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Strength Evaluation of 
the Manotick Bridge Piers 

by Gilbert A. Hartley, GerhardT. Suter, 

Heinz Keller, and David C. Marett 

Synopsis: A structural investigation of a bridge pier using the 
finite element method is presented. For the pier, supported on 
three caissons with loads applied at the top, the structural action 
is similar to that of a deep beam. The purpose of this investiga­
tion is to examine possible causes of existing cracks in the pier. 
The simplicity of the application and the accessibility of the 
computer program are emphasized. Once the finite element model is 
prepared, experimentation is possible with the effects of various 
loading conditions, all feasible support conditions and the appli­
cation of external posttensioning to prevent further cracking and 
to relieve internal tension stresses during remedial work. 

Keywords: bridge piers; caissons; computer programs; cracking 
(fracturing); deep beams; evaluation; finite element method; 
reinforced concrete; stress analysis 
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INTRODUCTION 

The theoretical basis for applying the finite element 
method in a structural investigation has been around for a long 
time. The availability of computers and appropriate software in 
the market has made it feasible for anyone, 1dth a computing 
budget and a kn01~ledgc of fin itc element theory, to perform such 
an analysis. Since many papers have been published in this field, 
it is essential to preview without delay those aspects of the 
present work which arc of special interest. 

The computer program used is available in a published text­
book (Ref. 1) and consists of less than 500 FORTRAN statements. 
It is inexpensive to run and produces excellent results in appli­
cations similar to the one described here. A brief explanation 
of the theory behind the sinq1lc finite clement used in this paper 
is provided for the interested reader. 

The pier investigation pertains to an orthogonally t·cin­
forced concrete deep beam structure 1~hich is approximately 30 feet 
(9 m) wide by 18 feet (5.5 m) deep, and is 2 feet (0.61 m) thick. 
The beam is supported on 3 caissons. A series of finite clement 
stress analyses has been carried out to examine possible causes 
of existing cracks in the beam; to determine the caisson loads; 
and to investigate the effect on the beam of extct·nal posttension­
ing during repair work. 
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Manotick Bridge Piers 3 

DESCRIPTION OF Mi\NOTICK BRIDGE 

The Manotick bridge, constructed in 1955, carries County 
Road No. 7 over the cast channel of the Rideau Canal at Manotick, 
Ontario, Canada. The structure is a three-span continuous steel 
girder bridge with an 8 in. (20 em) reinforced concrete deck. 
The two reinforced concrete piers are arranged symmetrically about 
the midspan of the bridge as shown in the general view of Fig. 1. 
Each pier is supported by three caissons topped with a reinforced 
concrete pier cap as indicated in Fig. 2. The caissons consist 
of rectangular concrete fill eel sheet piling. 

In October 1978, a structural investigation of the piers 
was initiated because of the existence of pier cracking and the 
deterioration of the caisson pier cap system. Only the typical 
major pier cracking pattern is shown in Fig. 2. The major cracks, 
in general, did extend through the piers. The widest crack widths 
varied between 0.005 in. (0.13 mm) and 0.010 in. (0.25 nun). i\ 
severe case of concrete deterioration had taken place in the pier 
cap and caissons. Concrete had eroded in the pier cap in a pat­
tern similar to that indicated in Fig. 2. The concrete in the 
piers, however, was not in an eroded state, and by visual in­
spection, it appeared to be generally of good quality, including 
that in the region where the cracking had taken place. In addi­
tion, at the time of this investigation the soundness of the 
caissons and the supporting bedrock were not knmm. The exact 
state of support of the pier at the time of pier cracking was also 
unknown. 

This paper relates to the finite clement stress analysis of 
the pier in its own plane. The key questions to be answered by 
the structural analysis were these: 

(i) Could the pier cracking have been caused by the 
application of normal dead and live loading or 
else by an extra heavy l:ive loading ? 

(ii) What are the effects of different pier support 
conditions on pier stresses and possible pier 
cracking ? 

(iii)Could the pier cracking be the result of the central 
caisson having settled and therefore being structur­
ally ineffective ? 

(iv) Do caisson forces vary substantially between the 
outer caissons and the central caisson, a situation 
that may lead to unequal settlements ? 

(v) While remedial work would be carried out on the pier 
foundations, what magnitude of external posttension­
:ing of the piers would be required to keep the piers 
from further cracking ? 
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FINITE ELEMENT ANALYSIS 

Finite Element Method 

The finite elements used in this study are triangles having 
3 nodes each, a single node in each vertex. A node is a point of 
connection with adjacent elements. For the particular element 
used here, the in-plane x and y displacements arc linear functions 
of the corresponding nodal displacements. The x displacement 
function u, for example, has the form 

u = a + bx + cy 

where a, b and c could be calculated for the element from a set of 
nodal values of the displacements. In finite element analysis, 
tho problem is formulated so that the nodal displacements are cal­
culated from a set of simultaneous equations. 

Different linear displacement functions apply in each 
finite element. This means that mathematical 'corners' in the 
displacement functions occur across the boundaries. These 
'corners' tend to smooth out as more clements arc used in the 
finite clement analysis. 

Strains arc derivatives of displacements, and for the lin­
ear displacement model used here, these strains are constants in 
each element. In the computer program which is 1 isted and docu­
mented in Ref. 1, linear elastic behaviour is assumed. 

Finite Element Model 

The following points relate to reasons for selecting the 
finite clement mesh sh01m in Fig. 3. 

Only one-half of the symmetrical pier has been modelled. 
Nodes 1 through 10 are constrained for both symmetrical and anti­
symmetrical loading cases. 

Most nodes arc on a 2 foot (0.61 m) by 2 foot grid permit­
ting most of this data to be produced autonmtically. Some devia­
tions occur to allow nodes to he placed at load points. 

The union jack pattern formed by a 4 foot by 4 foot square 
of elements has not been maintained throughout in order to keep 
triangle aspect ratios as large as possible. 

A more detailed stress pattern immediately under load 
points and above points of support could have been achieved by 
concentrating elements in these areas, however, these were not 
regions of interest in this investigation. 

The adequacy of the finite element grid refinement was also 
investigated, and this is reported in a later section of the paper. 
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Manotick Bridge Piers 5 

The analysis pertains to a linear clastic homogeneous 2-
dimensional solid. There :is no attempt to model the cracking in 
the lower central region. Numerical analysis is still some years 
away from modelling, in a practical way; the crack interface 
transfer of force in reinforced concrete, i. c., the combination of 
friction, bearing and reinforcement forces at a crack. This does 
not, however, necessarily invalidate the usc of linear elastic 
homogeneous models :in this type of investigation. 

