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Optimum Safe Hydraulic Design of Culverts 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 
 

This research aims at obtaining the "Optimum safe hydraulic design of culverts", taking into 

consideration the cost of excavation, bedding, material, compacted fill, hunches, protection works, 

and additionally involved head loss. 

Because of numerous shapes and materials of culverts, the wide-fame among them have been 

selected in this research, namely, reinforced concrete box culverts of both rectangular and squared 

shape, and pipe culverts of circular shape with materials of reinforced concrete, cast-iron, asbestos-

cement, and  ductile-steel. 

To be close to field conditions, discharges of (0.5, 1.0, 1.5, 2.5, 5.0, 10.0, and 15.0m
3
/s) have 

been selected to represent small, medium, and big discharges; culverts lengths of      (5, 10, 15, 20, 

25, 35, and 40m) have been selected to represent short, medium, and long structures. However, 

typical trapezoidal earthen irrigation channels have been considered to accommodate the respective 

culverts. 

To prepare the optimization model, an objective function has been formulated to cover all 

aforementioned costs. The optimization model involved all structural and hydraulic design 

constraints. The established non-linear optimization model is solved by the modified Hooke and 

Jeeves direct search approach. A computer program is developed to handle the aimed solution. 

The following categories of analyses have been considered: 

1. Cost as a function of discharge (for the different selected lengths). 

2. Cost as a function of length (for the different selected discharges). 

3. Number of vents as a function of discharge (for the different selected lengths). 

4. Number of vents as a function of length (for the different selected discharges). 

5. Dimensions of the culvert as a function of discharge (for the different   selected lengths). 

6. Dimensions of the culvert as a function of length (for the different selected discharges). 

The results showed the following: 

1. The computer program is efficient in giving the results. 

2. The optimization process automatically excluded the pipe culverts, whereas the reinforced 

concrete box culverts are the optimum types for all considered discharges and lengths. 

3. The discharge, rather than length, is the dominant factor controlling costs, number of vents, and 

dimensions of the culvert. 
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 ةـــــــلاصـالخ
هذا البحث ٌهدف إلى "التصمٌم الهٌدرولٌكً الأمٌن الأمثل للبرابخ", اخذٌن بالاعتبار كلفة كل من الحفر 

 ( وأعمال الحماٌة والزٌادة فً الشحنة المفقودة.hunchesوالأرضٌة وألماده الأنشائٌة والدفن المرصوص والأكتاف )
نوعة أو ألمنفذه منها البرابخ فقد تم اختٌار الأوسع استعمالا ً منها وهً بالنظر لتعدد أنواع وأشكال والمواد المص

البرابخ ألصندوقٌة المنفذة من الخرسانة المسلحة وبالأشكال ألمستطٌلة وألمربعة والبرابخ الأنبوبٌة بالشكل الدائري المنفذة 
 ولاذ اللدن.أو المصنوعة من الخرسانة ألمسلحة ومن حدٌد الصب و  ألسمنت الأسبستً والف

/ ثا( ۳م۱۵٥۰و۱۰٥۰, ۵٥۰, ۲٥۵, ۱٥۵,  ۱٥۰,  ۰٥۵لربط الناحٌة ألعملٌة بالنظرٌة فقد انتخبت التصارٌف )
م( لتمثل منشات ۴۰و۵,۱۰۰۱۵,۲۰۰۲۵,۳۵لتمثل التصارٌف ألصغٌرة والمتوسطة والكبٌرة , وتم انتخاب الأطوال )

 ري نموذجٌة مرتبطة بتلك البرابخ.قصٌرة ومتوسطة وطوٌلة. تم الأخذ بنظر الاعتبار قنوات 
ولغرض تهٌئة نموذج الأمثلٌة  فقد تم إعداد دالة الهدف لتغطً الكلف المذكورة سابقا. نموذج الأمثلٌة شمل كل 

 المحددات ألتصمٌمٌه الأنشائٌه والهٌدرولٌكٌة. 
(. تم Modified Hooke and Jeeves direct searchنموذج الأمثلٌة اللاخطً تم حله باستخدام طرٌقة )

 تطوٌر برنامج حاسوبً متضمنا كل ما تم ذكره لغرض الحصول على النتائج.
 تم تحلٌل النتائج فً ضوء ما ٌلً:

