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Live Load Distribution on Concrete Bridges: Design, Evaluation, 
Construction, Innovation

In  recent years,  both  researchers  and  practicing  engineers  worldwide have been  

investigating  the efect of l ive load  d istribution  on  concrete bridges during  design,  

evaluation, and construction.  Papers discussing l ive load distribution issues and innovation  

for concrete bridge decks and/or supporting  girders were considered  for inclusion  in  

th is Special  Publ ication.  Papers in  the fol lowing  areas of interest were sought:  AASHTO 

methodology, other available codes/specifcation provisions, simplifcation of the AASHTO 

methodology,  trafc non-paral lel  to girders,  construction  stage issues,  partial  composite 

deck-girder systems,  long-span  girders,  slab-span  structures,  and  bridges with  missing  

as-built plans.  

To  exchange international  experiences among  a  g lobal  group of researchers,  ACI  

Committees 343 and  342  organized  two sessions entitled  “Live Load  Distribution  on  

Concrete Bridges:  Design,  Evaluation,  Construction  and  Innovation” at the Fal l  2021  ACI  

Virtual  Convention.  This Special  Publ ication  contains the technical  papers from experts 

who presented  their work at these sessions.  The frst session  was focused  on  girder 

bridges and  the second session  was focused on  non-girder bridges.  The technical  papers 

in  this Special  Publ ication  are organized  in  the order in  which  they were presented  at 

the ACI  Convention.

Overal l ,  in  this Special  Publication,  authors from diferent backgrounds and  geographical  

locations share their experiences and  perspectives on  how l ive load  distribution  afects 

concrete bridges during  design,  evaluation,  and  construction.  Contributions were made 

from diferent regions of the world,  and  the technical  papers were authored  by experts 

at universities,  government agencies,  and  private companies.  

The co-editors,  Dr.  Nur Yazdani and Dr.  Benjamin  Dymond, are grateful  for the contributions 

from the Special  Publication  authors and  sincerely value the time and  efort of the authors 

in  preparing  the papers in  this volume.  Furthermore,  the Special  Publ ication  would  not 

have been  possible without the efort expended by the experts who peer reviewed the 

papers in  th is volume.

Nur Yazdani  and  Ben  Dymond

Co-Editors
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Live Load Distribution in a Slab-on-Girder Bridge Subjected to Corrosion and Differential Settlement 

Jun Wang and Yail J.  Kim 

Synopsis:  This paper presents the structural performance of bridge decks reinforced with steel and glass fiber-

reinforced polymer (GFRP) bars subjected to corrosion and differential settlement.  The superstructure system of the 

bridge comprises a deck slab and prestressed concrete girders,  which is modeled using a finite element program. In 

compliance with the American Association of State Highway Transportation Officials (AASHTO) Load and 

Resistance Factor Design (LRFD) Bridge Design Specifications (BDS),  live loads are applied and the implications of 

various load combinations are examined.  Emphasis is placed on determining stress distributions and corresponding 

live load distribution factors when subjected to the external distress.  The calculated load distribution factors are 

compared against those obtained from AASHTO LRFD BDS.  The stress levels and load distributions in the steel- and 

GFRP-reinforced concrete decks are found to be similar.  

Keywords:  corrosion; fiber reinforced polymer (FRP);  live load distribution factor;  settlement 
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INTRODUCTION 

Live load distribution factors (LDF) are used to determine how vehicular loadings affect the behavior of a slab-on-

girder bridge.  The factors may be obtained by logging strain gage readings in the field, while simplified equations 

given in the American Association of State Highway Transportation Officials (AASHTO) Load and Resistance Factor 

Design (LRFD) Bridge Design Specifications (BDS) are often taken for design convenience [1 ] .  Several parameters 

control LDF, including superstructure stiffness,  deck thickness, span length, and girder spacing [1 ] ,  and it is generally 

acknowledged that the empirical AASHTO LRFD distribution factor equations produce conservative results [2] .  

Transportation agencies frequently spread deicing chemicals during the winter for the safety of motorists;  however,  

those chemicals deteriorate bridge decks,  expedite the occurrence of chloride-induced corrosion damage, and result in 

a noticeable economic impact [3 ,4] .  From an operational point of view, deteriorated decks with reduced flexural 

stiffness in a bridge lead to unacceptable deflections and stress redistributions [5] .  Glass fiber-reinforced polymer 

(GFRP) reinforcing bars have become a promising solution to the corrosion of bridge decks,  considering several 

benefits such as their noncorrosive nature, good strength to weight ratio, and fatigue resistance [6] .  Nonetheless, 

among other reasons, practitioners are reluctant to adopt GFRP composites because of their low elastic modulus,  

which may influence the distribution of live loads and serviceability of highway bridges.  In addition to corrosion 

problems, differential settlement is deemed a critical issue for constructed bridges.  A case study reports that more than 

90% of examined bridges had a settlement of less than 4 in.  (1 00 mm) [7] .  Once a differential settlement occurs, the 

load distribution mechanisms of a bridge structure change and some members may carry excessive bending moments 

and shear forces [8,9] .  Although the weakened flexural stiffness of bridge members owing to corrosion may provide 

adverse synergies when combined with differential settlement, insufficient endeavors have been expended thus far.  

This preliminary study documents the ramifications of such multihazards on the load distribution of a four-span bridge, 

including the potential of GFRP reinforcement.    

RESEARCH SIGNIFICANCE 

Notwithstanding the popularity of the AASHTO LRFD distribution factors, little is known about their applicability to 

a situation where corrosion and differential settlement take place simultaneously.  Furthermore, the use of low modulus 

GFRP reinforcement in a bridge deck under these circumstances has not been explored previously.  The present 

research evaluates the load distribution in a slab-on-girder bridge subjected to corrosion, settlement, and vehicular 

loads.   

MODELING PROCEDURE 

Finite Element Modeling 

Finite element analysis was conducted with CSiBridge to predict the behavior of the four-span prestressed concrete 

girder bridge shown in Fig.  1 (a).  The four spans were 1 1 0 ft (33 .5  m) each, which sum to a total structure length of 

440 ft (1 34 m).  The bridge structure, designed per an FHWA report [1 0] ,  included AASHTO Type VI girders and an 

8-in.  (200-mm)-thick deck slab as shown in Fig.  1 (b);  the deck was reinforced with No.  5  bars (diameter = 0.625  in.

(1 6 mm)) at spacings of 8  in.  (200 mm) and 7 in.  (1 75  mm), as shown in Fig.  1 (c).  The compressive strength of 

concrete for the girder and deck was 6 ksi (40 MPa) and 4 ksi (28 MPa),  respectively, and their elastic moduli were  

4,696 ksi (32.4 GPa) and 3 ,834 ksi (26.4 GPa),  respectively.  The Poisson’s ratio of the concrete was 0.2.  The elastic  

modulus and yield strength of the steel bar were 29,000 ksi (200 GPa) and 60 ksi (414 MPa), respectively.  An 

alternative reinforcing scheme was considered using GFRP bars with an elastic modulus of 5,920 ksi (41  GPa) and a  

tensile strength of 1 00 ksi (690 MPa).  Grade 270 steel prestressing strands with a diameter of 0.5  in.  (1 3  mm) were  

placed in the girders.  Rollers were located at both abutments, and a hinge and rollers were assigned to the piers.  The  

girders and piers were connected with link elements.  The standard live load,  HL-93  (the HS-20 truck or design tandem 

with the lane load),  was generated near the right exterior girder to represent a single-lane-loaded scenario.

Validation 

Two reference bridges were selected to validate the modeling approach [10,1 1 ] .  As summarized in Table 1 ,  the first 

bridge consisted of two spans (1 1 0 ft (33 .5  m) + 1 1 0 ft (33 .5  m) = 220 ft (67 m)),  while the second bridge was 

composed of three spans (37 ft (1 1 .3  m) + 65  ft (19.8  m) + 42 ft (1 2.8  m) = 1 44 ft (43.9 m)).  The two-span bridge 

shown in Fig.  2(a) was loaded with HL-93  to focus on live load effects,  and the three-span bridge shown in Fig.  2(b) 

was subjected to settlement.  Figures 3(a) and (b) compare the live load- and settlement-induced moments taken from 
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the literature and from the model.  Figure 3(a) was the positive moment of an interior girder in Span 1  [10]  and Figure 

3(b) was the total moment of the bridge [1 1 ] .  

Corrosion 

The time-dependent chloride content in the bridge structure was estimated by [1 2]  

�(� , �) =  �0[1 − erf� �
2�����

� ]  (1 ) 

where C(x,  t)  is the chloride content at depth x  in mm and time t in years;  C0 and Dce  are the surface chloride content 

and the chloride diffusion coefficient, respectively (C0  = 0.29 lb/ft3  (4.7 kg/m³) and Dce  = 43 .59 ×  1 0-1 2  ft²/s (4.05  ×  

1 0-1 2  m²/s) [1 3]);  and erf is the Gauss error function.  The corrosion initiation year in the deck slab  (��) was determined

from [1 4]

�� =  
(��/10)2
4���

����−1 ����−�0/����−�0/�� � �
−2

(2) 

where Cv  is the concrete cover (Cv = 2.5  in.  (63.5  mm) for the top bars);  Ccr and Ci  are the critical and initial chloride 

contents (Ccr = 0.4% and Ci  = 0% of the cement weight [1 5]);  and Cc  is the cement content in the slab mix design (Cc  

= 1 8.5  lb/ft3  (296.5  kg/m³) [16]).  The corrosion current density (icorr in μA/cm2) was calculated using [1 7]  

����� = 0.92  � (7 .89  +  0 .777��(1 .69  �)  −  
3006
� −0 .000116  ��+2 .24�−0 .215 ) (3) 

where  C is the chloride content at the surface level of the bars in kg/m³; T is the steel surface temperature (T = 293.1 5K 

(68oF));  and Rc  is the resistance of the concrete cover (Rc = 1 ,500 ohms).  The corroded diameter of the rebar at time t 

(db(t)  in mm) was [18]  

��(t) = ��  − 0.0232(� − ��) �����   (4) 

where db  is the initial rebar diameter (db  = 0.625  in.  (1 6 mm)).  

Corrosion-induced spalling 

It was assumed that spalling occurred when a concrete crack width reached 0.0394 in.  (1  mm) [1 9,20] .  A 45° crack 

angle was recommended by Bazant [21 ]  when the spacing of reinforcing bars was larger than 6 times the rebars’  

diameter (6db).  In this study, the spacing of the top bars was 8  in.  (200 mm), which was larger than 6��  (3 .75  in.  (95 
mm));  accordingly, the 45° crack angle was used.  The spalling area and the equivalent cover reduction around the bars 

were calculated and are shown in Fig.  4.  The average crack width of the deck in mm (���)  was calculated by [22]  

��� =K (���  -  ���0 ) (5) 

where K is 0.0575  in mm-1 ;  and ΔAs  and ΔAs0 are the steel area losses in mm2  at time t and at the time when the first 

crack occurs,  respectively 

��� =  � ��2−��(�)2
4 (6) 

���0 =  ��  [1 − �1 − �
��

(�0 )10−3 �
2
] (7) 

where As  is the initial cross-sectional area of the bar (As  = 0.31  in2  (200 mm2));  α  is the pitting factor (α  = 2  for the 

uniform corrosion);  and x0 is the corrosion penetration (μm) [23]  

�0 = 7.53 + 9.32
�
�� (8) 

After the occurrence of spalling (Fig.  4),  the equivalent depth of the deck was calculated to be 7  in.  (1 78 mm).  
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Settlement 

As illustrated in Fig.  5,  a 4-in.  (1 00-mm) settlement was applied at Support 3 .  Except for the control bridge (Case I in 

Fig.  6(a)),  the above-described corrosion-induced spalling was applied to Cases II to V.  In addition to the corrosion-

induced spalling, a differential settlement of 4-in.  (1 00-mm) was applied at Columns 1  to 4 in the transverse direction 

for Cases II to V (Figs.  6(b) to (e)),  respectively. 

