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Design of a Skew, Reinforced Concrete Box-Girder Bridge 

Model 

RAYMONDE. DAVIS 

A 1: 2.82 scale model of a two-span, continuous, reinforced concrete box-girder 
bridge, which has supports skewed at 45°, was constructed and tested at the 
University of California, Berkeley. The cross section and significant dimensions 
were similar to those of two previously tested models, one straight on ortho
gonal supports and one curved on radial supports. The objective of the research 
was to compare behavior of the three models and to verify an analytically pre· 
dieted diminution of longitudinal stringer moments that result from skewing 
supports. All three models were designed by the California Department of 
Transportation. Because traditional design criteria make no provision for 
skewed supports, the skew model was designed by means of a sophisticated 
finite-element computer code called CELL. Girder moments proved to be sig
nificantly less than those in the orthogonally supported model and had a 19 
percent reduction in the main longitudinal reinforcing steel. Distribution of 
girder shears was changed significantly from that of the model on normal bear· 
ings. As a basis for implementation, this paper discusses some features of the 
skew model design process. 

For many years, the California Department of Trans
portation {Caltrans) has been interested in anoma
lies that characterize the structural behavior of 
reinforced concrete box-girder bridges with skewed 
supports. Initially, interest was centered on ef
fects of skew on girder shears. Excessive cracking 
of webs observed at obtuse corners suggested en
hancement of girder reactions that had commensurate 
increases in diagonal tension. 

Complexities in the analysis of skew boxes re
stricted early efforts toward mitigation of observed 
excessive web cracking to establishment of curves 
for augmentation of exterior and first interior 
girder shears at obtuse corners of such boxes. 
(Traditionally, skewed boxes in California have been 
designed as structures of the same spans on orthog
onal supports and detailed with skewed supports.) 
Curves for shear augmentation were established with 
little scientific basis and furnished, at best, only 
estimates. 

A request in 1959 by design management for a more 
definitive study of this problem initiated a pro
tracted study of reinforced concrete cellular struc
tures performed jointly by Caltrans' Structural 
Research Unit and the University of California, 
Berkeley. The research effort included tests of 
full-scale prototypes and small and large-scale 
models. Structures of increasing complexity were 
studied on a progressive basis, as follows: {a) 
simple span boxes without diaphragms on normal sup
ports; {b) simple span boxes with rigid intermediate 
diaphragms, or continuous boxes without intermediate 
diaphragms on normal supports; (c) continuous boxes 
with intermediate diaphragms, which consider effects 
of bent and diaphragm flexibility; (d) curved boxes 
with radial supports; (e) nonprismatic boxes; (f) 
skewed boxes; (g) prestressed boxes; and (h) com
posite concrete and steel boxes. Analytic methods 
employed in the development of computer codes by the 
University of California relied heavily on the 
folded-plate theory and finite-strip, finite
segment, and finite-element methods. 

A valuable computer code developed as part of the 
research effort employs a finite-element analysis to 
assess behavior of cellular structures of arbitrary 
plan geometry. This program, called CELL, was first 
used within Caltrans to analyze a heavily skewed, 
and curved, box-girder bridge to carry rail traffic 
and to assess the influence of intermediate dia
phragms on that behavior. The program has been used 
in studies of boxes of varying skews and aspect 
ratios to establish functional relations between 
skew angle and shear augmentation factors. Esti
mated curves of such factors previously used by 
Caltrans were proved to be unconservative. 

A serendipitous result of these studies was the 
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Figure 2. Cross section of 
structure for sample 
analysis. 

Figure 3. Sample nomo
graphic analysis. 

Figure 4 . Sample 
influence-line analysis. 
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7.25 ft, and slope factor (K) = (2.81/4.69) = 0.60. 
By using the (typical) nomograph shown in Figure 

3, and noting carefully the correction factors in
dicated by aster is ks, a designer can obtain D-fac
tors, where values of S/D (or, for exterior girders, 
We/D) represent distribution factors. 

The typical influence-line analysis is illus
trated (in part) in Figure 4. Interpolations are 
required for span and slope factors and eight sepa
rate diagrams must be considered (for three girders 
each). Resulting moment percentages are obtained 
for P-series and H-series trucks separately. 