 الكلفة كدالة للتصرٌف لمختلف الأطوال المستعملة.. ۱
 الكلفة كدالة للطول لمختلف التصارٌف المستعملة.. ۲
 وال المستعملة.عدد فتحات البربخ كدالة للتصرٌف لمختلف الأط. ۳
 . عدد فتحات البربخ كدالة للطول لمختلف التصارٌف المستعملة.۴
 . أبعاد البربخ كدالة للتصرٌف لمختلف الأطوال المستعملة.۵
 . أبعاد البربخ كدالة للطول لمختلف التصارٌف المستعملة.۶

 لقد بٌنت النتائج ما ٌلً:
 برنامج الحاسوب كفوء فً إعطاء النتائج.. ۱
 تبعدت عملٌة الأمثلٌة البرابخ الأنبوبٌة تلقائٌا, بٌنما جاءت البرابخ الخراسانٌة المسلحة الصندوقٌة كأفضل الأنواعاس. ۲

 صمٌما للتصارٌف و الأطوال المستعملة. ت
 التصرٌف هو العامل المسٌطر على الكلفة وعدد الفتحات والأبعاد للبربخ بشكل أوضح من الطول.. ۳
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1. Introduction   
 

Culverts, whether in road crossings or agricultural projects have a great practical and 

economical importance. 

Culverts may be constructed with different shapes, such as circular pipe, ovalt, arch 

pipe, rectangular box, square box, and arch. Moreover, culverts may be made of a variety of 

materials such as metal (corrugated or plain), concrete (plain or reinforced), asbestos cement, 

and vitrified clay 
[1]

. 

There are two major flow conditions that determine the hydraulics of culvert flow 

according to the location of the control section (i.e., the cross section which limits the 

maximum discharge through the culvert). These are ‛Inlet control’ and ‛Outlet control’ 
[2]

. 

However, there are six types of flow through culverts 
[3]

. 

The subject of this research is to attain an optimum safe hydraulic design of culverts 

through: 

1. Building a general model that incorporates the assumptions and methods used in analysis 

and design of culverts, involving the basic parameters in the processes of construction and 

maintenance of such structures.               

2. Of the possible alternative types of culverts, the most appropriate one (or ones) is (are) to 

be selected through an optimization approach. 

3. Verifying the optimally-selected type (or types) through application to some selected 

practical case studies. 

Figure (1) shows a typical longitudinal section of a culvert. 

 

 

 

 

 

 

 

 
 

 

 

Figure (1) Typical longitudinal section of culverts [4] 
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2. The Case Study 
 

The research considers two basic types of culverts, namely, the reinforced-concrete box 

culvert and the circular pipe culvert. The box culvert involves rectangular and squared shape. 

For the pipe culvert, the research considers different materials which are reinforced concrete, 

cast-iron, ductile-steel, and asbestos-cement. 

As a case study, actual data from an actual land reclamation project, namely, Hilla-Kifl 

Project, have been considered in order to make the research as close as possible to reality.   

With reference to Fig.(1), the basic controlling factors in deciding on the size and shape of a 

culvert are: the discharge (Q), culvert length (L), height of compacted fill (h), top width of 

embankment (W), section of the channel accommodating the culvert, depth of headwater 

(HW), characteristics of hunches (s, q, e, f), thickness of bedding (a), Manning roughness of 

the culvert (n), culvert inlet and outlet loss coefficients, (K1) and (K2), and inlet and outlet 

transition loss coefficients, (Ki) and (Ko). Values considered in the research for the 

aforementioned parameters are: 

Q= 0.5, 1.0, 1.5, 2.5, 5.0, 10.0, and, 15.0 m
3
/s. 

L= 5, 10, 15, 20, 25, 35, and, 40 m. 

h= 1m {Constant} 
[4]

. 

W= as given by: 

 

h3LW   ……………………………………………………………………. (1) 

 

However, the typically–considered channel is earthen, trapezoidal, with best hydraulic 

section of 
[5]

: 

 

y32PC  , 
3

y32
bC

 , 
2

C y3A   ………………………………………. (2) 

 

where:  

PC, bC, and AC: Are the wetted perimeter, width, and area of the channel respectively. 
 

