types. This information is required to con 
assess the erodibil y of the streams and rivers, estimate the possi 
the stability chara eristics of rivers and streams, and the potenti 

A hydrological analysis is also undertaken to determine the flood peaklrecurre 
by making use of flood data and/or hydrological models and meteorolo 

nificant floods, which 

( i i )  

This part of the investigation deals with issues related to the river c annel, such as 
characteristics (relati d load ratio, sediment size), 

igure 3.2. This figure succinctly illust 
and characteristics, flow velocity, stre 

er the stability of a naturally str 
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to depth ratio and low stream power will be more stable than a meandering stream with a high, mixed 
sediment load, low bank stability, high stream power, steep slope, high width to depth ratio and coarse 
sediment (Channel Type 4). The use of this information is illustrated in Section 3.1.3. 

(iii) Potential for morphological change due to extraneous factors 

xtraneous factors, such as sand or gravel extraction from a river bed or S iment deposition in a 
reservoir downstream of a river crossing, may induce morphological changes which can be hazardous 
to the safety of river crossings. Morphological change, as defined herein, occurs as erosion and/or 
deposition of sediment. 

rosion types are degradation, nickpoint erosion and bank erosion. kpoint erosion is erosion which 
progresses in an upstream direction from a point of disturbance, a y be initiated by sand and/or 

ravel extraction from a river bed. Degradation is large scale denudation of a river bed (generally 
resulting in the lowering of long stretches of the riverbed), whereas bank erosion mostly, but not 
exclusively, occurs on the outside of river bends. 

Deposition of sediment can occur as aggradation, down- and backfilling, and berming. Aggradaaion is 
the opposite of degradation, leading to a general raising of the river bed profile. Down- and backfilling, 
the opposite of nickpoint erosion, similarly lead to a raising of the river bed. ackfilling is deposition of 
sediment in an upstream direction and can occur due to sediment deposition in a reservoir. An example 

n the Caledon River, upstream of Walbedacht Dam. The Level I risk assessment of 
ge over this river, illustrating the impact of backfilling, is presented in Appendix 7.2. 

erming is the opposite of bank erosion, and leads to a raising of the river banks above the surrounding 
floodplains due to deposition of sediment on the banks of a river. 

(iv) Fluvial hydraulics 

@termination of local effects of fiuvial hydraulics in the vicinity of a river crossin 

m river crossing location, potential for lateral erosion an ent erosion, 
m 

I ential for contra al scour occurring 

m 

P4 

strated as a function of river crossin 
figure, only illustra ree simple situations, implies that 

whereas it can b 
between bends. 
hazards in the latter case are lateral erosion of the river banks and increased 

roach embankments. 
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Pier orientation can play a significant role in increasing the potential for local scour. If the piers of a river 
crossing are not streamlined and oriented in the direction of streamflow, excessive turbulence which are 
generated during flood conditions, will severely increase local scour activity. 

The potential for debris accumulation can be determined by inspecting bank vegetation and identifying 
developments along a river whic may give rise to debris generation. 

An estimate of the maximum discharge capacity of a river crossing opening is imporlant (Figure 1.1 

indicates that approximately 20 percent of river crossing failures in South Africa are associated with 
overtopping). The discharge capacity should be related to flood recurrence interval. 

(v) tructural integrity of the river crossing 

Structural failure is a distress mode which accounts for approximately 20 percent of river crossing failures 
in South Africa (Figure 1 . l ) .  The structural integrity of the river crossing is therefore important and can 
be determined by studying design and construction drawings; design, construction and maintenance 
reports, and/or by conducting field investigations. The objective of the investigation is to establish the 
integrity of the foundations, piers, abutments, and deck and bearings. 

3.1.3 Hazard assessment rating 

The hazards identified in Section 3.1.2 are assessed by making use of a rating system, the component 
values of which can be o from Tables 3.1 (a), 3.1 (b), 3.2 and 3.3. The potential of floods 
overtopping the river crossing is not considered in the assessment of hazards, but is used in 
to estimate probability of failure. 

Table 3.1 (a) and 3.3 (b) deal with river stability and potential for morpholo 
factors, Table 3.2 contains factors required to assess the i 
accounts for structural integrity. The relative magnitudes of the values of th 

S, and is based on river crossi 
Zealand (Macky, 1990) 

The composite hazard rati 

where 

F, = one factor fro resenting either erosion or d 
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1 .  Channel Type l 
Sediment load 

Slope 
Widthldepth ratio 
Sediment size 
Channel pattern 

2. Channel Type 2 

Stream power 

Channel pattern 

3. Channel Type 3a 
Sediment load 

ed/susp load ratio 
Bank stability 

Channel pattern 

4. Channel Type 3b 
ediment load 

Bed/susp load ratio 
Bank stability 
Stream power 

OPe 

Small 
Low (suspended load) 
Cohesive soil, high sta 
Low 
Low 
Low 
Small 
Naturally straight 

oderate 
Moderate (mixed load) 
Moderate to high 
Moderate 
Low 
Low 
Moderate 
Straight with sinuous thalweg 

Small to moderate 
Low (suspended load) 
Moderate 
Low to moderate 
Moderate to low 
Low to moderate 
Small to moderate 

High 
Moderate (mixed load) 
Low 
Moderate to high 
Moderate 

oderate 
Moderate (coarse) 
Meandering, wide bends, point 

TABLE 3.1 (a) : HAZARD ASSESSME T RATING : RIVER STABILITY BASE FACT 
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3.1 (a) Continued 

tion 

High 
Moderate to high 
Low 
High 
High 
High and variable 

rge (sand, gravel 8( cobbles) 
eander-braided 

High 
High 
Low 
High 
High 
High 
Large 
ar-braided 

Moderate to high 
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Erosion: 

osition: 

I Contraction scour 

CSRA Guidelines for the hydraulic design and maintenance of river crossings 
Volume VI, 1894, Commitlee of State Road Authoriiies, South Africa. 



uct of all four factors, resenting river crossing location, cont ction scour, local scour and 
ebris accumulation ratin 

roduct of all four factors, representing foundations, piers, abutments, and eck and bearings 

The composite rating thus obtained provides the user with an in ication of whether the h 
significant, moderate or low (Table 3.4). 

roblem : 

ors is therefore consider 
ates that the potential fo 
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The river crossing is located in a river bend, increasing the potential for lateral erosion under flood 
conditions. The foundations are located in a sandy river bed, with a high potential for local and gene 
scour. 

An investigation of the design, construction and maintenance reports indicate that 
of the river crossing is excellent. The foundations were design 
contraction scour, and the abutments and river bank protection 
bank scour. The structural integrity of the foundations, piers, abutments, and de 
classified as intact. 

Solution: 

The composite hazard rating can e calculated by makin factors, which were 
obtained from Tables 3.1 (a), 3.1 (b), 3.2 and 3.3: 

River stability - base factor 

I Potential for erosion Table 3.1 (b) I 3,162 

I Foundations - intact (in s ite of being threatened by nick 1,433 

osite hazard rating is 32. 

The hazards to which this river crossing is exposed are considered to be . This outcome is 
largely influenced by the perceived excellent integrity of the river crossing structure, which was 
apparently designed to cope with the relatively severe site conditions. 