Live load distribution factor 

According to the AASHTO LRFD BDS [1 ] ,  the distribution factors of the aforementioned bridge type need to satisfy 

the following requirements 

3 .5  ≤ � ≤  1 6.0 (9) 

4.5  ≤ �� ≤  1 2 (1 0) 

20 ≤ � ≤  240 (1 1 ) 

�� ≥  4  (1 2) 

1 0,000 ≤ �� ≤  7,000,000 (1 3) 

where S is the girder spacing in feet (S = 9.67 ft (2,946.4 mm);  ��  is the deck thickness in inches (ts  = 8  in.  (200 mm));  
L  is the span length in feet (L = 1 1 0 ft (33.5  m);  Nb  is the number of beams (Nb  = 6);  and Kg is the longitudinal stiffness 

parameter in in4,  which can be determined by  

�� = �(� + ���2 )  (1 4) 

� = ��/��  (1 5) 

where I and A  are the moment of inertia and cross-sectional area of the non-composite beam (I= 733,320 in4  (0.31  

m4));  A  = 1 ,085  in2  (0.7 m2);  Eb  and Es  are the elastic moduli of the beam and deck, respectively (Eb  = 4,696 ksi (32,377 

MPa) and Es  = 3 ,834 ksi (26,434 MPa));  and eg is the distance between the center of the gravity of the non-composite 

beam and the deck (eg = 39.6 in.  (1 ,006 mm).  For the interior girders of the bridge under one-lane loading, a moment 

distribution factor (LDFM,Int.) is obtained from 

���� ,���. = 0.06 + � �
14�

0 .4 ����
0 .3 � ��

12���3�
0 .1

(1 6) 

The moment distribution factor (LDFM,Int.)  for the exterior girder is calculated using the lever rule when the distance 

between the exterior beam and the inside face of the curb or barrier (de)  is less than 5.5  ft (1 .7 m).  Provided that the de  

of the bridge superstructure satisfied the requirement (de  = 1 .83  ft (0.56 m),  the lever rule method was employed. 

The ratio between static strain εi  at the ith  girder and the summed static strains of all girders was assumed to be the 

load distribution factor [24]  

���� =
����

� ����
�=���=1

=
����

� ����
�=���=1

(1 7) 

where wi  is  the section modulus of the ith  girder;  and σi  is  the static stress at the bottom center of the ith  girder to be 

collected from the finite element model.  

RESULTS 

Chloride content and crack width 

Chloride content at the rebar surface rapidly increased up to 1 0 years and the rate slowed down s shown in Fig.  7(a).  

After the onset of cracking at 1 9 years,  the crack width of the concrete deck grew linearly with time as shown in Fig.  

7(b) and spalling took place at 52 years when the crack width reached 0.039 in.  (1  mm).  
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Girder stress 

To maximize the stress of the exterior girder,  the wheel of the live load was placed 2 ft (600 mm) away from the deck 

edge as guided by AASHTO LRFD BDS [1 ] .  Figures 8(a) to (c)  show the stress profiles of Girder 6 in the longitudinal 

direction, depending upon load case (Fig.  6).  Periodic stresses were noticed for the control bridge under the live load 

(Case I in Fig.  8(a));  however, with the presence of corrosion and differential settlement, the stress profiles changed 

significantly (Cases II to V in Figs.  8(b) to (e)).  When Columns 3  and 4 settled (Cases II and III),  stress concentrations 

were observed at 220 ft (67 m) owing to the redistributed stresses in the bridge system (Figs.  8(b) and (c)).  By contrast,  

the implications of the settlement in Columns 1  and 2 were marginal (Figs.  8(d) and (e)).   

Live load distribution 

In accordance with the empirical approaches of AASHTO LRFD BDS [1 ] ,  load distribution factors were calculated 

to be 0.542 and 0.806 for the interior and exterior girders, respectively.  Figure 9 displays girder stresses and 

corresponding distribution factors for Case I.  The maximum distribution factor at Girder 6 was less than LDF = 0.5, 

which means that the AASHTO factor was conservative. As presented in Figs.  1 0 to 1 3 ,  the maximum stresses under 

the combined loadings (Cases II to V) were higher than those under the live load only (Case I).  The settlement of 

Column 4 (Case II in Fig.  1 0) caused a high stress in Girder 6 and an inflection point was observed at Girder 4.  For 

Case III,  Girder 4 experienced a high stress state since the settlement of Column 3  was close to the girder (Fig.  1 1 (a)).  

The stress profiles and distribution factors of Cases IV and V plotted in Figs.  1 2 and 1 3  were opposite to those of 

Cases II and III,  indicating that the contribution of the live load was not significant.    

Influence of FRP bars 

The stress variation and load distribution of the FRP-reinforced deck were basically identical to those of its steel 

counterpart under the Case I loading (Fig.  1 4).  Because Case II generated the critical stresses and distribution factors 

relative to other cases,  it was examined as a representative scenario for design (Fig.  1 5).  There was an insignificant 

difference between the GFRP- and steel-reinforced decks in the longitudinal and transverse directions as shown in 

Figs.  1 5(a) and (b),  respectively.  These observations indicate that the performance of the low modulus GFRP bars was 

satisfactory at the level of the conventional steel bars.   

CONCLUSIONS 

This research has investigated the influence of differential settlement and corrosion on the live load distribution in a 

slab-on-girder bridge.  The control case was loaded with HL-93  and other cases were subjected to a combination of 

corrosion, spalling, a settlement of 4 in.  (1 00 mm), and the live load.  The potential of GFRP reinforcement was studied.  

The following are concluded:  

• The synergistic distress resulting from corrosion and settlement was noticeable in determining the live load

distribution factors of the girders, particularly for the redistributions of the girder stresses.

• The application of noncorrosive GFRP reinforcing bars is expected to improve the durability of the deck slab

with performance similar to steel rebars in terms of live load distribution.

ACKNOWLEDGMENTS 

The authors would like to acknowledge support from the US Department of Transportation through the National 

Center for Transportation Infrastructure Durability & Life-Extension (TriDurLE).  Technical contents presented in this 

paper are based on the opinion of the authors,  and do not necessarily represent that of others.  

REFERENCES 

[1 ] AASHTO. 2017.  AASHTO LRFD bridge design specifications (8 th edition),  American Association of State

Highway Transportation Officials,  Washington, D.C.

[2] Barr,  P.  J. ,  Eberhard, M.  O.,  and Stanton, J.  F.  2001 .  Live load distribution factors in prestressed concrete girder

bridges.  Journal of Bridge Engineering, 6(5),  298-306.

[3] Akhoondan, M.  and Bell,  G.E.C.  2016,  Fastener corrosion, Structure, 1 3(3),  74-75.

[4] Russell,  H.G.  2004.  Concrete bridge deck performance. NCHRP Synthesis 333,  Transportation Research Board,

Washington, D.C.

SP-352:  Live Load Distribution on Concrete Bridges:  Design,  Elevation,  Construction,  Innovation

5

Full document details: ACI SP-352-22

http://www.avadocuments.com/doc/aci-sp-352-22
http://www.avadocuments.com/doc/aci-sp-352-22


[5] Kulicki,  J.M.,  Prucz, Z.,  Sorgenfrei,  D.F.,  Mertz, D.R.,  and Young, W.T.  1 990.  Guidelines for evaluating

corrosion effects in existing steel bridges, NCHRP Report 333 ,  Transportation Research Board, Washington,

D.C.

[6] Soudki, K.A.  1 998.  FRP reinforcement for prestressed concrete structures, Progress in Structural Engineering

and Materials, 1 (2),  1 35-142.

[7] Grover, R.A.  1 978.  Movements of bridge abutments and settlements of approach pavements in Ohio,

Transportation Research Record, 678,  1 2-17.

[8] Hearn, G.,  and Nordheim, K.  1 998.  Differential settlements and inelastic response in steel bridge beams,

Transportation Research Board, 1 633(9),  68-73.

[9] Moulton, L.K.  1 986.  Tolerable movement criteria for highway bridges, FHWA-86/228,  Federal Highway

Administration, U.S.  Department of Transportation, Washington, D.C.

[1 0] Wassef,  W.,  Smith, C.,  Clancy, C.,  and Smith, M.  2003.  Comprehensive design example for prestressed concrete 

(PSC) girder superstructure bridge with commentary (in US Customary Units),  FHWA NHI-04-043,  Federal

Highway Administration, Washington, D.C.

[1 1 ] Wang, Z. ,  Chen, G.,  Kwon, O.S.,  and Orton, S.  201 1 .  Calibration of load and resistance factors in LRFD

foundation design specifications, Research Report NUTC R237,  Center for Transportation Infrastructure and

Safety, Rolla,  MO.

[1 2] Stewart,  M.G.  and Rosowsky, D.V.  1 998.  Time-dependent reliability of deteriorating reinforced concrete bridge

decks, Structural Safety, 20(1 ),  91 -1 09.

[1 3] Hoffman, P.C,  and Weyers, R.E.  1 994.  Predicting critical chloride levels in concrete bridge decks, Structural

Safety and Reliability:  Proceedings of ICOSSAR'93,  Rotterdam, the Netherlands, 957-959.

[1 4] Thoft-Christensen, P. ,  Jensen, F.M.,  Middleton, C.R.,  and Blackmore, A.  1 996.  Assessment of the reliability of

concrete slab bridges, 7 th  IFIP WG 7.5  Working Conference, Boulder, CO, 1 -8.

[1 5] Elsener, B.  and Angst, U.  2016.  Corrosion inhibitors for reinforced concrete, Science and Technology of

Concrete Admixtures, 321 -339.

[1 6] Myers, J.J. ,  Shen,  X.,  and Maerz, N.  2007.  Effect of varied surface roughness, putty thickness, and concrete

strength on the interfacial bond strength of FRP to concrete,  86th  Annual Meeting (CD-ROM), Transportation

Research Board, Washington, D.C.

[1 7] Liu,  T.  and Weyers, R.W.  1 998.  Modeling the dynamic corrosion process in chloride contaminated concrete

structures, Cement and Concrete Research, 28(3),  365-379.

[1 8] Val,  D.M.  and Melchers, R.E.  1 997.  Reliability of deteriorating RC slab bridges, Journal of Structural

Engineering, 1 23(1 2),  1 638-1644.

[1 9] Guo, A.,  Yuan, W.,  Li,  H.,  and Li,  H.  2018.  Structural strength deterioration of coastal bridge piers considering

non-uniform corrosion in marine environments, Earthquake Engineering and Engineering Vibration, 1 7(2), 429-

444.

[20] Ouzaa, K and Oucif,  C.  2019.  Numerical model for prediction of corrosion of steel reinforcements in reinforced

concrete structures, Underground Space,  4,  72-77.

[21 ] Bazant, Z.P.  1 979.  Physical model for steel corrosion in concrete sea structures-theory, Journal of the Structural

Division, 1 05(6),  1 1 37-11 53.

[22] Vidal, T.,  Castel,  A.,  and François,  R.,  2004.  Analyzing crack width to predict corrosion in reinforced concrete,

Cement and Concrete Research, 34(1 ),  1 65-1 74.

