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Abstract 

Various research papers have been published on creep and shrinkage predictions. The 

creep and shrinkage effects on long-span concrete bridges are significant. Because of the 

time-dependent variables involved, long-term vertical deflection prediction becomes a 

challenging task. The development of upper and lower prediction bounds is thus a 

valuable alternative for design professionals. 

An instrumentation program was initiated during construction of the North Halawa 

Valley Viaduct (NHVV) on the Island of Oahu. All of the monitoring instruments were 

installed in Unit 2IB of the inbound viaduct. During concrete placement, concrete 

cylinders were taken for material property testing, including short-term creep and 

shrinkage tests. The results obtained from these material tests are used as basis in this 

study. 

Creep and shrinkage predictions from the Bazant B3 model are added to those from 

four creep and shrinkage models studied previously. These predictions are compared 

with the laboratory test results. All of the models under-estimate creep and shrinkage for 

the concrete used in the NHVV. A linear regression technique using 28-day creep and 

shrinkage data is used to improve the accuracies of these models. 

The NHVV is modeled using SFRAME, a time-dependent finite element program 

specifically developed for long-term prediction of response of segmentally constructed 

bridges. Design parameters are adjusted to incorporate the laboratory test data and the 

modified creep and shrinkage prediction models. Adjustments are also made based on 

field environmental conditions and deflections of Unit 2IB measured over a two-year 

period. This resulted in development of the Hoi final model. 
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This Hoi final model was used to predict the vertical deflections for the other 5 units 

in the NHVV for 8 years of monitoring. Results of optical survey and baseline system 

measurements are compared with the SFRAME predictions. It is apparent that a single 

set of material parameters is unable to capture fully the complex response of the NHVV. 

This validates the development of a design envelope based on likely ranges of model 

input parameters. The optical survey results are compared with SFRAME envelope 

predictions for 8 years of monitoring. The majority of measured deflection curves fall 

within the upper and lower bounds. The Hoi final model and design envelope are then 

used to predict the long-term response of the NHVV for the next 100 years. 
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1 Introduction 

Concrete cracks and shrinks when it is subjected to constant loading and drying. 

These effects are especially noticeable for massive concrete structures and long-span 

concrete bridges. Numerous analytical models have been developed to predict long-term 

creep and shrinkage, among them ACI 209, Bazant B3, Bazant Short Form, CEB-FIP and 

Gardner Models. Because of the difficulties in obtaining long-term test data during the 

design phase, accurate prediction models are extremely valuable in studying long-term 

structural responses of a long span concrete bridge such as the North Halawa Valley 

Viaduct (NHVV). The combined effects of creep and shrinkage can be significant. 

Excessive creep and shrinkage cause the span to shorten, crack, and deflect undesirably. 

These in turn lead to long-term maintenance and serviceability problems. It is in the 

interests of the design professionals to develop and improve the current creep and 

shrinkage models. 

Due to the time-dependent variables, it is very difficult to estimate long-term 

deflections caused by creep and shrinkage. Even under constant temperature and relative 

humidity in a laboratory environment, concrete samples collected from the same batch of 

concrete mix exhibit different degrees of creep and shrinkage strains. The input 

parameters for one span do not necessarily represent those for the adjacent spans. 

Because of these uncertainties and since more accurate analytical models have yet to be 

developed, achieving accurate long-term deflection predictions can be challenging. 

Instead of precise predictions, developments of upper and lower bounds seem to be a 

realistic alternative. Although the design envelopes are not exact predictions, they 
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provide design engineers with insights into what to expect under worst-case scenario. 

Procedures to develop vertical deflection prediction envelopes are discussed in this study. 

The H-3 freeway is part of the interstate freeway system on Oahu, linking Kaneohe 

and Pearl Harbor as described in Chapter 3. During construction, an instrumentation 

program was initiated by the University of Hawaii at Manoa (UR) and T. Y. Lin 

International to evaluate and study the structural perfonnances of NHVV. Prior research 

reports produced by this study are reviewed in Chapter 2. Seven sections of Unit 2IB 

(Inbound - traffic heading toward Honolulu) were chosen for instrumentation. Chapter 4 

describes the monitoring devices installed in the viaduct. These instruments provide 

valuable means to record vertical deflection, prestress loss, span shortening, concrete 

strain, and pier rotation. In order to obtain the material properties of the viaduct, concrete 

cylinders were taken during concrete pouring and delivered to Concrete Technology 

Laboratory (CTL) in Skokie, Illinois for testing. The properties examined were creep, 

shrinkage, modulus of elasticity, 28-day concrete strength, and coefficient of thennal 

expansion. Results obtained from the tests are used as basis for this study and are 

presented in Chapter 5. 

Four creep and shrinkage models were studied and evaluated previously by Durbin 

and Robertson (1998). In this study, the Bazant B3 long fonn model is included. In 

Chapter 6, creep and shrinkage test results of the seven sections are plotted and compared 

with predictions from the models. A linear regression technique suggested by Bazant 

(1992) is then employed to improve the predictions based on 28-days of laboratory creep 

and shrinkage test data. The modified prediction curves from the five models are 

evaluated with data from CTL and presented in Chapter 6. 
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During the original design of the NHVV, a finite element program, SFRAME, was 

used by T. Y. Lin International to estimate the long-term vertical deflections. The input 

file was subsequently revised to reflect the actual site condition and construction 

sequences in an as-built model. At each step of segmental construction, a complete finite 

element analysis is performed, and the deflection at each node is recorded. With this 

state-of-the-art program, deflection predictions can be projected into the future to provide 

valuable information during the initial design. A detailed discussion of this program is 

presented in Chapter 7. 

As part of the viaduct maintenance program, the Hawaii Department of 

Transportation (H-DOT) performed optical surveys on the NHVV in 1995, 1997, 1999, 

and 2003. In Chapter 8, predictions from the T. Y. Lin as-built model are compared with 

the results of the optical survey and base-line system installed in Unit 2ID ofNHVV. The 

2-year, 4-year and 8-year deflection curves from all three sources are plotted and 

presented. 

A preliminary study was performed by Dong and Robertson (1999) to improve the 

input parameters and develop envelope bounds using the T. Y. Lin as-built model. Their 

study was based on data collected from the instrumentation over the first two years after 

construction (1995 - 1997). In the current study, these design parameters and envelope 

bounds are further refined to reflect feedback from T.Y. Lin engineers regarding the 

likely range of input parameters. The SFRAME input parameters considered are relative 

humidity, prestress losses, creep and shrinkage, concrete density, as described in Chapter 

9. The refined model, referred to as the Hoi final model, is compared with the response 

of Unit 2IB for 2-year, 4-year and 8-year periods after construction. Since 
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instrumentation IS not available on the other five units In NHVV, the deflection 

predictions are extended to these units with the same Hoi final model from Unit 2IB, and 

the results are discussed in Chapter 9. 

The most optimistic and the least favorable design parameter combinations are used 

in the SFRAME input file to develop the upper and lower bounds for a vertical deflection 

envelope. With the calibrated Hoi final model, the SFRAME deflection and design 

envelope predictions are extended into the future. These predictions for up to 100 years 

after construction are presented in Chapter 10. The development of the envelope enables 

engineers to predict the worst-case vertical deflections under different construction 

conditions. At any given time, the engineers have greater confidence that the vertical 

deflections lie somewhere within the predicted bounds. 
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2 Literature Review 

2.1 Introduction 

Extensive studies have been performed using instrumentation installed in the North 

Halawa Valley Viaduct (NHVV) by University of Hawaii at Manoa (UH) faculty and 

graduate students. A 5-year monitoring program was initiated by UH and T. Y. Lin 

International during construction of the viaduct and later extended for an additional 5 

years. Data collected throughout the IO-year period was compiled and analyzed by UH 

with input from T. Y. Lin International. Several research reports and papers have been 

published to record and disseminate the results ofthis study. 

According to Lee and Robertson (1995), seven sections of the NHVV inbound unit 2 

(traffic heading to Pearl Harbor) were selected for instrumentation. Concrete cylinders 

were collected during concrete pouring and delivered to Construction Technologies 

Laboratory (CTL) in Skokie, Illinois for testing. Material properties of concrete, such as 

compressive strength, modulus of elasticity, coefficient of thermal expansion, creep and 

shrinkage, in each of the instrumented sections were determined from tests performed by 

CTL with concrete specimens loaded at 3-day, 28-day and 90-day ages. During 

construction, strain gages, load cells, thermocouples, tiltmeters and several other 

instruments were installed by personnel from CTL, UH and VSL Corporation. The 

instrumentation was monitored and maintained by UH personnel. Lee and Robertson 

(1995) concluded that the instrumentation performed very well except for a few failed 

sensors. More details are available in their report. The data obtained from this monitoring 

program provided valuable comparison tools for researchers to evaluate and develop 

mathematical models for future creep and shrinkage predictions. 
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One of the major loading events of the NHVV Unit 2IB was the addition of2-in thick 

concrete topping in October 1996. The addition was achieved by seven separate concrete 

pours approximately 260 ft in length. Short-term vertical deflections were registered by 

the taut-wire base-line system and the tiltmeters located at each pier. Yoshimura and 

Robertson (2003) compared the measured vertical deflections with analytical values from 

a commercially available finite element program, SAP2000. Good agreement was 

achieved with simple 2-D model of the bridge structure. 

Shortly after completion of construction in 1997, un personnel conducted a load test 

on the instrumented spans with four trucks simulating AASHTO HS-20 vehicles. 

Yoshimura and Robertson (2003) studied the viaduct structural behavior and performed a 

3-D model analysis which included the 6% slope and horizontal curve of the bridge. The 

study concluded that SAP2000 performed wen in both loading events. With current 

technology, it seems feasible for design engineers to acquire reasonably accurate 

structural predictions from commercially available finite element analysis computer 

programs. 

Long term creep and shrinkage effects on concrete structures were studied 

extensively and presented by Durbin and Robertson (1998). In this study, Durbin and 

Robertson compared creep and shrinkage data obtained from instrumentation with four 

analytical models. Two of the current leading models, the ACI 209 method (American 

Concrete Institute - USA) and the CEB-FIP method (Comite Euro-Internatinal Du 

BetonlFederaton International de la Precontrainte Europe), and two proposed models, 

Bazant short form model and Gardner model, were investigated. An four models under

estimated long term creep and shrinkage effects. Hamada et al (1972) suggested that 
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aggregate from Hawaii produced higher-than-average creep and shrinkage. By using a 

linear regression procedure outlined by Bazant (1996), aU four mathematical models were 

modified using 28-day creep and shrinkage data from CTL laboratory tests. Durbin and 

Robertson (J 998) found that the proper use of short-term data to update and improve 

predictive model results for both creep and shrinkage can be quite effective. For creep 

prediction, updated Bazant short form model improved significantly and corresponded 

closely to the first year of CTL test data. The modified Gardner model for shrinkage also 

proved to be effective and yielded satisfactory results. 

