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Test to Failure of the Hannacroix Creek Bridge 
DAVID B. BEAL 

A 52-year-cld reinforced concrete T -beam bridge wa. destructively tested to 
evaluate tho consequences of concrete deterioration on load capacity. I nstru
mentatlon included measuring tension and compression rebar strain at mid
span, end rotation, end midspan deflection. Tho single-and double-T test 
specimens were loaded symmetrically to produce a constant-moment region at 
midspan. The condition of tho bridge was rated 2.5 on a scale from 1 (poton
tiolly hazardous) to 7 (now condition). The concrete deck was highly fractured 
throughout and the cement paste severely deteriorated locally. Effloresoonoo 
was common and leakage was evident. Tension robars exposed by spalled con
crete had lost 1·2 poroont of their cro$Nectional nroo. It is concluded that the 
deterioration noted has no significanoo with respect to the load-carrying 
capacity of the structure. Based on theoretical arguments, it Is concluded that 
deterioration sufficient for substantial reduction in the capacity of a $1ructure 
would be manifested in a local collapse and that overall failure of reinforood 
concrete T-beam bridges need not be a concern. 

National bridge inspection standards require that 
highway bridges be inspected and rated for load-car
rying capacity. For steel structures, the guide
lines are straightforward and they can be rated 
without difficulty. Reinforced concrete bridges, by 
contrast, are not easily rated because the signifi
cance of deterioration may be unquantifiable. Be
cause of this difficulty, in 1978 New York State 
initiated a research program to develop a low-cost 
field testing method for evaluating structural 
strength. This effort was abandoned when, at the 
load levels attainable, it was shown that bridges 
with sound and deteriorated concrete did not differ 
in behavior Cl>· 

Because service-load tests could not show dif
ferences attributable to deterioration, a test to 
failure of a heavily deteriorated bridge was 
planned. It was believed that correlation of the re
sults of such a test with the findings of a thorough 
pretest inspection and evaluation would give some 
insight into quantification of the effects of ob
servable deterioration. 

TEST STRUCTURE 

The test structure is a reinforced concrete T-beam 
bridge constructed in 1930 that carries NY-32 over 
the Hannacroix Creek in Albany County. It consists 
of seven beams 39. 5 in long and a 36- ft clear span 
between faces of the abutments. Nominal cross-sec
tion dimensions and reinforcement details for an in
terior beam are shown in Figure 1. In addition, a 
nonstructural 4-in concrete wearing surface and a 
3-in asphalt wearing surface were removed before 
testing. The flexural reinforcement consists of 

eight 1.25-in-square deformed bars that provide a 
nominal cross-section area of 12. 5 in• for a rein
forcement percentage of 2.25. Compression rein
forcement is negligible. In the center 21 ft, 10 
in, shear reinforcement spacing exceeds the limits 
set by current specifications (£, p. 78). 

The expansion end bearings consist of steel 
plates separated by a layer of graph.te grease. This 
detail makes no provision for end rotation. At the 
"fixed" ends, 0.75-in-diameter rods are embedded in 
the abutment and end diaphragm. The beam ends and 
diaphragm rest directly on the abutment, a detail 
that restrains translation and rotation. 

Bridge condition at the time of testing was 
poor. The most recent inspection report rates the 
primary members at 2-3 on a scale fr<!>m 1 (poten
tially hazardous) to 7 (new condition). Figure 2 
shows a photo montage of the underside of the struc
ture that, except for slight transverse parallax, 
reliably shows its condition. Spalled concrete 
areas exposing the tension rehars in the beam stems 
are evident. The exposed rebars are rusted but do 
not appear to have suffered more than 1-2 percent 
loss of cross-sectional area. Although it is not 
visible in Figure 2, the vertical faces of all beams 
exhibited extensive cracking, generally paralleling 
their axes. Efflorescence (the white areas in Fig
ure 2) is common and leakage is evident. 