[23] Alonso, C.,  Andrade, C.,  Rodriguez, J. ,  and Diez, J.M.  1 998.  Factors controlling cracking of concrete affected

by reinforcement corrosion, Material and Structures, 31 ,  435-441 .

[24] Stallings, J.M.  and Yoo, C.H.  1 993.  Tests and ratings of short-span steel bridges, Journal of Structural

Engineering, 1 1 9(7),  21 50-2168.

SP-352:  Live Load Distribution on Concrete Bridges:  Design,  Elevation,  Construction,  Innovation

6

Full document details: ACI SP-352-22

http://www.avadocuments.com/doc/aci-sp-352-22
http://www.avadocuments.com/doc/aci-sp-352-22


Table 1—Information taken from literature for validation of modeling approach. [1  ft = 0.3048 m]  

Reference Span 1  (ft) Span 2 (ft) Span 3  (ft) Validation item 

Wassef et al.  [1 0]  1 1 0 1 1 0 -  HL-93-induced moment 

Wang et al.  [1 1 ]  37 65  42 Settlement-induced moment and shear 

(a) 

(b) 

(c) 

Fig. 1—Four-span bridge:  (a) overall view;  (b) cross section;  (c) deck slab. [1  ft = 0.3048 m;  1  in = 25.4 mm]  
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(a) 

(b) 

Fig. 2—Bridge cross sections for validation of modeling approach:  (a) Wassef et al.  [10]  and (b) Wang et al.  

[11] .  [1  ft = 0.3048 m;  1  in = 25.4 mm]  

(a)      (b) 

Fig. 3—Validation:  (a) Wassef et al.  [10] ;  (b) Wang et al.  [11] .  [1  ft = 0.3048 m;  1  kip-ft = 1 .3558 kN-m]  

Fig. 4—Schematic of corrosion-induced concrete spalling in deck slab. [1  in = 25.4 mm]  

SP-352:  Live Load Distribution on Concrete Bridges:  Design,  Elevation,  Construction,  Innovation

8

Full document details: ACI SP-352-22

http://www.avadocuments.com/doc/aci-sp-352-22
http://www.avadocuments.com/doc/aci-sp-352-22


Fig. 5—Bridge structure subjected to differential settlement. [1  ft = 0.3048 m;  1  in = 25.4 mm]  

(a) (b) 

(c) (d) 

(e) 

Fig. 6—Settlement scenario with live loading and corrosion damage:  (a) Case I;  (b) Case II;  (c) Case III;  (d) 

Case IV;  (e) Case V. [1  in.  = 25.4 mm]  
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(a)      (b) 

Fig. 7—Progression of corrosion:  (a) chloride content at rebar surface;  (b) crack width in concrete deck. [1  

lb/ft³ = 16.02 kg/m³;  1  in.  = 25.4 mm]  
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(a) (b) 

(c) (d) 

(e) 

Fig. 8—Stresses in longitudinal direction at the bottom flange of Girder 6 under differential settlement:  (a) 

Case I;  (b) Case II;  (c) Case III;  (d) Case IV;  (e) Case V. [1  ft = 0.3048 m;  1  psi = 0.0069 MPa]  
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(a)      (b) 

Fig. 9—Response at bottom flange of girders for Case I:  (a) maximum stress;  (b) distribution factor. [1  psi = 

0.0069 MPa]  

(a)      (b) 

Fig. 10—Response at bottom flange of girders for Case II:  (a) maximum stress;  (b) distribution factor. [1  psi 

= 0.0069 MPa]  

(a)      (b) 

Fig. 11—Response at bottom flange of girders for Case III:  (a) maximum stress;  (b) distribution factor. [1  psi 

= 0.0069 MPa]  
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(a)      (b) 

Fig. 12—Response at bottom flange of girders for Case IV:  (a) maximum stress;  (b) distribution factor.  [1  psi 

= 0.0069 MPa]  

(a)      (b) 

Fig. 13—Response at bottom flange of girders for Case V:  (a) maximum stress;  (b) distribution factor. [1  psi 

= 0.0069 MPa]  

(a)      (b) 

Fig. 14—Influence of FRP reinforcement for Case I:  (a) stress in longitudinal direction;  (b) distribution 

factor in transverse direction. [1  ft = 0.3048 m;  1  psi = 0.0069 MPa]  
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(a)      (b) 

Fig. 15— Influence of FRP reinforcement in Case II:  (a) stress in longitudinal direction;  (b) distribution 

factor transverse direction. [1  ft = 0.3048 m;  1  psi = 0.0069 MPa]  
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Load Testing of a Deteriorated Prestressed Concrete Girder Bridge Without Plans 

Sebastián Castellanos-Toro, Diana Millán, Albert R.  Ortiz,  Johannio Marulanda, 

Peter Thomson, Eva O.L.  Lantsoght 

Synopsis:  In this study, a prestressed concrete girder bridge without plans and with severe levels of deterioration, 

located in Cali,  Colombia, was load-tested to quantify,  experimentally, its live-load behavior.  The bridge consists of 

seven prestressed I-girders covered with a reinforced concrete deck, and four diaphragm beams.  A geometric survey 

was performed to obtain the dimensions for a shell-based linear finite-element model (FEM) representing the bridge 

superstructure.  In this survey, it was observed that the diaphragm beams in the span are geometrically inadequate to 

contribute to the structural system.  Based on the experimental modal properties and the design regulations enforced 

at the time of bridge design and construction, a first update was made.  Modifying the effective stiffness of selected 

elements to model girder deterioration, a second update was performed based on strain-gauge data from three load 

tests and visual inspection (VI) of the elements.  The three models (basic, modal updated, and load-test/VI updated) 

were compared with the load distribution factor (DF) obtained from the load test and AASHTO distribution factor 

estimations.  Visual inspection, dynamic characterization, and load testing response of this structure indicated severe 

deterioration of the girders and the absence of the effect of the diaphragms in the overall structural behavior.  The 

results show that the AASHTO recommendations overestimate the LDF in comparison with the FEM without girder 

deterioration. When girder deterioration is included in the model, the LDFs change drastically, showing that AASHTO 

estimations are not in line with the experimental results.  As such, for cases of bridges with severe levels of 

deterioration, it is recommended to use field data to estimate the distribution factors.  

Keywords:  dynamic characterization, load distribution factors,  load testing, prestressed concrete girder bridge, strain 

measurement, visual inspection 
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INTRODUCTION 

The decision-making on maintenance, repair,  reconstruction, or replacement of a structure such as a bridge must be 

based on the evaluation of its safety and load capacity using reliable criteria such as geometric details,  material 

properties, reinforcement configurations, inspection reports and even prior load rating files1 .  The assessment process 

(structural performance or load capacity quantification) starts from an analytical inference based on the structural 

design of the bridge to predict the behavior of the in-service structure.  However, for bridges in operation, information 

like the design or as-built plans may be limited or non-existent2.  Besides, the analytical inference of the load effect 

(load distribution and load paths) and the structural capacity of the in-service structure can be affected because of 

deterioration and the level of damage on the structural elements, which generates and increases the uncertainty on the 

behavior evaluation and load rating quantification of the bridge3,4.  

For the design of a new bridge or evaluation of an existing one,  distribution factors for transverse distribution of live 

loads can be used.  This phenomenon is typically defined using prescriptive formulas that simplify the complex 

behavior into simple factors.  In the Americas, the common practice is to use the formulation proposed in AASTHO 

standards5,6,  whereas in Europe the Guyon-Massonet method is more commonly used7.  In recent decades,  several 

methods such as finite element modeling (FEM) and load testing have become accepted methods for determining live 

load distribution8.  Some investigations show that distribution factors calculated using AASHTO standards give more 

conservative and even poor estimations when compared with distribution factors generated with the FEM and 

experimental approaches9,10,1 1 .   

Load testing of bridges is a method that allows the assessment of bridge performance, especially when analytical 

methods do not provide accurate answers about the bridge’s behavior12.  Information about bridge load testing and 

experimental live load distribution factor determination can be found in the literature.  The ACI 342R-16 Report8  

provides basic guidance on the methods and tools available for determining flexural live load distribution behavior of 

in-service concrete bridges.  Studies such as those carried out by Lantsoght et al.4  and Halicka et al.1 3  show the 

development of load tests during the last two decades, where the following is highlighted:  (1 )  the existing types of 

load tests according to the load to be applied or the objective of the test,  (2) the criteria for the application of the test,  

such as the maximum load to be applied or the objective test load and the criteria to stop the test in progress, (3) the 

protocols established in international standards for the application of load tests on bridges,  and (4) the existing codes 

and guides for the execution of load tests on concrete bridges.  Recent research, such as the studies conducted by 

Ohanian et al.9,  Torres et al.10,  Dong et al.1 1  and show the procedures applied to determine, experimentally, the live 

load distribution factors through load testing, including finite element model calibration based on experimental results 

and comparison with code specifications.  The first work shows the benefits of performing an in-place load test creating 

calibrated models for two study cases,  the results show that standard moment distribution factors calculated by 

AASHTO are,  at least,  two times higher than those predicted by a calibrated model.  Finally,  from the updated models, 

live load distribution factors can be used to calculate a more realistic load rating.  The second study highlights a poor 

agreement between AASHTO LRFD Girder Distribution Factor (GDF) equations and FEM-estimated GDF for double 

tee bridges and proposes new equations based on a multivariable linear regression using a shell-based updated model.  

The last work shows that the live load distribution factors for a prestressed girder bridge calculated using AASHTO 

standards gives more conservative results when compared with results from the experimental and FEM approaches. 

Thus, the live load rating factor (RF) calculated by AASHTO standards gives more conservative results as well.  

In this paper, a prestressed girder bridge without plans and severe levels of deterioration, located in Cali,  Colombia, 

was load-tested to quantify,  experimentally, its live-load behavior.  The selection of this type of bridge (one span and 

its type of superstructure and construction materials) is based on an inventory of the bridges in the city from 2015.  

That study showed that 76% of the total vehicular bridges are one span and 42% of the total vehicular bridges are 

constructed of prestressed concrete beams.  Since the bridge does not have plans or design information, and some 

construction flaws and severely deteriorated girders (bottom flanges and webs) were detected, different field data were 

collected.  Data on the state and performance of the bridge were collected by means of a geometric survey with a visual 

inspection, acceleration records for dynamic characterization, and static load testing with strain measurements. The 

goals of this research were as follows:  (i)  estimate the design live load of the superstructure, (ii)  infer which elements 

contribute to the stiffness of the structural system, (iii)  obtain the live load distribution of the bridge girders and explore 

if the behavior under live loads relates to the cracked cross-section, (iv) determine how different levels of experimental 

information contribute to improving the estimation of the bridge response, and (v) investigate if the observed damage 

is caused by live loads.  
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RESEARCH SIGNIFICANCE 

The presented research combines field testing and finite model updating to represent the actual behavior of a planless,  

deteriorated prestressed concrete girder bridge.  Being a structure without as-built or design plans and some level of 

deterioration, the steps described herein can be valuable to improve the current practice of service evaluation of this 

type of bridges and to contribute to the field of assessment of existing infrastructure assisted by field data.  The research 

also shows that the AASHTO live load distribution factors cannot be used for the assessment of existing prestressed 

concrete girder bridges in which cracking is present.  