In the study by Dong and Robertson (J 999), a time-dependent computer program, 

SFRAME, written specificaUy for segmentaUy erected prestressed concrete plane frame 

bridge structures by Ketchum (1986), was used to model the NHVV Unit 2IB. Among 

the long-term structural behaviors investigated were vertical deflection, span shortening, 

and prestress losses. In the original design, T. Y. Lin International used the CEB-FIP 

model to estimate creep and shrinkage effects. The input file was later improved by 

importing creep predictions from the modified Bazant short form model and shrinkage 

predictions from the modified Gardner model. Field measurements were recorded by 

means of a base line deflection system, tilt meters, optical surveys, extensometers and 

load ceUs installed in Unit 2IB. Prestress force, creep factor, shrinkage factor, and 

relative humidity were investigated and adjusted by trial and error. With measured 

deflections obtained from the instrumentation and the optical surveys, Dong and 

Robertson (1999) were able to best-fit the SFRAME prediction to the observed 

deflections between 1995 and 1997. They also developed a design envelope of predicted 

response based on the variability of field parameters. 
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3 Description of North Halawa Valley Viaduct 

3.1 Overview ofthe North Halawa Valley Viaduct 

The H-3 Interstate Highway starts from the Halawa Valley Interchange in Honolulu, 

Hawaii and ends at the Marine Corps station in Kaneohe, Hawaii (Figure 3.1). 

......... 

......... 
'."'PlTAI. 

H-3 North Halawa Valley Viaduct 

Trans·Koolau Tunneis 

Figure 3.1: H-3 Freeway Location 

Windward Viaduct 

One of the most important portions of the H-3 freeway is the North Ha1awa Valley 

Viaduct. A general plan and elevation of the bridge are shown in Figure 3.2. The project 

consists of two parallel viaducts, one carrying two lanes of traffic inbound to Honolulu 

and the other one carrying two lanes of outbound traffic. The inbound viaduct is 1897 m 

(6225 ft) long and the outbound viaduct is 1667 m (5470 ft), each consisting of three 

independent units named lIB, 2IB, 3IB, lOB, 20B, and 30B, respectively. Both viaducts 

are aligned horizontally on a curve with radii of approximately 1800 m (5906 ft) at the 

lower end of the valley and 2900 m (9514 ft) at the upper end of the valley. The viaducts 

are on a nearly constant 6 percent grade sloping up toward the mountains. 
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Figure 3.2: North Halawa Valley Viaduct Plan and Profile 

The twin viaducts are segmental cast-in-place post-tensioned concrete single-cell box 

girders designed by T. Y. Lin International of San Francisco. They were constructed by 

the cantilever overhead gantry method. Each unit has six spans supported by seven piers. 

Each unit length varied from the shortest Unit lOB of515 m (1690 ft) to the longest Unit 

lID of 625 m (2050 ft). The maximum span length is 109.7 m (360 ft), with some span 

lengths as small as 48 m (155 ft) to accommodate the variations of the terrain and the 

stream in the valley. The expansion joints between the units are typically located at the 

top of so-called end piers. This was done to avoid the excessive deflections that 

sometimes accompany midspan hinges and the construction problems that often 

accompany cantilever construction past a quarter-point hinge (Robertson and Ingham, 

1999). The out-to-out width of the box girder top slab is 41 feet and the cell box is 23 feet 

wide throughout the whole length of the viaduct. The depth of each segment varies from 

8 feet at midspan to 18 feet near the piers. Typical midspan and endspan cross sections 

are shown in Figure 3.3. 
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Figure 3.3: Typical Box Girder Cross Sections 

3.2 Instrumentation of the NHVV 

Z 
::?: 

The second unit of the inbound viaduct (Unit 2IB) was instrumented and monitored 

by personnel from the University of Hawaii (UH) and Construction Technology 

Laboratory (CTL). This unit extends from an expansion joint at pier P7 to the next 

expansion joint at pier Pl3. The top of piers P9 and PIO are continuous with the box 

girder and are referred to as fixed piers, while the other five piers have slide bearings 

between the top of pier and the box girder and are referred to as expansion piers. Seven 

sections of Unit 2IB were selected for instrumentation to record the viaduct behavior, as 

shown in Figure 3.3. The instrumented sections are typically located at the midspan and 

support sections. Lee and Robertson (1995) present the details of the instrumentation 

system installed in Unit 2IB. 

During construction of Unit 2IB, numerous vibrating wire and electrical resistance 

strain gages were installed at the instrumented sections to monitor concrete strains. 

Thermocouples were also embedded in the concrete to monitor temperature variation 

through the cross sections. Load cells were installed in selected span tendons during 
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stressing to monitor prestress losses. After completion of each span, a base-line deflection 

system was installed to monitor vertical deflections while tiltmeters were installed above 

each pier to monitor support rotations. Optical surveys of the roadway were used to 

verify the base-line measurements. Finally, an L VDT -based extensometer was installed 

in each instrumented span to monitor overall span shortening. This report will focus on 

analyzing long-term data gathered from the base-line deflection system and optical 

surveys. Figure 3.4 shows the instrumented sections of Unit 2IB, referred to as sections A 

to G. Sections A, D, E, and G are at or close to midspan of the four instrumented spans. 

Sections B, C, and F are close to the end of the instrumented spans. 

~ 200 ft: 360 ft. ~ 340 ft. ~ 
iii 
iii i Ins~ruMentet Sections~ @ ! 

i ,,~ ,,'(fD 1'"7i 
t~' I i I I It::LL

1 

\ :~FIX2d Piers ! 

i i l i i 
[xPQnsion Piers Closure Pour (Typ) 

~ 320 ft. ~ 320 ft. ~ 240 ft. ~ 
I I I G I 
i i F. i 
i ! E I i 
i j Jl i 1 ], [~ ! I I 

i Expnnsiorl Piers 
I I 
i i 
i i 

Figure 3.4: Unit 2m Instrumentation Sections 
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4 Field Instrumentation 

4.1 Introduction 

This chapter describes the various types of instrumentation used in this project. More 

detailed information is presented in the report "Instrumentation of the H3 North Halawa 

Valley Viaduct", by Lee and Robertson (1995). 

All of the instrumentation was placed in Unit 2 of the inbound Viaduct (traffic flow 

toward Pearl Harbor). Seven sections were selected for instrumentation in order to 

provide an adequate representation of the Viaduct behavior. These sections, titled A 

through G are shown in Figure 4.1. The number of instruments installed at each section 

is shown in Table 4.1. Sections A, D, E, and G are at, or close to, midspan (termed 

midspan sections) while B, C, and F are close to the ends of the instrumented spans 

(termed support sections). 

e 200 ft, P8 360 Ft 340 ft, 320 Ft 

~Slonp; .. rs 

UNIT 2 INBOUND VIADUCT 

Figure 4.1: Instrumented sectiou locations 

Table 4.1: Instruments at each Section. 

VIBRATING ELECTRICAL DEMEC 

INSTR. WIRE STRAIN RESISTANCE STRAIN LOAD THERMO- EXTENSO- TILT- BASE-LINE 

SECTION GAGES STRAIN GAGES CELLS COUPLES METERS METERS SYSTEMS 
GAGES 

A 8 0 8 2 0 1 1 (P8) 1 

B 10 0 10 0 0 0 1 (P9) 0 

C 10 0 10 0 0 0 0 0 

D 8 0 8 2 0 1 1 (Pi 0) 1 

E 8 31 8 1 32 1 1 (P11) 1 

F 10 32 10 0 32 0 1 (P12) 0 
G 8 0 8 1 0 1 1 (P13) 1 

TOTAL 62 63 62 6 84 4 6 4 
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All instrumentation was installed by personnel from the University of Hawaii (UR), 

Construction Technology Laboratories (CTL), and VSL Corporation as presented in 

Table 4.2. 

Table 4.2: Instrument Installation 

V.W. E. R. DEMEC BASE- RELATIVE DATA- CREEP AND 

INSTR. STRAIN STRAIN STRAIN LOAD THERMO- EXTENSO- TILT- LINE HUMIDITY LOGGER SHRINKAGE 

SECTION GAGES GAGES GAGES CELLS COUPLES METERS METERS SYSTEMS METERS SYSTEMS TESTS 

A UH/CTL UH VSUUH UH UH UH CTL' 

B UHfCTL UH UH UH UH UH CTL' 

C UH/CTL UH UH CTL* 

D UH UH VSUUH UH UH UH CTL' 

E UHfCTL UH/CTL UH VSUUH UH/CTL UH UH UH/CTL UH/CTL' 

F UHfCTL UH/CTL UH UH/CTL UH UH UH/CTL UH/CTL' 

G UH UH VSUUH UH UH UH UH/CTL' 

* - Creep and shrinkage tests performed in laboratory by CTL and on site by UH. 

4.2 Concrete Strain Measurements 

4.2.1 Vibrating Wire Strain Gages 

4.2.1.1 Description 

Vibrating Wire (VW) Strain Gages are designed for direct embedment in the concrete 

at the critical sections. Geokon model VCE-4200 gages were selected for this project 

(Figure 4.2). Actual dimensions are shown in Figure 4.3. The vibrating wire strain gages 

have excellent long-term zero stability and automatic monitoring of both compressive 

and tensile concrete strains. The advantage of the vibrating wire strain gages over more 

conventional electrical resistance gages lies mainly in the use of a frequency 

measurement, rather than a resistance, as the output signal rrom the gage. Changes in lead 

wire length and resistance at lead connections do not affect the frequency of the vibrating 

wire, and therefore do not impact the reading. 
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Figure 4.2: Vibrating Wire Strain Gage. 
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Figure 4.3: VW Gage Dimensions. 

4.2.1.2 Layout ancllnstallation 

Vibrating wire strain gages were installed at all seven instrumented sections. All 

gages were oriented along the length of the viadllct. Typical locations at midspan sections 

and support sections are shown in Figure 4.4 and Figure 4.5 respectively. Midspan 

sections A, D, E, and G have 8 vibrating wire gages each as shown in Figure 4.4. 

SUpp0l1 sections have 10 vibrating wire strain gages each as shown in Figure 4.5. The as-

built locations of the Vibrating Wire gages at all sections are recorded by Lee and 

Robensol1 (1995). 
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During installation of the vibrating wire strain gages, it was important to maintain 

proper orientation and location of the gages while pouring concrete. A bracket was 

designed and fabricated to support each gage and assure proper orientation after concrete 

placement (Figure 4.6 and Figure 4.7). The bracket must withstand impacts from falling 

concrete during pouring and have no influence on the gage readings. The bracket consists 

of a 1 inch square standard steel tube and a light gauge sheet-metal holder. 

The brackets were installed during placement of the steel reinforcement. They were 

designed so that the vibrating wire strain gage could be added immediately prior to 

closing the formwork or pouring concrete, so as to reduce the potential for damage to the 

gage (Figure 4.6, Detail C). 
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Figure 4.6: Vibrating Wire Gage Support Bracket in Box Girder Stem 

Figure 4.7 shows a typical vibrating wire strain gage support in the vertical stem of 

the box girder. In top and bollom slabs, reinforcement support chairs were used to 

support the vibrating wire strain gage as shown in Figure 4.8. 
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Figure 4.7: Instrumentation in Stem 

Figure 4.8: V.W. Gage in Top Slab 

A spirit level and tape measure were used (0 ensure proper location, orientation, and 

alignment of the gages. All vibrating wire strain gages were oriented in the viaduct 

longitudinal direction. Gages in the top slab and stems were sloped parallel with the top 

slab, while those in the bottom slab were oriented parallel with the bottom slab. 