Cores drilled through the deck showed it to be 
highly fractured throughout and that the cement 
paste was severely deteriorated locally. The dis
integration of the 4-in concrete wearing surface may 
be linked to its relatively high absorption (1_). 
Failure of the structural deck concrete is judged to 
have resulted from the freezing of water in pores of 
the cement paste, aqgravated by the pce.sence of 
chlorides in i;olution . Deterioration of the T-beam 
stems has resulted from the same causes, plus corro
r<ion of the steel reinforcement. These mechanisms 
are facilitated by increased permeability, presumed 
to be related to absorption. Mean absorption of 
seven core segments taken from the structural deck 
was 5.6 percent. This value is greater than about 
80 percent of values measured in cores from other 
New York bridge decks. The upper 1 in of structural 
deck was disintegrated and came off with the con
crete wearing surface. Thus, the structure was 
tested with a 6-in slab (see Figure 3). 

Sonic pulse-velocity measurements through the 
stems of beams 3, 4, and 6 yielded values of 1700-
4400 ft/s. Although precise correlation of concrete 
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strength with pulse velocity has been found to be 
infeasible (1), such low values as these suqgest 
concrete with low compressive strength. Foe com
oarison purposes, pulse velocities measured on 62 
cylinders with compressive strengths ranging from 
2000 to 5000 psi were never less than 12 500 ft/s 
<1). 

Obtaining cores suitable for compression testing 
was difficult because of the extensive concrete de
terioration. The mean of the two tests J?erformed 
was 4200 psi and the ranqe 1000 psi. Because of the 
noted disintegration of the deck and ttie low pulse
velocity values, this result is taken as indicating 
the unreliability of cylinder tests in predicting 
concrete strength in deteriorated structures. 

Tension tests on 24 samples of the 1.25-in-square 
bars gave an average yield strength of 44 ksi. A 
single sample of thP. O. 5-in-diameter structural deck 
reinforcement had a yield strength of 46.5 ksi. 
Average loss of square bar cross section determined 
on a weight-per-unit-length basis was 2 .1 percent 
from twenty-four 30-in samples and 2. B percent from 
twenty-seven 2-in samples. Maximum loss of 6.6 per
cent occurred in a 2-in length; 3.2 percent loss was 
the maximum in a 30-in length. Loss was calculated 
from an assumed nominal area of 1.56 in 2 • Al
though the structural deck steel was not randomly 
sampled, area6 exposed during testing showed no cor
rosion. The chloride content of the structural 
deck, determined from drilled samples of concrete 
powder, was erratic. It averaged onlv 2. 5 lb/yd', 
and the maximum value was 2. 8 lb/yd'. These rela
tively low values are probably the best explanation 

CROSS-SECTION 

of the minor rebar corrosion noted. Chemical analy
sis of the steel showed no alloying elements ex
pected to increase corrosion resistance. 

The structure was designed to carry a live load 
of 20-ton trucks. With working stresses of 20 000 
psi for the grade 40 steel and 1650-psi concrete 
(3000-psi compressive strength was assumed) (_i), t.he 
maximum permissible live-load bending moment is 48 
percent larger than the design mom .. nt due to HS- 20 
trucks ( 2). By using a load-factor approach 
( fy = 40 000 psi , f~ = 3000 psi), the inven
tocy eating determined for th.is structure is 1. 76 
HS-20 design loads . The operating i:ating for the 
bridge is 2.55 or 2.93 HS-20 design loads by working 
stress or load factor, respectively . None of these 
calculations accounts for the consequences of the 
noted deterioration. 

With respect to shear, it has been noted that 
spacing or i;tii:rups in the central portluu ul' th,,. 
beam is greater than current specifications permit 
(2). At the supports, however, the provided rein
f-;rcement is adequate for 1. 32 HS-20 tcucks or l . OB 
HS-20 trucks for service-load design or load-factor 
design, respectively. 