BACKGROUND 

In Colombia, the American Association of State Highway and Transportation Officials (AASHTO) specifications 

were used for bridge design until 1 994.  In 1 995, the 1 st Edition of the Colombian Bridge Seismic Design Code CCP-

9514  was published for the Colombian national institute of roads -  INVIAS.  This code was based on the AASTHO 

Standard Specification for Highway Bridges -  1 99215.  In 2013,  the INVIAS and the Colombian Association of Seismic 

Engineering -  AIS published a new edition of the Colombian Bridge Design Code called CCP-1416.  The CCP-14 is 

based on AASHTO LRFD Bridge Design Specifications (6th  and 7th  editions)17,1 8.   

Wheel factors and live load distribution factors 

The CCP-9514  (AASTHO Standard-1992) specification states:  as an approximate method of analysis,  the 

determination of the bending moments due to live load on the longitudinal girders in the superstructure should be done 

based on the wheel load and the wheel factors (WF).  For a concrete deck on prestressed girders,  the wheel factors for 

interior girders are shown in Eqn.  1  for a bridge designed with one traffic lane loaded and Eqn.  2  for a bridge designed 

with two or more traffic lanes loaded. 

�� = �/2.1  for � ≤ 3.0  (1 ) 

�� = �/1.7  for � ≤ 4.0  (2) 

where S is the distance in meters between adjacent girders.  For the exterior beams, the code indicates that the live load 

distribution factor for bending moment shall be determined as the reaction of the wheel load obtained when assuming 

that the deck slab acts as a simple span between beams (lever rule).  These distribution factors (CCP-95,  AASTHO 

Standard 1 992, 1 996 and 2002) were based on a wheel line concept—or half of a truck load8.  

The CCP-1416  is the current bridge design code in Colombia (AASHTO LRFD Specifications 6th  and 7th).  The live 

load distribution factors for bending moment are based on a lanes concept (whole truck load) and not a wheel line 

concept (half of a truck load).  The load distribution factor equations in the AASHTO LRFD Specifications are 

empirical and differ greatly from the S-over method prescribed in the AASTHO Standard.  The load distribution factor 

equations are grouped by bridge type and are generally functions of girder spacing (S),  span length (L),  slab thickness 

(ts)  and beam stiffness (Kg)8.  For a concrete deck on a prestressed girder superstructure, the live load distribution factor 

(g) equations for interior girders for bridges designed for one traffic lane loaded or for two or more lanes loaded are

shown in Eqn.  3  and Eqn.  4,  respectively.

� = 0.06 + � �
4300�
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����

0 .3
������3

�
0 .1

(3) 

� = 0.075 + � �
2900�

0 .6
����

0 .2
������3

�
0 .1

(4) 

and  

�� =  
��
��

�� + ���2�  (5) 

where S,  L  and ts  are in mm, and Kg is mm4.  EB  is the modulus of elasticity of the beam material in MPa, ED  is the 

modulus of elasticity of the deck material in MPa, I is  the moment of inertia of the noncomposite beam in mm4,  A is 

the area of the noncomposite girder in mm2  and eg is the distance between the centers of gravity of the basic beam and 
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deck in mm.  The equations above have application ranges for the variables S,  L,  ts  and Kg
16,1 8.  S must be  in the range 

of 1 1 00 mm (43.34 in.)  and 4900 mm (193.06 in.),  L between 6000 mm (19.7 ft)  and 73000 mm (239.68 ft),  ts  between 

1 1 0 mm (4.33  in.) and 300 mm (1 1 .82),  and Kg between 4.1 623x109  mm4  (1 .00x104  in4.)  and 2.91 36x1012  (7.02x106  

in4. ).   

For exterior girders, the live load distribution factors (g) can be calculated using the lever rule when one traffic lane 

is loaded.  For two or more lanes loaded, g can be obtained by multiplying the interior girder load distribution factor 

(ginterior)  by a correction factor (e),  which is calculated using Eqn.  6.  

� = 0.77 +
��

2800 (6) 

where de is the horizontal distance in mm from the centerline of the exterior web of the exterior girder at the deck level 

to the interior edge of the curb or traffic barrier16,1 8.  

Distribution factors calculated using experimental data and FEM results 

The bridge load distribution can be obtained using the response across the bridge cross-section (displacements or 

strains).  Based on displacement data,  the girders distribution factor is obtained by dividing each girder displacement 

by the summation of all girders displacements1 1 .  Similarly, the strain-based method uses the ratio of the measured 

strain in an individual girder divided by the summation of the strains in all girders to determine the distribution factor 

(DF) as shown in Eqn.  78,19,20.  

��� =
�∙��

∑ �� ∙���
�=1

(7) 

where εi  is the strain at the i-th girder;  wi  is the ratio of the section modulus of the i-th girder to the section modulus 

of a typical interior girder;  n  is the number of wheel lines of applied loading; and k is the number of girders.  

BRIDGE DESCRIPTION 

The bridge over the Lili River was constructed in the 2000s in the neighborhood Ciudad Jardin, south of Cali,  

Colombia.  It consists of two lanes with the same traffic direction as shown in Fig.  1 (a),  a bike lane on the left side, 

and a pedestrian platform on the right side.  This structure is a prestressed straight girder bridge with a 1 9 m (62 ft) 

span, a 1 2.2 m (40 ft)  width, and with no intermediate supports.  The concrete deck sits on seven prestressed I-beams 

and there are also four diaphragms, two near the supports and two positioned at one-third points of the span as shown 

in Fig.  1 (b).  The bridge was designed and constructed in the early 2000s when the 1 st Edition of the Colombian Bridge 

Code CCP-9514  was in effect (based on the AASTHO Standard Specification for Highway Bridges -  1 992).  The 

construction plans for the bridge were not obtainable;  thus,  information regarding wearing surface and deck thickness,  

design materials properties, bearings characteristics, passive and active reinforcement configuration, and element 

dimensions were not available.  

Fig. 1—Overview of bridge tested:  (a) traffic flow view;  (b) bottom view.  

A basic procedure to obtain the required information was developed. First,  a geometry survey was completed to obtain 

the dimensions of the girders, diaphragms, and separations between them.  Also, the lengths of the cantilevers where 

(a) (b)
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the bike lane and the pedestrian platform are located were determined. The thickness of the deck and wearing surface 

together was obtained indirectly using the interior and exterior heights of the curb.  Second, information regarding 

material properties (concrete and prestressing steel) and bearing elements was assumed from the Colombian bridge 

specification14  enforced at the time of bridge design and construction.  These properties were corroborated using 

construction plans from other bridges with similar characteristics that were designed and constructed at the same time 

as the bridge under study.  Third, the prestressing force and eccentricity were estimated using Magnel diagrams19;  the 

truck loadings and distribution factors (wheel factor) were based on the serviceability criteria established by the CCP-

95  at that time.  Finally, a visual inspection was performed at the same time as the geometric survey to observe the 

level of deterioration of the principal elements.   

Geometric survey and visual inspection of the girders 

The results of the geometric survey are shown in Fig.  2.  The seven girders are 872 mm (34.3  in.) deep and have a 

bottom flange width of 454 mm (1 7.9 in.).  The separation between adjacent beam is 1 500 mm (59 in.) and the 

combined thickness of the wearing surface and concrete deck is 200 mm (7.9 in.).  Based on CCP-95  recommendations,  

a minimum thickness of 1 60 mm (6.3  in.) for the concrete deck was assumed since it is conservative.  Thus, the deck 

and wearing surface thickness are assumed as 1 60 mm (6.3  in.) and 40 mm (1 .6 in.),  respectively.   

A visual inspection was performed to determine the level of deterioration of the girders.  In this activity, the length, 

width, and location of the cracks at the girder surfaces were acquired.  Fig.  3  shows the deterioration level in two 

elements, girders 1  and 2.  In Fig.  3 ,  the approximate length and measured width of a crack are presented in square and 

round brackets,  respectively.  Girder 2 is the most deteriorated element and girder 4 has a similar crack pattern to girder 

2  (quantity and thickness).  The other girders have a level of damage less than girder 1 .   

Fig. 2—Bridge geometry survey:  (a) plan view;  (b) beam detail;  (c) cross-section view (section A-A’).  

Dimensions in mm [1  mm = 0.0394 in.]  
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Fig. 3—Cracking determined through visual inspection for girders 1  (top) and 2  (bottom).  Dimensions in mm 

[1  mm = 0.0394 in.]  

ESTIMATE OF PRESTRESSING FORCE 

Before load testing, the prestressing force and eccentricity were estimated using Magnel diagrams for the two design 

trucks from CCP-9514.  Based on the serviceability criteria (i.e. ,  allowable stresses) for compression and tension at 

transfer and service, the Magnel equations establish the range of solutions that satisfy the serviceability criteria at the 

beam midspan based on the bottom compressive stress at transfer (σci),  top tensile stress at transfer (σti),  bottom tensile 

stress at service (σt),  and top compressive stress at service (σc).  The Magnel diagram is constructed by plotting four 

lines based on four inequations21 ;  two inequations that correspond to the beam stresses at transfer are not affected by 

the truck loading, the other inequalities that satisfy the serviceability criteria are affected by the truck loading2.  The 

area enclosed by the four lines, and the straight lines with the geometry limits based on the actual size of the girder,  

represents the possible combinations of the initial prestressing force (Fo)  and eccentricity (e)  satisfying the allowable 

stresses at transfer and service.  For systems like the girder-slab bridges, it is important to verify if the allowable 

stresses in service are satisfied by the simple beam section or composite beam and deck cross-section.  

Allowable stresses and design trucks from CCP-95  

The bridge was designed and constructed in the early 2000s when the 1 st Edition of the Colombian Bridge Code CCP-

9514  was in effect.  Based on these specifications, the beam concrete strengths were assumed to be 28  MPa (4061  psi) 

at transfer (f’ci)  and 35  MPa (5076 psi)  at service (f’c).  The prestressing steel was assumed to be 1 2.7 mm (0.5  in.) 

diameter, Grade 270,  stress-relieved strand, and the prestress losses were estimated as 1 5%.  The allowable stresses in 

Table 1  were taken from the CCP-95.   

Table 1—Allowable stresses from CCP-95. 

Allowable stress Equation Units Value 

Bottom compressive stress at transfer (σci) σci  = 0.55  f’ci  MPa (psi) 1 5.40 (2234) 

Top tensile stress at transfer (σti) σti  = 0.25  (f’ci)1 /2  MPa (psi) 1 .32 (1 92) 

Bottom tensile stress at service (σt) σt = 0.50 (f’c)1 /2  MPa (psi) 2.96 (429) 

Top compressive stress at service (σc)  σc  = 0.40 f’c MPa (psi) 1 4.00 (2031 ) 

The design trucks specified in CCP-95 are named C40-95 and C32-95.  The CCP-95 allows for use of the lightest truck 

for the design of the bridge based on the function of the roadway where the bridge is located.  Fig.  4 describes the axle 

weight of each truck.  The Colombian specification states that,  for bridges with spans less than 28.0 m (91 .8  ft),  the 
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design live load must be the truck load only (wheels lines concept – the axle weight divided by two) multiplied by the 

wheel factor (calculated with Eqn.  2)  and the impact allowance (I)  calculated with Eqn.  8:  

� = 16
��+40

(8) 

where Lc  is the distance between bearings in meters.  The live load impact and wheel factor for an interior girder were 

computed as 1 .28  and 0.88,  respectively.  The dead load moment was computed from the beam, deck, and wearing 

surface self-weights.  

Fig. 4—Design trucks from CCP-95. Dimensions in mm [1  mm = 0.0394 in.]  