Influence-line analysis (which, incidentally, is 
a misnomer) may be easily applied without a com
puter, and it is compatible with arbitrary loading 
conditions. It is probably the only simple approach 
to distribution of such loads. The method becomes 
cumbersome in a production environment, so the com
puter code has been written in FORTRAN IV language. 
Caltrans' program (LANELL) is immediately accessible 
in the time-share option system via a cathode-ray 
tube (CRT) remote terminal. The designer enters 
seven parameters from the keyboard and obtains as 
readout suitably interpolated values for the number 
of wheel lines of P-series and H-series trucks to be 
distributed to each girder and to the whole struc
ture. Factors have also been established for curva
ture correction. 

For the rare design that cannot be treated by the 
first three methods, the Berkeley programs may be 
used, e.g., for spine beams, MUPDI3 and SIMPLA2; for 
heavily skewed structures or boxes with arbitrary 
plan geometry, CELL; for short radius structures, 
CURD!; and for composite steel boxes, FINPLA. 
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demonstration that significant diminutions of longi
tudinal bending moments might be realized in skewed 
structures. A potential for significant economies 
was manifested by curves drawn for simple span 
structures, which suggested the possibility of re
ducing dead load resisting moments by nearly one
half in structures skewed 45° and by nearly 70 per
cent for skews of 60°. 

The reduction of resisting moments is usually 
explained as the result of a tendency to span the 
normal distance between supports. This explanation 
is overly simplistic. Diminution of longitudinal 
resisting moments in the girders is realized at the 
expense of increasing torsional moments that act on 
the structure. As orthogonal supports are changed 
to skewed, formerly symmetrical reactions become 
asymmetrical as those at obtuse corners are in
creased and those at acute corners are decreased in 
magnitude. Resultants of support reactions move 
away from the centroidal axis of the structure, and 
torsional forces are introduced. Closed cellular 
sections possess high torsional rigidity, and in
creases in torsional moments are less significant 
than diminutions of longitudinal moments. It was 
desirable to evaluate qualitatively the influence of 
torsional forces in skewed structures. 

Tests conducted by the University of California 
of small-scale aluminum models that had varying 
skews and aspect ratios verified the accuracy of 
CELL. However, Cal trans' Structures Design manage
ment was understandably reluctant to adopt the indi
cated large reductions in reinforcement quantities 
because they lacked verification with a larger-scale 
reinforced concrete model, the behavior of which 
might also be directly compared with that of the 
(orthogonal) straight and curved boxes tested pre
viously. 

SCOPE OF PAPER 

Responsibility for construction, testing, and analy
sis of behavior of the skew model was assumed by the 
University of California, Berkeley. Responsibility 
for design of the model and implementation of re
sults was assumed by Cal trans' Structural Research 
Unit. This paper describes the techniques used in 
the model design. [This paper is a condensation of 
the work by Davis OJ, in which the design of the 
model has been described in detail.] 

MODEL DESCRIPTION 

The model comprised reinforced concrete elements 
that had a linear scale reduction of 1:2.82. A No. 
4 reinforcing bar in the model, which was built to 
this scale exactly, simulates main No. 11 reinforc
ing bars in the prototype. A 6-mm (0.236-in) bar in 
the model (smallest available with deformations) 
approximately simulates a No. 5 or a No. 6 bar in 
the prototype with minor variations in spacing. 

Constructed on the test floor of Raymond E. Davis 
Hall at the University of California, the model was 
3.66 m (12 ft) wide (from edge to edge of deck), 
25.6 m (84 ft) long (measured between acute cor
ners), and approximately simulated a 10.4-m (34-ft) 
wide continuous bridge with two 31-m (101.5-ft) 
spans. The structure was identical in cross section 
to the curved and straight models tested previ
ously. Transverse reinforcement in the top and bot
tom slabs was the same as in previous models in 
order to maintain similitude. 

The cross section and transverse reinforcement 
patterns were originally established in the design 
of the Harrison Street Undercrossing, a full-sized 
prototype tested by the California Division of High
ways in 1960 (1_,1_) and a 1: 3. 78 scale model tested 
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contemporaneously by the University of California 
(_~_..?_) in the initial phases of the box-girder re
search program. 

MODEL DESIGN 

The methods used to design the skew model appear 
tedious but were characterized by much more thor
oughness than would be expected for a full-sized 
structure. Cal trans' Structural Research Unit em
ploys its own modified version of CELL, which per
mits storage of the decomposed stiffness matrix for 
future use in analyses of various loading condi
tions. An optional mesh-plotting routine is in
cluded, since errors in the geometry of large meshes 
are easily made. 

