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ABSTRACT

This study is an application of optimization method to the structural

design of tunnels, considering the total cost of the tunnels as an objective

function with the properlies of the tunnel and soil unit weight, height of soil

above tunnel, height of water above tunnel and tunnel radius, as design

variables.

A computer program has been developed to solve numerical examples

using the ACI code equations , requirements and criteria in concrete design.

The results shown that the minimum total cost of the tun;rel increases with

the increase of the soii unit weight and tunnel radius, and decreases with the

increase of the height of water above tunnel..
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NOTATIONS
. E modulus o1'elasticity .

I moment of ir-rertia.

g weigh per Llnit volunte alons the lining .

. k coefficient of subgrad reaction .

M total bending monrent.

Mv bending momcni rlue to vertical load "

Mh bending moment due to horizontal load .

Mt bending moment due to horizontal triangle load .

Mr bending moment due to subgrad reaction load .

s bending moment due to self load .

' Pel vertical effective soil pressure .

Pwl vertical water pressure .

qel horizontal effective soil pressure (tunnel top).

qw1 horizontal water pressure (tunnel top) .

qe2 horizontal effective soil pressure (tunnel bottom)

qu.2 hot'izontal u,ater pressure (tunnel bottom) .

Rc cer-rtroid turutel radir_rs.

e the angle fronr the top of tunnel

6 the horizontal displacernent of segment ring at horizontal

diameter point .

INTRODUCTION

TechSpan consists of segr-nental precast arches forming a rhree-hinged :

arch structure (Figure 1). The hinge points are at the crown of the arch and the
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two bottoltts of tlr,-:;r;'cli .1'l'rt- span of the arches rat'igcs l'roit't r:i-,,rr-ii -i It') to l0
m and the ircigiri of tirc arch ranges from about 30oA to 7(i"'o or'ilte sltan

(Figure 2). Thc'fcchSltan arcires Lrsed in lieu of bridges t1,picriil1,can be in the

range o1'30%, Lo 40oh of height to Span because of the snrall all'loLrnt of soil

over the crown o1'the arch (usr-rally 1 m to 2 m).Arches used for indLrstrial

applications tisually har,e larger amount of soil over the crown, (usually 25 rr

to 35 m), and tend to have a height to span ratio of 600/o to 70%111.

The main benefits of the TechSpan Technology are the rapid and simple

method of construction. Rapid construction is a benefit for fast turnaround

projects, which means that the on site construction time would be reduced.

TechSpan can also be built with 2 crane operators and 3 laborers i.e., no

highly skilled workers are necessary. Another advantageous use of a

Techspan bridge occurs when culvert construction requires the disturbance of

environmentally sensitive wateru-ays. In these cases, TechSpan can cross tire

waterway withor-rt temporary channel relocation[1 ].

The appearance of the selected arch and wal1 system met the aesthetic

needs of the planned development (Figure's 3 and 4).The span of the arches

was 4.9 m rn,ith a height of 3.2 m. The two outer arches provided a lighted

walkway tunnel for the park on both sides of the ....k['].

Torres et al., (1966),as reporled by Al-Jubori (2001) presented the

minimum cost design of prestressed concrete highway bridges subjected to

AASHTO loading by using piecervise LP (load program) metirod [2].

Kirsch (1972) presented a minimum cost of a continuos two-span

prestressed cottcrete beam .The cost function included only the cost of

concrete and the cost of prestressirrg ste"l [3].

(s2-6ri)
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Natt'ttttatt ( 1982) presented a minilnum cost design of prestrcssed concrete

tensiot-r il.]erltbcr bascd on the ACI-Code 1977 .The cost f-Lurction included the

lulaterial costs of'concrete and the prestressiirg steel [al.

Al-Jubair (1994) minimized the cost of ring foundations by using the

simplex method of Nelder and Mead. The results obtained supported the

efficiency of optimization techniques in selecting the most economical design

of ring foundations for given conditions [sl.

Al-Douri (1999) minimized the cost of rectangular combined footings by

using several methods .She concluded that the minimum cost of the footing

decreases with increasing the distance between the columns for a constant

length f6l.