TEST PROCEDURES 

Because of site conditions that prevented detouring 
of traffic, the structure could not be tested as a 
single unit. Three separate tests were performed. 
Two of these were on single-stem units with the as
sociated structural slab, and the third was on a 
two-stem unit with the associated slab (Figure 3). 
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Figure 2. Underside of Hannacroix Creek bridge (beam numbers at rightl. 
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Figure 3. Test specimen details. 
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Locations of these units in the structure and their 
condition before testing can be seen in Figure 2. 
Although the cable acct!>lS holes reduced the effec
tive slab width, all failures occurred at the 
midpoint between loads. 

Loads w1;1re appl iPi! through hydraulic ;acks react 
ing agai nst cables embedded in the bedrock benea th 
the structu re. The load pos itions shown in F igu re 3 
provide a 6-ft const ant-mom .. nt region. Loads were 
increased slowly f rom one l oad increment to the next 
without impact. 

Loads were monitored through a pressure gage that 
had been calibrated with the hydraulic rams in a 
test machine. A mani fold was used to distribute oil 
to the four rams. The loading scheme consisted of a 

Figure 4. Tension strain versus load for all beams. 
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series of loading-unloading cycles up to failure. 
This scheme p r ov ided partial repl i c ation of t he test 
so that s ome j udgment could be made on the re l i abil
ity of the test data. At low load leve l s , t he beam 
stems were v i sua lly inspected a nd cracks marked. At 
high load l evels, becau se of the co nside r a bl e force 
in the cables , it Wd >< cuusiclered i mpr udent to get 
close to the beams. 

Instrumentation was provided for measurement of 
strain, displacement, and t!nd rotation. Strain 
gages were bonded to each of the four tension bars 
in the bottom row (Figure 1) and to a O. 5-in round 
compression bar in the s ab . Two sections located 
symmetrically 1 ft on e ithe r side of the centerline 
were instrumented. The 0. 25-in-long, self-tempera
tu re-compensa t i ng gages had a res istance o f 350 
n. They p r ovided one arm o f a Wheats tone bridge, 
compl eted a t t he inst r umen t a t ion l oca t ed in a 
t ra i ler near the t est s tructure . Leads cons i s t ed of 
250-ft-long, four-conductor no. 22 wire with con
ductors paired under separate foil shields. 

Displacements were measured with a Wilde N-3 
level capable of measurements to the nearest 0.001 
in. Calibrated targets were placed on the bridge at 
the supports and at midspan. In addit i on, targets 
were p laced s ymme tricaliy at points 6 and 12 ft f r om 
the s upports. Thes e latt e r targe ts were mon i tored 
at s e l ected loads o nly. A fixed benchma r k wa s posi
tioned off the structure • 

End rotation was monitored from measurement of 
the relative displacement of two points on a rigid 
bar attached to tbe gir er ends wi t h respect to- the 
abutment face. The rotation measureme n t caused much 
difficulty, and the theoretical accuracy of 3x10-• 
rad was not achieved . 

The accuracy of field measurements is difficult 
to determine because of general inability to perform 
replicates. The assumed precisions of 10µ€ for 
strain, 0.01 in for deflection, and 0.0001 rad for 
rotation are based on experience with similar mea
surements and examination of the internal con
sistency of the data obtained here. Under no cir
cumstances should it be expected that more reliable 
values have been obtained. 

TEST RESULTS AND DISCUSSION 

Analysis of the r ebar strain measurements showed no 
tre nds with respect to l ongitud i nal or transve rse 
pos it ion of the bar in a beam cross section. Thus, 
despi te the phys i cal_ dif-ference between rotational 
r es trai nt caJ,Jabill Lies of t he fixed Li nd expansion 
ends ( Pig i1rP 1), t he r aw s t r ain data were i ns uffi
c i ent to demonstrate a d ifference. Except at high 
strains , the average of all e ight ba r s was take n a s 

Figure 5. Load versus deflection for all beams. 100 - - ------------- --- ---------
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the best estimate of rebar strain. Additional de
tails of the data analysis procedures can be found 
in the full report (11) . 