Note: in order to be conservative, it is advisable to use the tipper value of ratings in a pa~icular category 
for each hazard. In the case under consideration, lower rating values were used tar the piers, deck and 

CSPA Guidelines far the hydraulic design and maintenance of river crossings 
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bearings as they were considered to be in excellent condition. However, if one would use the higher 
ratings, the composite rating would change to 47; which is still a 

ure identification entails identification of all elements which are exposed to h 
rectly), estimates of their relative importance and determination of the pat 

combined effect will result in failure and consequential losses. 

hen identifying exposure it is advisable to distinguish between Level i and Level I I  risk analysis, as the 
Level I I  analysis is more comprehensive and requires detailed information. Level I osure identification 
consists of merely identifying the elements hich may suffer consequential losse e to river crossing 
failure. Identification of pathways which represent the relationshi een elements subject to 
consequential losses, are not required for this level of analysis but is the subject matter of the Level II 
analysis. 

hich are exposed to river crossing failure may be classifie 
monetary losses, an other potential losses. 

3.2.1 Direct monetary losses 

irect monetary losses include: 

S Loss of capital investment and damage to river crossin 
SS Loss and damage to property in the vicinity of the rive 

esidential, 
Commercial, 

These losses may o 

tion of the transportation syst may lead to various indirect losses relat 
ional economy, inclu 

W Lost time 
@a 

m 

$P Loss of wages 
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R Loss of revenue, including: 
usiness revenue 

Utility income 
Taxes 

II Loss of utilities, including: 
Transport 

ater 
Energy 

Other losses inclu e an estimate of the number of lives which could be expose 
crossing failure, and identification of possible environmental losses. 

Environmental losses are often difficult to quantify, and are also not quantitatively accounted for in the 
risk characterization presented in this edition of the guidelines. These potential losses should be 
identified. 

As the value of human life is difficult to assess, and often considered immoral to even discuss, it is 
accounted for by estimatin ber of human lives which are likely to 
crossing failure. This will b sociated with the avera 

long river crossing with a high ADT will endanger a larger number of human lives, as 
short river crossin with a low ADT. 

In order to assess consequences, it ired to obtain an estimate of the proba ility of failure of a river 
sses to estimate risk. The Level I estim 

failure of a river ithout a detailed analysis of failure mechani 
arly, no use is made of event trees in the Level I 
ilure of a river crossin 

Risk is therefore not directly calculated in the Level I analysis. However, this a 
hically relating the 

level in the Level I risk cha . The risk characteriz 
tion of risk levels a soc~o-economic research (see 

3.3.1 Probability of failure 

The Level i estimate assu ability of failure of a river crossing is the same as t 

exceedence probability of 
will fail by exceeding t+e serviceability limit S 

CSRn Guidelines for the hydraulic design and maintenmce of river crossings 
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If investigation of a particular river crossing indicates that other distress modes (i.e., local scour or 
structural deficiency), could be predominant during failure of a river crossing (i.e., that one could 
reasonably expect the river crossing to fail before being overtopped), it is advisable to procee 
to the Level II risk analysis. 

Problem : 

An investigation shows that three river crossings on a stretch of road will be overtopp 
recurrence intervals of 150, 1 135 and 1 :25 years, respectively. 

The elements which are expos to the hazards, viz the foundations, piers, deck, ab 
approaches are well constructed, and all the river crossings are founded on bedrock. The 
reports also indicate that the river crossings are currently in excellent condition. There is 
to believe that the sewiceability limit state would be exceeded before the ultimate limit state. 

stimate the Level l probabilities of failure of the three river crossings. 

Solution: 

I loo l 

by using the reciproc n 

consists of at lea 
ided to utilize frict 

of the bridge. 

signers also size 
hich is often a prescribed practice in South Africa). 
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year flood was used to size the openin of the river crossing. Floods exceedin 
n flood are expect to overtop the river crossing. 

ith the design engineer confirm notes on the design drawing to the effect that t 
were designed to withstand scour equivalent to conditions which are expected to exist under 1 :500 year 

eer conducting the risk analysis investigation S experience in fluvial hydraulics, 
ions satisfy him that the piles would most pr bly be able to successfully withstan 

ations of the bank material on the outside of t 
consists of intact rock. 

ineer conducting th S therefore considers it reasonable and conservative to assu 
river crossing woul pass a flood of l : 100 

to local scour. riate to proceed th the Level I ris 
estimates the L re as 0.01 (i.e., 00). This estim 

mtes that more comprehensive risk 

3.3.2 Losses 

Direct and indirect losses are sed in monetary terms, re resenting an estimate of the 
which would occur in the eve er crossing failure. (This should not be confused 
losses which are estimated the Level I I  analysis.) 

Other losses are umber of human lives which will be ex 
ever, this edition of the 

guidelines does n vironmental risk, an 
should be evalu 

The objective of the Level I risk characterization proce ure is to interpret the findings oft  
cceptability of risk, and relating it to the Level I CO 

The basic relationship between annual probability of failure, acceptability of risk, socio-econ 
and composite hazard rating which is used in the characterizati n is presented in Figure 3.4 

part of the figure was com Ooslhuizen (1985), by making use of risk apprai 
anmarcke & Bohnenblust, itman, 1984), whereas the lower part of the graphica 

consists of three zo , moderate and significant corn 
ich is dependent on the level I 

before it can be used. A g S been prepared for an annua 
a failure which would occ of a 100 year flood) is prese 
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Figure 3.5 shows that the lower part of the graph is d'iided into three sectors, viz: 

€a Sector 1 : Comprehensive risk analysis and risk management required, 
S Sector 2: Risk management required, and 
S Sector 3: Maintenance only. 

The identification of these three sectors are explained forthwith, whereas the application of the graph and 
interpretation is explained in the example at the end of this section. 

Delineation of the three sectors commences by drawing aline parallel to the 
economic losses (number of human lives exposed to danger and estimate 

at the estimated probabili of failure (10-' in Figure 3.5). Vertical lines are then drawn from 
the lines delineating low, me 

The intersection of the vertical lines and the lines delineatin 
three sectors shown in Figure 3.5. The sectors are selected 
recommendations: 

m The joint occurrence of a significant hazard rating and unacceptable risk requires more 
comprehensive risk analysis (Level 11) and a detailed risk management plan, 

II The joint occurrence o nificant hazard rating an risk, and the joint occurrence of 
moderate and low haza ings and moderate, high, or unacce able risk, requires a detail 
risk management 

m The joint occurrence of low risk and significant, moderate or low hazar 
occasional maintenance only. 

the risk of the river crossin 

m that the combin potential economic loss resultin failure of this river 

S T on the river crossin 
river crossing can endanger the lives of at least 84 

a The river crossing was ori d to pass a 1 : 100 year floo 
our under 1 :200 ye itions. It is estim 

%I ated composite hazard rating of this river crossin 

CSRA Guidelines for the hydmuiic design and maintenance of river crossings 
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This information is transferred to the Level I risk characterization graph as follows (see Figure 3.6): 

m Draw a horizontal line from the exceedence probability of 10" 

~i Compare the economic loss of R 10 million with the 840 human lives exposed to danger, an 
select the larger of the two to position a vertical line drawn through both the risk and hazar 
rating graphs. 

H Draw horizontal lines representing the estimated limits of the CO osite hazard rating, to 
intersect the vertical line drawn in the previous step at points A and 

By making use of this construction, the interpretation from Figure 3.6 is: 

n The risk is unacceptable. 