The mesh employed is depicted in plan to a small 
scale in Figure 1 and, in part, to a larger scale in 
Figure 2. The same geometrical mesh is used for the 
top and bottom slabs (this mesh-generating scheme in 
the current version of CELL mandates vertical webs); 
however, material properties of elements in the two 
slabs may differ. A current research project will 
remove some of the deficiencies in CELL, thereby 
permitting sloping webs and adding a prestressing 
facility and automated girder moment integration. 
This last feature will eliminate much of the effort 
expended in the design of this model. 

The mesh was made rectangular to satisfy a re
quirement of the CELL postprocessor (CELLPOP) (~) 

that all cross sections have the same number of 
girders (e.g., if girder moments within longitudinal 
limits of end supports are desired) . All elements 
beyond supports are made null elements (i.e., with 
zero thickness) in the materials properties section 
of the input data. A second study made with a 
skewed mesh without null end elements yielded sim
ilar results. 

Careful choice of numerical designations of nodes 
and elements allows maximum use of program mesh
generation features. Although punched-card input is 
conceivable, the repetitive nature of the data 
greatly decreases key data entry if this work is 
done on a cathode-ray tube (CRT) terminal with 
standard utility routines that allow rapid prolifer
ation of data blocks (e.g., in Caltrans' IBM System, 
the INCLUDE routine). In all, 688 slab elements 
were described on 50 card images, and 362 vertical 
elements, including all transverse diaphragm ele
ments followed by longitudinal web elements, were 
described on 22 card images. Materials properties 
for upper and lower slabs were specified separately. 

Figure 1. Finite-<ilement 
mesh for design of model 
with CELL program. 

Figure 2. Partial finite
element mesh showing 
skew reference lines for 
vehicle location, ortho
gonal reference lines 
for moment , and shear 
calculations and wheel 
paths. 
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Specifications of nodal coordinates required sep
arate card images for each of 737 nodes: however, 
because of the rectangular nature of the mesh, ordi
nate values are repetitive in blocks of 11, and the 
proliferating routine was used to advantage. A 
single block with 11 different ordinates was estab
lished. The block successively proliferated to 10, 
100, and 800, followed by deletion of 63 card im
ages. Numerical nodal designations (different for 
each card image) and the abscissae (all the same for 
each card image in an 11-card group) may be readily 
entered. 

Materials properties were described on eight card 
images and included separate elastic moduli in the 
x- and y-directions, shear moduli, mean values of 
Poisson's ratio in two directions, and element 
thicknesses. One null element with zero thickness 
was 
the 

included to 
bottom slab 

represent nonexistent elements 
that correspond geometrically 

in 
to 

cantilever upper slab elements and nonexistent ele
ments outside abutment bearings. 

Eleven boundary-condition cards specified zero 
displacements in the z-direction at supports, in the 
x- and y-directions (also) at the center pier to 
prohibit rigid body translation, and in the 
y-direction (also) at the two central abutment sup
ports (to prevent rotation of the whole structure 
about the z-axis). An additional entry on all of 
these cards located reactions at bottom slab nodes. 

A designer who has developed skill in using a CRT 
and utility routines can establish data-input files 
without key data personnel. A partial listing of 
input for geometric and physical properties is shown 
in Figure 3. 

CELL INPUT FOR MODEL DESIGN: LOADS 

General 

Current American Association of State Highway and 
Transportation Officials (AASHTO) specifications for 
bridge design call for 3.66-m (12-ft) traffic lanes 
and no fractional lanes. Tread of the AASHTO design 
vehicle is 1.83 m (6 ft), and minimum distance from 
a wheel line to edge of a lane is 0.6 m (2 ft). Six 
vehicle paths were chosen as the most probable crit
ical paths for the five girders. Four paths would 
suffice but for asymmetry produced by having inter
mediate diaphragm elements in only one span. Six 
vehicle paths produce 12 separate wheel paths: be
cause those in proximity to one another are sepa
rated by only 0.3 m (1 ft), six compromised wheel 
paths shown in Figures 2 and 4 were established by 
moving truck paths a maximum distance of 0.15 m (0.5 
ft) transversely. Thirteen lines paralleling the 
skew were chosen to establish live load positions at 
intersections with parallel wheel paths, and 19 
orthogonal cross sections were established for mo
ment calculations (see Figure 2). 