4.2.1.3 Data Collection 

Strain in the concrete is computed from the difference between the initial and 

subsequent readings, Ro and Rt respectively. When the concrete is subjected to 

compression, the readings will decrease sllch that Rt is less than Ro. In tension, the 

readings will increase such that Rt is greater than Ro. These readings must be adjusted 
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for changes in the temperature at the gage location, since the wire used in the gage has a 

different coefficient of thermal expansion than the surrounding concrete. A complete 

discussion of the vibrating wire gage data reduction is presented in "Report on Vibrating 

Wire Strain Gage Instrumentation" (Robertson, 1995). 

4.2.2 Electrical Resistance Strain Gages 

4.2.2. J Description 

The electrical resistance strain gages used in this project are Micro Measurements 

CEA-06-250UW-120 gages. These gages consist of a polymide-encapsulated constantan 

foil grid with large copper-coated tabs. The gages were bonded to the center of Number 4 

deformed bar coupons (1/2 in. diameter by 2.0 feet long) in the laboratory using MIO/15 

adhesive following the manufacturer's instructions. Prior to bonding, the contact surface 

of the reinforcing bar was sanded and polished using 300 grit abrasive paper in 

accordance with the gage manufacturer's recommendation. 

Each gage was supplied with lead wires and fully encapsulated in a water-proof 

coating. The gages were then covered with a layer of wax and shrink-wrap tubing prior 

to placement in the formwork to fully protect them from water seepage and abrasion 

damage during pouring of the concrete. Gage preparation is described in detail by Lee 

and Robertson (1995). 

19 



Figure 4.9: Instruments in top slab 

At certain locations, three instrumented coupons were assembled to f01l11 a 45 degree 

stTain rosette as shown in Figure 4.7 and Figure 4.9. The rosettes wi ll be used to 

determine principal stresses in the top slab and stems of the box girder. 

4.2.2.2 Layout and Installatioll 

Two sections were selected for extensive instrumentation with electrical resistance 

strain gages . Midspan section E contains ten longitudinal gages and six 45 degree gage 

rosettes as shown in Figure 4. 10. Support section F contains eleven longitudinal gages 

and six 45 degree gage rosettes as shown in Figure 4.11 . 

4.2.2.3 Data Collection 

Immediately after casting the segment, a full set of manual readings was recorded. 

Each gage was calibrated to adj ust for the resistance of the lead wires. The modified 

gage factors will be used for subsequent data reduction. lnfolillation on the gage factors 

and data reduction is presented by Lee and Robertson ( 1995). The lead wires were then 

connected to the datalogger for automated data collecti on. 
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4.2.3 Mechanical Strain Measurements 

4.2.3.1 Descriptiol1 

in order to verify the long-term stability of the vibrating wire strain gages, mechanical 

strain gage points were installed inside the box girder. A precision extenso meter (Figure 

4.12) is a mechanica.1 device which measures the relative movement of locating points 

permanently attached to the concrete surface. A gage length of8 inches was used at each 

monitoring location. 

4.2.3.2 Layout and Installation 

Mechanical gage points were installed inside the box girder on the concrete surface, 

as close as possible to the location of the vibrating wire gages inside the concrete. As 

with the VW gages, the mechanical gage points were oriented along the length of the 

viaduct. Figure 4.4 and Figure 4.5 show the location of the gage points at typical 

instrumented sections. 

Figure 4.12: Mechanical Strain Gage. 

Hilti hit anchors were used as locating points. Each anchor consists of a receptacle 

and a nail insen. To ensure correct placement, a drilling guide was used to drill holes in 

22 



the concrete at a gage length of 8 inches. A conical hole was machined into the head of 

the hit anchor as the extensometer locating point. 

4.3 Tendon Prestress - Load Cells 

4.3.1 Description 

The load cells used to measure the tendon forces were custom designed and 

manufactured by Construction Technology Laboratories. They are cylindrical load cells 

with a 700 kip compressive capacity. The load cells were placed directly below the 

stressing anchor block prior to stressing of the tendons as shown in Figure 4.13 . 

• 

• 

• 
• 

• 

... -, - • 
•• • 
• • 

Figure 4.13: Prestress Tendon Load Cell 

4.3.2 Layout and Installation 

-

Six span tendons were fitted with load cells. At each of the long span conditions 

from piers P8 to P9 and P9 to PI 0, two span tendons were fitted with load cells, one in 

each stem as shown in Figure 4.14. One of these tendons was a long tendon while the 

other was a short tendon. The remaining two load cells were installed on span tendons in 

the spans rrom pier PI 1 to PI2 and PI2 to PI3 as shown in Figure 4.15. 
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Fignre 4.15: Tendon Load Cell Locations - Spans Pll to P13 

Stressing of the tendons was conducted by VSL Corporation employees. The 

stressing was monitored at all times by University of Hawaii and T. Y. Lin International 

personnel. Unexpected load cell readings during stressing of the tendons prompted an 

investigation of the CTL load cells, and the load cell used to calibrate the prestressing 

pump and ram used in the stressing operation. The results of this investigation are 

presented in a separate report by T. Y. Lin International and Henry Russell of CTL. 

(Russell and Hunter, 1995) 

The tendons monitored by load cells were left ungrouted. They are being protected 

from corrosion by means of Dichan 100, a powder corrosion inhibitor. Each load cell was 

calibrated at CTL laboratories prior to shipping to site. During tendon stressing, the load 

cell readings were recorded using a manual readout box. Subsequently, the load cell lead 
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Wlres were connected to the nearest datalogger with available data channels for 

automated reading. 

4.4 Temperature and Humiditv 

4.4.1 Ambient Temperature and Relative Humidity 

Two electronic relative humidity meters were installed at Pier P9. Each meter records 

the relative humidity and ambient temperature. One meter was located inside the box 

girder adjacent to Datalogger B. The other meter monitors the humidity and temperature 

outside of the box girder. It is attached to the side of Pier P9, about 3 feet below the 

bottom of the box girder. It is permanently in the shadow of the box girder, and is 

protected from direct rainfall. Both meters are connected to Datalogger B for continuous 

monitoring of both relative humidity and ambient temperature. 

4.4.2 Concrete Temperature 

4.4.2.1 Thermistors 

Each vibrating wire strain gage is equipped with a thermistor to monitor temperature 

of the concrete at the gage location. This temperature measurement is required for 

thermal adjustment of the strain gage readings. Thermistors are also located in each of the 

datalogger enclosures to monitor the ambient temperature at the datalogger. 

4.4.2.2 Thermocouples 

4.4.2.2.1 Description 

Thermocouples used in the instrumentation were made using TeflonlNeoflon FEP 

insulated copper/constantan type-T wire obtained from Omega Measurements. To assist 

in maintaining the correct location for the thermocouples during pouring, thermocouple 

"trees" were fabricated in the laboratory. A typical "tree" consists of a length of 112 inch 
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diameter PVC pipe with predeterll1ined holes drilled along the length of the pipe. A 

thermocouple was then inserted into each hole and set in posi tion wi th a drop of epoxy. 

This allowed easy installation and exact location of the thermocouples as shown in Figure 

4.16. The " trees" ensured correct placement throughout the duration of the concrete 

pour. 
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Figure 4.16: Thermocouple tree through stem. 
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4.4.2.2.2 Layout and Installation 
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Sections E and F were extensively instrumented with thermocouples as shown in 

Figure 4.17 and Figure 4.18, respectively. For top and bottom slabs, thermocouple trees 

were used through the thickness of the slab. Trees were also used for thermal monitoring 

through the thickness of the North stem. Individual thermocouples were also taped to the 

shrink tubing surrounding the electrical resistance strain gages. 

4.4.2.2.3 Data Collection 

A reference thermistor is provided in the datalogger multiplexer box to calibrate the 

thermocouple readings. The datalogger records the temperature directly in degrees 

Celsius. 
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4.5 Deflection Measurement 

The deflected shape of the Viaduct was recorded by a number of methods. During 

construction, the deflected shape of the cantilevers and backspans were monitored by 

optical surveys. After completion of construction, a base-line system was installed in the 

instrumented spans. Tiltmeters were installed at each support in the instrumented viaduct. 

The following sections describe these measurement systems. 

4.5.1 Optical Surveys 

During construction, optical surveys were made of the viaduct top surface to ensure 

construction progressed at the correct elevations. Subsequent to construction, optical 

surveys have been undertaken for barrier elevation and topping elevation purposes. These 

and any future optical surveys will be used to confirm the observations based on the 

permanent monitoring systems described below. 

4.5.2 Base-Line System 

4.5.2.1 Description 

A taut-wire base-line system was installed in all four instrumented spans for 

deflection measurements. This system consists of a high-strength piano wire strung at 

constant tension inside the box girder from one pier to the next to act as a reference line. 

Precision measurements between this base-line and plates attached to the underside of the 

top slab provide accurate deflection measurements. 

4.5.2.2 Layout and Installation 

Four spans are equipped with base-line systems. The instrumented spans are from 

piers P8 to P9, P9 to PIO, Pl1 to P12, and P12 to P13. The deflection measurements are 

taken at locations shown in Figure 4.19. 
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The base line system consists of a piano wire as a reference line, two end brackets 

(live and dead), base plates, and a caliper. The arrangement is shown schematically in 

Figure 4.20. 
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Figure 4.19: Base-line deflection monitoring points. 
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Figure 4.20: Base-line Deflection Measuremeut System. 
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Figure 4.21: Base-line Fixed End 

The number 8 piano wire was stressed to approximately 80 % of its breaking strength 

to avoid any appreciab le variations in the catenary shape of the free length of the piano 

wire. To create this tension in the piano wire, one end orlhe wire is fixed (Figure 4.21) 

whi le the other end runs over a pulley and supports an 80 pound weight (Figure 4.22). 

The wires were coated wi th Linseed oi l to reduce corrosion. 

-

Figure 4.22: Base-Line Tension End 
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Figure 4.23 : Base-line Caliper 

The exact location of the dead and live end brackets for each base-line are given in 

Lee and Robertson (1995). 

Note that the piano-wire represents a straight line in a curved viaduct. The end 

brackets were positioned such that the wire came as close as possible to the centerline of 

the box girder at midspan. To do this, the end brackets were positioned to the North of 

the girder centerline at each end of the span. In addition, access openings in the top slab 

near the ends of certain spans had to be avoided, resu lting in further offsets of the end 

brackets in these spans. 

Deflection measurement points along the span are located at alternate construction 

JOllltS. Steel base plates were installed at each of these locations using expansion anchor 

bolts. Three smaIl angles were welded to each base plate as guide bars. This ensures 

consistent positioning of the measuring caliper on the base plate. 
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The measuring caliper is a modified 8 in. range Mitutoyo digital caliper. The caliper 

is attached to a magnetic base which is used to secure its position on the base plates. The 

magnetic base is equipped with a on/off switch allowing easy attachment to and removal 

from the base plates. Once the magnetic base is secured to a base plate, the caliper is used 

to read the location of the piano-wire relative to the top slab of the viaduct box (Figure 

4.23). 

4.5.2.3 Data Collection 

Once the piano wire and base plates were installed, the modified caliper was used to 

read the distance between the bottom surface of the top slab and the reference line. The 

difference between the initial reading and all subsequent measurements is the girder 

deflection relative to the ends of the span. Measurements are taken early in the morning 

to reduce the thermal effects. The readings are recorded monthly. 

In order to relate the base-line deflection readings to prior optical surveys performed 

on the viaduct roadway, a tie-in survey was performed. An optical survey of the Unit 2 

IB roadway was made simultaneously with a full set of piano-wire readings. The results 

of these surveys and the prior optical surveys will be presented in a subsequent report. 