~i The combined ect of the potential socio-economic losses, flood exceedence probability and 
composke hazard ratin lead to the conclusion that, in spite of the unacceptability of risk, Level 
II risk analysis is not required (points A and B). This is mainly due to the perceived good design, 
construction and maintenance of the river crossing. 

However, the risk characterization graph points to the need to devise and implement a risk management 
plan (see Chapter 5), in which the unacceptability of the risk needs to be addressed in more detail. 

Part of the risk management will most probably be a plan to regularly inspect the river crossing, 
especially the foundations, for signs of potential scour damage, and to devise an information system an 
contingency plan which will timeously warn motorists of impending dangers under flood conditions. 

As part of the risk mana ement plan, an investigation of the road transportation system in the area will 
also be required in order ensure that alternative safe routes are available to convey traffic over the river 
during times of flood. If such an investigation finds inadequacies, it points to the need to e 
transportation system, W ich may improve the acceptability of risk. 

system is likely to ake risk more acceptable by reducing the n ber of human lives 
he ADT will most bably reduce due to 
the potential econ y of an alternative 

route). 

The findings from the Level I risk assessment are reported in standard format by making use of 
standardized forms presented herewith. The forms guide the user through all the steps required by the 
Level I risk assessment, and are of assistance in making decisions as to what action is required a9 
completion of the analysis. An example, illustrating the risk analysis of the Jim Fouche bridge over the 
Caledon River close to Wepener, is presented in Appendix 7.2. 

CSRA Guidelines for the hydraulic design and maintenance of river crossings 
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Foundations 
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hannel type: 
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3.3 uli 

otential for damage: 

Integrity: 

Deck and bear 

I of design flood: 

Table l (a): f, = 

Table 2: f, = 

Table 3: f, = 
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nificance of composite hazard rating: 

belie1 1 estimate: 

irect monetary losses: R __ 

umber of human lives exposed to danger: 

I. Low I Hi I Unacceptable 

CSRA Guidelines for the hydraulic design and maintenance of river crossings 
Volume Vi, 1894, Commlnee of State Road Authorities, South Africa. 



Level II risk analysis is conduct in exceptional cases only, ie when the hazards are considered 
nificant, with the simultaneous occurrence of unacceptable Level 1 risks (see Chapter 3). 

The Level Il assessment re uires verification of the hazards identified during the Level I assessment. The 
identified hazards are used to estimate the risk of river crossing failure, and the investigation concluded 
by characterizing the risk (see Figure 2.1). The Level II risk estimation and characterization procedures 
are comprehensive, and requires more effort, expertise and insight than the Level I assess 
analysis should preferably be conducted by experts in the field, and the information prov 
section is therefore cursory and merely provide an outline of procedures which may 
analysis. 

The Level II hazard assessment verifies the hazards identified during the Level I analysis. These hazards 
include river stability, potential for morphological change due to extraneous factors, fluvial hydraulics, 

rity and flood hydrology. The Level I1 hazard assessment consists of a mandatory field 
visit and collection of outstanding, additional information. 

The field visit comprises visits to the upstream catchment, to river reaches both up- and downstream of 
the river crossing, and to the river crossing site itself. The objective of the visit to the upstream 
catchment is to compare the actual level of landuse and types of dev ent with information which 
is available for the Level I assessment. Depending on the circumsta may be advantageous to 
conduct the investigation W h the aid of a helicopter. The visit to the river reach is used to verify 
information obtained from m S and aerial photographs durin e course of the Level I investigation and 
should be conducted over considerable distances up- and stream of the site. Field observations 
provide information on the stability of the river or stream which cannot be obtained at a similar level of 
adequacy during desktop studies, eg the state of river bank vegetation reveal information regarding 

S not available on maps and aerial photogra eta1. 1981). The same 
hological changes subject to extraneous fact 
he Level I conclusions regarding 

integrity, whereas the L vel l conclusions on flooding may be ve 

ignificant differences in the identification of hazards should e noted, taken account of, 
in the Level I I  risk assessment report. 

Risk estimation entails identification of all entities which are 
indirectly) and definition of the 
consequential loss. The probabili 
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calculation of the probabilities of the i events, the latter representing failure of the system. 
event tree is a logical approach to identify and model the various immediate subsequent events that 
follow an initiating event and finally result in the identification of various consequential losses and their 
probabilities of occurrence. 

The fault and event trees are related by means of the initiating event, as illustrated in Figure 4.1. This 
figure indicates that the , comprising all the distress modes which could lead to the failure 
of the system, are interrelated in a logical way to define how the system could fail (the initiating event). 
The event tree, comprising the scenario of consequences if the system would fail, is connected to t 
fault tree through the initiating event. The probability of occurrence of the initiating event is applied to 
calculate the probability of occurrence of perceived consequences. The risk is finally calculated as the 
sum of the products 3f the probabilities of occurrence of the perceived consequences and their 10s 
values. 

4.2.1 Exposure 

The entities which are exposed to the hazards entails components of the river crossing and all parties 
which could suffer direct or indirect losses in the event of river crossing failure. 

0) River crossing 

The exposure of the river crossing can be investigated by identifying typical distress modes. A state of 
distress is defined as a state of severe overload, ie a state before failure develops. The different types 
of distress which could develop are collectively termed distress modes. 

uantification of risk requires identification of all conceivable distress modes. Distress modes leadin 
to river crossing failure were identified by investigating 186 recorded river crossing failures in South Africa 
and statistics of river crossing failures in the United States of America (Chang, 1973) and 
(Macky, 1990). 

ight distress modes were identified: 

stream reaches of the river crossing. 
Distress modes leading to structural failure. 
Scour. 
Debris accumulation. 

roach embankments. 
Changes in river alignment. 
Sinkhole formation behind abutments. 

These distress modes are briefly discussed. 
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(a) Flooding in upstream reaches 

Flooding in the upstream reaches resulting from inadequate discharge capacity of a river crossing 
opening or from accumulation of debris, reducing discharge capacity, is considered a distress mode 
which can lead to damage to property of third parties and possibly loss of life. 

Such flooding can also be caused by urbanization and other developments in the catchment area 
upstream of the river crossing, which might occur after design and construction of the river crossin 
The original river crossing opening could therefore have been adequate at the time of desi 
construction, but its adequacy will decrease as time passes. Regular evaluation of adequacy is therefore 
required of river crossing discharge capabilities wherever urban or other developments occur in the 
upstream reaches. 

(b) Distress modes leading to structural failure 

Distress modes leading to structural failure are caused by excessive hydraulic forces and by scour. 

Excessive hydraulic forces against the piers, abutments and deck, often increased by the accumulation 
of debris, can lead to severe stresses which can exceed ultimate limit state requirements. 

Scour around foundations can result in failure or settlement which increases stresses in the piers an 
deck. 

The most common structural failures of the superstructure are: 

!a Balustrades are damaged by the force of water, aggravated by the accumulation of de 

814 off. Damage to alustrades and road surfacing are usually 

d presence of debris. 

An interesting example of deck failure occurred just downstream of Albert Falls 
uplift forces caused by the formation of a hy raulic jump downstream of the dam, removed the deck of 
a railway river crossin 

The substructure is often subject to: 

m Damage to piles by debris collision and foundation failure after the occurrence of excessive 
scour. 

B Failure of foundations due to the occurrence of excessive scour, leading to failure of the 
abutment and deck of the bridge. 