Al-Jubori (2001) minimized the cost design of mat foundations. He

proved that the minimum cost of the raft foundation decreases with increasing

of the angle of internal friction of the soil and increases with increasing the

column spacings in both directions as well as with increasing the difference

between the loads of adjacent columns[2].

Purpose Of Study

The purpose of this study is to detect the capabilities of optimizatron

method to handle the economical structural design of a tunnel. Giving a safe

design with minimum cost based on considering the effects of different

parameters on the tunnel and giving the designer the relationships:and curves:

between design variables, the design of a tunnel can be more economical,

reliable and simple"

5-l
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Objective Functian

The total cost of a tunnel can Lre represented by:

ZT:CSRE+CSFW+CSCO

where:

ZT: Total cost (unit price).

CSRE: Cost of tunnel reinforcement (unit price).

CSFW: Cost of tunnel formwork (unit price).

CSCO: Cost of tunnel concrete (unit price).

CSRE: fzr 
*Rc*No.]*COR

CSFW: fru 
*Rc] *COFW

CSCO: [zr 
*Rc*0.20]*COCO

(sJ-6rJ)

.( 1)

.(2)

.. (3)

..(4)

and where:

COR: Price of reinforcement (unit priceiton)

COFW: Price of formwork (unit pricelm2)

COCO: Price of concrete (unit price/ml)

Rc : Radius of tunnel

No. : Number of reinforcement bars per meter length .

Structural Formulations

The design approach used for TechSpan is aimed at determining

most ecomomic efficient arch shape meeting the project specifications.

project specifications include the clearance box required inside the arch

the geometry of the surrounding soil. (Figure 5) .

the

The .

and
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lll ol'der to acltieve an ecorlorllical ciesign. TechSpan trtilizcs ti-ie

corlcellt o1'a funicular curve" T'he terrn l'unictrl:rr is dcf.ined as "imitating zr rope

and its tension" (Figure 6).Since "rope" cannot suppoft compression or

bending loads, it takes its entire load in tension. Hor,vever, if the,,rope,,could

be modified, say by dipping it in concrete and bending it into a curve or arch,

then it could be maintained in its exacl shape. If the vertical and horizontal

forces were then applied to the sarnepoints as they were within the rope, then

this new structure would support its load completely in compression (Brock

bank ar-rd Segrestin 1995, as listed) t1l.

The Bending moment , M, in Ring model (Figure 7) atthe angle of 0 fi.om

the top of tunnel can be giu..r by[7]

55

M:Mu*Mn*Mt*M,*M,

Where Mu , Mh , Mr , M, , M, are the bending moments due to

horizontal load, horizontal triangle load, subgrad reaction and

they are defined as follows :

N{, : I I 4 (I-2sin20)(p.r*p,,,r ).R.2

Mr- I Jr l-2cos20)(q.1*q,r,).&'

Mr= i /4 8 (6 - 3 co s0- 1 2 c osr 0+4co s30)1q.r*q*,2-Q. r -Q,,r ).&2

M,:(0.2346-0.3 536cos0)k.6.R.' (0"<0s45")

M,:(-0.3487+0.5sin2e+0.2357.or,e;k.6.q, (45"<0<90")

M,:(3/8zr- 0. sin0-5/6cos0).g.\2

. (s)

verlical load,

self load, and

. . .(6)

...(7)

. . .(8)

(e)

...(10)

...(11)
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Where li is tl-rt c()ci'llcicnt of subgrad reaction , R.. is thc c.lllti'rritl radius of

tunnel , g is u,eight per unit volume along the lining and d is the horizontal

displacelrent of segmcnt ring at horizontal diameter point ar-rd givcrl br':

{2(p",+p*,r )-(q.r+q,,,')-(q.z+q',,2)* n. g}.R.0

(s6-68)
56

6: ..(12)

24(EI+0.0454k.R.4)

Computer Program

The main program, utilized to perform the necessar)/ calculations for

optimization, was drawn from Bundy (1984) [8] und translatecl to FORTRAN-

77.Hooke and Jeeves method rnas used to performed the minimization process

utilizing this method of solution. Followings, are the required input parameters

for this program.

Ns- number of independent (design) variables'

X(Iz)-initial estimate of the design variabies llz:1,2,3," ' ' ' 'Ns]

Hz-step length.