4.5.3 Tiltmeters 

4.5.3.1 Description 

For support rotation measurement, Applied Geomechanic Instruments (AGI) Uniaxial 

Tiltmeters Model 800 were installed in the box girder above piers P8 through Pl3 (See 

Figure 4.24). These tiltmeters incorporate a high-precision electrolytic tilt transducer as 

the internal sensing element. They measure rotational movement with respect to the 

unchanging vertical gravity vector. 
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Figure 4.24: AGI Uniaxial Tiltmeter 

453.2 Layout and Installation 

Tiltmeters were installed at piers 8, 9, 10, I I, 12, and 13. They were mounted on a 

smooth vertical surface. The as-built locations of each tiltmeter are recorded in Lee and 

Robertson (1995). Clockwise rotations are represented by a positive ti Itmeter output. All 

of the tiltmeters were installed on South facing vertical surfaces except at pier 12, where 

the ti Itmeter faces orth. 

4.5.3.3 DolO Collection 

Each ti Itmeter is connected to the nearest datalogger. Rotation measurements are 

recorded in angle units. The tiltmeters, and DC to DC voltage inverters required to 

provide the tiltmeter exci tation, represented a significant drain on the data logger battery 

if monitored cOl1linously. Since the tiltmeter readings will be used in conjuction with the 

base-line deflection measurements, the tiltmeters are switched off except while recording 

base- line deflections. 
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4.6 Span Shortening Measurements 

Measurement of the overall shortening of each of the instrumented spans provides a 

valuable check of the behavior observed at the localized instrumented sections. The 

ability to extrapolate the strain measured at midspan and support sections to the overall 

span shortening is a fundamental component of the comparison between analytical and 

measured behavior. The overall span shortening measurements provide a reference for 

these comparisons. 

The span shortening is measured in two ways. Extensometers have been installed 

over the full length of each of the four instrumented spans. In addition, measurement of 

the movement of the slide bearings at the expansion piers provides a measure of the 

shortening of the intervening span. 

4.6.1 Extensometers 

4.6.1.1 Description 

To measure the overall shortening of the box girder, extensometers were installed in 

the four instrumented spans (Figure 4.25). 

Each span extensometer consists of a series of graphite rods (1/4 inch diameter by 20 

feet long) spliced together to span from pier to pier inside the box girder. The graphite 

rods are connected with rigid couplers and inserted into a 3/4 inch diameter PVC conduit 

attached to the underside of the girder top slab. One end of the rod is fixed (Figure 4.26), 

while the other end is coupled to a Linear Variable Displacement Transducer (LVDT) 

shown in Figure 4.27. 
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Figure 4.25: Span Extensometer Details 

Figure 4.26: Extensometer Fixed End 

; .. ~~~------; 

Figure 4.27: Extensometer LVDT End 
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The relative displacement of the two ends of the extensometer is measured by the 

LVDT. The LVDTs were manufactured by Geokon and operate on the vibrating wire 

principle. One of the L VDTs has a six inch stroke, while the others have two inch 

strokes. Once this limit is reached, they will be repositioned so as to continue monitoring 

the span shortening. 

4.6.1.2 Layout and Installation 

Extensometers were installed in all four instrumented spans, that is, between piers PS 

and P9, P9 and P1O, Pll and P12, and P12 and P13, as shown in Figure 4.2S. The as-

built locations of the extensometer end brackets in each span are recorded in Lee and 

Robertson (1995). 
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I I I 
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4.6.1.3 Data Collection 

The extensometer lead wires were connected to dataloggers B and F for automated 

data recording. 

4.6.2 Bearing Movement Measurement 

In addition to the extensometers, relative displacements were measured between the 

box girder and the top of the expansion piers (PS, Pll, and PI2), and movement of each 

end of the bridge unit relative to the supporting piers (P7 and P13). 
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4.7 Monitoring SYstem 

4.7.1 Description 

All of the electrical gages used in thi s project were pem1anentl y connected to battery 

operated Data Acquisition systems as shown in Figure 4.28 . All data acq uisition systems 

consist of Micro- l 0 Dataloggers and multip lexers assembled by Geokon Incorporated. 

Battery operated systems were used since there was no power supply to the Viaduct. 

Solar panels were installed at each datalogger to continually charge the batteries. The 

data loggers are housed in water metal enclosures inside the box gi rder. Each 

Micro-lO Datalogger contains a Campbell Scientific CR lO Measurement and Control 

Unit (MCU). The CR I 0 consists of a microcomputer, clock, multi meter, calibrator, 

scanner, frequency counter, storage module. The dataloggers were programmed be means 

of a laptop computer. The laptop was also used to download the data from the storage 

modu le at regular interva ls. 

Figure 4.28: Typical Data Acquisition System. 

4.7.2 Layout and Installation 

Six data acquisition systems were located at the instrumented sections as shown in 

Figure 4.1 . Because of time constrai nts at the start of thi s project, the first data logger at 
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sections B and C could only be installed subsequent to the section pours. Manual 

readings of all instruments were taken until the datalogger was installed. All subsequent 

systems were installed and connected to the gages prior to casting of the instrumented 

sections. 

During special events such as concrete hydration and stressing of tendons, the 

datalogger at the section in question was set to read all instruments at between 5 and 30 

minute intervals. Once all stressing was completed at a particular section, the datalogger 

scan interval was set to a standard 2 hours. After the first year of monitoring, the scan 

interval was set to four readings per day, at 6:00 am, 12:00 noon, 6:00 pm and 12:00 

midnight. This greatly reduced the amount of data recorded, and increased the time 

period between downloading from the dataloggers. The processing, presentation and 

storage of this data was performed on a regular basis by UH personnel using Excel 

Spreadsheets and Graphs. 

4.8 Instrumentation Performance 

Overall, the instrumentation of the North Halawa Valley Viaduct performed 

extremely well. All instrumentation was successfully installed prior to concrete pouring. 

Each concrete pour was monitored carefully to try to reduce damage to the gages from 

falling concrete and contact with concrete vibrators. 
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5 Concrete Material Properties 

5.1 Introduction 

In order to establish the material properties of the concrete used in the instrumented 

sections, concrete samples were taken from each instrumented section. The following 

tests were performed on these samples; 

Compressive Strength, Ie', ASTM C39 

Modulus of Elasticity, Ee , ASTM C469 

Coefficient of Thermal Expansion, a, CRD C39, and 

Creep and Shrinkage, ASTM C512 

These tests were all performed by CTL at their laboratory in Skokie, Illinois. Tests 

were performed at a concrete age of 3, 28 and 90 days (Concrete age is the number of 

days after the section was poured). 

5.2 Concrete Sample Collection 

Concrete samples were collected at each instrumented section for testing (Figure 5.1). 

Standard 6 in. diameter by 12 in. long concrete cylinders were used for all tests. Thirty

three cylinders were collected at each section and shipped to CTL. Additional cylinders 

were made at sections E, F and G for creep and shrinkage tests performed on site as 

described later in this chapter. All samples were made in plastic cylinder molds in 

accordance with ASTM Cl92 procedures. The molds were capped to ensure sealed 

conditions during shipping of the cylinders to CTL. 

The samples were collected at ten different locations in the cross section and 

throughout the pour to obtain a complete representation of the concrete at the 
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instrumented segment. The sample locations are bottom slab middle (BSM), south stem 

bottom (SSB), south stem middle (SSM), south stem top (SST), north stem bottom 

(NSB), north Slem middle (NSM), north stem top (NST), top slab south (TSS), top slab 

north (TS1\1), and top slab middle (TSM) as shown in Figure 5.2. A log was prepared 

listing the time, location, and delivery truck number for each cylinder specimen. The 

cylinder logs for each section are given in Lee and Robertson (1995). 

5.3 Concrete Sample Shipping 

The day after the pour, eleven of the cylinders were shipped overnight to 

Construction Technology Laboratories (CTL) in Skokie, Illinois, so as to arrive in time 

for 3-day tests. Cyl inders I, 4, 7, ... etc were used for the 3-day tesls. Another twenty two 

cylinders were shipped by surface transportation for 28-day and 90-day tests. Cylinders 2, 

5, 8, ... etc were used for the 28-day tests, while the remaining cylinders 3, 6, 9, ... etc 

were used for 90-day tests. 

Figure 5.1: Concrete Sampling at pump discharge. 
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Figure 5.2: Concrete Sampling Locations in typical Cross Sectiou. 

All cylinders were shipped in the capped plastic molds to preserve 100 percent 

moisture conditions. They were packed individually in styrofoam filled cardboard boxes. 

No damage was evident on auy of the cylinders upon arrival at the test laboratory. 

5.4 Concrete Test Results 

5.4.1 Compressive Strength 

The compressive strength tests were performed in accordance with ASTM C39. 

Table 5.1 presents the test results at 3, 28, aud 90 days at each section. Each result is au 

average of three concrete cylinders. 
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Table 5.1: Compressive Strength, Ie' (psi)* 

Age at Test (days) 

Section 3 28 90 

A 4260 6140 7700 

B 3780 6770 7910 

C 3780 6740 7650 

0 4290 6640 7630 
E 4210 6530 7430 

F 3880 5850 7060 

G 3830 5990 6510 

Average 4004 6380 7413 
Standard Deviation 237 379 478 

* Each result is the average of 3 cylinder tests. 

5.4.2 Modulus of Elasticity 

The Modulus of Elasticity tests were perfonned in accordance with ASTM C469. 

Table 5.2 presents the test results at 3, 28, and 90 days at each section. Each result is an 

average oftwo concrete cylinders. 

Table 5.2: Static Modulus of Elasticity, E, (psi)* 

Age at Test (days) 

Section 3 28 90 

A 3.07x106 3.51x106 3.93x106 
B 3.23x106 3.98x106 3.93x106 

C 323x106 3.54x106 3.95x106 

D 3.21x106 3.59x106 4.12x106 

E 3.27x106 3.81x106 3.54x106 

F 3.48x106 3.57x106 3.88x106 

G 3.05x106 3.45x106 3.58x106 

Average 3.22x106 3.64x106 3.85x106 

Standard Deviation O.142x106 O.189x106 O.210x106 

* Each result is the average of 2 cylinder tests. 
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5.4.3 Coefficient of Thermal Expansion 

The coefficient of thermal expansion tests were performed in accordance with CRD 

C39. Table 5.3 and Table 5.4 present the test results at 3, 28, and 90 days at each section, 

per degree farenheit and per degree celsius respectively. Each result is an average of 

three concrete cylinders. 

Table 5.3: Concrete Coefficient of Thermal Expansion, a (10.6 
/ °F)* 

Age at Test (days) 

Section 3 28 90 

A 5.55 4.86 5.38 
B 4.80 4.77 5.23 
C 6.04 4.86 5.52 
D 4.09 5.34 4.34 
E 3.85 4.10 6.53 
F 3.92 4.21 4.06 

G 3.78 4.34 6.24 

Average 4.58 4.64 5.33 
Standard Deviation 0.91 0.44 0.90 

* Each result is the average of 3 cylinder tests. 

Table 5.4: Concrete Coefficient of Thermal Expansion, a (to-6 
/ oC)* 

Age at Test (days) 

Section 3 28 90 
A 9.99 8.75 9.68 
B 8.64 8.59 9.41 
C 10.87 8.75 9.94 
D 7.36 9.61 7.81 
E 6.93 7.38 11.75 
F 7.06 7.58 7.31 
G 6.80 7.81 11.23 

Average 8.24 8.35 9.59 
Standard Deviation 1.64 0.79 1.63 

* Each result is the average of 3 cylinder tests. 