Exterior load paths are coincident with exterior 
girder webs, and intersections with skew lines fall 
on nodal points. Intersections of skew lines and 
inner wheel paths lie within elements, and concen
trated loads may be distributed to element nodes by 
the tributary-area method. 

Typical input for a single live load condition is 
shown in Figure 5. The requirement of a list of 219 
nodes at which stresses are to be calculated for 78 
live, and l dead, load cases studied again suggests 
tedium in the input i however,, the repetitive nature 
of input again permits rapid proliferation of a 
single file, which is followed by a separate entry 
of nodal points and magnitudes of applied loads. 

Determination of Longitudinal Girder Moments 

Finite-element output from CELL was translated into 
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Figure 3. Partial list of input to CELL program. 
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Figure 4. Critical and compromised 
wheel paths. 
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Figure 5. Typical input for one live load case for CE LL program. 
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longitudinal bending moments by the CELLPOP program 
( 6) . The program choos e s significant values from 
the matrices of deck a nd web stresses in two CELL 
data-output files, takes mean values of longitudinal 
membrane stresses (Nxxl at webs and midbays, con
verts them into element forces, and integrates in
cremental moments about computed neutral axes of 
webs to determine total longitudinal moments. Out
put from CELLPOP was plotted as influence lines for 
two adjacent load paths per girder. 

Sta tics Checks 

Any finite-element analysis requires statics checks 
to prove that equilibrium is achieved. A poorly 
chosen mesh or elements of poor configuration may 
produce incorrect results. Membrane stresses 
(Nxxl are given in units of FL- 1 • Total force 
in an element is the product of the mean value of 
Nxx and the element length. Zero stress points 
are found by propor tion from membrane stresses at 
the tops and bottoms of webs. Unit stresses at 
joints in adjoining elements may be compared by di
viding Nxx by the element thickness. Membrane 
stresses at the lower, outer edges of the cross sec
tion are double those listed in the CELL output, 
since the program averages values at this joint be
tween real and zero thickness slabs; doubling was 
performed in the postprocessor. 

Forces and moments in slabs and webs are found in 
the usual manner and are sununed. Longitudinal 
forces should sum to zero. Moment sums at cross 
sections were used in statics checks. 

Reactions at supports may be taken from the gen
eralized force vector in the CELL output for dead 
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load. This vector will list values for all loads in 
the node listing at the bot toms and tops of webs. 
Output values at structure supports comprise combi
nations of upward reactions, and downward reactions 
due to the dead load of elements that frame into 
support nodes. Output values from the generalized 
force vector will not, by themselves, provide cor
rect statics checks. 

A minimum number of statics checks were made for 
the model design, but agreement was excellent. Sums 
of these corrected reactions agreed within 0.03 per
cent with the calculated dead load of the super
structure, while the total internal resisting moment 
at cross section 6 (see Figure 2) agreed with the 
calculated dead load moments within 0.23 percent. 

Live Load Moments 

Positive Moments 

Output influence coefficients for live load were 
plotted with a programmable desk calculator and at
tached plotter for two load paths (on each of two 
graphs) for a total of 19 cross sections for five 
girders. Compar iso ns of mirror images of influence 
lines plot ted for l oad paths 1 and 2 and for paths 5 
and 6 demonstrated that influence of the inter
mediate diaphragm in span 1 was small, that mirrored 
influence lines differed inappreciably from one 
another, and that a portion of the plotting could be 
eliminated by considerations of symmetry. 

Two influence lines were plotted on each sheet, 
since any vehicle axle would be expected to be or
thogonal to the structure centerline and the wheels 
of this axle at the same abscissa. Influence lines 
were digitized to obtain total moments; the two 
adjoining load paths are read simultaneously. In
fluence coefficients for pairs of load paths in ad
jacent lanes were plotted on separate cross sec
tions. The vehicles on these two load paths need 
not be at the same abscissae. 