The cracking in the pier is very limited, and unless the 
numerical analysis indicates a state of high tension stress, which 
tends to open the cracks, then no advantage is gained in using a 
cracked model. The uncracked analysis also demonstrates whether a 
static state of stress caused the existing cracking. This was one 
of the requirements of the investigati01i. 

The orthogonal reinforcement, consisting of a single grid 
layer at each face of II 5 horizontal bars and 117 vert leal bars 12 
inches on centres, is too light to be considered in the analysis 
and is not modelled here. 

The concrete design cylinder strength, fc', of 4 ks:i 
(27.5 MPa) was assumed together with a modulus of elasticity of 
3620 ksi (25,000 MPa) and a Poisson's ratio of 0.15. The tensile 
strength, ft'• was taken as 0.41 ksi (2.8) MPa. 

Three different support configurations were selected for 
study. In one, the stiffening effect of the pier cap is modelled 
by a fully supported base. In another, the caisson support is 
applied directly to the pier. In view of the nature and extent of 
pier cap deterioration, this may or may not be a more appropriate 
model. In the third model, the center caisson is not present. 

Loading Cases Investigated 

In the course of the structural investigation, the pier 
1~as analyzed for three eli fferent conditions of loading: 

(i) The factored design loading consisting of five 
252 kip (1120 kN) point loads were applied as 
shown in Fig. 2. Each of these loads represents 
a 228 kip dead load and a 24 kip live load. For 
the symmetrical dead and live loading, all three 
support conditions were investigated. 

(ii) A heavy lane loading of 200 kips (890 kN) was in­
vestigated as shmm in Fig. 4(a), as a feasible 
severe loading condition on the structure. The 
two 100 kip loads were placed directly on the finite 
element model as shmm in Fig. 4(b). This approxi­
mation to the true loading introduces fictitious 
local distortions of the pier directly under the 
loads and therefore stresses are not correct in 
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these areas. In order for the symmetrical finite 
element mesh to be usable for this case, symmetrical 
and antisynnnctrical cases 1~ere superimposed as shown 
in Fig. s. 

(iii) The purpose of applying a posttensioning system to 
the pier is to reduce or eliminate horizontal tension 
in the pier and to strengthen the pier against the 
possibility of damage during subsequent remedial work 
on the caissons and foundation. The tendons are ap­
plied at top and bottom pier levels as shown in Fig. 
6. Three point loads of 52.2 kips (232 kN) were ap­
plied top and bottom as shown in Fig. 7. Each set 
of 3 point loads is equivalent to 3 pairs of 5/8 in. 
tendons tensioned to 0.6 f m' and applied over a 2 
foot depth. It was necessRry to convert these to 
nodal load equivalents for analysis as shown in Fig.7. 

FINITE ELEMENT RESULTS 

Principal Stresses 

The principal stresses at each clement centroid were 
plotted on a calcomp plotter using a program written in an i\PL 
graphics language. Each principal stress was plotted as a scaled 
line, with appropriate orientation, and arrowhead turned inward 
for compression, and outward for tension. 

The results for dead and live loading under three different 
support conditions are presented in Fig. 8. The pier outlines, 
load vectors and support symbols 1~erc added to the computer plots 
later by hand. Note that the highest compression stresses of 
9.55 ksi (3.8 NPa) result with outer caisson support only in 
Fig. 8(a). Small horizontal tension stresses exist in the lower 
half of the pier with partial base support as shown in Figs. 8(a) 
and 8(b). With full base support in Fig. 8(c) these stresses are 
reduced to compression values. The highest tension stresses occur 
at the top of the pier between the applied loads. 1~e tension 
stresses at the top arc basically the same in each of the three 
cases and hnve a maximum value of 0. 20 ksi (1. 4 ~ll'a). 

In summary, the rcsul ts for all three support conditions in­
dicate that for 4 ksi (27.6 Ml'a) concrete all compressive stresses 
arc localized. lligh tensile stresses are less than SO% of ulti­
mate and do not occur in the cracked region. In the cracked 
region, in Fig. 8(a), the tensile stresses are a maximum of 0.09 
ksi (0.62 kPa) at the centerline bottom and decrease to 0,03 ksi 
(0.21 MPa) in the next stack of elements. These values are not 
regional maxima since they occur not on the bottom edge, but 
rather at bottom element centroids. The actual tensile stresses 
in the bottom edge could be about 20% higher as indicated by a 
deep beam study reported later in this paper. Even with this 20% 
increase the maximum, highly localized, tension stresses ~1 the 
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Manotick Bridge Piers 7 

cracked region is less than 30% of ultimate. All of these results 
indicate that for 4 ksi concrete, the given loading, and any of 
the feasible support conditions, pier cracking would not be ex­
pected to occur. 

The principal stress results for the lane loading showed 
moderate compression and tension stresses. The tension stresses 
in the cracked region became smaller suggesting no pier cracking 
under a severe lane loading. !-land calculations were required for 
this loading, since the rectangular stresses from the two finite 
element models for the two support conditions shown in Fig. 5, 
had to first be combined. The stress results calculated in the 
cracked region were found by combining directly the results re­
presented by Figs. 5(a) and (b) for right of centerline; and com­
bining the results represented by Fig. 5(a) and the negative of 
Fig. 5(b) for left of centerline. 

The principal stresses resulting from the application of 
the posttensioning system, in combination with dead and live 
loading and caisson support, are given in Fig. 9. The top and 
bottom tendon forces have eliminated the bottom tension stresses 
and reduced the top stresses. 

The total experimentation with the finite clement model is 
reported in detail in Ref. 2. 

Caisson Forces 

Bearing stresses at the caisson points of support are pro­
portional to the caisson forces. By balancing these forces with 
the total gravity load, the caisson reactions were calculated. 
From the numerical finite clement output, the results of these 
bearing force calculations arc as follows: 

Dead load plus live load-- Center caisson: pier bearing 
stress= 0.19 ksi (1.3 MPa); caisson reaction= 328 kips (1459 kN) 
Outer caisson: pier bearing stress = 0.27 ksi (1.9 MPa); caisson 
reaction = 466 kips (2073 kN) 

Lane load plus dead load-- Center caisson; pier bearing 
stress- 0.21 ksi (1.4 MPa); caisson reaction= 299 kips (1330 kN) 
Outer caisson: pier hc~ring stress= 0.36 ksi (2.5 MPa); caisson 
reaction= 521 kips (2317 kN). 