43 



5.4.4 Creep and Shrinkage Tests 

Parallel creep and shrinkage tests were performed at CTL under controlled laboratory 

conditions, and at the site under field conditions. Each creep test consists of a single 

creep frame containing two creep cylinders accompanied by two shrinkage cylinders 

alongside the frame. The two creep cylinders are loaded into the creep frame with 

dummy cylinders above and below the instmmented cylinders as shown in Figure 5.1. 

Figure 5.3: Field creep frame 

The creep frame consists of header plates bearing on the ends of the loaded 

specimens, a load-maintaining element (double steel coil springs), and threaded rods to 

take the reaction of the loaded system. The coil springs are needed to ensure consistent 

long-term loading. The load on each frame was checked on a regu lar basis. 

At CTL laboratories, tests were conducted following the recommendations of ASTM 

C512. The laboratory tests were perfOnlled on concrete samples from each of the seven 

instrumented sections. For each of the seven instmmented sections, three creep frames 
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were loaded, one each at 3 days, 28 days and 90 days age after pouring. There were 

therefore 21 laboratory creep frames each containing two creep cylinders and each 

accompanied by two shrinkage cylinders. 

The creep and shrinkage results from the CTL tests are presented in Robertson and 

Ingham, (1999). These plots present the Load Induced Deformation, which includes the 

elastic and creep strains, and the Drying Shrinkage. All tests were performed for at least 

one year ofioading, with tests for sections D, E and F continuing for over 800 days. 

Parallel field creep tests were performed on concrete cylinders from sections E, F 

and G. Three creep frames were loaded with cylinders from each of sections E and G, 

while 2 frames were loaded with cylinders from section F. These creep frames were 

located in or near the North Halawa Valley Viaduct. Companion shrinkage cylinders 

made from the same concrete as the creep cylinders were stored alongside the creep 

frames. A full discussion of the field creep tests is presented in Lee and Robertson 

(1995). The creep and shrinkage results from the field tests are presented in Robertson 

and Ingham (1999). 
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6 Creep and Shrinkage Modeling 

6.1 Introduction 

A number of material property tests were performed on the concrete used in this 

project. These tests included creep and shrinkage tests in the Construction Technology 

Laboratory (CTL). Tests were performed on concrete samples from each of the seven 

instrumented sections, with creep frames loaded at 3, 28 and 90 days age. Hence a total 

of 21 creep frames and associated shrinkage cylinders were established and maintained 

for one year. Certain of these frames were monitored for an additional two years. 

This chapter presents the results of a comparison between the creep and shrinkage test 

data and five current prediction models. A procedure to predict long-term creep and 

shrinkage based on short-term laboratory test results is presented and evaluated using the 

CTL test results. A more extensive presentation of the models, comparison, and 

prediction procedure is available in Durbin and Robertson (1998). 

6.2 Laboratory Test Results 

6.2.1 Creep Results 

Figure 6.1 through Figure 6.3 present the CTL measured creep values for concrete 

samples loaded at 3 days, 28 days and 90 days of age, respectively. Each figure displays 

creep values for sections A through G, as well as the average value. Sections A, B, C, 

and G have been plotted for a period of I year, at which time these tests were 

discontinued. Sections D, E, and F have been plotted for approximately 800 days. 

Creep values are expressed as specific creep (creep strain per unit stress). Table 6.1 

lists the value of average specific creep for the 3 day, 28 day, and 90 day samples along 

with the corresponding creep coefficients after one year of loading. 
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Table 6.1: Average creep values for one year of loading 

Age at Loading Age (days) Days Loaded Creep/psi (Ave.) Creep Coeft. (Ave) 
in2/lb x 106 

3 Days 368 365 1.147 3.654 

28 Days 393 365 0.917 3.324 

90 Days 455 365 0.686 2.633 

For a loading age of 365 days, it can be seen from Table 6.1 that the average creep 

coefficient for the 3-day loaded samples is 3.654. This value decreases by 9% for the 28-

day loaded samples, and by 28% for the 90-day loaded samples. 
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Figure 6.1: CTL laboratory creep for 3-day loading 
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Figure 6.4: CTL laboratory Shrinkage for drying from 3-days 

6.2.2 Shrinkage Results 

900 

Figure 6.4 presents the CTL-measured shrinkage values of the companion shrinkage 

cylinders corresponding to the 3-day creep cylinders. Only these shrinkage results are 

reported , since the initial start of drying for the 28-day and 90-day shrinkage companion 

cylinders was not recorded. 

The plot shows shrinkage values for sections A through G, as well as the average 

value. As with the creep cylinders, sections A, B, C, and G have been recorded for a 

period of one year, while sections D, E, and F have been recorded for approximately 800 

days . 

Shrinkage values are expressed in microstrain. Table 6.2 lists the average value of 

shrinkage for the 3-day cylinders. 
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Table 6.2: Average 3-day shrinkage valne for one year of drying. 

Age at Loading Age (days) Days Drying Shrinkage (i!E) 

3 Days 368 365 1045 

6.3 Creep and Shrinkage Prediction Models 

Numerous analytical models have been developed to predict the long-term creep and 

shrinkage of plain concrete. In a previous study by Durbin and Robertson (1998), four 

analytical models were investigated and compared with the results of the CTL tests. 

These four models were the ACI 209 model (ACI 209R-92, 1992), the CEB-FIP Model 

Code 90 (CEB, 1993), the Bazant BP Model (Short Form) (Bazant and Baweja, 1996), 

and the Gardner Model (Gardner and Zhou, 1993). These four models were studied by 

Michael P. Durbin and presented in Durbin and Robertson (1998). Soon after Durbin had 

finished his study, Bazant retracted the short form model in preference of the B3 Long 

Form Model. Bazant B3 Long Form and Gardner models are currently under 

consideration by ACI committee 209 as possible replacements for the current ACI 209 

model. In this study, we include the Bazant B3 Long Form model along with the four 

models studied previously. 

6.3.1 Bazant B3 Model (Long Form) 

To accommodate the complexity and many variables in predicting long term creep 

and shrinkage effects on concrete structures, a more comprehensive B3 model was 

proposed by Z. P. Bazant. Similar to the Bazant BP short form model, the B3 model uses 

the creep compliance function rather than the creep coefficient, and utilizes a log-double 

power expression as the basic creep compliance function. The model was developed 

using data from the RlLEM data bank, and incorporates a wider range of parameters, and 
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claims to be more realistic, more rationally justified, and more accurate than the existing 

Bazant short form model and ACI model. Comparison of the Bazant short form, Bazant 

B3, Gardner, ACI 201 and CEBIFIP models are presented in this study. 

6.3.1.1 Bazant Creep Compliance Expression 

Similar to Bazant short form model, the creep compliance function expresses the 

sum of the instantaneous elastic deformation due to load, the basic creep, and the drying 

creep: 

where 

J(t,t') = 

, 
t = 

t = o 

Co(t,t') = 

Cd (t,t',to) = 

6.3.1.1.1 Instantaneous Strain Component, ql 

(6.1) 

The creep compliance function 

Instantaneous strain due to unit stress 

Age of concrete (days) 

Age at loading (days) 

Age at start of drying 

Basic creep compliance 

Drying creep compliance 

q I represents the instantaneous strain due to a unit stress, and is expressed as 

qj = 0.6xlO' / E28 (6.2) 

where 

E 28 = The concrete 28-day modulus of elasticity in psi 
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6.3.1.1.2 Basic Creep Compliance, Co(ti) 

Co Ct, t ') is based on a log-double power expression and represents basic creep: 

CQ(t,t,)=q, xQ(t,t')+q, xln(I+(t-t') )+q4 xln(tlt') (6.3) 

and 

- 451 I 0.5 j'-<J9 q2 - . X C x c (6.4) 

q3 =0.29x(wlc)4 xq, (6.5) 

q4 =O.l4x(alcr0 7 (6.6) 

(Qf ( ,))'(/') 
Q(t t')=Qf(t')x(l+ t . rll'u') (6.7) 

, Z(t,t'),(/) 

Qf(t') = (0.086x (tT'/O + 1.21 x (t,) 419 r' (6.8) 

Z(t,t') = (t')-m x In(1 + (t - t')') (6.9) 

ret') = 1.7X(t,)012 +8 (6.10) 

m =0.5 (6.11) 

n = 0.1 (6.12) 

where 

CoCti) = Basic creep compliance function 

Ie = Mean 28-day concrete compressive strength in psi 

6.3.1.1.3 Drying Creep Compliance, CAt,t' ,to) 

The drying creep compliance expression includes terms accounting for concrete 

strength, relative humidity, and time: 

C (t t' t ) = q x fe-SHU) - e-81l (t') '1'.5 for t' > t 
d"o 5~ J-o (6.13) 

(6.14) 

H(t) =1-(1-h)S(t) (6.15) 
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H(t') = 1- (1- h)S(t') (6.16) 

where 

Cd(t,t' ,(0 ) = Drying creep compliance function 

1', = Mean 28-day concrete compressive strength in psi 

t= Age of concrete (days) 

, 
1 = Age at loading (days) 

t = 0 
Age at start of drying (days) 

h= Relative humidity expressed as a decimal 

T,,= Shrinkage half-time in days 

I 

6.3.1.2 Bazant Shrinkage Expression 

Mean shrinkage strain in the specimen cross-section is expressed as 

(6.17) 

where 

&s,,(t,to ) = Shrinkage at time t 

&sh~ = An ultimate shrinkage strain based on concrete composition 

and environment 

A humidity dependence factor 

s(t)= A time dependence factor 

6.3.1.2.1 Ultimate Shrinkage Strain, lishoo 

The ultimate shrinkage strain, lishoo , is based on cement type, curing, 28-day 

strength, and water content: 

[; = -a a [26m'" ( r )-0.28 + 270j 10-6 
shCfj 1 2 Jc X (6.18) 

where 

53 



[ 

1. 0 - For Type I cement 

a 1 = 0.85 - For Type II cement 

1.1 - For Type III cement 

[

0 75 - For steam - cured specimens 

a 2 = ~.o - For specimens cured at 100% relative humidity 

1.2 - For specimens sealed during curing 

OJ = Water content of concrete mix in Ib I ft 3 

1', = Mean 28-day concrete compressive strength in psi 

6.3.1.2.2 Humidity Dependence Factor, kh 

The humidity dependence factor is expressed by the following equation(s): 

[ 

1- h3 for h s 0.98 

kh = -0.2forh =1 

linear interpolation for 0.98 s h s I 

6.3.1.2.3 Time Dependence Factor, S(t) 

(6.19a) 

(6.19b) 

(6.19c) 

The time dependence factor for shrinkage, S (t), is the same expression used in 

section 2.3.1.1.3 to determine Drying Creep Compliance, Cd (t,t') : 

Set) =tanht-to 
T,h 

(6.20) 

12'-t 
Set') = tanh _0 

T.~h 
(6.21) 

T,h = Kt x(K, xD)' (6.22) 

K, =190.8xt~008 X (f'cf0 25 (6.23) 

where 
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Shrinkage half-time in days 

S(t') = Time function for shrinkage 

K = , Cross section shape factor 

6_3.2 Creep Comparison for 3-day loading 

Figure 6.5 compares the CTL average values and the predictive model values for 

concrete samples loaded at 3 days. Creep values are displayed for a loading period of one 

year. Table 6.3 presents the 3-day loading creep results after one year. 