Figure 4 gives tension strain versus load for all 
beams. Only strains at peak loads are plotted. Data 

Figure 6. Load versus end rotation. 
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from loading-unloading cycles have been deleted for 
clarity. Despite variation in the magnitude of 
residual strains, it should be noted that the four 
beams behaved in a similar manner and that the rela
tion between load and tension strain is largely 
linear. Extreme values are represented by beams 3 
and 6, beam 3 giving the largest strain values. 

Figure 5 presents a composite drawing that shows 
load versus centerline deflection for peak loads 
only. This relation is also similar to that shown 
for tension strains and indicates linear behavior 
for loads greater than 20 kips and less than 80 
kips. In addition, differences between beams are 
less than for tension strains, an expected result 
since deflection represents an averaging of strain 
along that full length of the beam. 

Load versus end rotation is shown in Figure 6. 
This measurement proved to be unreliable. Data were 
lost at the fixed end of beam 2 and the expansion 
end of beams 5 and 6. Some insiqht into the be
havior of the structure can be gained, however, from 
the data obtained. First, it should be noted that 
rotations were zero in all cases for loads less than 
about 18 kips. For beam 3, the load needed to cause 
first rotation was substantially larger. Once rota
tion occurred, however, the relation between load 
and end rotation was largely linear. These data 
imply that both ends of the beam were supplving some 
moment restraint. The differing slopes of the lines 
for beams 3 and 2 indicate that beam 3 is slightly 
more flexible than beam 2 after release occurs. The 
flexibility for both ends of beam 3 is approximately 
equal, although the release load is larger at the 
fixed end of this beam. 

Centerline bending moments for peak loads are 
plotted versus line load in Figure 7. The values 
for beams 2, 5, and 6 define a bilinear relation. 
Because the rotation measurements showed zero rota
tion or moment fixity at low loads and the strain 
data indicated a constant value of flexural stiff
ness (11), the first portion of a bilinear load ver
sus moment relation is taken as that for a fixed
ended beam. This rela tion satisfactorily fits the 
data for moments less t han 2000 kip-in. For com
parison purposes, a line representing the simple
beam relation is also shown and clearly does not fit 
the data. The plotted relation was calculated for a 
span length of 37 ft. 

The upper linear portion of the moment-load rela
tion is taken with a slope equal to the shear span 
(a in Figure 7), the simple-beam value. Again, this 
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Figure 8. Influence of concrete strength on bending resistance. 
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is suggested by the rotation data, which indicate a 
constant value of end restraint after release. The 
intersection point for the two linear segments was 
selected by f it ing the "best line" with the sirnple
beam slope. 

By using similar reasoning , a relation between 
bilinear load and center ine displacement was 
derived (Figure 5). The flexural stiffness is taken 
as lSOxlO' kip-in 2 , as found from the strain 
data ( 11) . Comparisons between calculated and mea
sure<'! <'!P.flections are qood. Of particular note is 
the correspondence between the theoretical relation 
and beam 3 data. This result suggests that the beam 
3 strain data are defective. 

The slope o r tne relation between lo a -and end 
rotation implied by the centerline moment anaJ.ysis 
compares reasonably well with the experimental re
sults (Figure 6). Except for the beam 2 expansion 
end, however, t he 24-kip end-restraint release load 
is substantially less than the experimental value . 

It is important to emphasize that no part of ·the 
preceding analysis is of particular significance 
with respect to the gener.al load-rating problem. The 
analys is was performed to demonstrate the consis
tency (or lack of consistency) between the various 
forms of collected data and to permit estimation of 
the elastic mOdulus. From the results presented, it 
can be concluded that the measured values reliably 
represent the true behavior of the test specimens. 

The only unexplained aspect of beam behavior is 
the end restraint indicated by all three measure
ments. The break point of the bilinear moment-load 
celation implies a maximum end moment of 2520 kip
in. It is difficult to believe that this magnitude 
of moment could be developed at the expansion enrl of 
the beams. Even at the fixed end with the O. 75-in
diameter dowels, the level of moment is unrealisti
cally large. The ultimate moment of thi s detail 
(tak i ng account of the moment enhancement due to the 
beam reaction) is only 1160 kip-in. Nevertheless; 
the existence of large-magnitude end moments cannot 
be diAputed in view of the measurements obtained. 