B Overstressing of the abutments resulting from foundation failure and hi h hydraulic forces. 
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m Collapse of piers by overturning. This occurs due to inadequate resistance to overturnin 
moments induced by hydraulic forces. 

(c) Scour 

The two types of scour which are distinguished are local scour, general and contraction scour. General 
scour usually occurs due to de radalion of the river bed, resulting from increases i 
capacity which occurs in rivers during flood conditions. Contraction scour occurs 
of a river crossing. The latter is caused by the increas flow velocities cau 
restriction. Local scour usually occurs due to the presence of local tur 
of structural elements such as piers and foundations. 

cour can lead to foun failure, which in turn result in failure of ot 
r at the toe of an abutment can also lead to the formation of sinkholes 

directly behind the abutment. The formation of these cavities can be extremely dangerous as they 
happen unexpectedly and have been associated with fatalities. 

(d) Debris accumulation 

Debris accumulation against a bri ge decreases flow area, leading to premature overtoppin 
to increased hydraulic forces a ainst the structure. Debris can also be a parlicular nuisance if deposite 
on the deck of a river crossing after an overtopping event. Such depositions can delay flow of traffic for 
considerable periods of time. 

by flood waters is a dis ress mode which can inca 

(f) Erosion 

r can occur in both the horizontal 

S in horizontal alignment are 
r shifts, avulsion and cutofis. 

where avulsion can lea 
has occurred. 

ent can occur due to ag 
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Aggradation of a river is caused by the deposition of sediment and can occur when backwater effects 
caused by the presence of the river crossing leads to a reduction in sediment carrying capacity in t 
upstream reaches, and results in sediment deposition. Such depositions of sediment may cause a 
reduction in throughflow capacity of a river crossing. 

Aggradation can also occur due to the construction of a reservoir downstream of a river crossing. A 
example of such a case, is aggradation which occurred at the site of the Jim Fouche bridge over the 
Caledon River in the Orange Free State. Welbedacht dam was constructed 42 km downstream of Jim 
Fouche bridge and sediment de osition in the reservoir is so severe that the discharge capacity of the 
bridge is decreased to such an extent that it is overtopped on an annual basis. This was not the case 
previously. 

Degradation of a river may occur due to increased sediment carrying capacity during flood events. 14 

may also result due to the presence of constrictions caused by the presence of the river crossing. 

(h) Sinkhole formation 

Scour at the foundation of an abutment may remove material at the base to such an extent that it could 
lead to the formation of sinkholes directly behind the abutment. 

(0 served rate of occurrence of distress modes 

Recorded failures of 186 road and rail river crossings in South Africa were investigated by identifying 
distress modes which were present in each case. Similarly the findings of an investigation by the Federal 
Highway Administration in the United ates of America (Chang, 1973) are summarized in Table 4.1. 

The findings of the investigation indicates that erosion of approach embankments is the most common 
distress mode which has generally been observed in river crossing failure in South Africa. Changes in 
river alignment and the formation of sinkholes behind abutments are found to occur less o 
distress modes. Scour, overtopping and distress modes leading to structural failure have roughly the 
same degree of importance, with accumulation of debris appearing to be a significant factor in the 
Orange Free State. The relative im ortance of distress modes differ betvveen rovinces, as can eg be 
seen when determining the relative importance of scour in Natal. Scour is the most important distress 
mode in this province, followed by distress modes leading to structural failure and erosion of a 
embankments. 

The findings for South Africa as a whole differ from the observations in the United States of America, 
where scour has been identified as the most common distress mode, foilo 

ss modes leading to structural failure and overtopping a 
ebris accumulation appears to have less importance than in 

alignment changes only occurring on rare occasions. 
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(ii) Direct and indirect losses 

Those elements in the national and/or local economy which are expected to be a 
of a river crossing or system of river crossings should be considered. These may b 
and indirect monetary losses, and other potential losses. 

(a) Direct monetary losses 

Direct monetary losses include: 

PS Loss of capital investment and dama e to river crossing, and 

Loss and damage to roperly in the vicinity of the river crossin 
Residential, 
Commercial, 

ublic, 
ersonal, and 

Industrial property 

These losses may occur mainly due to flooding in upstream reaches of river crossin S, or in downstream 
cumulation causes a river cro ing to act as a dam. When the latter fails, the sur 
to or loss of downstream pr 

(b) Indirect monetary loss 

Disruption of the transporlation system may lead to various indirect losses related to the national and/or 
ional economy, includin 

R Lost time 
l# Disruption of communications 
m 

m Loss of wages 

m Loss of revenue, includin 
Business revenue 
Utility income 
Taxes 

m Loss of utilities, including: 
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(c) Other losses 

ther losses inclu an estimate of the number of lives which could be exposed to danger by 
crossing failure, a identification of possible environmental losses. Environmental losses are 

icult to quantify, and should therefore be addressed by experts in the field. 

The value of human life is, likewise, difficult to assess, and often considered immoral to even discuss. 
The most practical means of considering this parameter is by estimating the number of human lives 
which are likely to be expos to danger when a river ossing fail. This estimate will be closely related 
to the ADT and the layout of the river crossing. A lo river crossing with a hi T will endanger a 

er of human lives, to a short river crossing 

(1) ault trees 

The pathways which would lead to structural failure can conveniently be defined by making use of a fault 
tree. A fault tree representing the relationship b een events which can lead to river cr 

4.2. The objective of the fault tree diagram is to identify and model the various 
faults or failure events that can result in the occurrence of the t 
e "Failure of the System due to Flood"). The different faults or failure events, also 
, that could lead to e top event are logically relat he top event by either 
"AND" gates are re esented by periods (.), and " es by plusses (+) in 
ate represents the simultaneous occurrence of events, ie if both occurs a failure 
gates on the other hand represent conditions re failure would result if one 

event or the other or both would occur. These gates are used to cal ability of failure of 
the system (see Section 4.2.3). 

n important aspect of fault tree analysis is to di 
then to determine the failure mechanism of ea 

uires the input of experts in the field of river 
hypothesized, the probabilities of failye of the 
the input of experts in the field of estimati 
of the river crossing t 

( i  i) vent trees 

le of an event tree, rela uences to the initiatin event (failure of the river 
crossing), is presented in Figure icates the relationshi 

obabilities of occurrence represented by the symbol 
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4.2.3 Probability of failure 

The probability of failure of a river crossing can be determined by estimating the probability of 
occurrence of the primary events, which is calculated as follows: 

!S "AND" gate: If two basic events E l  and E2 can occur simultaneously, then the probability of 
simultaneous occurrence, given that the events are statistically independent, is represented by: 

rimary event] = p[El]*p[E2] 

I asic events Et and E2 are considered, the probability that either El  or 
ven that the events are not mutually exclusive, is given by 

p[primary event] = p[El] + p/E2] - p[E1IXp[E2] 

if it is known, though, that the events are mutually exclusive, calculation is simpler and given 

p[primary event] = p[El] + p[E2] 

where 

p[El] = probability of event E l  occurring. 

The error which is made by assuming mutual exclusivity, even if this is not true, is not significant 
in the case of "0 " gates when working with the small proba ilities normally associated with 

in river crossings. 

hen calculating the pro ability of failure of a river crossing by making use of Figure 4.2, it 
to note that analyses will not always consider all the elements presented in the fault tree dia 
important distress often left out in an analysis. A criterium which could be used i 
is the concept of ngler (1987) suggests that distress modes (sub-e 
likelihood of occurrence of 1 are usually considered so insignificant that they 
the analysis. 