Referring to Figure 6.5 and Table 6.3, it is seen that all of the predictive models under 

estimated the creep values over the period ofloading. At one year ofloading, the Gardner 

model best approaches the test data values, followed by the CEB-FIP, Bazant short form 

and B3 models. Despite the more detailed expressions, Bazant B3 model produces fairly 

close creep strain to the Bazan! short form model, and both models under-estimate the 

creep effect. ACI 209 produces the lowest results. 
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Figure 6.5: Creep Prediction Models for 3-day loading 

Table 6.3: 3-Day Creep values for one year ofloading 

400 

Data Type Age Days l oaded Creep/psi Creep Coefficient 
Da s in2/lb x 106 

CTl Data 368 365 1.147 3.654 

ACI209 368 365 0.585 1.882 

CEB·FIP 368 365 0.919 2.956 

Bazant Short Form 368 365 0.859 2.763 

Bazant B3 Model 368 365 0.803 2.587 

Gardner Model 368 365 0.967 3.110 
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6.3.3 Creep Comparison for 28-day loading 

Referring to Figure 6.6 and Table 6.4, it is seen that the difference between the test 

data and the predictive models is even greater for the 28-day loading age. While both the 

test data and the predictive models yield lower creep values tban the 3-day results, as 

expected, the test data creep values are still far higher than the values predicted by the 

various models. The CEB-FIP model most closely approximates the test data, followed 

by the Gardner, Bazant short form, Bazant B3 and ACI 209 models. It can be noted that 

Bazant short f01l11 model prediction matches closely with the Bazant B3 model. 

CTL 28-Day Creep Values 
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Figure 6.6: Creep Prediction Models for 28-day loading 
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Table 6.4: 28-Day Creep values for oue year of loading 

Data Type Age Days Loaded Creep/psi Creep Coefficient 
(Days) (in2/lb x 106) 

CTL Data 393 365 0.917 3.324 

ACI209 393 365 0.396 1.438 

CEB-FIP 393 365 0.604 2.193 

Bazant Short Form 393 365 0.427 1.550 

Bazan! B3 Model 393 365 0.462 1.681 

Gardner Model 393 365 0.520 1.888 

6.3.4 Creep Comparison for 90-day loading 

As in the case of the 3-day and 28-day tests, none of the predictive models produce 

results that closely approximate the 90-day test data as shown in Figure 6.7 and Table 

6.5. As for the 28-day data, the CEB-FIP model most closely approximates the test data, 

followed by the Gardner, ACI 209, and Bazant B3 and Bazant short form models. The B3 

model initially produces lower creep value than the Bazant short form model, but 

increases over the course of the first year of loading. 
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Figure 6.7: Creep Prediction Models for 90-day loading 

Table 6.5: 90-Day Creep values for one year of loading 

500 

Data Type Age Days Loaded Creep/psi Creep Coefficient 
Days in2/lb x 1 Q6 

CTL Data 455 365 0.686 2.633 

ACI209 455 365 0.329 1.263 

CEB-FIP 455 365 0.483 1.854 

Bazant Short Form 455 365 0.300 1.151 

Bazant B3 Model 455 365 0.341 1.312 

Gardner Model 455 365 0.409 1.570 

6.3.5 Shrinkage Comparison for 3-day age at drying 

Figure 6.8 and Table 6.6 compare the CTL average 3-day shrinkage values with the 

predictive models . All of the predictive models significantly under-estimate the test data. 
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The curves for the ACI 209 and Gardner models are similar, as are the Bazant short foml, 

Bazanl B3 and CEB-FIP model curves. The ACI 209 and Gardner models are closer to 

the test data whi Ie still underestimating considerably. 
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Figure 6.8: Shrinkage Prediction Models for 3-day drying age 

Table 6.6: 3-Day Shrinkage values after one year of drying 

Data Type Age Days Drying Shrinkage 
(Days) e 

CTl Data 368 365 1045 

ACI 209 368 365 705 

CEB·FIP 368 365 424 

Bazant Short Form 368 365 423 

Bazant B3 Model 368 365 468 

Gardner Model 368 365 679 
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6.4 Updating Predictive Models Using 28 Day Test Data 

6.4.1 Introduction 

The largest source of uncertainty of creep and shrinkage prediction models is the 

dependence of model parameters on the composition and strength of concrete (ACI-209, 

1996). Because this effect is very complicated, and because a satisfactory mathematical 

theory has yet to be developed, the problem may be handled empirically by conducting 

short-term creep and shrinkage tests and using the results obtained to adjust the long-term 

parameters accordingly. This may be done on a parameter-by-parameter basis, although 

trying to account empirically for the effects of each model parameter individually would 

be difficult due to the many parameters and their combinations. 

The overall model prediction may also be modified in a more gross sense, by 

comparing the short-term test data results for creep and shrinkage to the predictive model 

results over the same time period, and adjusting the predictive model results to improve 

the correlation between the two. This procedure, outlined by Bazant (ACI-209, 1996), is 

presented in section 6.4.2. 

6.4.2 Regression Analysis 

Modified prediction values for creep and shrinkage may be obtained by comparing 

actual short-term data points against the values obtained by using one of the predictive 

models. These values are plotted against each other on a graph, such as Figure 6.9. 

Determination of a modified creep coefficient is used as an example. If the model data, 

tj>'(t), corresponded exactly to the test data, tj> (t), a plot of tj>'(t)vs. tj> (t)would be a 

single straight line passing through the origin. In reality, these values do not correspond 
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exactly (as shown in Figure 6.9). To obtain the least deviation between the test data and 

the model, a least-squares regression is calculated. This results in the regression line 

where 

PI= 

P2 = 

rjJ(t)= 

rjJ'(t) = 

rjJ" (t) = 

The intercept of the regression line 

The slope of the regression line 

(6.1) 

Creep coefficients from the short-term (first 28 days) test data 

Creep coefficients from the original model 

Modified creep coefficients using the short-term test data 

The regression coefficients PI and P2 are determined as follows: 

(6.2) 

(6.3) 
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28-Day Linear Regression of Model Prediction vs. Test Data 

Determination of Regression Coefficients p1 and p2 
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Figure 6.9: Linear Regression of 28 Day Test Data 

where 

n = The number of data points in the short-tel ii1 (first 28 days) test data 

¢; = The Ith creep coefficient from the short-telll1 data 

¢;' = The Ith creep coefficient from the predictive model 

¢ = The average value of the short-term test data creep coefficients 
-
¢' = The average value of the predictive model creep coefficients 

Modified values of creep and shrinkage for each predictive model were calculated 

using equations 6.1 through 6.3 and the results are discussed in the following sections. 

6.4.3 Creep Results 

Figure 6.10 through Figure 6.12 compare the CTL average creep values vs. predictive 

model values for concrete samples loaded at 3 days, 28 days, and 90 days, respectively. 

The predictive models have been modified using the short-term test data as described in 

section 6.4.2. Each chart disp lays creep values for loading periods of one year. 
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6.4.3.1 Creep Comparison (3 Day) 

Figure 6.10 and Table 6.7 illustTate the effect of using the short-teml test data to 

modify the creep predictions of the various models. Data from Table 6.3 (unmodified 

values) has been incorporated into Table 6.7 for comparison purposes. With the exception 

of the Gardner model , both the shapes and magnitudes of the predictive curves are in 

much closer agreement with the test data than they were llsing the umnodified predictive 

models. The Gardner model appears to diverge from the test data points (Figure 6.10), 

while the CEB-FIP, Bazant short fonn and Bazant B3 models yield very close results. 

The ACI model is also I,rreatly improved, although the results are not as close to the test 

data as the Bazant and CEB-FIP models. 
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Figure 6.10: Modified Predictive Models for 3-day Creep 
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Table 6.7: Average 3 Day Creep Values Using Corrected Predictive Models 

Data Type Age Days Creep/psi (Ave) Creep Coeff. Error 
(Days) loaded Orig. New Orig. New Reduction 

CTl Data 368 365 1.147 1.147 3.654 3.654 -

ACI209 368 365 .585 .996 1.882 3.203 73.1% 

CEB-FIP 368 365 .919 1.094 2.956 3.519 76.8% 

Bazant Short Form 368 365 .859 1.094 2.763 3.519 81.6% 

Bazant B3 Model 368 365 0.803 1.182 2.587 3.805 -

Gardner Model 368 365 .967 1.678 3.110 5.397 -

6.4.3.2 Creep Comparison (28 Day) 

Figure 6.11 and Table 6.1 show the creep results for loading at 28 days. Data from 

Table 6.4 has been incorporated into Table 6.8 for comparative purposes. For the 28 day 

creep, a significant improvement is achieved by using the short-term test data. The 

exception is the Gardner model and the Bazant B3 model, which diverge from the test 

data. The Bazant short form model appears to give the best results, followed by the CEB-

FIP and ACI models. The modified Bazant B3 model 3-day and 28-day values show clear 

inconsistency when applying the 28-day linear regression procedure to the B3 model. 
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Figure 6_11: Modified Predictive Models for 28-day Creep 

Table 6_8: Average 28 Day Creep Values Using Corrected Predictive Models 

Data Type Age Days Creep/psi (Ave) Creep Coeff. 

D~ Loaded Ori . New Ori . New 

CTL Data 393 365 .917 .917 3.324 3.324 

ACI209 393 365 .396 .779 1.438 2.828 

CEB-FIP 393 365 .604 .857 2.193 3.11 1 

Bazant Short Form 393 365 .427 .958 1.550 3.478 

Bazant B3 Model 393 365 0.462 1.210 1.681 4.399 

Gardner Model 393 365 .520 1.181 1.888 4.288 
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6.4.3.3 Creep Comparison (90 Day) 

Figure 6.12 and Table 6.9 give the creep resu lts for loading at 90 days. Data from 

Table 6.5 has been incorporated into Table 6.9 for comparative purposes. The Gardner, 

Bazant short foml , and Bazant B3 models appear to overestimate the test data, whi le the 

CEB-FIP and ACI models appear to underestimate the test data. It is difficult to 

determine whether or not the Gardner model is diverging fTom the test data, as was the 

case for the 3 day and 28 day charts. However, in comparison to Figure 6.5, the use of the 

short-teun test data to update the predictive models still produces desirable results. 
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Figure 6.12: Modified Predictive Models for 90-day Creep 
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Table 6.9: Average 90-Day Creep Values Usiug Modified Predictive Models 

Data Type Age Days Creep/psi Creep Coefficient Error 
(Days) loaded Orig. New Ong. New Reduction 

CTl Data 455 365 0.686 0.686 2.633 2.633 -

ACI209 455 365 0.329 0.560 1.263 2.149 64.7% 

CEB-FIP 455 365 0.483 0.618 1.854 2.372 66.5% 

Bazant Short Form 455 365 0.300 0.744 1.151 2.856 85.0% 

Bazant B3 Model 455 365 0.341 0.894 1.312 3.441 

Gardner Model 455 365 0.409 0.795 1.570 3.051 60.7% 

6.4.4 Shrinkage Results 

Figure 6.13 compares the CTL average 3-day shrinkage values with the predictive 

model values. The predictive model values have been modified using the short-term test 

data as described in section 6.4.2. Figure 6.13 shows that over the period of one year, the 

updated ACI 209 and Gardner models correspond well with the CTL test data, while the 

Bazant short term, Bazant B3 and CEB-FIP models diverge from the CTL data. Table 

6.6 compares the CTL test data with the modified predictive model results at one year of 

drying. 
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Figure 6.13: Modified Predictive Models for 3-day Shrinkage 

Table 6.10: Average 3-Day Shrinkage Values (modified) for One Year of Drying 

Data Type Age Days Drying 

(Days) 

CTl Data 368 365 

ACI209 368 365 

CEB-FIP 368 365 

Bazant Short Form 368 365 

Bazant B3 Model 368 365 

Gardner Model 368 365 

400 

Shrinkage 

IE 

1045 

1095 

1363 

1606 

1398 

1025 

It can be seen from Figure 6.13 and Table 6.6 that the modi tied ACI 209 and Gardner 

models are in close agreement with the test data, and show a great improvement over the 

69 



unmodified predictive model results. The modified Bazant short form, Bazant B3 and 

CEB-FIP models also show an improvement, however, Figure 6.13 shows a divergence 

between the test data and these models that indicates that the modification procedure 

applied to these models is unreliable. For the Bazant short form and B3 shrinkage 

models, this is further supported by Bazant himself who has found that the previously 

described method using short-term test data to update predictive models is effective for 

the Bazant short form creep model, but is ineffective for the Bazant shrinkage model. 