On substituting  
CCC PAR   in Manning equation, the result will be: 

 

2
13

2

2

c

S
2

y
y3

n

1
Q 








 

   ……………………………………………………….. (3) 

 

where: 

Manning roughness coefficient of the channel (nc) = 0.025 

Channel bed slope (Sc) = 0.00005 

Depth of headwater (HW) = as calculated from Eq.(3), where(HW = yo). 

Characteristics of hunches: {Typical values}
[6]

: s=0.50m; q=0.30m; e=0.20m; f=0.30m;  
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where:  

s and q: Are height and width of the lower hunches, respectively; e and f are height and width of the 

upper hunches, respectively  

Thickness of bedding (a) = 0.10m {Typical} 
[4,6]

. 

Manning roughness coefficient of the culvert (n) = {Typical values for the considered shapes and 

materials} 
[2]

. 

K1, K2, Ki , Ko: {Typical values} 
[2]

. 

 

3. The Optimization Problem 
 

The purpose of optimization is to find the best possible solution among the many 

potential solutions satisfying the chosen criteria. In this research, the optimum design is based 

on the minimum cost as the objective, taking into account mainly the costs of the structure 

itself, safety, and serviceability. The following criteria are considered in the optimization 

problem: 

 

3-1 Basics 

The design of a culvert is based on the hydraulic provisions and then the structural 

provisions. However, a ‘good’ design should take into consideration the overall cost of the 

designed structure. For this, a reasonable and practical survey in this respect would delineate 

the following constituents of a cost objective function: Excavation, bedding (blinding) layer, 

the material the culvert will be constructed from, compacted fill, hunches, protection works, 

and additionally-involved head loss. 

 

3-2 The Design Variables 

The design variables (which are virtually the decision variables in the optimization 

model) represent the dimensions that characterize the respective sectional shape. The design 

variables of a rectangular box culvert are  bX 1 ,  dX 2 . The optimum solution will give 

the optimum shape. If ( b > d ), then the optimum shape shall be denoted as a horizontal 

rectangle; the optimum shape of the reverse is a vertical rectangle. A special case of the 

rectangular shape is the squared shape (i.e., db  ). In such a case, there would be a single 

design variable,  dX 1 . The shape of a pipe culvert is circular. In this case, the design 

variable will be  dX 1 . 

 

3-3 The Objective Function 

The cost objective function  ZT  is the sum of the costs of excavation, bedding, and 

material of the culvert, compacted fill, hunches, protection works and additional head loss. 

The respective unit costs are denoted (C1) through (C7) for box culverts, respectively; the 

respective partial cost functions are denoted (Z1) through (Z7) , respectively; subscripts (P),  

(Pc), (Pa), and (Pd) are added to denote circular pipe culverts of reinforced concrete, cast iron,    

asbestos cement, and ductile steel, respectively. 
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3-3-1 The Objective Function of the R.C. Box-Culvert (Rectangular Shape) 

According to the details shown in Fig.(2), the total cost objective function  1ZT  of the 

reinforced-concrete, rectangular  box-culvert is as summarized in Table (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure (2) Typical works of box culverts [4] 

 
Table (1) Summary of final cost objective function, (ZT1),  

for the R.C. rectangular box culvert 
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3-3-2 The Objective Function of the R.C. Box-Culvert (Squared Shape) 

The square is a rectangular with ( db  ). The final cost objective function  2ZT of the 

reinforced-concrete, square box-culvert is as summarized in Table (2). 

 

Table (2) Summary of the final cost objective function,(ZT2),                                
for the R.C. square box culvert 

 

Terms of the decision variables 

Constant 
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3-3-3 The Objective Function of the R.C. Circular Pipe-Culvert 

According to the details shown in Fig.(3), the total cost objective function  3ZT  of the 

reinforced-concrete, circular pipe-culvert is as summarized in Table (3). 

 

Table (3) Summary of the final cost objective function,(ZT3), 
for R.C. circular pipe culvert 
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Figure (3) Typical works of circular pipe culverts [4] 

 
3-3-4 The Objective Function of Pipe Culverts of Materials other than 

Reinforced Concrete 
 

With respect to the material of a circular pipe culvert other than the reinforced concrete, 

the most common types in use in Iraq are cast iron, asbestos-cement, and ductile steel. These 

types are considered in this research. The unit prices of the aforementioned types for some 

useful standard sizes are given in Table (4)
 [7]

. 