The difference in caisson forces clearly indicates the 
potential for differential settlements of the caissons. 

VALIIlATION OF RESULTS 

A verification of the validity of the results of a finite 
clement analysis is especially important when a problem type is 
solved for the first time using a particular clement. A conver­
gence study is carried out by subdividing the mesh, and monitoring 
the convergence of some aspect of the structural model's response, 
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for example the strain energy content, the deflection at a point, 
and so on. Strain energy was not used as a basis for comparison 
here, because of the fact that the singularities at the points of 
support were not modelled. Since the areas of interest were some­
what remote from these points, centerline stress was considered 
an appropriate basis for convergence. 

The verification of the model is provided by both a direct 
comparison with results published by Leonhardt (Ref. 3) for a 
similar structure; and also by mesh subdivision. The comparison 
example, having a shear span similar to that of the Manotick 
Bridge pier, is shown in Fig. 10. 

A comparison of horizontal stresses at the centerline is 
given in Fig. ll. As expected, the Navier solution is not valid 
but the finite element analysis and the Leonhardt solution are in 
close agreement. Note that the finite element results are not 
taken from the exact centerline of the beam but from a stack of 
elements close to the centerline. 1bese element centroids plot on 
a zig-zag line from the bottom to the top of the beam. 

A comparison of results along the centerline is given in 
Table 1 for 2 successive mesh subdivisions and the results from 
Leonhardt (3). A further subdivision to 360 elements was attempt­
ed, but evidence of numerical roundoff errors appeared, and it was 
necessary, therefore, to maintain an upper limit on the number of 
elements. The finite element stresses for the 90 element mesh are 
considered to have converged and are expected to be slightly dif­
ferent from Leonhardt's because they are not exactly on the center­
line. A comparison with results, such as those of reference 3, 
should be sought whenever possible, since these do provide a basic 
correct solution to the homogeneous linear elastic problem. 

CONCLUSIONS 

Based on the total results of this study, outlined in 
general in this paper, the following conclusions and recommenda­
tions are made: 

(i) The results of the analyses for dead plus live load indicate 
that the pier would not crack under any of the three assumed 
support conditions. This statement holds even for the most 
critical situation where the pier cap and center caisson arc 
structurally ineffective. 

(ii) The application of a severe lane loading produced no major 
tensile stresses which could lead to pier cracking. 

(iii) 1~e structural analysis results show that substantially 
higher forces exist in the outer caissons which in turn 
could lead to significant differential settlements. The 
relatively rigid piers would be sensitive to even small 
differential foundation movements. In combination with 
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vibration brought about by loose seating of the caissons, 
these factors could accotmt for the present cracked state 
of the piers. 

(iv) Posttensioning cables applied at the top and bottom of the 
pier are recommended as a safeguard against additional 
cracking before remedial work on the caisson and pier cap 
is implemented. 

This paper has outlined a numerical investigation of a 
structural element for which a simple rational theory docs not 
exist. The finite element analysis and the code design checks 
given in detail in Ref. 2 indicate that the pier was well design­
ed. However, when problems occur in such a structure some of the 
more rugged procedures available for design are not suitable for 
investigation. It is fortunate that a simple finite element 
program is capable of producing cheap, good quality results. This 
procedure enabled a degree of experimentation with several load­
ing cases and all feasible support conditions. It also made 
possible the accurate calculation of caisson forces and a study 
into the effect of posttensioning. 

The finite element program used here, and several others 
having the same capabilities arc readily available and can be run 
on personal computers with a FORTRAN compiler. This type of 
structural investigation is thus within the means of the smallest 
structural consulting offices. 

REFERENCES 

(1) Bowes, W. H. and Russell, L. T., Stress Analysis by the 
Finite Element Method for Practicing Engineers, Lexington 
Books, Massachusetts, 1975. 

(2) Suter, G. T. and Hartley, G. A., "Structural Analysis of 
the Manotick East Channel Bridge Piers", a report submitted 
to the Transportation Department of the Regional Municipality 
of Ottawa-Carleton, February, 1979. 

(3) Leonhardt, F. and Walther, R., Wandartige Traeger (wall-like 
elements), Deutscher Ausschuss fuer Stahlbeton, Nr. 178, 1966. 

Full document details: ACI SP-88

http://www.avadocuments.com/doc/aci-sp-88
http://www.avadocuments.com/doc/aci-sp-88


10 Hartley et al 

Table 1 Finite Element Convergence Study 

Position of 

centerline 

neutral axis 

a value at 
X 

bottom 

centerline 

Photoelasticity* 

0.28 

1. 60 

* Leonhardt's results 

180 

elements 

0.27 h 

g_** 
1.56 b 

90 

elements 

0.27 h 

q 
1.55 b 

** Uniform load intensity, q divided by out of plane beam 
width, b. 

Fig. 1--Manotick bridge 
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Fig. 3--Finite element mesh, node numbers 
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lOOK lOOK 

(a) ACTUAL LOADING CONFIGURATION 

lOOK lOOK 

(b) ASSUMED LOADING CONFIGURATION 

FLg. !1--Lnne loading 
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50K 50K 

(a) SYMMETRICAL 

50K 

(b) ANTISYMMETRICAL 

Fig. 5--Symmetrical and antisynunetrical cases to be superimposed 
for unsymmetrical .I oadj.ng 
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Fig. 6--Applicalion of posttensi.oning system 
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Fig. 8--Principal stresses 
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b) OUTER AND 
CENTER CAISSONS 

Fig, 8--Principal stresses (continued) 

SCALE: 

+050KSI~ 

-0.50KSI ~ 
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Fig, 8--Principal stresses (continued) 

SCALE: 
+0.50KSI~ 

-0.50KSI ~ 
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Fig. 9--Principnl stresses due Lo postlensionLng 

SCALE: 

+0.50KSI~ 

-0.50 KSI ~ 
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SCALE: 
+ 0.50 KSII) 

-0.50KSI d 

Fig, 9--Principal stresses due to posttensioning (continued) 
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Fig. 11--Comparison run 
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Load Tests on Prestressed Concrete 
Multi-Girder Bridge Decks 

by J. Kirkpatrick, A. E. Long, 

W. M. C. Stevenson, and A. Thompson 

Synopsis: The results of load tests on four prestressed concrete 
multi-girder bridge decks are presented, The girders have been 
used to form both tee and pseudo box decks each of which has its 
own distribution characteristics. The measured distribution of 
beam soffit stresses are compared with predictions using a grillage 
analysis. For the beam construction good correlation was obtained 
but for the pseudo box deck measured stresses were less than those 
predicted. In the latter case good correlation was obtained by 
substantially increasing the torsional stiffness of the transverse 
grillage members. 