6.5 General Observations 

6.5.1 Hawaiian Concrete 

This research was conducted on test cylinders made using Hawaiian concrete using 

locally obtained aggregates. Based on the results of the creep and shrinkage tests 

performed at CTL, the following observations can be made: 

• As expected, creep strains decreased with an increase in age at loading. 

• The concrete creep exhibited greater scatter with an increase in age at loading. 

• The scatter in concrete creep values after one year of loading varied between 

approximately 10% and 20%. 

• The scatter in shrinkage values after one year of drying was approximately 

8%. 

6.5.2 Predictive Creep and Shrinkage Models 

Based on the results of this study, none of the five predictive models considered was 

able to predict the test creep and shrinkage adequately. All of the models underestimate 

both creep and shrinkage of the Hawaiian concrete. Because none of the models fit the 
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test data, it is reasonable to conclude that these and any other predictive models should be 

used with caution when applied to Hawaiian concretes. 

6.5.3 Use of Short-Term Test Data to Modify the Predictive Models 

This study suggests that the appropriate use of short-term data for modifying the 

predictive models can be quite effective. Using the method outlined earlier in this 

chapter, significant improvements in the prediction of creep and shrinkage were obtained. 

However, not all of the models showed an improvement from the modifications. 

For creep prediction, the use of short-term test data to update the predictive models 

worked very well for all models except Bazant B3 and Gardner models. Bazant B3 model 

showed irregularity in modified creep prediction. Figure 6.10 through Figure 6.12 

showed that the modified 3-day creep prediction agreed well with the test data, while the 

28-day and 90-day creep predictions over-estimated the test data. The Gardner model 

showed a clear divergence from the test data for all creep test. 

For shrinkage prediction, the method used to update the predictive models was 

effective for two of the five models, namely the ACI 209 and Gardner models. The 

Bazant short form, Bazant B3 and CEB-FIP models clearly diverge from the test data and 

should not be modified using this approach. 

The ACI 209 and CEB-FIP models are outdated, and the ACI-209 committee on 

Creep and Shrinkage is currently considering recommending both the Bazant B3 and 

Gardner models. Based on the results presented in this report, it is recommended that the 

procedure described in this chapter be used with the Bazant short form model to predict 

long-term creep and with the Gardner model to predict long-term shrinkage. 
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7 TIME-DEPENDENT ANALYSIS 

7.1 Overview and introduction 

SFRAME is a structural analysis program specifically developed for the time

dependent analysis of segmentally erected prestressed concrete plane frame bridge 

structures (Ketchum, 1986). The analysis is based on step forward integration in the time 

domain of a plane frame finite element model of the structure. The structural model uses 

beam elements to model the box girder and piers, tendon elements to model the 

prestressing, and special traveler elements to model moving formwork. At each solution 

step, a complete analysis of the finite element system is performed, providing a record of 

displacements in the structure. The program can build the structure in the computer using 

any statically feasible construction sequence for the plane frame. The program 

incorporates automated construction and prestressing options, and time dependent 

material behavior into a command structure allowing the analysis of complex segmental 

bridge types. The solution includes the effects of creep, shrinkage and aging of the 

concrete, plus friction, anchorage slip and relaxation of the prestressing steel (Ketchum, 

1986). 

This chapter explains the application of SFRAME to the North Halawa Valley 

Viaduct (NHVV). T.Y. Lin International used SFRAME during the original analysis and 

design of the NHVV. The model used for that analysis was revised to match the 

contractor's redesign of the viaduct. It has since been updated throughout construction to 

accurately reflect the as-built conditions. The final model obtained from T.Y. Lin at the 

start of this study is a true as-built representation of the schedule of construction and is 

referred to herein as the "T.Y. Lin As-built model". This model was used by T.Y. Lin to 
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predict the long-tenn deflections included in the maintenance manual for the NHVV 

produced in October, 1998. 

Section 7.2 describes the operation of the SFRAME program. Sections 7.3 and 7.4 

outline the modeling of the NHVV culminating in the "T.Y. Lin As-built model". Finally 

section 7.5 describes the development of concrete material properties for use in this 

study, based on the CTL test data of the concrete used in the NHVV. 

7.2 SFRAME operation 

7.2.1 SFRAME construction operation 

7.2.1.1 Material model operation 

The time dependent phenomena in concrete are some of the most significant factors 

influencing the structural behavior of segmentally erected prestressed concrete bridges. 

Accurate consideration of time dependent concrete behavior is necessary for the accurate 

prediction of stresses and deflections in the structure at all load levels. Material properties 

influenced by time include the strength, /" modulus of elasticity, Ec ' creep strain and 

shrinkage strain. Three material models can be used in SFRAME, namely the ACI 209 

recommendations (ACI 209,1992), the CEBIFIP recommendations (CEBIFIP, 1993), or 

laboratory test data. These models provide the constitutive properties used in the time 

dependent analysis of the structure. The ACI and CEB/FIP are two built-in models in 

SFRAME. The time dependent material properties of these two models can be 

detennined by the SFRAME program. When the lab model is specified, the loading ages, 

observation times, elastic modulus, creep strain and shrinkage strain are not generated by 

the program and must be directly input by the user. 
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7.2.1.2 Frame element operation 

The plane frame element in SFRAME is based on classical Bernoulli-Euler beam 

kinematics. The frame element has six global displacement degrees of freedom, 

consisting of two translations and one rotation at each node. The element consists of 

parallel concrete and mild steel components to model the typical reinforced concrete 

bridge girder. The mild steel component is assumed to be uniformly distributed over the 

entire cross section. Each element has a constant cross section over its length. Dead load 

is automatically applied as equivalent concentrated forces at the nodes. Each element 

may be installed into and subsequently removed from the structure at any solution step. 

Frame elements are installed by including the contributions of their current stiffness 

matrix, dead load and time dependent strains. 

7.2.1.3 Prestressing tendon operation 

The prestressing tendon idealization in SFRAME is based on representing the actual 

curved geometry of a post-tensioned tendon by a system of piecewise linear prestressing 

segments. The displacements of tendon points are rigidly constrained to the 

displacements of their associated nodes. The initial prestressing forces in the tendon 

segments at the time of the tendon's installation are computed by SFRAME based on 

input jacking forces at the tendon ends and short term losses over the length of the tendon 

due to friction and anchorage slip. SFRAME idealizes the tendon force profile as linear 

over the tendon length and closely approximates the actual tendon force profile. 

7.2.1.4 Traveling form work operation 

The traveler element in SFRAME is provided in order to restrain the displacements of 

freshly cast frame elements. These elements have zero or near-zero elastic modulus and 
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would otherwise undergo large incremental displacements, but are restrained by the 

actual traveling formwork. Traveling formwork for construction of the concrete segments 

is included by modeling each actual traveler as two short beam elements. For the 

construction of each segment, the travel is moved so that it supports the new concrete 

segment as shown in Figure 7.1. 

cantilever girder 
/ segment being cast 

~~===+===r===+=/ ~ 
I I I 

I 

I 
, , , , ! 

frame element I I I I 
I 

traveler 
:::j 

Figure 7.1: Traveler Model 

7.2.2 SFRAME Program Structure 

The SFRAME computer program consists of a short mam program and 

approximately 100 Fortran subroutines, which perform the input and output functions, 

database management functions, and the numerical computations required for the time 

dependent solution. 

7.2.3 Numerical solution strategy 

The solution is based on combining a finite element analysis of the structure with a 

step forward integration scheme in the time domain. The time domain is subdivided into 

a number of time steps, and an analysis of the finite element system is performed for each 

step. Time dependent strains over the time step are considered as an initial strain loading 

on the finite element system. At the beginning of each time step, the complete stress, 

strain and displacement distribution within the structure is known. Over the length of the 
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time step, any external load increment is gradually applied, and all resulting 

displacements, stresses and strains in the structure are assumed to vary linearly from their 

initial values to their final values, which are computed by the program. The linear 

variations of loading increment and structural response require the use of a zero length 

time step when instantaneously applied loadings or changes in the structure configuration 

are considered. At the end of the time step a new stress, strain and displacement 

distribution within the structure is known. 

7.3 Analytical modeling 

7.3.1 Structure introduction 

The North Halawa Valley Viaduct is a segmental post-tensioned concrete box-girder 

bridge. The structure consists of two parallel viaducts, one inbound and one outbound. 

The instrumentation was placed on Unit 2 of the Inbound Viaduct (Unit 2 IB), which was 

modeled with SFRAME to analyze the long-term structural response. 

Unit 2IB of the Inbound Viaduct is 1782 feet in length. It consists of seven piers and 

six spans. The span lengths vary from 200 feet to 360 feet. The third and the fourth piers 

are fixed and the other pier supports are on sliding bearings. 

Unit 2 IB was constructed with 82 cast-in-place concrete segments, connected by 

mild steel reinforcement and post-tensioning. The length of segments is 24 feet in 

general and up to 28 feet at the midspan closures. The out-to-out width of the box girder 

top slab is 41 feet and the cell box is 23 feet wide throughout the whole length of the 

viaduct. The depth of each segment varies from 8 feet at midspan to 18 feet near the 

piers. Typical midspan and endspan cross sections are shown in Figure 7.2. 
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Figure 7.2: Typical Box Girder Cross Sections 

Concrete barriers were rigidly affixed on both sides of the bridge deck. They are 

approximately trapezoidal in shape, The top and bottom edges are 9 inches and 1 foot 6 

inches respectively, Each barrier unit is 40 feet long, with an expansion gap between 

units, 

7.3.2 Model description 

7,3.2,] Analysis description 

The structural model for the longitudinal analysis, shown in Figure 7.3, is a plane 

frame to represent the total structural system, consisting of nodes in the global X-V plane 

connected by frame elements and prestressing tendon elements. 

node 
a a f) a~"~l e-m e-n-tl~----l~----""O'------~O"'----- '-----0 

Pier 7 Pier 8 Pier 9 Pier 10 Pier II Pier 12 Pier 13 

Figure 7.3: SFRk'\1E Analytical Model 
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The 92 nodes in the superstructure are located at segment joints along the centroidal 

axis of the box girder. 218 frame elements are used to model the girder and piers. The 

elements are each prismatic with constant section properties based on the cross section 

selected at the mid-length of the element. Each cantilever segment is modeled with one 

frame element. Additional elements are used to model the six closure segments at mid-

span. The pier elements model the gross cross section of the pier. 