Prestressing force estimation 

Fig.  5  shows the Magnel diagram for the C32-95  design truck with the assumption of a composite section for the 

serviceability stage (inequality III for top compressive stress at service (σc)  and inequality IV for bottom tensile stress 

at service (σt));  at this stage,  the simple section was discarded because it did not meet the allowable stress criteria 

presented in Table 1 .  Furthermore, the Magnel diagram using the C40-95 design truck doesn’t show an area enclosed 

by the four lines, which indicates that the section (simple or composite) is insufficient for this load.  Table 2 summarizes 

the assumed eccentricity based on the supposed cover and actual geometry (eg),  the high prestress (Fomax),  low prestress 

(Fomin)  and the effective force (Fe).  Fomax  and Fomin  were obtained from Magnel diagram as the inverse values in the 

intersections of the straight “eg” line with line II and line IV, respectively.  As conservative criterion, Fe  was computed 

as kFomin  with k equal to 0.85  (prestress losses of 1 5%),  and the area of the prestressing strand (As)  was obtained by 

dividing Fe  by the initial strand stress at transfer (fso),  which was assumed to be the minimum of 74% of the ultimate 

strand stress (fpu)  or 82% of the yield strand stress (fpy)  as specified in the CCP-95.  Later, A s  and Fe  were corrected 

with an integer number of strands as shown in Table 2.  

Fig. 5—Magnel diagram for the C32-95 design truck. [1  kN = 0.2248 kip;  1  mm = 0.0394 in.]  
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Table 2—Estimate of prestressing force for the bridge. 

Parameter Units Value 

High prestress (Fomax) kN (kip) 1 888.1  (424.4) 

Low prestress (Fomin) kN (kip) 1 704.3  (383.1 ) 

Assumed eccentricity (eg) mm (in.) 305  (1 2) 

Corrected effective force (Fe) kN (kip) 1 477 (332.0) 

74% of the ultimate strand stress (0.74fpu) MPa (ksi) 1 404.7 (203.6) 

82% of the yield strand stress (0.82fpy) MPa (ksi) 1 354.2 (1 96.4) 

Corrected area of the prestressing strand (As) mm2  (in2) 1 283  (1 .99) 

Number of strands -  1 3  

EXPERIMENTS 

Operational modal analysis 

An operational modal analysis (OMA) was performed to identify the dynamic properties of the bridge through ambient 

vibration tests.  The ambient vibration records are produced by vehicles and pedestrians, the wind flow, and micro-

tremors in the area.  The vibration tests were carried out during the normal operation of the bridge without interrupting 

traffic.  The acceleration records were taken at 1 8  points in vertical and transverse directions:  six on the curb,  six on 

lane 1 ,  and six on the pedestrian platform.  The equipment used for this work was composed of six accelerometers, 

three of which were a REF-TEK model 1 30-SMA triaxial instrument and three of which were uniaxial REF-TEK 

model 1 31B-01 /1  accelerometers.  All accelerometers had an acceleration range of ± 4g.  The obtained signals are 

converted from analog to digital with a 24-bit card incorporated in the equipment.  

With this modal information, a first update of the bridge finite element model was performed.  Fig.  6(a) shows the 

acceleration time histories of one configuration over the deck at different points along girder 3  using the six-channel 

equipment as a typical register of operational vibration.  Fig.  6(b) shows the power spectral density analysis (PSD) of 

acceleration at the same register to identify possible modal frequencies.  Using all the collected vibration records, three 

operational modal analysis methods were employed to identify the modal frequencies, damping ratio and mode shapes, 

including:  (1 )  peak-amplitude or peak-picking (PP) with transmissibility between outputs22,  (2) the natural excitation 

technique with eigensystem realization algorithm (NExT-ERA)23,  and (3) data-driven stochastic subspace 

identification (DD-SSI)24.  For the NExT-ERA and DD-SSI methods, a stabilization process was performed for 

grouping similar frequencies and eliminating spurious modes25.  Fig.  7  presents the estimation of the first six modal 

parameters (operational frequencies and modes shapes) obtained using the PP method after comparing the results from 

the three mentioned methods.   

Fig. 6—Signals in the (a) time and (b) frequency domains. 
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Fig. 7—Estimated modal parameters (operational frequencies and modes shapes) for modes 1  – 6.  [1  mm = 

0.0394 in.]  

Preparation of load test 

In the load testing process (diagnostic load tests or proof load tests),  three stages are identified:  preparation, execution, 

and analysis of results.  In this research, the preparation stage consisted of defining the critical truck location that 

produces the highest bending moment in the girders and proposing an instrumentation plan based on these positions 

of interest 26.  Based on the visual inspection of the bridge (Fig.  3 ),  shear was not an expected failure mechanism in the 

structure.  

The analysis of critical position was made using a single design truck from CCP-95 (Fig.  4)  and an initial SAP2000 

finite element model.  The decision to use a single truck in the simulation was because a single truck would be used in 

the load test due to budget restrictions and execution permits.  Based on the SAP2000 model,  influence areas (IA) of 

each girder were constructed to verify the critical position of the truck.  For all simulated scenarios, the longitudinal 

stress in the middle of the section of the bottom flange of the girders was acquired.  At these points, the greatest strains 

occur according to the analysis carried out with the initial model.  The IAs were constructed by varying the transverse 

position (TP) of the truck on the bridge.  Vehicle TP is defined as the distance from the curb to the outermost face of 

the left tire.  A series of TPs from 0.7 m to 7.31  m were defined, with 1 8  equally spaced variations.  In each TP,  a 
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simulation was carried out with the C 40-95 design truck traveling at 1  m/s (2.24 mph) and the influence line per unit 

load was built.  

For illustrative purposes, the IAs for girders 1 ,  4 and 7 are shown in Fig.  8.  One truck located in the middle of the span 

over girders 1 ,  4 and 7 generated the maximum bending moments in these girders.  Thus,  these positions were used 

during the load test.  Finally, based on the results of the prestressing force estimate, visual inspection, and as a 

conservative criterion, a diagnostic load test was performed with a truck weighing less than the design truck.  

Fig. 8—Influence areas IA for girders 1 , 4  and 7.  Units in 1/N [1  kN = 0.2248 kip;  1  mm = 0.0394 in.]  

Fig.  9  shows the instrumentation plan.  Ten strain gauge sensors were installed on the bridge.  All strain gages were 

installed at midspan of the girders.  Most of the strain gauges were placed at the bottom of the cross-section (see Fig.  

9),  whereas on girders 2,  4,  and 7,  strain gauges were placed at different heights to derive the strain profile over the 

height.  All strain gages were equipped with their respective compensation gauge.  The strain gauges had a length of 

90 mm (3 .55  in.)  and strain limit of 2% and are suitable for measurements on concrete where an inhomogeneous strain 

field is expected.  An adequately averaged strain value is obtained when the length of measuring gauge is at least four 

times, or preferably five times,  the largest aggregate core size27.  Based on the CCP-95 specifications, the maximum 

aggregate size of the concrete in the girders was assumed to be 1 9 mm (0.75  in.).  

Since a limited number of ten gauges could be installed given the available instrumentation equipment, the criteria for 

installation were as follows:  (i)  one interior girder and one exterior girder should have strain gauges distributed over 

the height,  (ii)  at least one interior girder should have three strain gauges for checking experimentally the presence of 

composite behavior, and (iii) the most deteriorated girder should have strain gauges distributed over its height too.  

Based on these criteria,  one girder would be left without instrumentation.  Beam 6 was not instrumented since there 

may be additional effects on the exterior girders that are not seen on the interior girders.  

Fig. 9—Strain gauge instrumentation plan. Dimensions in mm [1  mm = 0.0394 in.]  
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The truck loading test plan consisted of applying static load with one truck at three different positions as shown in 

Fig.  1 0.  In the load test,  the truck was stopped and remained at midspan of each run (Lane 1 -L1 :  truck on Lane 1 ,  right 

wheel line on girder 1 ;  Lane 2-L2:  truck on Lane 2,  left wheel line on girder 6;  Lanes 1  and 2 -L12:  truck between 

Lanes 1  and 2, truck axis between girders 3  and 4).  The position on girder 7 was discarded because the bike lane could 

not be invaded.  The characteristics of the loaded dump truck used for the load test are shown in Table 3 ,  where the 

total weight of the truck corresponds to 54% of the load of the design truck.  This weight guarantees measurable strain 

responses in the girders12  and does not generate additional damage to these elements.  

Fig. 10—Static loading plan. Dimensions in mm [1  mm = 0.0394 in]  

Table 3—Weights and dimensions of the dump truck. 

Parameter Units Value 

Axle separation m (ft) 4.47 (1 4.7) 

Wheel line separation m (ft) 1 .85  (6.1 ) 

Total weight kN (kip) 1 73.9 (39) 

Front axle weight kN (kip) 40.2 (9) 

Rear axle weight kN (kip) 1 33 .7 (30) 

Execution of load test 

The execution of the load test and results are shown in Fig.  1 1 .  The strain versus time plots show how the strain 

readings return back to their initial values after unloading the bridge.  This behavior indicates that the structure remains 

in its original state (no additional damage was generated with the load tests).  The results from the static load L1  show 

a higher level of strain on girder 1  as compared with the other elements.  A first hypothesis for this outcome is that the 

level of deterioration in girder 2 resulted in a stiffness reduction, so that relatively more load is redistributed to girder 

1 ,  which, in turn, results in the higher strain reading.  Even in the load test L12,  in which the truck was closer to girder 

2,  the strain in girder 1  is higher than in girder 2.  The peak in the strain data from girder 1  during static load test L1  

was due to a sudden movement of the truck (abrupt braking).  This value is discarded for the analysis as well as the 

peaks outside the duration of test L12 due to normal traffic flow before and after testing.  

Fig.  1 2 summarizes the strain results for the three load tests.  With this information, the finite element models were 

updated, and the experimental DFs were calculated.  
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Fig. 11—Load test execution and results:  (a) truck location L1;  (b) strain static load test L1;  (c) truck location 

L2;  (d) strain static load test L2;  (e) truck location L12;  (f) strain static load test L12. 
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FINITE ELEMENT MODEL UPDATING 

The finite element model (FEM) of the bridge was constructed in SAP2000 v1 828  as shown in Fig.  1 3 ;  the girders, 

diaphragms and slab were modeled as 2D shell elements and analyzed with thin-plate (Kirchhoff) theory.  Tendon 

elements were utilized to account for the effects of prestress in the analyses.  The deck and girder (including 

diaphragms) concrete strengths were assumed to be 28  MPa (4061  psi)  and 35  MPa (5076 psi),  respectively.  The 

resulting FEM has 5091  nodes and a maximum mesh size of 1 00 mm (3 .94 in.).   

Fig. 13—Finite element model in SAP2000 

The model of the bridge was updated sequentially including more field data to improve the agreement with the 

experimental response as follows:   

• update with the OMA results, and

• update with the load tests results.

The initial model was updated with the experimental modal information.  Based on the survey, it was observed that 

the diaphragms at third-span were geometrically inadequate to contribute to the structural system (Fig.  1 4).  Therefore,  

they were removed from the model and assigned as load (mass) only.  Also, based on the OMA results,  nonstructural 

elements, such as the curb and the pedestrian platform, contribute to the stiffness of the structure.  By including these 

elements, the FEM changes drastically, and the frequencies and modal coordinates show a better agreement with their 

experimental pairs.  Other properties, such as the vertical stiffness of the bearings, modulus of elasticity of the concrete 

in the girders and in the deck were updated (Table 4)  in an automatic way by minimizing the following objective 

function (F)  (Eqn.  9):  

� = ∑ �����−����
����

� + ∑ 1 − ����
� ����

�

���
� ������

� ���
5
�=1

5
�=1 (9) 

where fnei and fnai are the i-th experimental and analytical frequency, respectively, and φei and φai are the i-th 

experimental and analytical modes, respectively, the superscript T indicates the transpose of the modal shape.   