'rhe large difference between the modular ratio 
found here and the values used in design should be 
placed i n perspective. First, the consequence of 
varying the modular ratio from 20 to 9 [a nominal 
value often assumed in design (ll J is to increase 
the ratio of bending moment to rebar strain by only 
5 percent. Because of this small variation, it 
should be clear that the analysis used to obtain the 
experimental value is extremely sensitive to small 
variations in measured strain. Thus, the reported 
value of 20 cannot be claimed to be exact. Second, 
the variation in flexural stiffness over the same 
range is 30 percent, and this magnitude could easily 
be detected in the data. Comparison of measured and 
ca.1culatcd deflections (Figu re 5) demonstrates that 
the correct stiffness i s predicted well by the 
modular ratio of 20 and suggests that this value is 
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more representative of the actual stiffness of the 
struc ture tha n the nominal value of 9. Third, it is 
wrong to calculate a cylinder strength by using the 
modular ratio and the empirical relation devised by 
Pauw (7), since the inverse of this equation is not 
a "best fit". Thus, the only significance of the 
value of 20 is as a measure of stiffness and not of 
strength. 

APPLICATION TO LOAD RATING 

It is not possible or prudent to extrapolate the 
findings from a single test to a general set of 
load-rat i ng rules. It would clearly be inapptopri
ate, fo r example, to propose that a certain level of 
end-moment restraint be assumed for all structures 
because of its existence in this structure. The 
same is true with respect to the findings on rebar 
yield strength. In addi tion, the data obtained are 
for overall collapse and cannot be used to predict 
local failures. What, then, can be taken from the 
present tests and applied to the load-ra ting problem? 

The data available can be used to estimate the 
reduction in load capacity, if any, from capacities 
predicted analytically . Unfortunately, the center
line moment at failure is unknown, but it must lie 
between the boundaries defined by the bilinear rela
tion shown in Figure 7 and the relation for a simple 
beam. These t~lations es~blish limits for the 
failure moment of 1010 and 1230 kip-ft. Alterna
tively, the larges t moment derived from the data was 
at the 1-imits of . eJ.ast c behavior. For _th is s_~c
tion, the theoretical ratio of maximum elastic mo
ment to ultimate moment is 0.86. Using this value 
and the maximum experimental moment of 960 kip-ft 
gives an estimated failure moment of 1140 kip-ft 
(11). This value is at about the midpoint of the 
range defined earlier. 

The theoretical failure moment determined by 
using actual steel · yield and cross-section dimen
sions and accounting for the dead-load moment is 
1120 kip-ft. Thus, the theoretical failure moment 
is at the midpoint of the possible range of actual 
failure moments. Because of this result, it is con
cluded that no evidence exists to suggest that mo
ment resistance of the section has been decreased by 
either apparent concrete deterioration, loss of 
rebar cross section, or loss of rebar cover. 

This conclusion, which is specific for the struc
ture tested, can be generalized to apply to the com
plete ·family of concrete T-beam bridges. This is 
possible bcc~uoc the conclusion drawn frnm th is test 
can be shown analytically. For example , the varia
tion in ultimate moment resistance as a function of 
concrete strength is shown for the test bridge in 
Figure 8. Nominal section dimensions and 44-ksi 
yield-point reinforcement have been assumed in these 
calculations. From thi s figu r e , it can be seen that 
a 50 percent reduction in concrete strength (from 3 
to !. 5 ksi) results in only a 7. 5 percent reduction 
in ultimate bending resistance. :rt is assumed that 
loo.:al f<'li 1 ur,. .~ would occur for strengths less ~. han 

1500 psi, and thus this value is taken as a prac
tical lower limit for rating. A similar analysis 
shows that a 50 percent loss of slab thickness de
creases the flexural capacity of the beam by only 12 
percent. It should be noted that the ability of the 
slab to support wheel loads would be severely re
duced with a thickness loss of this magnitude and 
that deck failure would occur before beam failure 
!,!!) • 

The relation between flexural strength and ten
sion reinforcement area is nearly linear. In prac
tice, however, l arge losses in rebar area are un
likely. In this structure, the tension reinforce
ment is dis tributed in two layers and oniy the 
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exposed l ower layer had any loss. Nevet theless , it 
may be prude nt to r equi re that inspectors r ecord a 
visual estimate of cross-section loss. It is not 
unreasonable to assume that beams with cover intact 
have experienced no important loss of tension rein
forcement area . 