Risk is calculated by multiplying probability of occurrence and the value of the consequence (loss). In 
the case of failure of a river crossing, with multiple consequences, the process is facilitated by making 
use of an event tree which relates the initiating event to the consequences (Figure 4.3). 

robability of failure of a river crossing system is presented by the sym ol p,, the value of whic 
ed from the fault tree analysis. Figure 4.3 indicates the relatio hip between the various 

consequences, with their probabilities of occurrence represented by p,, where i = 2,3, ... The probability 
vent occurring is calculated by multiplying the respective estim 

ility of the cost of lost time occurring, is calculated by 
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irect and indirect monet ry losses are then calculated by addin 
nd the estimated losses. 

isk, in engineering ter sually defined as the product of probability of occurrence and 
consequence. The risk oding would eg be calculated as the product of probability of exceedence 

flood of specified m and the expected cost of flo ing. This expression of risk is simplistic, 
interpretation compl cause perceptions of risk b dividuals, society and government diner, 

resulting in a number of distortions from the traditional engineering model (60 nenblust & Schneider, 
7). It is therefore necessary to develop a systematic approach to interpret risk because the sim 

pproach which is used in the Level I risk characterization is often not adequate. No sim 
this problem is presented here, but the approach which is followed is to present a discussion of topics 

hich are relevant to the interpretation of risk of river crossing failure, and also to provide references. 

ncertainties about definitions (eg definition of probability), scientific facts (eg di reement about failure 
ions of risk and value systems of various parties imply that ri haracterization is not 

efinitive and will never be (Covello e&$ 1987). Risk characterization sho e a collective effort, 
referably involving all affected parties. However, this is not al feasible, as society is not or 
or used to making safety decisions in interdisciplinary fashio pple, 1982). Characterizatio 

which takes cognisance of values and perceptions of individuals, society and Government can 
nonetheless be attempted by making use of research in this field of endeavor. In order to do this, 

efinition of the risk characterization environment in terms of ies and influences, as proposed 
ired for systematic characterization of ri icates that the acceptability 

erceptions of indivi 
influence one another agai round of politics, econo 

pkated relationshi 

U) olitics 

ill normally only influence t 
politicians seeking offic 

influence Government, which is often not the case in 
outh Africa. It is th uence the perceptions of in 

ions of risk than many small 
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chulze (1 980) nevertheless a empted to define a relationship be een monetary benefit and 
acceptability of increased level of risk. He found that the individual in the United tates of America would 
accept an 0,l percent increase in risk for every $300 to $1000 increase in benefits for "mo 
However, whether this finding can be applied to assess the acceptability of risk of 

atable as failure of river crossings are normally perceived to be "catastrophic". 

It is considered that the influence of economics on the individual's perception of risk is illdefined. 

(i i i)  Technology 

nerally have a erstanding of technology 
by his confidence in its e 

ayner, 1987; Rogers, 1987). 

Trust therefore plays an important role in shaping the individual's perception of technological risk. If risk 
management is executed in a way which promotes trust, individuals will feel "safe". Mistrust will lead to 
perceptions of high risk, irrespective of whether the a technology is ade 

(iv) Culture 

Eitudes towards risk are further shap by the culture (value system) of an individual. 
value system of individuals in 

ntrfy four factors 

$B able level of v 

levels for other risks (acc 
year). 

I risks, such as roa 
* I o - ~  to 5 * I O - ~  

If individuals or society perceive that they can 
even lower level of risk is dema 

I The acceptable level of risk if from the activity, eg coal fire 
stations which pollutes the air but delivers the of electric&y, can 

able level: 9 * 10'~ to lp5 per year). 

r's findings to risk of river crossing failu 

fore fall within the " 
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Annual risks associated with fatal road accidents are given by: 

m chneider (1 987): between 2*1 o ' ~  and 5*1 OP4, 
&S Wilson (1984): 2*10-~, and 
B! Oosthuizen (1985): 9*10-~ for South African conditions (assuming 450h of travel per annum). 

These values are presented in Figure 4.5. relative measure of the perceived severity of these risks can 
be found by comparing it with the finding of Spangler (1987) that risks with values of the order of 10" 
are usually considered to be insi nificant (also see Figure 4.6). 

4.3.2 Society 

(1) Politics 

The role of politics in influencing society's erception of acceptability of risk is similar to its role in 
influencing the individual's perception (Section 4.3.1 (a)). 

(ii) Economics 

The influence of economics on society's perception of acceptable levels of risk will reflect the influence 
of economics on in ividual perceptions. ociety, being a coilection of indivi uals, will have an enhanced 

view which develops thro debate of issues. Debates on the perceived relationship b 
acceptability of risk and a S of regional and national economies, the "willingness to pay'ytax) and 
the "value of life" will influence society's perception of acceptability of risk. 

The business CO eing part of "society", may place a high value on the reliability of river 
ecially after catastrophic events. The loss in revenue an ditional costs resulti 
ilures of river crossings are usually estimated by Cha 

after such events. Society therefore has a financial measure of the cost of failure for a pafiicular 
hic event, and can relate this to taxes (and their willingness to pay it) for the construction of 

improved river crossings and the perceived benefits which can flow from it. 

he "value of life" ar usually considered immoral, and society prefer to avoi 
issue. 

It is concluded that society's perception of the influence of economics on the acceptability of risk will 
change from time to time. Society will be more "wilting to pay" for improved reliability of river crossings 
directly after catastrophic events, and may even be able to justify monetary values, but as time passes 
memories will fade, perceptions will change and society will be less willing to pay for U 

infrastructure such as river crossin 
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RISK OF GEATr! / ATTITUDE 

- NATURAL DISASTERS 

- A L L  INDL'STRIAL WORK 

TRAFFIC ACCIDENTS 

- ALL ACCIGENTS 

FIGURE 4.6 : PROBA H FOR AN INDIVIDUAL PER YEAR 
MS OF ACCEPTABLEIUNACC 
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ociety generally does not have a erstanding of techn 
of risk as regards this subject are y the press, catastr 
ow well risk is managed. Trust plays, similar to the individual, a major role in determining S 

perceptions of acceptability of technological risk. This emphasizes the importance of 
nagement of risk. 