Table 4—Initial and updated values for the OMA update.  
Variable Units Initial value Final value 

Elastic modulus of girders MPa (ksi) 28390.0 (4177.6) 30195.3  (4379.4) 

Elastic modulus of deck MPa (ksi) 21 988.4 (3189.2) 23168.0 (3360.2) 

Vertical stiffness girder 1 .  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 1 33.1  (760.0) – 1 33.1  (760.0) 

Vertical stiffness girder 2.  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1 ) – 1 33.1  (760.0) 

Vertical stiffness girder 3 .  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1 ) – 66.56 (380.1 ) 

Vertical stiffness girder 4.  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1 ) – 66.56 (380.1 ) 

Vertical stiffness girder 5.  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1 ) – 66.56 (380.1 ) 

Vertical stiffness girder 6.  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 66.56 (380.1 ) – 66.56 (380.1 ) 

Vertical stiffness girder 7.  North – South kN/mm (kip/in.) 92.4 (527.6) – 92.4 (527.6) 72.59 (41 4.5) – 66.56 (380.1 ) 

The indicators of the result of the update are presented in Table 5,  where the Modal Assurance Criterion (MAC) is 

used for statistical data analysis as a quality indicator of the experimentally found mode shapes (last quotient in Eqn.  

9).  MAC is limited between zero when the mode shapes are completely unrelated and one,  when they are completely 

correlated measuring the degree of consistency or linearity of the mode shapes29.  
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Fig. 14— Diaphragms at first third-span:  (a) general view;  (b) diaphragms between girders 1  and 4.  

Table 5—Indicators of the OMA update.  

Mode 
Frequency 

difference [%]  
MAC 

1  4.7 0.97 

2 1 .2 0.86 

3  1 .8 0.92 

4 1 .1  0.84 

5  1 8.0 0.89 

Mean 5.4 0.89 

The OMA updated model was manually calibrated by using an objective error function to assess the closeness of the 

strain responses in the model to the bridge sensors measurements during the static load test.  The mean absolute percent 

error (ME) was used as objective function8  (Eqn.  1 0):  

�� =  
1
�∑

|��−�� |
|��|

�
�=1 (1 0) 

where Mi  is the measured value from testing for sensor i;  Pi  is the predicted value from the FEM at sensor i’ s location; 

and n  is the number of sensors.  The parameter for variation was the effective stiffness in the locations of the cracks 

for each girder, most located in the middle third of the span.  To obtain the effective stiffness values from the FEM, 

different moment-curvature diagrams (Fig.  1 4) were constructed based on the simple and composite section, the 

calculated effective prestress force Fe,  and the material properties from the Colombian specifications.   

Results in Fig.  1 5  indicate that the simple section exceeds its linear behavior for the total design load (MT = Mg +  Mad 

+ Mtruck load where Mg is self-weight moment of girder, Mad is the moment from superimposed dead load and Mtruck load 
is the live load moment due to the C32-95 or C40-95 design truck), while the composite section remains within its

linear range for the full design load, including the C40-95 truck.  This indicates that the loss in prestress force could

be larger than originally estimated (15%).  Thus,  the effective stiffness was changed as a percentage of the gross section 

until a minimum value of ME = 0.33  was reached. For each girder, a cracked section was modeled at crack positions

obtained from the visual inspection.  The moment of inertia at these locations was changed manually from 100% to

30% of the gross moment of inertia of the composite section (Fig.  1 6).  The calibration with the static load test data

was performed only for the L12 test.  The other results were compared with the updated model to validate the

calibration.

Fig.  1 7 summarizes the cross-sectional strain profile results for the load tests (LT) and different updated models:  basic 

model without calibration (SAP/BASIC),  the model with OMA calibration (SAP/OMA),  and the model with the OMA 

update and the load test results calibration (SAP/OMA+LT).  The results show that the basic model (SAP/BASIC)  does 

not represent a good approximation of the experimental results.  The first approximation is based on material 

assumptions and the geometric survey results,  without including boundary conditions that simulate neoprene bearings 

and without excluding diaphragm stiffness.  The updated model (SAP/OMA)  contains the changes showed in Table 4 

and the exclusion of the stiffness of the diaphragms.  Although this model captures the overall behavior of the structure, 

(a) (b)
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it does not show a good approximation with the experimental strain data.  The last updating (SAP/OMA+LT)  includes 

the damage at the element level,  this input in the FEM has the largest effect on the model outcome to align it with the 

experimental results of the load tests.  

Fig. 15—Moment-curvature diagrams. [1  kN = 0.2248 kip;  1  kN-m = 0.06852 kip-ft]  

Fig. 16—Girder gross and effective sections.  [1  m = 39.4 in.]  

Fig. 17—Strain profiles of updated models:  (a) Test L1;  (b) Test L2;  (c) Test L12.  [1  m = 39.4 in.]  

LOAD DISTRIBUTION FACTORS 

Load distribution factors were calculated with Eqn.  7 using the strain results from the updated models.  The LDFs were 

compared to the load distribution factors calculated using the Colombian (AASHTO) specifications.  Fig.  1 7 shows 

the LDF for the different levels of calibration and those obtained from AASHTO Standard specification (AASHTO 

1 992,  1 996,  2002 and CCP-95) and AASHTO LRFD Specifications (AASHTO 2014,  2020 and CCP-14).  Results in 

Fig.  1 8 indicate that the LDFs do not change significantly if the modal information is used to update the basic model, 

no matter the truck position.  However, when the girder deterioration is included in the SAP/OMA+LT model, the LDFs 
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change drastically, and the position of the truck becomes important.  AASHTO estimations were not in line with initial 

FEM results;  they even overestimated the values obtained from basic FEM (SAP-BASIC) and updated FEM with OMA 

results (SAP/OMA).  Fig.  1 8  (a) and Fig.  1 8  (b) show that the LDFs of girder 1  and girder 6 are higher than the 

AASTHO values when the FEM is updated with load test data (SAP/OMA+LT).  Note that girder 6 was not 

instrumented and that the FEM calibration with the static load test data was performed only for the L12 test.  

Fig. 18—LDF factors:  (a) Truck location L1, (b) Truck Location L2, (c) Truck location L12 and 

(d) Maximum values for each girder from (a) to (c).  [1  m = 39.4 in.]

DISCUSSION 

The modeling and experimental analysis of the bridge over the Lili River revealed valuable information regarding the 

use of field testing and finite model updating to represent the actual behavior of a prestressed concrete girder bridge 

with deterioration.  

The dynamic information obtained through experimental acceleration records is often used to validate the assumptions 

in finite element models such as boundary conditions, material properties, and the additional stiffness of elements that 

are not considered in the design1 1 .  In this research, the modal information is used to adjust the assumed modulus of 

elasticity and the stiffness of beams bearings.  The initial values of elastic modules of the girders and the deck increased 

6.4% and 5.4%, respectively.  The initial value of the stiffness of beams bearings was modified in a range of 72% and 

1 44%.  The OMA results also show the need to add the stiffness provided by the curb and the sidewalk.  This addition 

of nonstructural elements is in line with the work by Barker et al30  where elements like curbs and railings contribute 

additional system stiffness.  It is recommended to use modal information as complementary information and not as 

unique experimental information.  It is evident that with the results presented from the static tests in this research that 

the modal information is not sufficient to represent the behavior of the structure.  

The simple and composite section assumptions, together with the estimation of the prestressing force,  gave an 

additional estimate of the behavior of the bridge, these steps were necessary because the bridge’s plans were missing. 
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The results showed that the structure is not designed for the heaviest design truck (C40-95),  since the regulations at 

that time allowed the use of the lighter truck (C32-95) based on the function of the roadway where the bridge is 

located.  Based on the level of bridge deterioration, the analysis was complemented with moment-curvature diagrams 

of the simple and composite girder section.  The estimated force, including losses, and the behavior as a composite 

section indicated that damage in the girders is not expected under service loads since the allowed design tensile stress 

at service (Table 1 ) is lower than the theoretical value of concrete tensile cracking stress.  However, the visual 

inspections shows that the girders have severe levels of deterioration.  The damage found during the visual inspection 

was in the middle third of the span and the cracks are vertical and parallel to each other, which indicates flexural 

distress.  The possible reasons are:  (i) that the losses in the prestressing forces could be greater than those estimated; 

(ii) the poor execution of the diaphragms so that the effect of internal supports that these elements provide is removed

and the girder is loaded over its full span or,  (iii)  truck overloads.  Estimating the working prestressing in the girders

would require additional testing, such as microcore drilling or even testing to induce cracking  31 .  Although rating the

bridge was not part of the objectives of the research, determining the load rating and possible posting limits is

important given the deterioration of the primary load-carrying elements.  These elements should not have suffered

structural damage.

The instrumentation used in this research was limited compared to other investigations2,10,1 1 .  However, the strain 

readings were valuable and sufficient to obtain the actual distribution of live loads in the bridge.  The lack of 

instrumentation on girder 6 may be considered a gap in the experimental information.  Nevertheless, the use of a FEM 

that includes the deterioration of the existing elements helps to predict the strains of this element.  Moreover, the 

number of trucks used during the load tests was less than what is commonly used (2 or more), this was due to budget 

constraints.  Although more trucks could have been useful (i.e. ,  to find the effect of having multiple lanes loaded at the 

same time) the load tests were designed to cause measurable structural responses on the bridge girders except for 

girder 7  as driving the dump truck on the bike lane was not possible.  

The distribution factors determined based on the experimental strain profiles and the updated model give an indication 

of the actual behavior of the bridge including its deterioration level.  A better rating of the bridge can be calculated by 

using the LDFs obtained from the updated model using all the experimental information.  Besides, the AASHTO LDFs 

are not in line with FEM results (basic or updated models).  In the case of girders B1  and B6, the distribution factors 

of the deteriorated bridge exceed the values determined by the AASHTO specifications.   

In the updated models,  the effect of the modulus of elasticity and the vertical stiffness of the bearings was important 

in adjusting the overall behavior of the structure but did not have much influence on the local behavior of the elements.  

On the contrary, the modification of the stiffness of the elements by changing the effective inertia in the cracked areas 

of the beams was very influential.  This change allowed the FEM to reach an approach to the experimental strains 

obtained during the load tests.  

CONCLUSIONS 

The results of the modeling and analysis of a prestressed girder bridge before and after a diagnostic load test led to the 

following conclusions:  

• The results based on the properties of materials and composite behavior of the typical section, and Magnel

diagrams indicate that the structure was designed for the light truck from the Colombia Code (C32-95).

• Since there are no construction plans or design details,  information like the geometric survey with the visual

inspection, the experimental modal properties based on acceleration records, and the experimental strains

from the diagnostic load test allowed for the state of the bridge and its actual performance to be known. This

is very important for future analysis of the structure to prioritize maintenance, repair,  or reinforcement plans.

• The modal information obtained from OMA and used to update the finite element model was insufficient to

represent the experimental strains in the load tests.  For the finite element model to better correspond with the

field measurements, it was necessary to include the deterioration observed in the visual inspection.  This was

achieved by modifying the effective stiffness of the most deteriorated girders and comparing the behavior

with data from one of the static tests to obtain representative results.