In general, it is not possible to evaluate shear 
capacity directly by means other than failure test
ing. The beams tested in this work did not fail in 
shear despite being subjected to loads three times 
larger than the maximum design value over all - but 
the c e n t er 6 ft of t he span. The shear cracks, 
which o pened just outside the center region of zero 
shear (constant mo me nt) , are a co nsequenc e of the 
wide stirrup spa c i ng near the centerline of this 
bridge. At this location the applied shear was 10 
times larger than the design value , which suggests 
that this wide spacing is not a critical defect. In 
addition, the lack of bond failure is taken as evi
dence that loss of rebar cover is not detrimental to 
strength. It has been shown by others (~) that loss 
of cover alone has little short-term effect on the 
behavior and strength of reinforced concrete beams. 

The test beam failed by crushing of the concrete, 
an apparent consequence of reduced compressive 
strength. This crushing failure reduced beam duc
tility as measured by ultimate deflection. The 
theoretical ultimate deflection was estimated at 
about 12 in ( 10) , but the actual values ranged from 
3.1 to 4.6 i~ Although the actual defle c t ions at 
failure are substantially less than the theoretical 
values , they a r e roughly t h ree times la rger tha n the 
elastic values predict e d by t he firs t e quation in 
Figure 5 . I n addition, t he l o wer rebars yielded be
f ore failure . Thus , t he apparent l oss o f duc til ity 
does not compromis e the load r a ting of the s tructure. 

Based on the conclusion that normal forms of 
deterioration are not severely detrimental to the 
load capacity of rei n fo r ced concrete T-beam bridges, 
the following load-rating st rategy can be used: 

1. Assemble as nearly complete a set of standard 
sheets as possible. 

2. Demonstrate that existing bridges for which 
no plans are available are from the standard 
sheets. This can be done by means of a random sur
vey of such bridges where a set of key measurements 
is made. For New York State standard sheets , for 
example , the clear span , ste m depth , a nd girder 
s pac i ng un iquely identify the structu re. Bridges 
with combinations of these values that are incon
sistent with the standard sheets cannot be rated by 
this technique. 

3. Analyze standard bridges for load-carrying 
capacity. Reduction factors can be devised for es
timated losses of concrete strength, structural deck 
thickness, and rebar c r oss sections if feasible i n
spec tion procedures can be dee i ved. Alternatively , 
assumi ng 2000-psi conc rete i n analysis will reduce 
t he possible strength reduction to less than 4 per
ce nt, a tolerable value , and the minor consequences 
of other forms of l oss can be ignored . Inspectors 
s hould be alerted to no te large areas of rusted r e
inforcement and to estimate the area loss. In these 
instances, individual calculations are required. It 
is likely that shear capacity may control the rating 
in many cases, especially for short bridges such as 
the one tested. 

CONCLUSIONS 

The structure tested showed no reductions from 
nominal load capacity desp i te its apparently heavily 
deteriorated condition. The unexpected compression 
failure occurred after rebar yield and at suffi-

21 

ciently large d isp l acements to give ample warn i ng of 
impending collapse. It has been d emonstrated that 
the insensitivity of the test structure to deterio
ration is pred i ctable analytically. It is concluded 
that deterioration sufficient for substantial reduc
tion of the capacity of the structure would be mani
fested in a local collapse and that overall failure 
need not be a conce rn. Finally, a strategy for load 
rating is out lined that is founded on the conclu
sions drawn in this paper and the belief that older 
structures were cons tructed with care that reliably 
duplicated the design . 
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