The influence of culture on society's perce n of acceptability of risk will be similar to that of. in 
for life and material belo gs will shape these perceptions. 

inferences made from ole (1987) indicate that developed countries have the means to, compared to 
rid averages, ensure a ten fold decrease the risk of fatality due to natural disasters. This may im 

rception of acce society in develop ifferent to that in 

U) Politics 

olitics should influence Gover ecisions on the acceptability of risk 
ports that Government pts an aMitude of risk aversion in o 

However, whether Government ado itude of risk aversion in managing risk of river crossing 
failure is debatable. When comparing South African specifications of exceedence probabilities with those 
of other countries, it is found that specifications are generally comparable. Table 4.2 indicates that most 
countries specify exceedence probabilities of up to 10*', and in the case of Austria river crossings must 

e checked for the maximum expected flood. Desi ood specification in the USA often requires 
that a t ie r  crossing must be able to pass a 100 year fI and resist scour resulting from a 500 year 
flood (exceedence probability of 2 X l ~ - ~ ) .  South Africa cifications range between 10" and 1 u2 (1 0 

to 100 year floods). However, when comparing design flood exceedence probability specification for 
ifferent countries with levels of risk which are acceptable to individuals and society (Figure 4.59, one can 

conclude that Government generally does not adopt an attitude of risk aversion in specification of design 
Rood exceedence probabilities for river crossings. Government generally appears to specify higher risks 

stria, and possibly France and Switzerland) than what is acceptable to society an 
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30 <T < 100 and maximum 

I USSR I I 2*10'~ to 1 0 . ~  

(ii) Economics 

overnment, in deveio ing infrastructure, is responsi le to society for the optimal allomtion of resources. 
process in the development of infrastructure consists of the identification of a social need, 
of a solution for the need, and a benefit/ st analysis to justify funding to implement the 
ution. Once funding has been obtained, infrastructure is engineered and constructe 

in a way which will ensure optimal expenditure. However, in the case of river crossings the benefits an 
costs are usually accounted for as part of the benefits and costs of the entire transportation system 
under investigation. It rarely happens that benefits and costs are determined for individual river crossin 
structures. Therefore, the main concern in the engineering of river crossing structures is often the 
optimal expenditure of funds which have already been allocated. The design flood for which a r 
crossing should be designed should, in the ideal case, be determin by making use of an econo 
analysis for each individual river crossing structure, as demonstrat in Figure 4.7. This is rarely 
case. In South Africa it is more common to utilize a design flood provided in a design specification 
(usually provided by Government) to size the open g of the river crossing, and once this ha 
determined optimize the river crossing design wit ut altering the design flood magnitude 
approach is likely to be inadequate, as demonstrated in Figure 4.5. The comparison in the latt 
indicates that current design flood specification falls short of what the ublic's perception of acc 
risk is. 

This shortcoming can be corrected design flood specifications or 
economic analyses on unique river crossings. The latter can 
procedure recommended for river crossing design by Corry et (1981). T 
development of an approach for the blanket specification of recurrence intewals which can 
economically justified. New recommendations for the blanket specification of 
intervals, justified by arginal economic analysis, is presented in A 

CSWI Guidelines for the hydraulic design and maintenance of river crossings 
Volume Vi, 1994, CommiRee of Sate M a d  Authorities, South Africa 



CSRA Guidelines for the hydraulic design and maintenance of river crossings 
Volume VI, 1994, Commitlee d State Road Authorities, South Africa 



( i i i )  Technology 

Government's response to risk of technology is portrayed in design codes and regulations. These 
documents reflect the trust of Government in technology and engineering capabilities. 

It is generally accepted that compliance to design codes and regulations would result in a minimization 
of technological risk. 

The acceptability of risk by Government for river crossings is portrayed by the specification of design 
flood exceedence probabilities in design codes and regulations. It is therefore important to ensure that 
such specification is rational and consistent. Current specifications are compared to public perceptions 
of acceptable risk in Figure 4.5. This figure shows a discrepancy which can be reduced by risk 
management and/or a revision of specified design flood recurrence intervals. A revised approach to 
design flood recurrence interval specification is presented in Appendix 7.3. 

(iv) Culture 

The culture (value system) of a nation will be reflected in the Government's approach to the assessment 
of risk. The Government's accepted norms should therefore be similar to that of society as far as cuitural 
values are concerned. 

4.3.4 Summary 

Thresholds of acceptable risk of failure of river crossings can be determined by considering the influence 
of Politics, Economy, Technology and Culture on perceptions of acceptable levels of risk of Individuals, 
Society and Government. These were discussed in the foregoing sections and are summarized in Table 
4.3. 

The foregoing sections and the summary in Table 4.3 implies that current overnment opinion is that 
river crossing design is not important from a political point of view. This is borne out by the fact that 
current design flood exceedence probabilities specifications expose the individual and society to higher 
risks than what are considered acceptable. 

This discrepancy can be reduced with adequate risk management plans. Such plans should be sufficient 
to ensure the trust of society and individuals. Risk management strategies can partly be portrayed in 
Governments response to Technological risk and accommodated in design codes and regulations. 
However, it is also important to prepare contingency plans and other risk management strategies if the 
discrepancy between specified and acceptable risks is not addressed by means of specification. A 

reduction in the discrepancy between the public's and Government's perceptions of acceptable risk can 
be justified economically by making use of marginal analysis (see Appendix 7.3). 
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The Risk Analysis process is completed by risk management (Figure 2.1). Once the risks have been 
assessed, risk management strategies needs to be devised and implemented to ensure that the risk of 
river crossing failure is within acceptable limits. Part of risk management is regular re-evaluation of risk 
sl river crossing failure. Such re-evaluation indicates whether re-assessment of risk is required. If not, 
the  risk management procedures which are implemented at the time are continu 
would be re-assessed and new risk management rocedures devised. 

This guideline does not prescribe management of risk in detail, as it requires holistic evaluation of the 
ssessment of risk of river crossing failure in systems context for d 

ures to maintain the risk within acceptable limits. 

The objective of risk management is to devise strategies and take the necessary actions to ensure that 
risk exposure to the public is within acceptable levels. Such actions may include conservative desi 
landards, which could result in high expenditures on infrastructure, or, on the ot 

conservative design standards combined with institutional arrangements which WO 

exposure to acceptable levels. Institutional arrangements may include flood warnin 
organized emergency response units to assist victims of river cross ilure. The characterization of 
risk of failure of river crossings (Section 4.3) indicates that the ri ociated with current design 
standards may be socially unacceptable and that such institutional ments are currently requir 
to ensure social acceptability of risk. 

Management of the risk of existing river crossing systems ill almost invaria ly consist of the 
evelapment of institutional systems which would reduce risk. However, in certain cases, risk 

ent may require ent of existing river crossin S and construction of re 
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BRIDGE TYPE 
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- 

\ L 
l A 2 ' 

CONTINUOUS 

DOUBLE CANTILEVER 

v:=== 
BALANCED CANTILEVER 

"-z===iL 
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BALANCING SPAN 

ANTILEVER WITH DROP IN SPAF 

lr===l 
PORTAL FRAME 

FRAME STRUCTURE 

STRUT FRAME 

MULTI PLE CELL STRUCTURE 
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3PEN RIBBED SPANDREL ARCH 

OPEN SPANDREL ARCH 
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BOWSTRING SUSPENSION - 
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TYPE DECK TYPE DECK ODE 

12 ==== 
S I N G L E  BOX GIRDER 

S O L I D  F L A T  S L A B  

V O I D E D  S L A B  M U L T I P L E  BOX GIRDER 

D O U B L E  BOX B E A M S  
W l T H  C A N T I L E V E R .  

--lmzzJ 
B E A M  PLUS S O L I D  I N F I L L .  

M U L T I P L E  BOX B E A M S  
W l T H  C A N T I L E V E R .  I V E R T E D  T -  B E A M S  W l T H  SOLID INFILL 

R E C T A N G U L A R  BOX B E A M S .  

B E A M  8 S L A B  ONC. S L A B  I N T E G R A L  WlTH T-BEAM R I B  

COMPOSITE  CONC S L A B  SUPPORTE 
ON A  S T E E L  G R I L L A G E .  E A M  S L A B  W I T H  SEPARATE DIAPH. 

