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TORSIONAL ANALYSIS FOR PRESTRESSED CONCRETE MULTIPLE CELL BOX 

By Chung C. Fu1, Member, ASCE, and Yi Tang2 

ABSTRACT: The Softened Truss Model Theory applied to a prestressed concrete multiple cell box is 
developed in this study.  In this theory, the concrete torsional problem is solved by combining equilibrium 
conditions, compatibility conditions and constitutive laws of materials. Up to now the theory has been 
applied only to the case of pure torsion with single cell section.  An algorithm is presented to deal with the 
torsional problem for both reinforced concrete and prestressed concrete-box girder bridge superstructures 
with multiple cell sections.   A computer program based on the Softened Truss Model Theory is developed 
and corresponding results are compared with previous theoretical and experimental work for single cell 
cases.   
 

INTRODUCTION 

 Concrete is a material that is very strong in compression but weak in tension.  When concrete is 

used in a structure to carry loads, the tensile regions are expected to crack and, therefore, must be 

reinforced with materials of high tensile strength, such as steel.  The concept of utilizing concrete to resist 

compression and steel reinforcement to carry tension gave rise to the struts-and-ties model.  In this model, 

concrete compression struts and steel tension ties form a truss that is capable of resisting applied loads. 

 The struts-and-ties concept is easily applied to reinforced concrete beams.  For example, under 

bending, the compressive stress in the upper part of a simply supported beam is resisted by concrete in the 

form of a horizontal strut; the tensile stress in the lower portion is taken by the bottom steel in the form of a 

horizontal tie.  The forces in the concrete and steel must be in equilibrium, and they form a couple to resist 

the applied bending moment. 

 The first application of the concept of truss model to members subjected to shear was proposed by 

Ritter (1899) and Mörsch (1909) in connection with reinforced concrete beams subjected to shear and 

bending.  In their view, a reinforced concrete beam acts similar to a parallel-stringer truss to resist bending 
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and shear.  Due to the bending moment, the concrete strut near the upper edge serves as the top stringer in 

a truss and the steel bar near the lower edge assumes the function of the bottom stringer.  From shear 

stresses, the web region would develop diagonal cracks at an angle á inclined to the longitudinal steel.  These 

cracks would separate the concrete into a series of diagonal concrete struts.  To resist the applied shear 

forces after cracking, the transverse steel bars in the web would carry tensile forces and the diagonal 

concrete struts would resist the compressive forces.  The transverse steel, therefore, serves as the tensile 

web members in the truss and the diagonal concrete struts become the diagonal compression web members. 

 Although Ritter and Mörsch contributed significantly to the understanding of reinforced concrete 

structural behavior, their truss models could not explain some types of behavior of reinforced concrete, 

particularly regarding the so-called contribution of concrete.  Researchers did not pursue this line of study 

until the late 1960s and early 1970s when Nielson (1971) and Lampert and Thurlimann (1971) derived the 

three fundamental equilibrium equations for shear based on the theory of plasticity.  These theories were 

known collectively as the plasticity truss model because they were based on the yielding of steel.  In the 

unified theory for reinforced concrete behavior, the equilibrium truss model takes into consideration the 

equilibrium condition alone.  The roles of the compatibility condition and the constitutive laws of materials 

need to be investigated in the future.  

 Earlier researchers developed some equations based on a softened truss model for a single cell 

torsion problem (Hsu, T.T.C., 1988, 1990, 1991a,b, 1993, 1994; Collins and Mitchell, 1991). However, 

because many concrete bridge superstructures consist of multibox cells, additional equations are created to 

solve the multicell torsion problem. 