The program (Tunnel.For) in FORTRAN-77 was written by using the

design proceclule of ACI-Code with code [9] improvement in load factors'

This program gave good results with code requirements .

The progran-r (Tunnel .For) uses a subroutine vn'ith the program (H & J'

For). Input data symbols and other parameters used in subroutine (Tunnel

.For) is listed in Table (1) and results shown in Table (2)'

Numerical ExarnPle

The problem \vas solved by using four sets of initial trial values for design

variables vector X:[Ys, I{, hw, Rc] .The input data is: Ns:4' The first initial

trial values: X(1):18.30 ,X(2):22'93 , X(3):13'99 ,X(.4):7'95' The second
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iriitiril tliiil values: X( 1):19.50 ,X(2')-21 .50 , X( j):12.0 , X(4):7.S0.T[e thircl

initial trial values: X(l):19.50, X(2):18.0, X(3):13.0, X(4):E.20. The

{'or.rrtl'r rnitial trial values: X(l):19.0, X(2):17.0 , X(3):12.50 , X(_i):g.0 .

I{z:0.01

The results obtained are shown in Table (3). Figs (B) to (11)show the

convergence rate towards the minimurn cost design of Tunnel.

DISCUSSION OF RESULTS

A parametric study was done to the soil unit weight, height of soil above

tunnel, height of water above tunnel, and tunnel radius for the fourth initial
trial point. The results are listed in Tables (4),(5),(6) and, (7).

It can be observed from Table (4) and Figs. (12) to (14) that as the soil

unit weight increases; the minimum total cost is increased ,as sfuown in Fig

(12), the minimum total cost is at 17 kN/m3.Also the optimum moment and

steel area are rapidly increased with increment of soil weight, Fius. (13) and

(14) . But the height of soil above tunnel, the height of water above tunnel,

and tunnel radius dose not change with soir unit u,eight change Table(4).

It can be obselved from Table (5) and Figs (15) to (20) rhat as the height

of soil above tunnel increases; the minimurn total cost decreases then

increases, Fig. (15).The rninimum total cost occure at 16.5m height. The

optimum soil unit rveight is decreased, Fig. (16)and stiil constant after 16 m

height. The optimurn height of water above tunnel is increased Fig. (17) and

became constant after 16m height- The optimum tunnel radius decreases and

stay constant after' 16m height Fig(l8). But optimum moment and steel area

57



58 (srJ-6ti)Tikrit Journal of Eng. Sciences/Vol.14lNo.l/Septcrnber 2007

are decreased ar-ld then increased Itigs.( I 9)and(20), tl-re optimLul valLrrl

between 16- 17rn height.

It can be realized from l-able (6) and Figs. (21) to (25) that as the height

of water above tunnel increases; the minimum total cost decreases then

increase and then decreased Fig.(21). The minimum total cost is at 13m

height. The optimum soil unit weiqht and height of soil above tunnel have

values constant then increased afie,i' 14n-r height oiu'ater Figs.(22) and (23).

The optimum moment and steel area are also have a constant values but they

decreased after 13m height Figs.(24) and (25).

It can be noticed from Table(7) and Figs( 26) to (28) that as t1.Ie tunnel

radius increased ; the minimum total cost increased Fig(26) . The optilrunl

moment and steel area are increased then decreased Figs(27) and (28). From

Table (7), soil unit weight. height of soil above tunnel, and height'of water

above tunnel are dose not change with increased tunnel radius .

COI{CLUSIOI{S

1-The minimum total cost is more sensitive to the changes in soil unit

u,eight and tunnel radius .

2-Increase in soil unit weight ieads to increase in minimum totai cost,

rnoment and steel area.

3-Increase in height of soil above tunnel leadsr to increase in minlmum

total cost. So , increases are obtained in height of water above tunnel,

moment and steel area, but decreased are obtained in soil r-rnit weight and

tunnel radius .. .:
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4-lncrcase irr height o1'rvater above tunnel leads to dccreases in total cosr.

mot.nent arld steel area, and increases in soil unit weislrt and height of soil

above tunnel .