Keywords: beams (supports); bridge decks; bridges (structures); 
loads (forces); load tests (structural); precast concrete; pre­
stressed concrete; stiffness; structural analysis 
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I N'l'RODUC'l'I ON 

In the United Kingdom precast prestressed concrete bridge 
beams (1) cover the range of spans from 15 to 29 m. As a high 
proportion of highway bridges lie within this range of spans they 
are widely used as they offer an economic solution to most railway/ 
river crossings and busy road intersections where interference 
must be kept to a minimwn. 

These standard beams have a bottom flange approximately 1 metre 
wide and are generally referred to as M beams. They act compositely 
with a cast in-situ slab and a grillage analysis is often used for 
analysis. The accuracy of this analysis depends on the idealisation 
of the grid mesh and the method utilised for the calculation of the 
section propoerties of the grid members. These have been largely 
based on the results of model tests and few, if any, full scale 
tests have been carried out to check their validity. 

As this type of beam was being used extensively in N. Ireland 
four bridges were tested to establish their load distribution 
characteristics with the objectives of in~roving current design 
procedures and reducing construction costs. 
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FOHMS OF CONSTHUCTION 

The beams are normally placed side by side with a minimum gap 
and can be formed into two distinct types of deck which may be 
defined as:-

(1) Inverted Tee (Fig. l(a))where a top slab is cast on permanent 
formwork. 

(2) Pseudo Box (Fig. l(b)) where a bottom slab is formed as shown 
and reinforced with high yield bars which extend through 
preformed holes in the web of the beams. The top slab is 
then added as for tee beam construction. 

To complete the deck an in-situ concrete upstand is cast on 
the edge beam to accommodate the parapet rail. This edge feature 
contributes to the stiffness of the edge beam and influences the 
distribution of live load. 

TgST PHOGHAMME 

The bridge decks tested had previously been designed by the 
Department of the Environment for N. Ireland. Four bridges were 
tested covering both tee and pseudo box construction, each having 
one right and one skew deck. Details of the bridges are given in 
Table 1. 

Concrete Control Data 

In decks of this type a high strength concrete with a cube 
strength of at least 52,5 N/mm2 (f~ = 42 N/mm2) at 28 days is 
usually specified for the prestressed beams. These act compo­
sitely with a lower grade in situ slab with a specified strength 
of 37,5 N/mm2 (f~ = 30 N/mm2) at 28 days. In order to ensure 
that the beams were satisfactory one beam in each bridge was 
nominated for load testing. This involved the application of 
concentrated loads at third span and the measurement of mid span 
deflections. For an acceptable test a substantially straight load/ 
deflection curve and a recovery of 90'7, of the deflection was 
required. From the measured deflections values of the modulus of 
elasticity ranging from 37,000 to 49,000 N/mm2 were calculated and 
found to be well above the value predicted using the design 
recommendations and the specified cube strengths (2). Load tests 
on the bridges were not carried out until the in situ slab had 
achieved its 28 day cube strength. Details of concrete strengths 
are given in Table 2. 

It should be noted that as beams with deflected tendons were 
not available in N. Ireland a system of debonded tendons was 
adopted in all cases. 
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Instrumentation 

The strain distribution across the deck was monitored using 
Tyler surface mounting recoverable vibrating wire gauges of 
140 mm gauge length which were attached to the beam soffits at 
mid span, Usually every beam in one half of the deck was gauged 
as well as alternate beams in the other half, however, all beams 
were gauged on the Tullyear Bridge as it had only 11 beams in 
total. Typical gauge positions for Granville and Tullyear Bridge 
decks arc shown in Fig. 2. 

In order to monitor the variation in temperature during the 
tests thermocouples were mounted on the beams adjacent to the 
strain gauges. It should be noted that all tests were carried 
out on dull, overcast days with little wind so as to minimise 
strains caused by temperature variations. 

To monitor bearing deflections dial gauges were mounted on 
the abutment as close as possible to the bearing pads and on the 
centre line of each beam. 

Test Loads 

Static loading was applied to the deck by two 6-wheel trucks, 
loaded with crushed stone, the total weight of which had been 
accurately measured prior to arrival on site. However, as 
accurate estimates of individual wheel loads were required, for 
use in a theoretical grillage analysis, these were measured using 
a Digital Portable Wcighbridge (3). 

The loading applied to all decks consisted of two trucks 
each weighing about 30 tonncs. Five loading positions were 
considered: 1, 2 and 3 at mid span and 4 and 5 local to the 
bearings. Strain gauge measurements were taken for cases 1 to 3 
and bearing deflections for all 5 cases. Typical loading 
positions for the Granville and Tullycar Bridges are shown in 
Fig, 2, 

Test Procedure 

Prior to the tests the various positions for the trucks were 
carefully marked out on the deck to ensure the locations of the 
wheel loads were known precisely. In addition, before the trucks 
were driven onto the dec!< zero load readings were taken on the 
strain recorder, the deflection gauges and the thermocouples. 
The trucks were then driven onto the deck and positioned as 
required. A complete set of readings was then taken for each 
loading position and also when the trucks were removed. 

In order to establish the influence of the concrete edge 
feature on the performance of the deck this procedure was carried 
out before and after the upstand was cast. 
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PRESENTATION AND DISCUSSION OF RESULTS 

All period readings from the strain meter were converted into 
strains and as outlined below into concrete stresses. Although a 
value for the elastic modulus was calculated at the time of the 
individual beam tests for each bridge a considerable period of 
time had elapsed before the deck loading test was carried out. 
As a consequence of this and as the beams were then composite with 
the relatively variable strength of concrete in the slab a straight 
conversion of strain to stress by the elastic modulus was 
considered unsatisfactory. The method adopted was to use a 
nominal elastic modulus to convert strains to stresses and then 
to use the nominal composite beam section modulus to convert this 
to individual beam moments. These moments were then summed across 
the deck and the result compared with the total bending moment 
applied to the deck at mid span by the two trucks. The final 
individual beam bending moment was then calculated as follows:-

Mt original nominal bending 
Final bending moment in each beam = - x 

Mm moment in each beam 

Where ~\ Total bending moment applied to the deck from the 
truck wheel loads 

Sumof the beam bending moments based on a nominal 
elastic modulus 

This adjustment ensured that the mid span section under considera­
tion was in equilibrium and to some extent took into account 
variations in the modulus of elasticity of the concrete and 
irregularities due to construction tolerances. 