N D E P E N D A N T  CONC. S L A B  SUPPORTE 
)N A  S T E E L  G R I L L A G E .  R IBBED D E C K .  

o o o /  \ooc 

B O X  S L A B  B E A M .  ;TEEL  G R I L L A G E  WlTH ANY O T H E R  
:ORM O F  W K .  

S O L I D  B E A M  

O T H E R  

T -  B E A M  
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T Y P E  

CANT1 L E V E R  

S P I L L  THROUGH 

F R A M E  

S M A L L  B R E A S T  B E A M  

M A S S  G R A V I T Y  
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O L l D  W A L L  WITH INTEGRAL 
'ddl NG W A L L  

B U T T R E S S E D  
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I N T E G R A L  P I L E  C A P  
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T Y P E  

R. C. WALL 

S I N G L E  R.C. COLUMN 

SINGLE RC COLUMN 
WITH HAMMERHEAD 

M U L T I P L E  R.C. COLU 

M U L T I P L E  R.C.COLUMN 
WITH CAPPING BEAM 
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R.C. S P L A Y  E 0  

F R A M E  

SINGLE R.C.V-SHAPED 
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T Y P E  

ALL  S P R E A D  F O O T I N G S  

A L L  P I L E D  

U U 
A B U T M E N T S  P I L E D  

P A R T  A B U T M E N T  O R  PART P I E R  P I L E D  

C O M B I N A T I O N  O F  01 TO 0.5 
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T Y P E  

N E W  J E R S E Y  ( N T C  ) 

S.A.T.S. S T A N D A R D  S O L I D  R A I L  

1 
S T E E L  R A I L I N G  ( H O R I S O N T A L  1 

S T E E L  R A I L I N G  ( V E R T I C A L )  

L I G H T  M E T A L  R A l L l N G  

T Y P E  

I l 
B -  P R E C A S T  

fl 
P R E C A S T  H O R I Z O N T A L  A N D  

I N -  S I T U  S T A N C H I O N S  

S T E E L  R A I L  A N D  G U A R D R A I L  

I-L 

; U A R D R A I L  O N  S T E E L  P O S T S  

S O L I D  C O N C R E T E  W A L L  

P R E C A S T  C O N C R E T E  B E A M  
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T Y P E  

ROOFING F E L T  OR 
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iUBBER PADS (ELASTOMERIC) 

S L I D I N G  
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P O T  
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L_iJ 
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Jim Fouche bridge (Figure 7.2.1 j, 11 9 m long, was uilt over the Caledon River in 195 
rossing consists of f i e  simply supported, equilength spans which are supported on piers. Four of the 
iers are founded directly on bedrock, whereas one pier is supported by a caisson. The latter is founded 

on bedrock. The abutments are made of concrete, the one founded directly on be rock, whereas the 
r is founded on a caisson which rests on bedrock. 

a relatively straight reac 

n site inspection of the river crossin 
ecks. This is mo 
ue to debris accu 

earings are considered to 

The river crossing was originally designed to pass the 1 :20 year flood. This ability is severely reduc 
by the construction of the Welbedacht Dam 42 km downstream of the river crossing. The dam, whic 
was constructed in 1973, caused severe aggradation in the river bed. Figure 7.2.2 illustrates the long 
section of the river, showing the original 1973 bed profile, the surveyed 1988 profile, and the estimated 

ure average stable profile of the river bed. Figures 7.2.1 and 7.2.2 also illustrates the relation between 
river crossing and the aggradation. It is now estimated that floods with a recurrence interval of 1 :5 

years will overtop the river crossing. The significant aggradation currently limits the possibility of 
contraction scmr. However, the turbulence which is created by the current layout and positioning of 
the river crossing is expected to fluidize large volumes of sediment during flood conditions, exposing the 

iers and foundations. 

he river crossing has strategic importance because it links the city of Bloemfontein with the country of 
Lesotho. The river crossing became even more important when the construction of the Lesotho 
Highlands Water Project commenced. The closest alternative river crossing, is the old, narrow, steel 
bridge at Jammersdrift. This river crossing is situated upstream of the Jim Fouche bridge, and, 
a sudden drop in the river bed downstream of it, is not influenced by the aggradation in the rive 
expectation also is that aggradation would not influence it in future. However, the narrowness of the 
ridge and limitations on the weight of vehicles which can travel over , limits its value as an alternative 

route. Potential economic losses during sustained flooding is ex to be moderate. (The real value 
oses of this example potential losses of, say, R 1 million 
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ctly onto the river crossing. This 
conditions, especially at n when the headlights of 

ct off the water. Such conditions would make it very cult for drivers of motor 
ing over the river crossing. It is expected that vehicles could very easily 
h conditions, endangering the lives of the eople in the vehicle. For 

ple it is estimated that the liv S of at least five people could 

etermined as follows: 

nel Type 3a for calculation of the 

S? raneous factors is consi 

m rauiics are represent 3.2): 

accumulation I 

ate factor is therefore: 2,793 
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crossing over the Galedon River. 
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Route: 

ridge number: 
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Page 2 

Potential for damage: 

Integrity: 

2 X 10.' (flood which will overtop river crossing) 
Recurrence interval of 

Table 2: f, = 2,793 

Table 3: f4 = 
2,2 78 

omposite rating ( 44 
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Significance of composite hazard rating: 

* m Moderate (20 < R < 70) 
nificant (R > = 70) 

irect and indirect monetary losses: 1 000 000 

er of human lives ex 5 

Occasional maintenance only 
* I Detailed risk management plan 

nsive risk analysis an 

ents 

A risk management plan should be developed possi 

- a flood warning system as an interim measure 

- relocation of the river crossin 

. . . . . . . . . . . . . . . . .  . . . . . . . . . . .  
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Introduction 

Risk based optimization of river crossing design are currently achieved by implementing one of two 
possible procedures. One option is to minimize total cost as a function of recurrence interval, whereas 
"re other option consists of utilizing blanket specifications of design flood recurrence intervals. The 
implementation of blanket specifications of design flood recurrence intervals is a procedure which is more 
often used than the minimization of total cost. However, the section dealing with characterization of 
Level I I  risk (Section 4.3) shows that current specifications in design codes often fall short of the public's 
erception of acceptable risk. It is therefore considered feasible to reconsider current specifications an 
evelop new methodologies. 

Minimization of total cost is more time-consuming and entails determining the minimum value of the sum 
of capital expenditure and expected damage costs (Figure 7.3.1). A detailed procedure, specifically 
developed for use of risk-based minimization of total cost in the design of river crossings, is presented 
by the FHWA (Corry et 1981). The FH A publication not only contains theory, but includes practical 
case studies dealing with risk-based minimization of total cost. The risk based method of minimizing total 
cost is therefore not dealt with in any detail in this appendix, but criteria for deciding on its use is 
proposed. 

The objective of this appendix is: 

B To provide criteria for deciding be een the use of risk-based minimization of total cost and the 
implementation of blanket design od recurrence interval specifications for the desi 
crossings, 

an 

BS To recommend values for o imal blanket design flood recurrence interval S ecifications which 
are logically related. 