• The results show that the AASHTO recommendations overestimate the LDF when compared to those from

the FEM that did not include girder deterioration.  Inclusion of girder deterioration in the model changed the

LDFs, and AASHTO estimations were not in line with the experimental results.  As such, for cases of bridges

with severe levels of deterioration, it is recommended to use field data to estimate the distribution factors.
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Evaluation of Live Load Distribution Factors for Aging Prestressed Concrete Bridges 

He Zhang, Peng Lou, and Hani Nassif 

Synopsis:  Since the early 1 950s when prestressed concrete (PSC) bridge design was first started, major changes to 

the design provisions have been made.  This paper aims to evaluate the historical design provisions in terms of design 

capacities and load distribution.  Seventeen existing bridges designed using the first PSC Criteria are evaluated.  

Additionally, a load test is performed on one sixty-year-old PSC I-girder bridge to help validate finite element models 

(FEM) developed for determining the load distribution factors.  The verification of the model is conducted based on 

the results from the diagnostic load testing and the nondestructive tests.  Since the load tests may not be at the governing 

location, the critical live load distribution factors are determined using the verified FEM by changing the transverse 

positions of trucks.  The results of design capacity show that the overall performance of the flexural design is more 

consistent than that of the shear, and in some cases, the shear could be unsatisfactory.  The same set of bridges are 

analyzed for the distribution factors using the FEM method, and the results are compared with the four historically 

available prediction models.  The comparison shows that all four approaches provide reasonable estimation of the 

distribution factors, while the AASHTO Standard Specification underestimates the live load distribution for shear.  

Keywords:  prestressed concrete;  bridge design, finite element modeling, distribution factors, diagnostic load test 
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INTRODUCTION 

The common practice of designing prestressed concrete (PSC) bridges first started in the early 1 950s.  Based on the 

National Bridge Inventory (NBI) (Federal Highway Administration 2018),  New Jersey owns around 1 ,500 prestressed 

concrete bridges, and forty-three percent of them are aging that were built between 1 950 and 1 980.  Some of these old 

and aging bridges may have seen heavier trucks than their original design loads, and some of them may have been 

inadequately designed from the current design point of view.  On the load side,  the required load effects of these 

existing old-aged PSC bridges may have been underestimated using old provisions.  The Manual for Bridge Evaluation 

(MBE) (2018) states that agencies should inspect and evaluate these existing bridges by calculating rating factors 

(RFs) during the cyclical inspections.  The rating factors can be analytically calculated to indicate the safety level of a 

bridge following the MBE.  Some of the existing bridges which were built using the earliest design criteria have started 

to deteriorate and present serviceability issues.  This study aims to evaluate the existing prestressed concrete bridges 

and assess their design reserve, load distribution, and load-carrying capacity in terms of the current design load.  Since 

the design provisions have changed on both sides of the load and resistance, the study reviewed the historical design 

provisions to understand the evolution of the PSC design.  The review has found the governing and critical provisions 

for prestressed concrete are the stress design and the shear design.  Furthermore, 1 7 actual bridges built using the 

earliest design criteria are evaluated based on detailed analytical models.  The bridges are evaluated based on the 

current AASHTO LRFR method to indicate their safety level.  Also,  the consistency of the original design capacity 

reserve is indicated by redesigning the bridge and identifying the differences between the minimum design and the 

actual as-built design.  Next,  this study performes nondestructive and dynamic diagnostic live load test on a sixty-year-

old prestressed concrete bridge.  A three-dimensional finite element model (FEM) is developed and verified with the 

testing results.  The verified model is then used to conduct virtual load testing to compute the live load distribution 

factors.  The distribution factors are also computed using the FEM and compared with four historically available 

prediction models for the same bridge set.  

REVIEW OF HISTORICAL DESIGN PROVISIONS 

Historical design provisions were first reviewed and summarized to help understand the original design provisions 

and apply the proposed redesign approach.  As PSC bridges became prevailing and competitive in the 1 950s and 

evolved until nowadays, the design procedures had several major revisions with great efforts to standardize and 

improve the theory.  The earliest design criteria, Criteria for PSC were prepared by the Bureau of Public Roads (BPR) 

in March 1 952 (Erickson 1 954).  Although limited, it gave guidance to designers and pushed the development of 

prestressed concrete bridges.  In 1 961 ,  the provisions of designing prestressed concrete bridges were first introduced 

in the American Association of State Highway Officials (AASHO) Standard Specification (AASHO 1 961 ),  and the 

theory was based on the working stress design and checking the ultimate strength design (AASHO 1 957,  1 961 ).  In 

1 971 ,  the Load Factor Design was adopted by the AASHTO Standard Specification (AASHTO Std.) (AASHTO 1 977, 

1 979, 1 983,  1 996, 2002) until 1 994, when the AASHTO Load and Resistance Factor Design (LRFD) was developed 

based on a reliability-based approach (AASHTO 1 994, 2012,  2014,  2017).  Table 1  and Table 2 herein summarize the 

critical design provisions for shear,  and flexure stress, respectively.   

SP-352:  Live Load Distribution on Concrete Bridges:  Design,  Elevation,  Construction,  Innovation

37

Full document details: ACI SP-352-22

http://www.avadocuments.com/doc/aci-sp-352-22
http://www.avadocuments.com/doc/aci-sp-352-22


Table 1—Summary of historical shear design provisions for PSC bridges.  

Code/Spec.  Concrete resistance (Vc) 

Web 

reinforcement 

resistance (Vs)  

Max.  spacing of web 

Reinforcement;  Min.  area 
φ  

Criteria for PSC bridges 

1 954 

0.03  f’c  bwjdp  for working load 

0.08  f’c  bwjdp  for ultimate load 

�������
� � ≤ 0.75  ℎ  ; A� ≥ 0.08%��  a  — 

AASHO Previous ed.  – 

1 957 (7th  ed.) 
— — — — 

AASHO  

Std.  1 961  (8 th ed.) 

Std.  1 965 (9th ed.) 

0.03  f’c  bwjdp≤ 0.62bwjdp  (8 th ed.)  
0.06 f’cbwjdp≤ 1 .24bwjdp  (9th  ed.) 

2
�������

� � ≤ 0.75  ℎ  ;  �� ≥ 0.0025���  — 

AASHO 

Std.  1 973(11 th ed.) 

Std.  1 977 (12th  ed.) 

Std.  1 979 Interim 

0.06 f’cbwjdp,  ≤ 1 .24bwjdp [180bwjdp]  2
�������

�
� ≤ 0.75  ℎ;   

A� ≥ 0.689
���
��

[A� ≥ 100
���
��

]  0.9 

AASHTO 

Std.  1 983  (1 3 th  ed.) 

Std.  1 996 (16th  ed.) 

Std.  2002 (17th  ed.) 

Lesser of ���  ���  ���  

������
�  ≤  

21��′�  ����  

[
������

� ≤8

��′�  ���� ]  

� ≤ 0.75  ℎ;  
A� ≥ 0.345

���
��

[A� ≥ 100
���
��

]  

0.9 

LRFD 1994 (1 st  ed.) 

LRFD 1998 (2nd ed.) 

LRFD 2012 (6th ed.) 

LRFD 2017 (8 th ed.) 

0.083���′�   ����  

[0.0316���′�   ���� ]  

For vertical 

stirrups  
����������

�

A� ≥ 0.083
��′�  ���

��
 

For v� < 0.125�′� :  
s��� = 0.8��  ≤ 600 mm[24in]  

For v� > 0.125�′� :  
s��� = 0.4�� ≤ 300 mm[1 2in]  

0.9 

aThe requirement is needed when designed for maximum spacing.  

Table 2—Summary of historical flexural stress design provisions for PSC bridges. 

Code/Spec.  

Allowable 

compressive stress 

at the initial stage 

Allowable tensile stress at the 

initial stage 

Allowable 

compressive 

stress at the 

service stage 

Allowable tensile stress 

at the service stage 

Load 

factor 

Criteria for PSC 

bridges 1 954 

Pretensioned 

0.6f’ci  

Post-tensioned 

0.55f’ci 

0.05f’ci 0.4f’c  0   1 .0 

AASHO Previous 

ed.  -  1 957 (7th  ed.) 
— — — — — 

AASHO  

Std.  1 961  (8 th ed.) 

Std.  1 965 (9th ed.) 

Pretensioned 

0.6f’ci
Post-tensioned 

0.55f’ci 

with reinforcement 

0.5��′��  [0.19��′�� ]  
without reinforcement 

0.25��′��   [0.0948��′�� ]  
0.4f’c  

0 (8 th ed.)  

0.25��′�  (9th  ed.) 

1 .0 

AASHO Std.  1 973  

(11 th  ed.) -  

AASHTO.  Std.  2002 

(1 7th  ed.) 

Pretensioned 

0.6f’ci
Post-tensioned 

0.55f’ci 

with reinforcement 

0.5��′��   
without reinforcement 

0.25��′��   ≤  1.38  MPa 

[0.0948��′��   ≤  0.2  ���]  

0.4f’c  

with reinforcement  

0 .5��′�   
without reinforcement 

0  

1 .0 

LRFD 

1 994 (1 st ed.) 

1 998 (2nd ed.) 

2012 (6th  ed.) 

2017 (8 th  ed.) 

0.6f’ci

0.65f’ci  (8th  ed.)  

with reinforcement 

0.63��′��   [0.24��′��  ]  
without reinforcement 

0.25��′��   ≤  1.38  MPa 

0.45f′c  

with reinforcement  

0.5��′�   
without reinforcement 

0  

0.8  or 

1 .0 

The first shear design in BPR Criteria for PSC was based on limiting the nominal shear stress.  The criteria only 

recommended and did not require the use of stirrups.  In the case of designing stirrups, the critical location was taken 

at a distance equal to 1 .5  times the depth of the beam.  Although the shear resistance of the web reinforcement was not 
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given by the criteria,  Hawkins (2005) and Ramirez et al.  (1 983) found that it used the same 45-degree truss model as 

the reinforced concrete.  When AASHO adopted the PSC design in 1 961 ,  the shear resistance of web reinforcement 

was revised by adding a factor of 2,  which considered the benefit of prestressed concrete compared to the reinforced 

concrete (PCI 2003).  The design location was selected at the quarter span for designing moving loads and at a distance 

equal to the depth of the member for designing distributed load.  In the era from 1 965  to 1 979, the shear resistance of 

concrete changed to 0.06 f’c  with a limiting value of 1 .24 MPa [1 80 psi] .  And in the next era from 1 983  to 2002, the 

shear provisions changed markedly.  The concrete resistance was the lesser of Vci  and Vcw.  Additionally,  the critical 

design section was changed to be located at h/2 from the face of the support.  In 1 994,  the shear design in the first 

edition of the AASHTO LRFD followed the more advanced modified compression field theory,  which was largely the 

same from 1 994 to 2017 with minor modifications in 1 998.  The review of the historical design criteria indicated that 

the prediction of shear resistance was inconsistent between eras.  Some of the old provisions showed the shear design 

could be inadequate.  For example, not requiring stirrups and using 0.08 f’c for concrete strength in 1 954;  and choosing 

to design at quarter span in 1 961 .  The use of 0.08 f’c  for concrete strength in 1 954 was found later to be reduced to 

0.03  f’c in 1 961  (with a limiting value of 0.62 MPa),  and then to 0.06f’c  in 1 965  (with a limiting value of 1 .24 MPa).  

The limiting value means only concrete strength of 20.7 MPa [3 ,000 psi]  could be taken into account for the resistance.  