Theoretical Analysis 

A theoretical analysis of all the test bridges was carried 
out using a grillage analysis (4) which allowed both series of 
tests with and without the parapet upstand to be considered. The 
bridge decks were idealised and section properties calculated in 
accordance with the recommendations by West (5) which suggest 
that the longitudinal grillage beams should be formed from about 
two physical beams and the overall grid mesh should correspond 
approximately to the aspect ratio of the deck. Section properties 
are proportioned in a similar manner. 

Tee Beam Decks 

The Granville Road Bridge and Bann River Bridge are both of 
this type and the mid span distribution of beam soffit stresses 
for the former are given in Fig. 3. The results of tests with 
and without the parapet upstand are shown and these are compared 
with the theoretical grillage analysis. Good overall correlation 
has been found to result for this type of deck indicating that 
the method of idealisation is realistic. 
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However, in the immediate vicinity of the wheel loads the 
test results show a more localised effect than that predicted by 
the grillage analysis which was based on about two physical beams 
to a grillage beam. This local effect may be seen, on the distri­
bution of beam soffit stresses, as high peaks on the beams on 
which the axle loading occurred. When a more re~ined grillage of 
one physical beam to one grillage beam is used, as can be seen in 
Fig. 3, it shows a much better prod ic tion of these peal{ stresses. 
However, in practice the use of a fine mesh will increase both 
data preparation and computer time considerably and if storage is 
a problem only a limited nunilier of loading cases may be run at 
any one time. For design purposes the course mesh as suggested 
by West (5) will give a reasonably accurate estimate of the 
distribution of load. 

In Fig. 3, Loading Case 1, it can be seen that the effect of 
edge stiffening by the parapet upstand is to reduce the beam 
soffit stresses in the beams ncar the edge. It is of interest to 
note that for this loading case the soffit stresses from the 
grillage analysis, without the upstand, are of the same order as 
those obtained from the test with the upstand included. This 
would suggest that this relatively simple analysis is adequate 
which would have the advantage that it avoids the complexity of 
assigning appropriate section properties for the upstand in the 
alternative grillage analysis. On this basis it is recommended 
that the deck analysis should be based on the properties of the 
composite beams alone. Another factor favouring this approach is 
that it provides conservative estimates of beam moments. This 
particular loading case can be seen to be the most critical and 
indeed will in almost all circumstances be utilised for the 
selection of the beam size and for that matter the levels of 
prestress of all the beams in a deck. 

Pseudo Dox Decks 

The Tullyear and A50 Road Bridges were both of this form of 
construction and the distribution of beam soffit stresses for the 
Tullyear without the parapet upstand is given in Fig. 4 and with 
the upstand in Fig. 5. For the tests without the parapet it may 
be seen that for loading case No. 1, which is the most critical, 
the measured stresses on the soffit of beam No. 1 were about 207,, 
less than those predicted by the grillage analysis based on the 
recommendations of West (5). This indicates that the pseudo box 
deck has a greater transverse torsional stiffness than had been 
assumed in West's idealisation. On further investigation it was 
found that an under-estimate of the torsional inertia of the 
idealised transverse grillage members occurs when calculated by· 
the method of Kollbrunner (6) which is the method recommended by 
West (5). A good correlation of the test results is achieved by 
increasing the torsional inertia of the transverse grillage beams 
by a factor of about 7 and the results of this analysis arc shown 
in Figs. 4 and 5, 
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It should be noted that West's recommendations for this type 
of deck were based on a one quarter scale model using Inverted Tee 
beams (7) which are app~oximately two thirds the width of the 
standard M beam, This means that for the same width of deck the 
model tested had significantly more cells than would have been the 
case if M beams had been used. Also, if cracking occurs between 
each beam due to transverse bending, more cracks would be present 
which would adversely effect the distribution properties of the 
deck. Therefore it is not unreasonable that the deck with broader 
beams should show considerably stiffer transverse distribution 
properties which result in a reduction in the magnitude of the 
longitudinal bending moment and superior load distribution charac­
teristics. However, it is worthy of note that the two 30 tonne 
trucks used to load the test bridges may not have been sufficient 
to cause cracking of the in situ concrete between the beams and a 
high estimate of the transverse deck stiffness may have been 
obtained relative to its long term performance. In contrast in 
the one quarter scale model of West extensive cracking had 
developed due to the application of a test load equivalent to an 
abnormal vehicle of 180 tonnes. It is hoped that after a period 
of service these bridges will be tested again to establish if any 
change in the transverse deck stiffness has occurred due to 
cracking between the beams. 

With the addition of the edge feature the measured stresses 
on the beam soffit of the edge beam show very little difference 
and it would seem that the edge stiffening does not have a very 
significant effect. This is to be expected as the pseudo box 
deck behaves in a similar manner to a solid slab with a very flat 
distribution of load and the addition of an area of slab would not 
make any appreciable difference to the distribution of stress in 
the beams near the edge. 

Again, the analysis of this type of deck may be simplified in 
a similar manner to that for the tee beam deck. As may be seen 
from Figs. 4 and 5 (loading cases No. 1 and 3) the beam soffit 
stresses from the grillage analysis without the upstand are of the 
same order as the test results with the upstand. Therefore, it is 
again suggested that an analysis based only on the composite beams 
will give a satisfactory design in the region of the edge beams. 

The Tullyear Road Dridge has only 11 beams and strain gauges 
were attached to all of them which allowed a check on the symmetry 
of results. Loading case 2 is symmetric and loading cases 1 and 
3 are anti-symmetric and all of these cases gave good agreement 
as regards the symmetry of results which was a good check on the 
performance of the strain gauges and monitoring equipment. 

Dearing Deflections 

Typical bearing deflections for the Granville Road Dridge are 
shown in Fig. 6, In con~arison with the results for the grillage 
analysis there is a similarity of deflected shape, however, in 
general the use of dial gauges was considered to be unsatisfactory 
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and at best gave only a general indication of the deflection 
pattern. 

CONCLUSIONS 

Loading tests carried out on bridges immediately after 
construction provide an inexpensive and effective means of 
assessing the behaviour of multi-girder bridge systems. When 
the test results are compared with grillage analyses predictions 
the following conclusions can be drawn: 

(1) For tee beam decks, the use of a grillage analysis with a 
relatively coarse mesh gives good agreement for both decks 
tested, Although the test results did show local peak 
stresses under the wheels, it was found that the results 
obtained were adequate for design purposes. 