The best function obtained to express the cost of pipe per unit of the installed length as a 

function of its size (diameter) is 
[8]
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Table (4) Commercial prices of pipes [7] 

Pipe type Inner diameter(d), (m) Unit price, ($/m) 

Cast iron 

0.50 46.67 

0.60 50.00 

0.70 60.00 

0.80 66.67 

1.00 106.67 

1.20 116.67 

Asbestos-Cement 

0.50 16.67 

0.60 26.67 

0.70 30.00 

0.80 33.33 

Ductile-Steel 

0.50 33.33 

0.60 43.89 

0.70 83.33 

0.80 111.11 

0.90 133.33 

1.00 155.55 

 
The final cost of the cast-iron, asbestos-cement, and ductile-steel, circular pipe culverts, 

 4ZT ,  5ZT ,and  6ZT  are as summarized in Tables (5), (6), and (7). 

 

Table (5) Summary of the final cost objective function,(ZT4),  
for cast-iron circular pipe culvert 
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Table (6) Summary of the final cost objective function,(ZT5),  
for asbestos-cement circular pipe culvert 

 

Terms of the decision variables 
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Table (7) Summary of the final cost objective function,(ZT6),  

for ductile-steel circular pipe culvert 
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3-3-5 The Objective Function of Multiple-Vents of Culverts 

A single vent for a certain discharge may be insufficient or impractical; therefore, 

multiple-vents of culverts is considered to cover the respective discharge [according to the 

details shown in Fig.(4)]. The final total cost objective functions  1TZ  ,  2TZ  , ( 3TZ  ), ( 4TZ  ), 

( 5TZ  ), and ( 6TZ  ) of reinforced-concrete box culverts (rectangular and square) and circular 

pipe culverts (reinforced concrete, cast-iron, asbestos-cement, and ductile-steel) are 

summarized in Tables (8), (9), (10), (11), (12), and (13), respectively. 

 
 

 

Figure (4) Typical multiple-vents culverts 
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        (c): Section of multiple-vents circular pipe culverts 
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Table (8) Summary of final cost objective function,(ZT′1)  
for multiple-vents, reinforced concrete rectangular box culverts 
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Table (9) Summary of final cost objective function, (ZT′2)  
for multiple-vents, reinforced concrete square box culverts 
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Table (10) Summary of the final cost objective function,(ZT′3)  
for multiple-vents, reinforced concrete circular pipe culverts 

 

Terms of the decision variables 
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Table (11) Summary of the final cost objective function, (ZT′4)  
for multiple-vents cast-iron circular pipe culverts 

 

Terms of the decision variables 
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Table (12) Summary of the final cost objective function, (ZT′5)  

for multiple-vents, asbestos-cement circular pipe culverts 
 

Terms of the decision variables 
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Table (13) Summary of the final cost objective function, (ZT′6)  
for multiple-vents, ductile-steel circular pipe culvert 

 

Terms of the decision variables 
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4. The Constraints 

 

The cost objective function is minimized subject to a set of constraints. The basic 

controlling constraints are: 

 

4-1 Dimensions 

i) The minimum vent dimensions of a box culvert are (0.75m) 
[9]

. This constraint can be 

written as: 

 

m75.0b   ; m75.0d  ………………………………………………………… (5) 

 

ii) The maximum span length of (4m) and a maximum height of (3m) of a box culvert have 

been adopted in this research 
[6]

. This condition can be written as: 

 

m0.4b    ; m0.3d  ………………………………………………………… (6) 

 

iii) For a pipe culvert, the minimum diameter is (0.60m) 
[10]

. The constraint that covers this 

limit can be written as: 

 

m60.0d  ………………………………………………………………………. (7) 
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iv) To ensure a closed-conduit flow (full flow), the height of culverts must be less than 

(HW/1.5), where (HW) is the headwater 
[3]

; that is: 

 

5.1HWd   ……………………………………………………………………. (8) 

 

4-2 Head Loss 

The minimum net submergence  Nh  is (0.05m) 
[2]

 as shown in Fig.(5). The constraint 

covering this case is: 

 

m05.0hN  …………………………………………………………………… (9)  

 