 

TORSIONAL ANALYSIS FOR MULTIPLE CELL BOX 

 In early development by others (Collins & Mitchell, 1991; Hsu, 1994), a set of equations is given 

for solving single cell torsion.  A reinforced concrete prismatic member is subjected to an external torque T 

as shown in Figure 1(a).  The external torque is resisted by an internal torque formed by the circulatory 

shear flow q along the periphery of the cross section.  The shear flow q occupies a zone, called the shear 
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flow zone, which has a thickness denoted td.  This thickness td, or equivalent thickness for a uniform shear 

stress, is a variable determined from the equilibrium and compatibility conditions.  It is not the same as the 

given wall thickness h of a hollow member.  Element A in the shear flow zone [Figure 1(a)] is subjected to a 

shear stress τlt = q/td as shown in Figure 1(b). 

 In bridge engineering, many reinforced concrete bridges consist of multiple box cells.  Therefore, a 

set of simultaneous equations to analyze structural torsion for multiple box cells is needed.  In this paper, 

equations for single cell are developed into ones for multiple cells, and a solution method is provided. 

Equations for Multiple Cell 

Assume a structural section has N cells (Fig. 2).  According to restraint condition θ = θ1 = θ2 = ... = 

θN, a set of simultaneous equations for cell i can be obtained. 

Equilibrium Equations 

 A prestressed concrete element, as shown in Figure 3(a), is reinforced orthogonally with longitudinal 

and transverse (prestressing or nonprestressing) steel reinforcements.  The applied stresses on the element 

have three stress components, σl, σt, and ôlt.  The longitudinal steels are arranged in the l-direction 

(horizontal axis) with a uniform spacing of sl.  The transverse steels are arranged in the t-direction (vertical 

axis) with a uniform spacing of s [Fig. 3(a)].  After cracking, the concrete is separated by diagonal cracks 

into a series of concrete struts, as shown in Figure 3(b).  The cracks are oriented at an angle α with respect 

to the l-axis.  The principal stresses on the concrete strut itself are denoted as σd and σr.  According to the 

unified theory (Hsu, 1993), after transformation, the governing equations for equilibrium condition are 

shown as follows 

 lplpllrdl ff ρρρραασσαασσσσ ++++++== 22 sincos  (1) 

 tptpttrdt ff ρρρραασσαασσσσ ++++++== 22 cossin  (2) 

 (( )) αααασσσσττ cossinrdlt ++−−==  (3) 

 (( ))dlt tAT 02ττ==  (4) 
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where σl, σt, and τlt = three homogenized stress components of the composite element [Figure 3(a)]; σd, σr 

= concrete stresses in d- and r-directions, respectively [Figure 3(b)]; α = angle between l and d axes; ƒl, ƒt = 

stresses in steel in the l- and t-directions, respectively;  ƒlp, ƒtp = stresses in prestressing steel in the l- and t-

directions, respectively;  ρl and ρt = steel ratio in the l- and t-directions, respectively;  ρlp, ρtp = prestressing 

steel ratio in the l- and t-directions, respectively;  T = external torque;  A0 = cross-sectional area bounded by 

the center line of the shear flow zone;  and td = shear flow zone thickness. 

 It should be noted that, for multiple cell box under pure torsion, σl = σt = σr = 0 and, assuming a 

structural section has N cells, we can then obtain a set of simultaneous equations for cell i 

 iidilti αααασσττ cossin−−==  (5) 

 (( ))diiltii tAT 02ττ==  (6) 

Compatibility Equations 

 Similarly, the governing equations for compatibility condition based on the unified theory (Hsu, 

1993) are shown as follows: 

 ααεεααεεεε 22 sincos rdl ++==  (7) 

 ααεεααεεεε 22 cossin rdt ++==  (8) 

 (( )) ααααεεεε
γγ

cossin
2 rd
lti ++−−==  (9) 

 
ltio

o

A
P

γγ
θθ

2
==  (10) 

 ααθθψψ 2sin==  (11) 

 
ψψ
εεds

dt ==  (12) 

 
2

ds
d

εε
εε

−−
==  (13) 

where  ål , åt, and ãlt = three strain components in the l, t-coordinate;  åd and år = strains in the d- and l-
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directions, respectively;  è = angle of twist of a member;  p0 = perimeter of the center line of shear flow 

zone;  ø = bending curvature of concrete struts;  and åds = maximum strain of concrete struts. 