(2) For pseudo box decks measured beam soffit stresses were 
about 20% less than those predicted by grillage analysis. 
However, good correlation of beam soffit stresses was 
obtained when the torsional inertia of the idealised trans­
verse grillage beams was increased by a factor of about 7. 

(3) For both forms of construction tho effect of edge stiffening 
associated with the standard edge feature need not be 
considered and the analysis can be based on the stiffness 
of tho composite beams alone. This will provide a conser­
vative estimate of beam moments in beams close to the edge 
of the deck. 
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~ Bann Granville A50 Road Tullyear 
River Road Bridge Road Bridge 

1 

Type of 
Tee Tee Pseudo Box Pseudo Box 

Construction 

Effective 
Span - m 

24 23,03 18.6 16,6 

Beam Size M8 M7 M5 M2 
Depth - mm 1200 ll20 960 720 

No. of 
17 20 21 11 

beams 

Skew 
0 

0 14 26 0 

Table 1 Details of Test Bridges 

Bridge 
Bann Granville A 50 Tullyear 
River Road Road Road 

Beams ---
Design 28 days cube 52,5 52,5 52.5 52,5 
strength - (N/mm2 ) 

Average 28 day cube 
strength of concrete 60.5 57,0 56,0 62.5 
(N/mm2 ) 

Range of cube 
strength of 56,6-60,5 56,3-62.1 55-59,3 57-64 
concrete (N/mm2 ) 

Age at time of test 
28 30 48 64 

(days) 

Modulus of Elasticity 
(E) at time of beam 37.2 40,4 39,0 49,2 
test (kN/mm2) 

Age at time of deck 
test 

No. 1 362 276 294 209 

No, 2 405 326 348 314 
-

Table 2 Concrete Beam Data 
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(a) T- BEAM 

Construction 
joint 

[Permanent packing 

(b) PSEUDO - BOX 
Fig, 1--Slandanl forms of deck rcnstruclion using M-beams 
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Structural Performance and Bending Test 
of Deteriorated Reinforced Concrete Bridges 

by Takeshi Oshiro and Sumio Hamada 

Synopsis: Recently, significant deterioration of concrete surface 
and corrosion of reinforcing bars have been observed, and the 
necessity for the structural evaluation of such bridges becomes 
urgent for safety considerations. 

The primary objective of this study is to investigate the 
structural performance of two deteriorated reinforced concrete 
bridges and isolated test beams cut out of the same bridges at the 
time of replacement. Field and bending tests were conducted from 
which the strength of existing bridges and isolated beams was 
observed. Correlations of the values of strength obtained from 
these two tests give important data to be used for evaluation of 
existing deteriorated bridges. 

From the results of general investigations, field tests and 
bending tests, the following conclusions are drawn; (1) From the 
results of field tests of Nakama Bridge, strains of reinforcing 
bars and deflections are rather close to Theory II (uncracked 
gross section), whereas those of Yaka Bridge are located between 
Theories I (cracked section) and II. This indicates the varying 
effects of deterioration on main beams. (2) Beams in bending tests 
yield larger strains and deflections compared with those from 
tests; this shows that the rigidity of a beam that is part of an 
existing bridge is much higher than that expected from an isolated 
beam. (3) According to general investigations, these two bridges 
were highly deteriorated in appearance. However, ultimate strength 
of test beams is higher than that computed by ACI Code, indicating 
no significant losses of strength. 

Keywords: beams (supports); bend tests; bridges (structures); 
corrosJon; cracking (fracturing); deflection; deterioration; field 
tests; performance; reinforced concrete; reinforcing steels; safety 
factor; strains; strength 
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INTRODUCTION 

Recently, significant deterioration of concrete surface and 
corrosion of reinforcing bars have been observed(!), and the 
necessity for the structural evaluation of such bridges becomes 
urgent for safety considerations. The specific reasons for such 
deterioration are warm climate in a subtropical zone, effects of 
salt water due to nearness of the ocean and poor quality of 
concrete, Because of these unfavorable conditions a number of 
cracks and spalls of concrete and progressive corrosion of 
reinforcing bars can be observed, thus causing an urgent need for 
the evaluation of existing bridges. 

The primary objective of this study is to investigate the 
structural performance of two deteriorated reinforced concrete 
bridges and isolated test beams cut out of the same bridges at the 
time of replacement, Field and bending tests(2, 3) were conducted 
from which the strength of existing bridges and isolated beams was 
observed, Correlations of the values of strength obtained from 
these two tests give important data to be used for evaluation of 
existing deteriorated bridges. 

GENERAL INVESTIGATION 

Most of the main bridges in Okinawa prefecture were 
constructed by the U.S.Army Engineer District during the U.S. 
government control of Okinawa from 1945-1972. In evaluating old 
bridges, it is very difficult to find bridge information because 
the design materials such as drawings and calculations were not 
properly transferred to the Japanese government at the time of 
Okinawa's reversion to Japan. 

Two national highway bridges, Yaka (constructed in 1945) and 
Nakama (constructed in 1955), were selected for this study because 
they were being replaced at the time of this research project. 
Figs. 1 and 2 illustrate dimensions of the test bridges which were 
determined from field investigations. The general description of 
these bridges is simple span reinforced concrete T-beams, 
monolithic construction and they are representative of a large 
number of bridges presently in a deteriorated condition, The 
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number of reinforcing bars was assumed at first and checked after 
the bending tests. 

Field observations showed that the development of surface 
spalls and hollow areas was a result of expansive pressures caused 
by corrosion of main reinforcing bars. The worst condition was d 
on down stream surfaces facing the ocean, which indicates the most 
influential factor seems to be salt water. As shown in Fig. 5, 
surface of these bridges were in poor condition where progressive 
deterioration due to cracks and spalls was observed and also, 
bending cracks were found on beams of Yaka Bridge. The degree of 
deterioration may be determined from the reduced amount of main 
reinforcing bars and lack of bond between bars and concrete. These 
investigations are still limitted and the present definition of 
degree of deterioration is determined from only surface concrete 
cracks. 

MATERIAL TESTS AND RESULTS 

Concrete cores and specimens of reinforcing bars were tested 
to find the physical properties of the materials. Tests of 
concrete were made using approximately 9.5 em (3-3/4in) diameter 
cores which were cut from the existing concrete deck. Table 1 
shows the test results of compressive strength and the modulus of 
elasticity of concrete, and yield stress and tensile strength of 
reinforcing bars. 