4-3 Limiting Velocity 

The minimum velocity is related to the slope of the culvert; the maximum velocity is 

dictated by the channel conditions at the outlet. To ensure minimum velocity and for 

preventing sedimentation (non–silting), a minimum slope of (0.005) has been considered 
[10]

, 

that is: 

 

005.0Sb   …………………………………………………………………….. (10)  

 

This, with Manning formula, gives: 
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3
4

22

  …………………………………………………………………. (11)  

 

With (V=Q/A), A (for a fully-flowing box culvert)= bd, P(=2(b+d)), and (R=A/P), then 

Eq.(11) could be written as:  
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3
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3
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db

bd



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Equation (11) for a square box-culvert will read: 

 

223
16

nQ1270d  ………………………………………………………………. (13) 

 

and, for a circular pipe culvert will be: 

 

223
16

nQ72.2058d  …………………………………………………………… (14) 
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The formulation of the objective function of the optimization problem is non-linear. 

There are several methods for solving a non–linear optimization problem. The modified direct 

search method of Hooke and Jeeves
 [11]

 has been adopted for use in the research. 

 

5. The Results 
 

A computer program has been developed to handle the optimization process. The final 

optimum results are as given in Table (14). 

The behavior of the results could be viewed as shown in Figs.(6) through (11). 

 
Table (14) Final optimum results 

 

 

 

Table (14) Continued 
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Table (14) Continued 
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Figure (6) Optimum cost of different types of culverts (L=5m) 
 

 

 

 

 

 

 

 

 

 

 

Figure (7) Optimum cost of different types of culverts (Q=10.0m3/s) 

 

 

 

 

 

 

 

 

 

 

 

Figure (8) Optimum cost of different types of culverts (L=5m) 
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Figure (9) Optimum number of vents of different types of culverts (Q=15.0m3/s) 

 

 

 

 

 

 

 

 

 
 

 

Figure (10) Optimum dimension (d) of R.C., square box culverts 

 

  

 

 

 

 

 

 

 
 

 

Figure (11) Optimum dimension (d) of R.C., square box culverts 
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6. Conclusions 
 

Based on the obtained results, the following conclusions are abstracted: 

1. The computer program is efficient in giving the results. 

2. The optimization process automatically excluded the pipe culverts. 

3. The discharge, rather than length, is the dominant factor controlling costs, number of 

vents, and dimensions of the culvert. 

4. Reinforced concrete box culverts are the optimum types  for all considered discharges and 

lengths as follows: 

a) For (Q=0.5, 1.0, and1.5m
3
/s) and for all considered lengths, the optimum types are 

single-vent, reinforced concrete square box culverts. 

b) For (Q=2.5m
3
/s) and (L=5 through 20m), the optimum type is a single-vent, reinforced 

concrete square box culvert, whereas for (L=25 through 40m), the optimum type is a 

single-vent, reinforced concrete rectangular box culvert.  

c) For (Q=5.0 and 10.0m
3
/s) and for all considered lengths, the optimum types are          

two-vents, reinforced concrete square box culverts. 

d) For (Q=15.0 m
3
/s) and for all considered lengths, the optimum type is a single-vent, 

reinforced concrete rectangular box culvert. 
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List of Symbols 
 

A:   Cross-sectional area of the culvert, m2 

Ac:   Cross-sectional area of the channel, m2 

d:   Height of the culvert or diameter of a pipe culvert, m 

D:   Outer diameter of pipe culverts, m 

g:   Gravitational acceleration, m/s2 

G.S.:   Ground surface 

h:   Height of compacted fill, m 

hA:   Head on the culvert, m 

hL:   Head loss on the culvert, m 

hN:   Head loss on the culvert, m 

H or HW:  Head water depth, m 

k:   Ki+Ko 

K:   Ki+Ko+K1+K2 

L:   Length of the culvert, m 

m:   Number of vents of a culvert 

n:   Manning roughness coefficient of the culvert 

P:   Wetted perimeter of the culvert, m 

Q:   Discharge through the structure (culvert and channel), m3/s 

R:   Hydraulic radius of the culvert, m 

RC:   Hydraulic radius of the channel, m 

R.C.:   Reinforced concrete 

Sc:   Bed slope of the channel, m/m 

t:   Thickness of the culvert, m 

V:   Velocity within the culvert, m/s 

yo:   Water depth of the channel, m 

 