For a multiple cell box under pure torsion, a set of simultaneous equations for cell i was simplified as  

 (( )) iiridi
lti ααααεεεε

γγ
cossin

2
++−−==  (14) 

 lti
i

i
i A

p
γγθθθθ

0

0

2
====  (15) 

 Ii ααθθψψ 2sin==  (16) 

Constitutive Laws of Materials 

 The solution of the preceding equilibrium and compatibility equations requires six stress-strain 

relationships for concrete strut in compressions (σd to åd), and tension (σr to år), mild steel in longitudinal 

direction (fl to ål), and transverse direction (ft to åt,), and prestressing steel in longitudinal direction (flp to ålp), 

and transverse direction (flp to ålp).  General expressions for the constitutive laws of concrete and steel are as 

follows: 

Concrete Struts: 

 cd fk ′′==  1ζζσσ  (17) 

 (( ))ζζεεξξ  ,111 dsfk ==  (18) 

 (( ))rd εεεεξξζζ  ,2==  (19) 

 0==rσσ  (20) 

Steel: 

 (( ))llf εεξξ3==  (21) 

 (( ))ttf εεξξ4==  (22) 

where  k1 = coefficient defined as the ratio of the average compressive stress ód to the  softened 

compressive peak stress óp = î fc
′ in concrete struts;  î = softening coefficient;  and fc� = concrete strength.  
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For a multiple cell box, the equations are modified to the following: 

Concrete Struts: 

 ciidi fk ′′== ζζσσ 1  (23) 

 (( ))idsiik ζζεεξξ  ,11 ==  (24) 

 (( ))ridii εεεεξξζζ  ,2==  (25) 

Steel: 

 (( ))lilif εεξξ3==  (26) 

 (( ))titif εεξξ4==  (27) 

Selected Constitutive Equations 

 For the treatment of torsion, the constitutive equations, Equations [(23)-(27)] will be selected in the 

following text.  The simple elastic perfectly plastic stress-strain relationship of bare mild-steel bars was 

assumed, because the tensile stress of concrete has been neglected.  Parabolic curves were assumed for 

both concrete and prestressing steel.  The softening concrete stress-strain curve proposed by Hsu et al. 

(1991a, b) is adopted in this study.  A softening coefficient ζ  is used to describe the ascending [(28)] and 

descending [(29)] branches of the curve.  The stress-strain curve of prestressing steel consists of one 

straight line up to 0.7ƒpu and the second part expressed by Ramberg-Osgood equation. 

Concrete Struts: 

 








εεζζ
εε

εεζζ
εε

0i

dsi

0i

dsi
1i 3

1
  -1=  k , 1  

p

dsi ≤≤
εε
εε  (28) 
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εεζζ
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0i

dsi

0i
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       , 1>  
p
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εε
εε  (29) 
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Mild Steel: 
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 fl = Esål                  ål < åly (31) 

 fl = fly                    ål � åly (32) 

 ft = Esåt    
               åt < åty (33) 

 ft = fty          
           åt � åty (34) 

Prestressing Steel: 

 (( ))sdecpsp Ef εεεε ++== , ƒp ≤ 0.7ƒpu� (35) 

 
mm

s

s
p

fE

E
f 1

pudecps

decps

]}/))  ( '{(1[

)  ( '

εεεε

εεεε

++++

++
== , ƒp > 0.7ƒpu  (36) 

where å0 = strain at fc� usually taken as 0.002;  åp = compressive peak strain in concrete struts; Es = modulus 

of elasticity of steel bars;  åly and åty = yield strains of longitudinal and transverse steel bars, respectively;  fly 

and fty = yield stresses of longitudinal and transverse steel bars, respectively;  fp = stress in prestressing steel;  