STATIC FIELD TEST 

Test Procedure 

One or two trucks were placed on each bridge to investigate 
the behavior of existing bridges and the truck or the trucks were 
positioned to cause maximum positive moment at the midspan. To 
investigate lateral distribution of loads three ways of loading 
were determined, that is, one truck on each lane, on one lane only 
and at the centerline of the bridge. 

Test Results 

Truck loads were distributed laterally based on the Guyon­
Massonnet(4) and the conventional methods. These methods are 
commonly used in the design of Japanese reinforced concrete 
bridges. The Guyon-Massonnet method based on the plate theory may 
be efficient unless deterioration of the slab is very serious. 
The moments calculated from these distributed loads are given in 
Table 2, where design moments on the basis of H20-44 of AASHO 
Specifications(5) employed in the original design, and L-20 of 
Japanese Highway Association (J.H.A) Bridge Specifications(6) are 
also given. 

Computation of theoretical values of strain and deflection 
was made applying the distributed moments based on the Guyon­
Massonnet method. Two elastic theories were employed; Theory I 

Full document details: ACI SP-88

http://www.avadocuments.com/doc/aci-sp-88
http://www.avadocuments.com/doc/aci-sp-88


42 Oshiro and Hamada 

assumes uncracked gross section and Theory II assumes cracked 
section and has been applied conventionally in reinforced concrete 
beam design. In these computations, elastic modulus of concrete 
obtained from the material tests were applied, 

Figs. 3 and 4 illustrate the relations between computed and 
measured deflections and strains at the midspan for two loadings, 
i.e., one truck on one lane and one truck on each lane. 

The test results show that the strains and deflections of 
Yaka Bridge are rather close to Theory I; those of Nakama Bridge 
to Theory II. The difference in the behavior of the two bridges is · 
caused by the varying degree of deterioration; Yaka Bridge was in 
much worse condition than Nakama Bridge. 

BENDING TEST OF ISOLATED BEAMS 

For bending tests up to failure, two main beams were cut out 
of each bridge at the time of replacement. The test beams of Yaka 
and Nakama bridges have a rectangular and a T-section, 
respectively. The dimensions of test beams are illustrated in 
Figs. 1 and 2. Terms, Y-A and B, N-A and B, are given for the test 
beams of Yaka and Nakama bridges, respectively. 

Test beams were tested using two different benches where 50-
ton and 100-ton oil jacks were facilitated. Spans were taken as 
L=8.00 m (26'3") for beams Y-A and Band 10.00 m (32'8") for beams 
N-A and B. Loading was placed on beams Y-A and B by two points 
loading of 45 em (1'6") distance by means of a distribution beam 
at the midspan. Beams N-A and B were loaded through a rubber plate 
2 em (3/4") thick and 20 em (7-7/8") wide plated on a concrete 
deck in a transverse direction at the midspan. Loads were applied 
by an oil jack in increments of 20 kN to 50 kN up to nearly yield 
moment and gradually increased up to failure. Fj.g. 6 illustrates a 
set of a beam on the test bench. At each loading stage, strains of 
reinforcing bars and concrete, deflections and crack width were 
measured by wire strain gauges, dial gauges and microscopes, 
respectively, 

RESULTS OF BENDING TESTS 

BENDING MOMENT-STRAIN RELATIONS(M-ERELATIONS) 

Moment and strain relations are illustrated for reinforcing 
bars and deck concrete in Fig. 7, in which two elastic theories, 
Theories I and II, are noted. Fig. 7 indicates that the strains of 
reinforcing bars of beams Y-A and B increase linearly up to a 
moment of 660 kN·m where these values are rather close to Theory 
I. When a moment exceeds the value mentioned above, a significant 
increase of strains is observed. These beams, Y-A and B, failed in 
a flexural mode at moments of 806 kN·m and 802 kN·m, respectively. 
Compressive concrete strains of beam Y-A are rather close to 
Theory II in the elastic range, whereas those of beam Y-B are 
close to Theory I. It should be noted that beam Y-B was in the 
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poorest condition of the four test beams and that some initial 
cracks were observed in addition to surface deterioration. These 
cracks are likely to contribute to the reduction of concrete 
strain. 

Fig, 7 also illustrates the relations between moment and 
strain of beams N-A and B. The general behavior is similar to beam 
Y-A mentioned above, where yield of reinforcing bars initiates at 
a moment of 1100 kN.m, 

Fig. 8 illustrates relations between strain ratio and moment 
where a strain ratio is defined as a value of a measured strain 
divided by a computed one. The strain ratio of test beams becomes 
higher than 0,8 for the design moments given in Table 2, The upper 
limit of strain ratio was reported(7) to be 0,8 for the most 
deteriorated beams. Therefore, this comparison indicates that the 
test beams herein belong to a highly deteriorated one. 

DEFLECTION 

Fig, 9 illustrates load-deflection relations at the midspan. 
The measured deflections of beams Y-A and B and beams N-A and B 
increase linearly up to a load of 350 kN and 400 kN, respectively, 
then increase rapidly, which is a pattern similar to that 
mentioned in M-£ relationships. The test results show that 
measured deflections of beams Y-A and B are close to Theory I, 
whereas those of beams N-A and B are located between Theories I 
and II within the design load and gradually increase to be close 
to Theory I after passing the loads, The results show that the 
rigidity of beams N-A and B was not reduced highly in spite of 
some surface deterioration. 

ULTIMATE STRENGTH 

As mentioned previously, all test beams failed in a typical 
flexural failure mode as shown in Figs, 10 and 11. Theoretical and 
experimental values of yield moment are given in Table 3, where a 
yield moment based on the elastic theory is defined as the moment 
at which the strain of reinforcing bars reached the yield strains 
obtained from the material tests, 

ACI strength method(8) of design for reinforced concrete 
structures is adopted for the theoretical ultimate strength, 
Experimental ultimate strengths are almost equal to theoretical 
ones for beams Y-A and B, and 10%, 4% higher for N-A and B, 
respectively. From these results, beams N-A and B have higher 
ultimate strength than theoretical ones. When specified stress of 
concrete and yield stress of reinforcing bars are applied, 
experimental ultimate strength results in 28%, 27%, 46% and 37% 
higher than the theoretical ones for beams Y-A, Y-B, N-A, and N-B, 
respectively. From these comparisons the theoretical ultimate 
moment based on specified values of the materials indicates quite 
smaller ultimate strength than actual strength and guarantees the 
safety of these deteriorated bridges. 
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To check the safety of these bridges, measured ultimate 
moments in Table 3 are compared with design moments based on 
specifications for Highway Bridges of J.H.A •• The results are 
listed in Table 4. It is concluded that Nakama Bridge has high 
safety factors compared with Yaka Bridge, and the safety factors 
of Yaka Bridge are in the lower limit specified in the present 
specifications. Values of Mu in Table 4 are obtained from the 
tests. If T-sections were used in place of rectangular sections of 
Yaka Bridge, the values of Mu might be 6.1% higher, This results 
in 1,89 of Mu/Mt and 2.07 of (Mu-1.4Md)/Ml. 