The criteria for deciding between the use of risk-based minimization of total cost and the implementation 
of blanket design flood recurrence intervals are based on equivalence of socio-economic exposure levels, 

hereas the recommended blanket specification of esign flood recurrence intervals are determined by 
minimizing marginal costs. 
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ocio-economic exposure criteria 

She criteria which are recommended for deciding betvJeen the use of risk-based minimization of total cost 
and blanket design flood specifications are based on socio-economic risk exposure equivalences. The 
socio-economic equivalences which are used for this purpose were proposed by Oosthuizen (1984) and 
re presented in Table 7.3.1. This table implies that exposure of 1 human life to danger is equivalent to 

an exposure which would result in economic damage equal to one hundred thousand Rand. This does 
not imply that a human life is worth one hundred thousand Rand, but merely states that endangerment 
of one human life has an exposure equivalence of one hundred thousand Rand damage. 

OMlC EXPOSURE VALUES 

It is considered reasonable that the threshold for deciding between the use of blanket design flood 
specifications and risk-based minimization of total cost be located in the region ranging from one 
hundred thousand to one million Rand of potential damages and/or potential endangerment of 1 to 10 

human iives. The potential losses and danger to human life below this threshold is considered to be so 
low that blanket specification of design flood recurrence intervals would suffice. Conversely, the potential 
losses and danger to human life above the threshold is significant enough to warrant more detailed 
investigation. This proposal is further developed in Section 7.3.4. 

Minimization of marginal cost 

nenblust and Scheider's (1987) proposal that equivalence of marginal costs should be used as 
criterion for loss minimization in risk analysis is implement to determine optimal values for blanket 
design flood recurrence interval specifications. Equivalence of marginal costs in this case implies that 
the incrementat costs associated with every one year increase in recurrence interval at the o 
specification level would have the same value in all cases, irrespective of the magnitude of the project. 
This is in line with principles of optimal resource allocation, as implemented wit the use of marginal 

nalysis. Marginal analysis addresses the question of whether a particular action ds sufficiently to the 
benefits enjoyed by the performer to make it worth the cost (Baurnol, 1972). 

costs only, optimality is considered to have been achieved when 
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H Marginal costs appr ches a minimum, 

and 

M uivalence of marginal costs has 

An equation for m inal cost is derive from the total cost (C,) of the river crossing, 

where 

c c  
- - apital cost of river crossing 

C d  
- - Present value of maintenance costs and the expected cost of disbenefits, should t 

river crossing fail 

Maintenance cost can reasonably 
disbenefits. In this regard it is im 
Expected cost of disbenefits is made up 
identified in Section 3.2 of the main body o 
crossing structure, given that the previous stroyed during a flood event. The decision 
whether to construct a new river crossing structure is a separate decision, and should be dealt 
separately. 

y defining the design flood recurrence interval as the independent variable, the marginal cost is 
represented by the slope of the relationship between total cost and recurrence interval. The influenc 
of project design life and discount rate on marginal cost is negligible, as is demonstrated towards 
end of this section. The values of these two variables are therefore considered to be pre-specified. 
expression of marginal cost can be derived by differentiating total cost with respect to recurrence inte 
v), i.e. 

The inherent assumption which is made when making blanket recurrence interval specifications, is that 
the relevant facility will be constructed at a certain unknown constant capital cost which will ensure 
compliance. Blanket specifications are attempts to optimally allocate resources without knowing in 
advance what the capital investment requirements are. In the case of river crossings the biankef 
specification subjectively assumes that the design flood will be used to size the river crossing openi 
and that the river crossing will then be constructed at some optimal constant capital cost which 
ensure that it complies with the design flood requirements. 

y assuming an unknown constant ca inal cost becomes, 
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Capital cost is therefore not a factor in marginal analysis for determining optimal blanket recurrence 
interval specifications. This is in line with concepts of marginal analysis, viz that marginal total cost is 
equal to variable costs as soon as benefits flow from a facility. The expression for marginal cost can be 

ed by writing the cost of disbenefits as 

here 

c - - cost of disbenefits which could result from a particular flood event 

K - - factor which is use to calculate the present value of probable cost 

i - discount rate 

L - - project design life in years 

T - design flood recurrence interval in years 

inal cost then becomes 

aking the assumption that the blanket specification of design fl 
such that the marginal cost of enefits would be ne 

In order to demonstrate the insensitivity of marginal cost to desi n life and discount 
cost factor (dK/dT) is plotted as a function of recurrence interv in Figures 7.3.2 an 
design lives of 100, 50 and 30 years, and discount rates of 3% and 6% re 
values is so small that the lines virtually coincide. The figures also illustrate 
is viflually zero for recurrence i tervals in excess of 250 to 400 years. 
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Compliance with the requirements of optimality, formulated at the beginning of this section, can b 
achieved by equating the marginal cost of disbenefits to a small value, and solving the equation ts 

rrence intervals for a range of disbenefit cost levels which 
h a solution will ensure equivalence of marginal costs. minimum value 

cost which is selected is equal to RlOQ/year. This value is not only almost negligible when compare 
to likely disbenefit c S (therefore representing a minimum), ut is selected to provide recurr 
values in the lower benefit cost ranges which are intuitively acceptable. 

Therefore, 

The theoretical relationship een recurrence interval and disbenefit costs for project d 
100 and 30 years, and iscount rates of 3% and 6% are presented in Table 7.3.2, wit 

resented in Figure 7.3.4. 

CSRA Guidelines for the hydraulic design and maintenance of river crossings 
Volume VI, 1994, Commiitee of State Road Authorities, South AM= 



CSW Guidelines for the hydraulic design and maintenance of river crossings 
Voiutne VI, 1W4, Commlnee of Stda Road Authorities, South Africa 



CSWI Guidelines for the hydraulic design and maintenance of river crossings 
Volume VI, 1994, Cornrnliiee o i  State Road Authorities, South Africa. 



EXPECTED DISBENEFIT COST (RAND) 

0 0 o I 1 0  102 103 104 

NUMBER OF HUMAN LIVES EXPOSED TO DANGER 

C S M  Guidelines for the hydraulic design and maintenance of river crossings 
Volume Vi, 1994, Committee of State Road Authorities, South Africa. 



ecommended specification 

e findings of the analysis in Section 7.3.3 are used to formulate a recommendation as to the 
recurrence intervals and procedures which should be used for the design of river crossings (Table 7.3.3). 

I small 

1 Risk-based cost optimization mandatory I 

LE 7.3.3 : RECOM ENDED SPECIFICATIONS TO DETERMINE DESlG 
CROSSING DESIGN 

The recommended values in Table 7.3.3 are spread over a larger range than what is currently the case, 
with the lower limit of blanket recurrence intetval specification being comparable to the lower limit of 500 
years, which is used in the United States of America. It is further recommended that risk-based cost 
optimization (Corry e&& 1981) be used when the composite hazard rating is significant (see Section 3.1 
of the main text) while concomitantly exposing the lives of between one and ten people to danger. In 

cases where the expected cost of disbenefits are in excess of one million Rand and/or more than ten 
human lives are exposed to danger, it is recommended that risk-based cost optimization be implemented 
for design of river crossings. 

The recommended blanket specifications for design flood recurrence intervals are compared with public 
and social perceptions of acceptable risk in Figure 7.3.5. This figure indicates that the proposed 

rocedure for determining design floods for river crossing design recognizes the public's perception of 
acceptable risk in high exposure cases. It also allows the use of less stringent measures in cases where 
exposure is considered moderate to negligible. Risk management will make risk acceptable to the public 
in t h e  latter cases. 

CSRA Guideiines for the hydraulic design and rnainienance of river crossings 
Volume Vi, 1994, Cornmirtee of State Road Authorities, South Africa. 
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