5- Increase in tunnel radius leads to increase in total cost and decreases in

moment and steel area , but doesn't affect by the height of soil ancl ri'ater

above tunnel and soii unit weight.
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Tatrle (l) Some Input Data

S)'n"rbols Value Function

iS 19.0 Soil unit u,eigl'rt (kN/rr')

H 17.0 Height of soil above tunnel (m)

h* 12.50 Height of water above tunnel (m)

& 8.0 Tunnel radius (m)

SYS 414 Yield of steel strength (Mpa)

CS 34.5 Concrete compressive strength (Mpa)

Ws 90.0 Surcharge load (kN/m2)

{{)l-{,s) Tikrit.lournalofting.Scicnci,s,\r::.iii\0.JlSeptenrher2007

Table (3) The Design Results (initial,triaLpoint)

{:i

I

t

Table (2) Some Results of (Tunnel .For)

Tunnel. For Ref.Ii]

M(kN.m) 138.3 r39.4

A,(mm')' 18s.6 188.2

Variables First tr,iai Second trial Third trial Fourth trial

Cost (U.P.) 7047 7507 5133 4070

y,(kN/m') t6.77 17.91 17.97 17.47

H(m) 21.40 19.97 t6.47 15.47

h*(m) 15.51 t3.52 11.52 14.02

&(r") 6.43 6.28 6.68 6.48

FE* 220 2t0 230 200

"1,

t
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:

* Number of function evaluation.

Table (5) The Besign ResUlts for different height of soil above tunnel

* Number of function evaluation.
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Table (a) 'fhe llesign Results for different soil unit rveight

Variables

(kN/m3)

y.:1 7.0 ., -17 i Ys:18.0 y.:18.5 Ts:19'0 lr.:19.-t 7.:20.0

Cost (U.P.) 2853 3101 3424 3747 4067 4393 4t16

H(m) t5.47 15.47 15.47 t5.47 t5.47 15.41 15.47

h*(m) t4.02 14.02 t4.02 14.02 t4.02 14.02 t4.02

&(m) 6.48 6.48 6.48 6.48 6.48 6.48 6.48

M(kN.m) r02.3 138.9 186.4 233.9 281.5 329.0 376.5

A,(mm') r37 186 250 314 378 441 505

FE,* 221 252 215 202 208 208 241

Variables(m) H:l 5 H:16 H:17 H:1 8 H:1 9

Cost (U.P.) 3397 2818 2852 3424 4070

y,(kN/m') 16.39 15.5 3 \5.47 Ls.47 t5.47

h,"(m) 1 3.15 13.97 t4.02 14.02 14.02

&(m) 1.40 6.48 6.48 6.48 6.48

M(kN.m) .120.8 105.4 102.3 186.4 281.5

.4,(mm') t62 t4l 137 250 378

FE* 215 254 241 245 261
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Table (6) The Design Results for different height of water above tunnel

(rl

Variables(m) h*:10 hr":11 1t,.:12 h,r: i 3 h*:14 Itr,,:17

Cost (U.P.) 3822 3445 2987 2748 2856 2726

y,(kN/m') 15.47 t5.47 15.41 t5.47 15.53 16.28

H(*) 15.47 15.47 15.47 15.47 15.53 t6.45

R*(m) 6.48 6.48 6.48 6.48 6.48 6.48

M(kN.m) 24s.0 183.5 122.r 86.9 84.7 83.0

A,(mm') 329 246 164 t17 115 111

FE* 2t5 2t8 227 22'0 220 224

* Number of function evaluation.

Table (7) The Design Results for different Tunnel radius

Variables(m) R.:7 R.:7.5 R.:8 R.:8.5 R.:9 R":9.5 R":10

Cost (U.P.) 3343 3729 4070 4346 4532 4608 4848

y,(kN/m') 17,47 t7.,47 |J.,47 lt.4l 17.47 17.,47 17,47

H(m) 15.47 t5.47 15.47 t5.41 15.47 15.47 Ls.47

h*(m) 14.02 14.02 14.02 t4.02 14.02 t4.02 14.02

M(kN.m) 264.3 277.1 281:5 276.2 260.3 233.1 223:B

A,(mm') 355 372 378 311 349 J1J 300

FE* ,2rs 2lB. 221 220. 220 , 11,4LLA - 2t5,

* Number of function evaluation.
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L.:rft,r ir: 1111g

Figure No.7 Ring Model
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