RELATIONS BETWEEN FIELD AND BENDING TEST RESULTS 

From the results of field and bending tests, Figs. 12 and 13 
illustrate relations between load and deflection, and between 
moment and strain. The results show that the strains and 
deflections of bending tests are close to Theory I up to the load 
applied in the field, whereas those of field tests are rather 
close to Theory II. These values of field and bending tests could 
be equal if all conditions and assumptions were the same. However, 
the dimensions and the constrained conditions of a main beam, 
which is a part of a whole bridge, and the test beams cut out of 
the same bridge were not the same, Therefore the results show 
these effects from varying conditions. 

A beam, being a part of an existing bridge, gives much 
greater rigidity than an isolated one; some contributions of 
railings, curbs, pavement and constrains of end beams are 
considered. 

CONCLUSIONS 

From the results of general investigations, field tests and 
bending tests, the following conclusions are drawn; (1) Lateral 
load distribution obtained from field tests shows that the Guyon­
Massonnet method is applicable in evaluation for elastic behavior 
of deteriorated bridges, unless the slab is seriously 
deteriorated. (2) From the results of field tests of Nakama 
Bridge, strains of reinforcing bars and deflections are rather 
close to Theory II, whereas those of Yaka Bridge are located 
between Theories I and II. This indicates that varying effects of 
deterioration on main beams are clear. (3) Beams in bending tests 
yield larger strains and deflections compared with those from 
field tests; this shows that the rigidity of a beam that is a part 
of an existing bridge is much higher than that expected from an 
isolated beam. (4) According to general investigations, these two 
bridges were highly deteriorated in appearance. However, ultimate 
strength of test beams is higher than that computed by ACI Code, 
indicating no significant losses of strength. 
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Table 1 Results of Material Tests 

YAKA NAKA~IA 

BRIDGE BRIDGI\ 

CO~II'RESSIVE kgf/cm2 302 388 

lf STRENGTII (psi) (4295) ( 5517) 
CONCRETE 

kgf/cm2 3,13xl05 3,40xlo5 ELASTIC 
MODULUS (ksi) (4450) ( 483/~) 

YIELD kgf/cm2 2800 3500 
RElNFOR- STRESS (ksi) (39.8) (49.8) 
ING BARn 

TENSILE kgf/cm2 5130 4640 
STRENGTH (ksi) (75.4) (66.0) 

lf Averages of Lhree cores 
*lf Averages of three test specimens 

Table 2 Haximum Homents(kN•m) for Computations 

LOADING LOADING AASIIO+ 
(l) lf ( 2 )lHf 

YAKA BIUDGE 318 185 217 

NAKA~IA BRIDGE 218 181 237 

lf One truck on each lane at the midspan 
lHf One truck on one lane 

J.H.A.++ 

313 

217 

+ 1120-114 Specific<Jtions for Highway llridges,AASIIO 
++ L-20 Specifications for lligh11Hy Bridges, Japnnese 

Highway As soc i.n lion 

Full document details: ACI SP-88

http://www.avadocuments.com/doc/aci-sp-88
http://www.avadocuments.com/doc/aci-sp-88


Deteriorated Bridges 47 

Table 3 Comparison of ~!ensured and Computed 
Ultimate Noments, Yie.ld Moments, Deflections 
nnd Stt·a ins 

YIIKII BR lDGI·: N/\K/1~111 BIUDGE 

TIIEORY TEST TIIEORY TEST 

Y-11 Y-11 N-Il N-Il 

~!u kN•m 80(> 806 B02 1248 1395 1300 
(672) ( l 074) 

My kN·m 700 708 (>61 888 960 1020 
(600) (761) 

{1, lf 
111111 22 20 17 19 20 20 

c* J0-6 BOO 900 %0 sot, 280 t,oo 

lf Deflections and conc1·ete strains when yielding 
of reinfo1·c ing bars started 

( ) Values computed by the specified yield stresses 
of reinforcing bars of 2l,()() kgr/cm2 (35.2ksi.) for 
Y beams and of 3000 kgf/cm2 (42.7ksi) for N beams 
and concrete strength of 210 kgf/cm2 (298(Jpsi) 

Table 4 Safety Factors Based on Test Results 

Mu 
Ht 

Mu/Mt 
Mu-1.4Hd 

~11 Md 
Ml 

YAK/\ BRIDGE 802 313 138 1. 7B 1.95 

NAKM1A BRIDGE 1300 217 194 3.15 L,, 74 

~!u The smaller measured ultimate moment for tested 
sections listed in Table 3 

~11, ~1d Design moments based on Specifications for 
lligln;ay Bridges, J.II.A. 

~1t M 1 + Md 
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8 QOQ (26 I -3 11 ) 450 260 
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• 
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• • • • 

I~ 
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(c) Cross Section of Test 
Beams Y-A and B 

Fig, !--Dimensions of Yaka bridge 
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10480 10480 I (34'-5") l (3/o'-5") .I 
1aon~~0~na§r1.,_ __ fn 

(31 '-6") JT 
1 1 90 ( 3 I -11 II ) 

1---l 

(a) Elevation 

91100 (30'-10") 

8 520 (27'-11") 

ll3eam N-A ond B 
450 (1 '-6") 970 970(Typical) 

-1 t----.1 ~ 
(3'-2")450(Typical) 

(b) Cross Section 

••••• . . . . . 
~I 
(1'-6") 

(c) Cross Section of Test 
Beams N-A and B 

Fig. 2--Dimensions of Nakama bridge 
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2 

4 

BEAM 
l 

o--<J TRUCK ON EACH LANE 
1 1 TRUCK ON ONE LANE 

(a) Deflections 

(b) Strains 

4 5 

Fig, 3--Deflcctions and strai.~s of Yaka bridge in Ueld tests 
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