(fp becomes flp or ftp when applied to the longitudinal and transverse steel, respectively); εs = strain in 

prestressing steel; (εs becomes ε l or ε t when applied to the longitudinal and transverse steel, respectively);  

εdec  =  strain in prestressing steel at decompression of concrete;  Eps = modulus of elasticity of prestressing 

steel, taken as 2 x 105 MPa (29,000 ksi);  E’ps = tangential modulus of the Ramberg-Osgood curve [taken as 

2.14 x 105 MPa  or (31,060 ksi)];  fpu =  ultimate strength of prestressing steel;  and  m  =  shape parameter 

(taken as 4). 

 The strain in prestressing steel at decompression of concrete εdec is considered a known value and is 

approximately equal to 0.005 for 1,720-MPa (250-ksi) and 1,860-MPa (270-ksi) prestressing stands. 

Derived Equations 

 The thickness of shear flow zone tdi can be expressed in terms of strains using the compatibility 

equations [(7) – (12) and (14) – (16)].  To do this, first combine the four compatibility equations [(9) – 

(12)] into one equation. 

 







 

)  -)(  -(
)  -)(- (

  
p
A=  t

ditidili

diridi 

0i

0i
di

εεεεεεεε
εεεεεε  (37) 
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The strain ål can be related to the stress fl by eliminating the angle á from the equilibrium equation (1) 

 
)( fAfA
)-)(-(A+  =  

lpilpilili

di di 0i
dili

  
++

σσεε
εεεε  (38) 

Similarly, the strain åt can be related to the stress ft by eliminating the angle á from equilibrium equation (2) 

 
)( f Af Ap
)-)(-(sA+  =  

tpitpititi0i

di di  0i
diti

 

   

++
σσεε

εεεε  (39) 

Additionally, A0i and p0i can be expressed as functions of tdi  

 t+  tp
2
1  -A=  A 2

didici
 

ci0i  
 (40) 

 t4  -p=  p di ci0i  (41) 

where Aci = cross-sectional area of  the ith cell bounded by the outer perimeter of the concrete;  pci = 

perimeter of the ith cell outer concrete cross section. 

 The values of åri and á can be expressed in terms of strains åli , åti , and ådi by 

 εεεεεεεε ditiliri   -+  =   (42) 

 
εεεε
εεεεαα

diti

dili
i

2

  -
  -

=  tan  (43) 

From (11) – (13) an additional equation is obtained 

 ααθθεε i  di di 2t
2
1

-=  
 sin  (44) 

Solution Procedures 

 A set of solution Procedures is proposed, as shown in the flow chart of Figure 4.  A computer 

program has been written to analyze the torsional behavior of reinforced concrete and prestressed concrete 

members with multiple box sections according to the flow chart.  

EXAMPLE AND DATA ANALYSIS 

 A program was developed for analyzing both reinforced concrete and prestressed concrete 

structures. This computer program is based on the Softened Truss Model theory and is used to compare 
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the results developed based on the Theory of Elasticity, which is commonly used by structural engineers. 

Softened Truss Model Theory Vs. Simplified Elastic Solution 

 The data of this example are from Heins and Lawrie (1984, example 7.1) for a bridge design with a 

section of the multicontinuous cells.  The bridge to be designed is shown in Figure 5 in sections near 

midspan and at the pier.  But, for the torsional design, one only uses the section near the pier.  The material 

strengths are fc� = 27.6 MPa (4,000 psi) and fy = 414 MPa (60,000 psi).  The total applied torques T are 

6,230, 12,680, and 18,690 m-KN (55,140, 112,230 and 165,420 in.-kip), respectively.  After using the 

analysis program to calculate the example, the results are compared with example from Heins and Lawrie 

(Tables 1 – 3).  By comparing the results from analysis and Heins and Lawrie (1984), one notices that the 

differences vary according to the different values of T.  This happens because Heins and Lawrie (1984) use 

the simplified elastic solution with the assumption that a section is thin walled and thus has a uniform shear 

flow across its thickness.  This is usually true when a section is made of steel.  But walls made of concrete 

are much thicker than those made of steel.  Based on the Theory of Elasticity, the equation is 