Calculations of live load moments were performed 
with more precision at many more cross sections than 
would be required in designs of full-sized struc
tures. Conversion of influence coefficient plots 
into l ong itud i .na l resisting moments was performed by 
digitizat ion on a transparent ove rlay drawn t o the 
same horizontal scale as t hat used in the i nf luence
line plots. This overlay co mprised a single hori
zontal line for reference and t hree vertical lines 
spaced at 4.3 m (14 ft) on this scale to facilitate 
reading influence ordinates at the axle abscissae on 
adjacent load paths. Values of these ordinates were 
input to a desk calculator program to compute total 
live load moments for a standard AASHTO design vehi
cle moving in either direction; the output provides 
the maximum of these two values. The plastic over
lay was placed in successive ho r izont a l positions 
until a maximum moment had been calculated. Maxima 
were tabulated for load paths 1 and 2, sununed with 
those of load paths 3 and 4, and augmented by the 
impact factor. 

Negative Moments 

Maximum negative moments over the center bent result 
from the alternative lane loading and imposition of 
two concentrated loads. The lane loading requires 
measurements of areas under influence lines and max
imum negative ordinates. A program that integrates 
areas on a digitizer by circumnavigating their 
boundaries with the digitizer's crosshair probe was 
used. 

Certain positions of the live load produced small 
negative moments in girders over abutment supports 
near obtuse corners of the structure due to the fact 
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Figure 6. Dead load shears from CE LL program. 
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that end diaphragms provide components of longi
tudinal extension to these girders. 

Total Moments 

Digitized values of live load moments were tabulated 
at each cross section, modified by an impact factor, 
and added to dead load moments to create envelopes 
of total moments. The design for resisting moment 
subsequently differs little from standard design 
procedures. 

Determination of Girder Shears 

Dead Load Shears 

Girder shears are obtainable directly from the pro
gram via a second postprocessing program called 
CELLSHR, which chooses proper values of Nxy at the 
tops and bottoms of girder webs from CELL output 
matrices and multiplies the averages of these two 
values by web depths. Signs must be reversed to 
agree with beam convention. 

The ·dead load shears plotted in Figure 6 are very 
different from those that might be expected for a 
structure with orthogonal bearings. The shear at 
girder Gl, which is at the acute corner at abutment 
1, exhibits a very low value. Shears for center, 
first interior, and exterior girders at the obtuse 
corner exhibit nearly the same magnitudes. Shears 
for girders that frame into the bent on the acute 
angle side are very small. Maximum shears at the 
bent occur in the center girder. 

Statics checks were made for dead load shears 
determined theoretically and by the program (see 
Figure 7). Agreement was not as good as in the case 
of bending moment. Calculated total shears from 
CELL fall very close to the curve of theoretical 
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total shear out in the span. At the pier, devia
tions of CELL shears are evident and result from the 
fact that orthogonal sections intersect the bent cap 
where there is no convenient way to determine 
shears. Lesser deviations are evident at the abut
ments, but shear predictions break down at supported 
nodes. 

Statics checks were greatly improved when cross 
sections were taken parallel to supports. The total 
load of the superstructure in span 1 was calculated 
with precision, and the total reaction at abutment 1 
was deducted to provide a total bent shear of 200 t 
(440 kips): the sum of CELL reactions at the bent 
was 180 t (397 kips). 

Live Load Shears 

Calculation of live load shears required an in
fluence-line approach, since the CELL program was 
run for 78 separate locations of the unit load on 
the deck. The plotting of influence lines was auto
mated, again with curves for two adjacent wheel 
paths on each plot, and t he maximum shear values 
were obtained by trial-and-error digitization with 
the transparent overlay. Envelopes of live load 
shears for each girder were added to dead load 
shears, and stirrup spacings were determined in the 
usual manner. 

Bent Cap Design 

Considerable effort was expended in writing addi
tional postprocessing programs to determine bending 
moments in the bent cap. CELL does not directly 
output membrane stresses in the direction of skew, 
and such data must be formulated from deck and bot
tom slab stresses by rotations of axes. The bent 
cap designed on the basis of these stresses proved 
to be very lightly reinforced because forces in out
lying slabs were not taken into account; indeed, the 
effective width of deck slabs is moot. CELL does 
not output bent cap shears. For these reasons, the 
bent cap was finally designed for bending moment and 
shear in the usual manner by using bent cap reac
tions obtained from the program. 