For example, typical concrete strength of 34.5  MPa [5,000 psi]  results in an outcome of 2.76 MPa based on the 

provisions in 1 954,  while the provisions in 1 961  and 1 965  result in an outcome of 0.62 MPa and 1 .24 MPa, 

respectively.  The provisions in 1 954 (i.e. ,  BPR Criteria for PSC) may overestimate the contribution from concrete.   

For the flexural design, the design theory has always been limiting the stresses within the permissible or allowable 

stresses.  The stress at service load usually controls the design of prestressing strand (Nowak et al.  2016),  which in turn 

controls the flexural design of prestressed concrete bridges.  Thus, historically,  the flexural design criteria have been 

more reliable and consistent than those of the shear design.   

The design loads are also different between eras.  Table 3  summarizes the design load, load distribution factors,  and 

the ultimate load combinations.   

Table 3—Summary of historical design loadings for PSC bridge. 

Code/Spec.  
Ultimate Load 

combination 

Two or More lane interior Girder 

Distribution Factor 
Load 

Criteria for PSC bridges 1 954 D+3(L+I)  or 2(D+L+I)  
�

1.68
[
�
5.5

]  HS-20 

AASHO Std.  

Previous ed.- 

1 957 (7th  ed.) 

— — — 

AASHO  

Std.  1 961 (8 th  ed.)  – 

Std.  1 965 (9th  ed.) 

1 . 5D + 2. 5 (L+I)  
�

1.68
HS-20 

AASHO Std.  1 971  

(1 0th  ed.)  – 

AASHTO Std.  2002 (1 7th  ed.) 

1 . 3(D+5/3(L+I))  
S

1.68
HS-20 

LRFD 

1 994 (1 st ed.)  – 

2017 (8 th  ed.) 

1 . 25 DC +1 . 5 

DW+1.75(LL+IM) 

GDFM = 0.075 � �
2900�

0 .6
(
�
�)

0 .2(
��
���3

)0 .1  

 [GDFM = 0.075 � �
9.5�

0 .6
(
�
�)

0 .2(
��

12���3
)0 .1] 

GDFV =  0.2 +
�

3600 − (
�

10700)
2  

[GDFV =  0.2 +
�
12 − (

�
35)

2] 

HL-93  

Although comparing the equations has indicated that the old shear values can be potentially unsatisfactory,  there is a 

need to evaluate the overall performance from the current design perspective.  Therefore, a redesign of the same bridges 

based on the original design provisions was conducted, after which they were also load rated by the current load rating 

method.  The later redesigned sections further prove that the shear design based on BPR Criteria for PSC could yield 

relatively low load rating factors, and the distribution factors for shear were underestimated. The “S-over” distribution 
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equations are used in the earliest prestressed concrete design, and this approach is compared with the FEM method in 

the later sections.  

ANALYTICAL COMPARISON OF MINIMUM AND AS-BUILT DESIGN 

In addition to the design specifications, one of the randomnesses or variances in the design is attributed to the designer.  

In this section, the consistency and capacity reserve of the existing bridges are evaluated.  The bridge was first 

redesigned with the minimum design requirement.  Then, the design outcomes are compared with the as-built drawings. 

The comparison can elaborate how much of the capacity reserve was considered during the design phases.  A bridge 

database was developed for assessment, where the bridges are specified in the original drawing to be all designed in 

accordance with BPR Criteria for PSC.  

Redesign of the bridge database and compare the redesign with as-built plans 

Based on the original provisions, the design was re-produced with minimum requirements.  For flexure, the Magnel 

diagram was used to estimate the area of strands and eccentricity.  It is a graphical representation of limiting stresses 

with four allowable conditions and practical eccentricity (Magnel 1 954).  The minimum design is here defined as the 

least area of the prestressing strands that satisfied the redesign Magnel diagram domain.  The strands reserve is then 

calculated in terms of how many extra strands were used in the actual design.  For shear design, the minimum design 

shall satisfy both the ultimate load and working load combination as well as the minimum requirement.  The objectives 

of this section are:  1 .  Assess if the original design provisions (i.e. ,  BPR Criteria for PSC) satisfied the current rating 

process;  and 2.  Compare the actual design with the redesign to find the amount of capacity reserve in the actual bridge 

to determine if the redesign warrants confident results for the minimum boundary.  The capacity reserve is the ratio of 

the as-built capacity minus redesigned capacity to the redesigned capacity.  The moment and shear capacities were first 

calculated based on LRFD, which were used as the ground truth for this study.  Then, the bridges were redesigned 

based on the original design provisions at the minimum requirement, named redesigned bridge hereafter.  Table 4 

summarizes the LRFR load rating for both the redesigned bridges and the actual bridges.   

From the shear rating results of the redesign, 1 3  out of 1 7 bridges showed the redesign, although satisfying the original 

minimum requirement, had an inadequate shear capacity to pass the current design load rating (average of 0.86).  One 

of the reasons was that the older design overestimates the resistance contribution from concrete, as mentioned earlier, 

which resulted in inadequate web reinforcement.  Thus, the shear in this design era should be considered critical in the 

load rating.  Furthermore, comparing the redesigned bridges with the actual bridge, five bridges had a negative shear 

capacity reserve.  It indicated that the shear of those bridges might have been under-designed.  Although the average 

capacity reserve was 42%, a relatively high standard deviation of 0.68 was found.  Considering the limitation and 

variation in the shear design process,  for the era designing based on BPR Criteria for PSC, the shear can be 

unsatisfactory.  Therefore,  for extreme cases such as evaluating bridges without plans, the shear should be more 

carefully examined. 

The flexural rating of redesign had a better performance than shear overall.  Only one of the redesigned bridges had 

RFs slightly lower than 1 .0.  The rest of the bridges have all passed the inventory design load rating with an average 

of 1 .26 and a standard deviation of 0.1 3 .  The main reasons are:  1 .  Because of stress design philosophy has not changed 

and it has been governing the design, the flexural rating has less variability;  2.  The allowed tensile stress is zero in the 

original code, which is more conservative compared to the current tensile limit;  and 3 .  Because stress usually governs 

the design, which means that there is still a flexural capacity reserve in the structure.  The capacity reserve for flexure 

was found to be all positive, with an average of 29% and a standard deviation of 0.12.  Therefore,  the redesign could 

warrant a confident lower bound estimation of the bridge.   

The results of the actual bridges showed that the flexural RFs all passed the design load rating (i.e. ,  Inventory RFs 

greater than 1 .0) while shear did not.  The average inventory flexural rating was 1 .75,  while the shear rating had a 

lower value of 1 .32.  In addition, the shear rating factors had a much higher standard deviation of 0.74 compared to 

flexure of 0.19.  Again, the results reveal that the shear on average was more critical than the flexure.  In previous 

research (Lou et al.  2017),  overweight trucks have been found to be cause cracking at the girder ends of the prestressed 

concrete bridges and further exacerbated the deterioration of the prestressing strands and the reinforcing steel.  The 

results of this study also proved that the old shear designs are inadequate to resist the current overweight trucks.  
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Table 4—Bridge inventory information and load rating summary. 

Bridge List As-built Bridges Redesign bridges Reserve 

Year 
L 

(m) 

S 

(m) 
Section 

Mn

(kNm) 

Vn 
(kN) 

IR 

(M) 

OR 

(M) 

IR 

(V) 

OR 

(V) 

Mn

(kNm) 

Vn 

(kN)  

IR 

(M) 

OR 

(M) 

IR 

(V) 

OR 

(V) 

Moment 

Reserve 

Shear 

Reserve 

Strands 

Reserve 

A 1 958 11 .0 2.6 TYPE II 3056 507 2.21  2.87 0.64 0.95 1 945 71 6 1 .26 1 .64 1 .05 1 .84 57% -29% 88% 

B 1 958 1 7.7 2.6 45''custom 5330 654 1 .68 2.1 8 0.51  0.77 4244 672 1 .22 1 .59 0.55  0.82 26% -3% 46% 

C 1 958 11 .9 3 .2 TYPE II 2776 1 343  1 .32 1 .71  1 .64 2.43  2209 11 43  0.98 1 .27 1 .39 1 .98 26% 1 7% 50% 

D 1 958 1 0.7 3 .2 TYPE II 2910 111 2 1 .84 2.38 1 .45 2.05 2099 1 063  1 .21  1 .57 1 .41  2.1 0 39% 5% 64% 

E 1 959 1 6.2 2.6 TYPE III 4899 1 971  1 .85  2.40 2.57 3 .56 4083  890 1 .45 1 .88 0.96 1 .45 20% 1 22% 50% 

F 1 959 21 .3  3 .2 TYPE IV 81 21  1 343  1 .52 1 .98 1 .02 1 .54 7888 11 21  1 .46 1 .89 0.77 1 .1 2 3% 1 9% 1 0% 

G 1 959 1 0.1  3 .2 TYPE II 2715 1 873  1 .75 2.27 2.66 4.07 1 883  863  1 .06 1 .37 1 .07 1 .87 44% 11 7% 75% 

H 1 959 1 5.8 2.7 TYPE III 4509 1 277 1 .63  2.11  1 .46 2.11  3664 845 1 .22 1 .59 0.86 1 .26 23% 51% 47% 

I 1 959 1 5.8 2.8 TYPE III 4509 1 277 1 .55  2.01  1 .40 2.01  3664 947 1 .1 6 1 .51  0.97 1 .46 23% 34% 47% 

J 1 959 1 4.0 2.0 TYPE II 2970 41 8 1 .78 2.31  0.49 0.77 21 52 583  1 .1 7 1 .51  0.83  1 .20 38% -29% 67% 

K 1 959 1 9.5  2.0 TYPE III 5564 583  1 .92 2.49 0.54 0.75 4059 534 1 .25 1 .62 0.48 0.70 37% 9% 67% 

L 1 959 1 4.9 2.6 TYPE III 4370 578 1 .79 2.31  0.52 0.81  3244 734 1 .20 1 .55  0.79 1 .1 5  35% -21% 64% 

M 1 960 1 6.8 2.6 TYPE III 4899 1 926 1 .67 2.1 6 2.41  3 .43  4083  872 1 .29 1 .68 0.89 1 .34 20% 1 21% 50% 

N 1 963  1 9.8 1 .8  TYPE III 51 91  1 503  1 .90 2.47 2.24 2.91  41 41  449 1 .42 1 .84 0.37 0.48 25% 235% 48% 

O 1 963  1 5.5  2.3  TYPE III 4004 587 1 .68 2.1 7 0.59 0.87 3455 641  1 .37 1 .78 0.70 0.97 1 6% -8% 39% 

P 1 965 1 6.2 2.3  TYPE III 4539 841  1 .88 2.44 1 .01  1 .43  3470 565 1 .32 1 .71  0.57 0.82 31% 48% 61% 

Q 1 965 1 2.8 2.3  TYPE II 2951  921  1 .82 2.36 1 .34 1 .98 2289 703  1 .31  1 .70 0.97 1 .47 29% 31% 40% 

Mean 1 .75 2.27 1 .32 1 .91  Mean 1 .26 1 .63  0.86 1 .30 29% 42% 54% 

Std.  Deviation 0.1 9 0.25 0.74 1 .04 Std.  Deviation 0.1 3  0.1 6 0.28 0.45 0.1 2 0.68 0.1 7 

L  = span length;  S  = spacing; Mn = moment capacity; Vn = shear capacity;  IR = Inventory Level Rating;  OR = Operating Level Rating 

[1  m = 3 .2808 ft;  1 kN = 0.2248 kips;  1  kNm = 0.7376 kip-ft]
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