 T
K
C=  h=  q

T

i
iii  









ττ  (45) 

or 

 T
hK

C=  
iT

i

 

i

 









ττ  (46) 

 Equation (46) does not consider the softening behavior of reinforced concrete, and ôi is independent 

of the concrete strength fc�.  So, for a given wall thickness hi, Ci /(KT hi) is a constant, and the relationship 

between ôi and T is linear.  Actually, full wall thickness, hi should not be used.  Instead, equivalent thickness 

of the shear flow zone, tdi, according to the softened truss model theory, should be used.  Hence, we should 

use a formula as follows 

 T
tK

C=  
diT

i

 

i

 









ττ  (47) 
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where tdi = a variable instead of constant, thus the relationship is not linear between ôi and T. To explain 

clearly the relationship between tdi and T, one may observe the simplified formula for a single cell box 

section given by Hsu (1993) 

 
fA

4T
=  t

c  c
d

 
′′

 (48) 

 For a given cross section, the relationship between td and T is proportional and between td and fc� is 

inversely proportioned.  When fc� is given, the relationship between td and T is nearly linear.  That means 

that when the value of T increases, the value of td increases much faster than the value of ô.  This can be 

observed from Tables 1 – 3.  When the theory of elasticity is applied, because h is a constant, the value of ô 

will vary linearly with T.  When the Softened Truss Model Theory is used, because td is a variable, the 

value of td will vary almost linearly with T while ô varies very slowly.  From the tables, it can be seen that 

when T = 6,230 m-KN (55,140 in.-kip), comparing the softened truss model method and the method of 

elastic theory, the maximum differences emax = 55% for ô.  The elastic theory is unconservative because td is 

much smaller than hmin.  When T = 18,690 m-KN (165,420 in.-kip), the emax = 53% for ô and the elastic 

theory is conservative because td3 is much larger than hmin .  When T = 12,680 m-KN (112,230 in.-kip), td3 

= hmin = 200 mm (8 in.) for cell 3, and difference e3 only equals 5% for ô3.  So, one realizes that only when 

T gets some special value and then the value of tdi closes the value of hi, one can get approximately the same 

ôi.  Because the theory of elasticity does not consider the softening behavior of reinforced concrete and uses 

a constant h instead of a variable td, ô may have a very large value when T increases.  This is not true 

according to the softened truss model theory.  When the concrete strut cracking angle á is given, the shear 

stress ô depends only on the softened compressive strength of concrete struts ód and can vary only through 

a small range.  The resistance mainly depends on the variation of td.  This characteristic of reinforced 

concrete can be used to determine sizes of cross sections of reinforced concrete bridges.  In fact, from the 

Table 3, when T = 18,690 m-KN (165,420 in.-kip), the value of td is larger than the actual flange thickness 

hmin computed by the softened truss model method.  The flange thickness has to be increased to get enough 

resistance.  
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Data Analysis Based on Softened Truss Model Theory 

 The same example as shown in Figure 5 was used with the following alternations and results are 

shown in Table 4 of this paper:  

1. Data with prestressing percentage µl = µt = 0.0 (no prestressing) 

2. Data with prestressing percentage µl = 0.35, µt = 0.0 (prestressing longitudinally only) 

3. Data with prestressing percentage µl = 0.35, µt = 0.35 (prestressing both longitudinally and 

transversely) 

By inspection, the following conclusions for these various cases can be made. 

From Data 1: 

• If prestressing steel is not used, µl = µt = 0.0, and then the exactly same results as that shown by 

Fu and Yang (1996) for reinforced concrete case can be obtained. 

• Torque based on single cell assumption is higher (24.1%) than the total torque of all cells based 

on multi-cell assumption. 