Girder Deflections and Camber 

Vertical girder displacements under dead load are 
given directly in the program output. Engineers who 
have been involved in the construction of heavily 
skewed structures are aware of the difficulties in
volved in establishing camber diagrams that resemble 
actual deflection patterns in finished structures 
because of the propensity for warping. Direct out
put of reasonable configurations of dead load dis
placements is a great aid in the design of skewed 
structures. 

Postprocessor Program Modifications 

After completion of the skew model design, the two 
postprocessing programs--CELLPOP (for calculation of 
individual girder moments) and CELLSHR (for calcula
tion of girder shears) --were combined into one pro
gram, called CELL moments and shears (CELLMOSH), 
which had automatic tabulated output and plot tapes 
for automated plotting of moment and shear influence 
lines. 

CONCLUSIONS 

Volume of longitudinal No. 4 reinforcement in the 
skew model proved to be about 81 percent of that in 
the model on orthogonal supports. Previous calcula
tions suggest even greater savings for simple spans, 
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and it is believed that they would also be greater 
for wider continuous structures of equal length. 
Savings are realized at the expense of significant 
increases in design effort. The alternative to ex
penditure of this effort for heavily skewed boxes 
may be very unrepresentative designs. Automation of 
program input, output interpretation, and develop
ment of expertise on the part of designers would be 
essential to realization of appreciable savings. 
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Response of 45° Skew, Reinforced Concrete Box-Girder 

Bridge Model to AASHTO Trucks and Overload 

Construction Vehicles 

ALEX C. SCOR DELIS, JACK G. BOUWKAMP, S. TANVIR WASTI, AND FRI EDER SEIB LE 

A detailed study of the structural response of a 45° skew, two·span, four.cell, 
reinforced concrete box·girder bridge model under different types of vehicle 
loading is presented. The model, which was a 1 :2.82 scale replica of a typical 
California highway prototype bridge, was 72 ft (21 m) long by 12 ft (3.7 m) 
wide and was supported by 45° skew end abutments and a 45° skew center 
bent supported by a single column. The vehicle loadings used consisted of 
scale models of standard American Association of State Highway and Trans· 
portation Officials HS 20-44 trucks and overload construction vehicles (class 2). 
In addition, influence lines for reactions and deflections were obtained by posi
tioning a forklift truck at selected points on the bridge deck. The experimental 
response of the bridge model in the form of reactions, deflections, moments, 
and steel and concrete strains is compared with the theoretical response values 
obtained from a finite-element computer program CELL. The influence of 
skewness on the major design quantities is also assessed. 

Multicell reinforced concrete box-girder bridges are 
widely used in the California highway system. The 
growing number of complex intersections, the lack of 
space in crowded urban areas, and the demand for 
road layouts without abrupt changes in direction 
frequently necessitate the use of bridges with skew, 
curved, or arbitrary plan geometry. Most design 
calculations for live load distribution in straight, 
skew, and curved box-girder bridges are based on the 
same empirical formula in which the effects of skew
ness or curvature are generally ignored. 

The 1977 American Association of State Highway 
and •rransportation Officials (AASHTO) specifications 
(]J specify a design method wherein a box-girder 
bridge is divided up into a number of interior 

girders plus two exterior girders. Each of these 
girders is designed as a separate member by applying 
to it a certain fraction of a single longitudinal 
line of wheel loads from a standard AASHTO HS 20-44 
truck. The fraction is JIWL = S/7, in which S is 
the web spacing. 

California uses a design procedure in which the 
whole bridge width is considered as a single unit 
and the distribution factor for the whole width unit 
is given by NwL (total) =deck width in feet/7. 
The total moment at any section is assumed to be 
uniformly distributed across the width of the bridge. 

In current practice for a skew bridge, design 
live load moments are determined for either of the 
above empirical wheel loadings by analyzing a 
straight bridge that has the same span but without 
any skew. Empirical rules, approximations, and 
engineering judgment are then used to account for 
skewness in determining longitudinal reinforcement 
cutoff points and some increase in web reinforcement 
for shear in the obtuse corners of the bridge. 

In fact, the presence of skew generally reduces 
the total midspan moments in box-girder bridges 
because of the distribution of the reactions along 
the end abutments. The reduced moment for a simple 
span, 45° skew, four-cell box-girder bridge is shown 
in Figure 1 for a uniformly distributed surface load 
calculated with the finite-element computer program 
CELL (~) and compared with the generally used solu-