From Data 2: 

••   When prestressing only in longitudinal direction is considered, µl = 0.35, and µt = 0.0, the 

torsional capacity T increases and twist angle θ decreases. 

••   Because the longitudinal direction stiffness has been increased, angle α decreases. 

• Torque based on single cell assumption is slightly higher (5.5%) than the total torque of all cells 

based on multi-cell assumption 

From Data 3: 

• When the same percentage prestressing in both directions is used, µl = µt = 0.35 and angle α 

comes back to 45º. 

• This program gives good results when the section reaches its capacity (εd > 0.0018). 

• Torque based on single cell assumption is lower (12.6%) than the total torque of all cells based on 

multi-cell assumption 
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SUMMARY AND CONCLUSIONS 

• Usually, bridge engineers use the Theory of Elasticity to deal with torsional problems in bridge design. 

Basically this is true for steel bridges with sections of multiple box cells because steel structures meet the 

assumption that the sections are thin walled and thus have a uniform shear flow across their thickness.  

Concrete bridges, however, usually have much thicker walls than steel bridges, and do not meet the thin 

wall condition.  Actually, according to the unified theory of reinforced concrete, the shear flow zone for 

a boxed section has a thickness denoted td.  This thickness td is a variable determined from the 

equilibrium and compatibility conditions.  It is not the same as the given wall thickness h.  

• The Theory of Elasticity cannot consider the softened effect due to concrete behavior.  The softened 

truss model emphasizes the importance of incorporating the softened constitutive laws of concrete in the 

analysis of reinforced concrete structures.   

• The new method and the computer flow chart presented in this article have been developed according 

to the softened truss model theory, which was first mentioned by Hsu (1988).  In this theory, the 

concrete torsional problem was solved theoretically for the first time by combining equilibrium 

conditions and compatibility conditions and constitutive laws of materials. However, up to now the 

theory has been only applied to the case of pure torsion with single cell section.  Experimental data for 

single cell were also presented in the same reference. 

• Based on the Softened Truss Model Theory, a method has been developed by Fu and Yang (1996) to 

deal with the torsional problem, especially for reinforced concrete-box girder bridge superstructures with 

multiple cell sections.  By adding some new equations, this method has been made applicable to both 

reinforced concrete and prestressed concrete structures. 

• Results for single cell case by using the new algorithm are compared with previous theoretical and 

experimental work done by Hsu (1993) and Fu and Yang (1996).  The multicell cases are then 

illustrated by numerical examples and compared with single cell assumptions. 
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Table 1 - Data Analysis (T = 6,230 m-KN or 55,140 in-kips)    

T= 6,230 m-KN   
(55,140 in.-kip) 

Cell 
No 

tdi 
[mm (in.)] 

ôi 
[MPa (psi)] 

Difference for ôi 

(%) 
Compare 

1 46 (1.81) 1.0 (144.94) --- 
--- 

2 78 (3.09) 1.64 (237.36) --- 
--- 

Proposed Analysis 

3 95 (3.73) 1.92 (278.63) --- 
--- 

1 hmin = 203 (8.0) 0.48 (69.25) 52.00% 

2 hmin = 203 (8.0) 0.73 (106.50) 55.00% 

Design in Heins & Lawrie (1984) 

3 hmin = 203 (8.0) 1.02(147.38) 47.00% 

Analysis (Heins and Lawrie 1984) 

 

Table 2 - Data Analysis (T = 12,680 m-KN or 112,230 in-kips) 

T= 12,680 m-KN (112,230 in.-kip) Cell 
No 

tdi 
[mm  (in.)] 

ôI 
[MPa (psi)] 

Difference for ôi  
(%) 

Compare 

Proposed Analysis 1 100 (3.92) 1.01 (146.71) --- --- 

2 170 (6.68) 1.67 (242.37) --- --- 
 

3 203 (8.00) 1.97 (285.18) --- --- 

Design in Heins & Lawrie (1984) 1 hmin = 203 (8.0) 0.97 (140.95) 4.00% Analysis (Heins and Lawrie 1984) 

2 hmin = 203 (8.0) 1.49 (216.77) 11.00% 
 

3 hmin = 203 (8.0) 2.07 (299.97) -5.00% 
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Table 3 - Data Analysis (T =  18,690 m-KN or 165,420 in-kips) 

T= 18,690 m-KN 
(165,420 in.-kip) 

Cell 
No 

tdi 
mm (in.) 

ôi 
MPa (psi) 

Difference for ôi 
(%) 

Compare 

Proposed Analysis 1 158 (6.23) 1.01 (146.72) --- --- 

2 272 (10.69) 1.69 (244.90) --- ---  
3 325 (12.80) 1.99 (288.92) --- --- 

Design in Heins & Lawrie (1984) 1 hmin = 203 (8.0) 1.43 (207.75) -42.00% Analysis (Heins and Lawrie 1984) 

2 hmin = 203 (8.0) 2.20 (319.50) -31.00%  
3 hmin = 203 (8.0) 3.05 (442.14) -53.00% 

 

aT = 18,690 m-kN (165,420 in. –kips). 

 

Table 4 - Analysis Comparison of Various Longitudinally and Transversely Prestressing Percentages 

Prestressing 
percentage 

(1) 
Case 
(2) 

Cell 
number 

(3) 

ái 
(degrees) 

(4) 

èi 
[rad/mm (rad/in.)] 

(5) 

ôlti 
[MPa (psi)] 

(6) 

T i 
[kN-m (in.-kips)] 

(7) 

Total torque 
[kN-m (in.-kips)] 

(8) 

Difference 
(%) 
(9) 

ì l = 0 Five cell 1 45 0.153 × 10-5 (0.389 × 10-4) 1,011 (146.7) 616 (5,453) 12,672 (112,158) ---- 

ì t = 0  3 45 0.153 × 10-5 (0.389 × 10-4) 1,966 (285.2) 5,370 (47,530)   

 Single cell 1 51.81 0.175 × 10-5 (0.445 × 10-4) 1,896 (275.0) 15,726 (139,194) 15,726 (139,194) +24.10 

ì l = 0.35 Five cell 1 26.35 0.854 × 10-6 (0.217 × 10-4) 859 (124.6) 1,049 (9,286) 18,180 (160,916) ---- 

ì t = 0  3 29.66 0.845 × 10-6 (0.217 × 10-4) 1,603 (232.5) 7,289 (64,514)   

 Single cell 1 42.92 0.122 × 10-5 (0.310 × 10-4) 1,842 (267.12) 19,179 (169,757) 19,179 (169,757) +5.50 

ì l = 0.35 Five cell 1 44.58 0.748 × 10-6 (0.190 × 10-4) 4,624 (670.6) 4,254 (37,656) 58,583 (518,529) ---- 

ì t = 0.35  3 43.63 0.748 × 10-6 (0.190 × 10-4) 3,692 (535.4) 20,391 (180,481)   

 Single cell 1 56.68 0.066 × 10-4 (0.167 × 10-3) 3,767 (54,628) 51,211 (453,276) 51,211 (453,276) – 12.6 



 

20 

Table 1 - Data Analysis (T = 6,230 m-KN or 55,140 in-kips)    

 

Table 2 - Data Analysis (T = 12,680 m-KN or 112,230 in-kips) 

 

Table 3 - Data Analysis (T =  18,690 m-KN or 165,420 in-kips) 

 

Table 4 – Analysis Comparison of Various Longitudinally and Transversely Prestressing Percentage 

 

Figure 1 - Hollow Box subjected to Torsion 

 

Figure 2 – Shear Stresses in a Multi-cell Section 

 

Figure 3 - Equilibrium in Element Shear 

 

Figure 4 - Flow Chart for Torsional Analysis 

 

Figure 5 – Typical Bridge Example under Torsion  

 