The cross section in SFRAME consists of a single cell box with wide cantilevered 

slabs. The girder depth varies from a maximum of 18 feet at the piers to a minimum of 8 

feet at mid-span. The bottom slab thickness varies from 8 inches at mid-span to a 

maximum of 24 inches at the piers. For the section properties and dead load generation, 

the cross section of each girder element is idealized as shown in Figure 7.4. A 2-inch 

thick overlay was added to the top of the roadway 2 years after the end of construction of 

the box girder. The dead weight of the overlay is included in the analysis, but its 

contribution to the section properties is ignored. Any contribution of the barriers to the 

section properties also is ignored in this model. 

41 It 

jC::::===;-~===============~===:jj ==;= 11.81" 

Varies 

=====tVories 
23 It I 

Figure 7.4: Idealized Cross Section in SFRAME 
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Uniformly distributed mild steel reinforcement is included in all elements, based on 

an area ratio of 0.5 percent in the girder and 1.5 percent in the piers. 

The post-tensioned segmental structure contains three major types of pretressing 

tendons. Up to sixty-four cantilever tendons are used at each pier for construction of the 

segmentally balanced cantilevers. Up to sixteen span tendons are located in the bottom 

slab at mid-span of each span to provide positive moment capacity. Eight continuity 

tendons provide continuous prestressing along the length of the Viaduct. During 

construction, each concrete segment was post-tensioned to the previous segments with 

two cantilever tendons. After the closure at mid-span, the span tendons were installed and 

post-tensioned to provide positive moment capacity. Finally the continuity tendons were 

stressed from both ends to provide additional negative moment capacity at the supports 

and positive moment capacity at mid-span. The continuity tendons also contribute to the 

shear capacity of the box girder stems. 

All SFRAME analyses were performed in units of pounds and inches. 

7.3.2.2 Material model in SFRAME 

In the original design of the viaduct, T.Y. Lin used the CEBIFIP material model for 

SFRAME long-term analysis. In this study, CTL laboratory test results were used in the 

SFRAME lab material model in order to model the concrete properties more realistically. 

The detailed calculation of these material parameters is discussed in Section 7.5. 

The uniformly distributed mild steel reinforcement in the frame element has elastic 

modulus of E, = 29,000,000 psi. The prestressing steel has elastic modulus 
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E p =28,000,000 psi. A relaxation coefficient of R=45 is used for the low-relaxation 

prestressing steel. 

7.3.2.3 Loading and constrnction sequence for the time dependent analysis 

The bridge is analyzed for the as-built construction sequence, in which each segment 

is cast-in-place and post-tensioned on an approximately 4-day cycle. The daily operations 

in a typical cycle were as follows: 

I. Day 1: install the reinforcing and post-tensioning ducts in the bottom slab of 

the box girder. 

2. Day 2: install the reinforcing and post-tensioning in the webs and the top slab, 

adjust and set the forms, and perform a button-up survey. 

3. Day 3: perform a pre-pour survey and cast the segment. 

4. Day 4: stress the cantilever post-tensioning tendons in the top slab, break 

down and move the forms forward, and perform an as-built survey. 

The start of Unit 2 IB construction was on February 22nd
, 1994. In SFRAME this 

date is referred to as day 1. Construction of the unit continued through October 3fd
, 1994 

when the final tendons were pretressed. This was day 224 in SFRAME. The behavior of 

the bridge under dead load, superimposed load and prestressing, is traced throughout the 

construction phase and for 40 years thereafter. The SFRAME results are output at 

particular dates in order to compare the model prediction with the site measurements at 

the same dates. 
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7.4 T.Y. Lin As-built model 

Two of the leading anal ytical models to predict concrete creep and shrinkage are the 

ACI 209 method (American Concrete Institute-U.S.A.) and the CEB-FIP method (Comite 

Euro-Intemational du Beton/Federation International de la Precontrainte-Europe). For the 

original design of the North Halawa Valley Viaduct, T.Y. Lin selected the CEBIFIP-78 

model for prediction of creep and shrinkage. Since prior research had indicated that 

Hawaiian concrete exhibits greater creep and shrinkage than Mainland US and European 

concrete (Hamada and Chiu, 1972), T. Y. Lin commissioned laboratory creep and 

shrinkage tests on the viaduct trial concrete mix. The CEB model was modified based on 

these short -term laboratory tests. 

Vertical deflection predictions based on this as-built model were included in the 

maintenance manual (T. Y. Lin International, 1998) for the Viaduct and are shown in 

Chapter 8. Note that in Figure 8.1 and all subsequent figures showing deflected shapes, 

the vertical deflections are greatly exaggerated to allow for easier comparison between 

plots. 

7.5 Long-term concrete properties for SFRAME 

7.5.1 Long-term modulus of elasticity prediction 

The modulus of elasticity of concrete varies with different concrete strengths, 

concrete age, type ofloading, and the characteristics of the cement and aggregate. In this 

study, three prediction methods are used to calculate the elastic modulus for comparison 

with the average CTL 3-day, 28-dayand 90-day test results. A final prediction model was 

selected for use in the SFRAME input. 
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8 MEASUREMENT RESULTS 

8.1 Introduction 

In this chapter, the optical survey results, which represent the actual vertical 

deflection of the NHVV, are presented along with base-line deflection measurements for 

the instrumented spans of Unit 2IB. The T. Y. Lin as-built models, which represent the 

original SFRAME deflection predictions, are also presented for comparison with the 

optical survey and base-line measurements. 

Predicting the complete time-dependent response of a segmentally erected box girder 

bridge is very complex. The response depends on time-dependent material properties 

such as the uncertainty of concrete properties, the tendon prestress losses, the variability 

of environment, and the construction sequence. Accurate prediction of time-dependent 

deflections of concrete bridge structures due to creep and shrinkage is complicated by the 

wide range of physical properties of concrete. The creep and shrinkage characteristics of 

concrete are highly variable and are not exactly known. Creep and shrinkage vary with 

aggregate type, ambient temperature, relative humidity, applied stress, volume to surface 

ratio, and some other factors. They also vary with time, location, and from concrete batch 

to batch even when the same raw materials and mix design are used. 

8.2 Long-Term Defiection-Optical Survev 

The initial base-line system readings were taken on March 29th
, 1995 along with an 

optical survey of the NHVV roadway. The base-line system installed in Unit 2IB is 

described by Dong and Robertson (1999). Subsequent readings were recorded at various 

dates. Follow up optical surveys of the entire NHVV were made on June 19, 1997, May 

1, 1999, and May 17,2003. The differences between the initial and subsequent readings 
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represent the span deflection during each time period. For corresponding vertical 

deflection predictions, the dates of the field readings were converted to an equivalent 

number of days after start of construction in the time domain of SFRAME for the 

specified unit. Table 8.1 lists the equivalent days of each unit on March 29 1995, which 

is treated as the base line measurement date, when the first optical survey was conducted 

for both inbound and outbound viaducts. Equivalent days are also given for each of the 

subsequent optical surveys. 

Table 8.1: SFRAME Equivalent Days for Optical Survey on Each Unit 

Date of 3/29/1995 6/1911997 511/1999 5/1712003 
Optical survey 

Unit 181 712 1525 2206 3682 

Unit 182 401 1214 1895 3371 

Unit 183 391 1204 1885 3361 

Unit 081 842 1656 2337 3812 

Unit 082 421 1234 1914 3391 

Unit 083 891 1704 2384 3861 

For any input date, the SFRAME output file gives the vertical position of each node. 

To isolate pure span deflections, the pier settlement must be eliminated from the total 

vertical movement. The vertical position of the nodes in a span must first be normalized 

relative to a straight line joining the two ends of the span. To do this, the deflection of 

each pier center is set to zero. Normalization along this straight line eliminates the effect 

of pier shortening and settlement. In this way, the pure span deflection can be isolated 

and compared with the base-line field measurements. The difference between the 

normalized vertical position at the initial and subsequent dates represents the predicted 

deflection during each time period. Comparisons between the normalized base-line 

reading and predicted deflection up to 1997 are presented by Dong and Robertson (1999). 

In their study, they compared the Unit 2m base-line and optical survey deflections with 
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the SFRAME prediction so as to evaluate the SFRAME as-built model predictions. They 

concluded that the T. Y. Lin as-built model substantially underestimates long-tenn 

deflection for the longest span P8-P9. Discrepancies also occur in all other spans to 

different degrees. Li and Robertson (2002) repeat the 1995-1997 vertical deflection 

comparison for Unit 2IB, and extend the comparison to the other five units of the NHVV. 

They also present vertical deflections from 1995 to 1999. In this study, the deflection 

predictions are extended by adding the 1995 to 2003 measured deflections, T. Y. Lin 

predictions, and SFRAME predictions. Figure 8.1 to Figure 8.18 present the 1995-1997, 

1995-1999, and 1995-2003 vertical deflections versus the T.Y. Lin as-built model 

predictions for all six units. These figures show that the T.Y. Lin as-built model 

significantly underestimates the viaduct vertical deflections for some of the longer spans, 

while over-predicting deflections for other spans. Figure 8.4 to Figure 8.6 also include 

the base-line system measurement of vertical deflections for 1995-1997, 1995-1999 and 

1995-2003, which confinns the optical survey results. 
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Figure 8_1: nit lIB Vertical Deflection -- Optical Survey (1995-1997) 
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Figure 8.3: Unit 1 m Vertical Deflection - Optical Survey (1995-2003) 
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Figure 8.5: Unit 21B Vertical Deflection -- Optical Survey (1995-1999) 
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Figure 8.6: Unit 2m Vertical Deflection - Optical Survey (1995-2003) 
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Figure 8.7: Unit 3m Vertical Deflection -- Optical Survey (1995- 1997) 
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Figure 8.8: Unit 31B Vertical Deflection -- Optical Survey (1995-1999) 
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Figure 8.9: Unit 31B Vertical Deflection - Optical Survey (1995-2003) 
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Figure 8.10: Unit lOB Vertical Detlection -- Optical Survey (1995-1997) 
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Figure 8.11: Unit lOB Vertical Deflection - Optical Survey (1995-1999) 
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Figure 8_12: Unit lOB Vertical Detlection - Optical Survey (1995-2003) 
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Figure 8_13: Unit 20B Vertical Deflection -- Optical Survey (1995-1997) 
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Figure 8_14: Unit 20B Vertical Deflection -- Optical Survey (1995-1999) 
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Figure 8.15: Unit 20B Vertical Deflection - Optical Survey (1995-2003) 
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Figure 8.16: Unit 30B Vertical Dellection -- Optical Survey (1995-1997) 
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Figure 8.1 7: Unit 30B Vertical Defl ection -- Optical Survey (1995-1 999) 
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9 DEVELOPMENT OF VERTICAL DEFLECTION ENVELOPE 

9.1 Introduction 

In this chapter, SFRAME is used to provide analytical prediction of the long-term 

vertical deflection. These analytical predictions are compared with the optical survey 

results, which represent the actual deflection. As shown in Chapter 8, the T. Y. Lin as

built models, which represent the original design modified for as-built conditions, do not 

provide satisfactory prediction of the measured deflection. This disagreement between 

the analytical and observed deflections is mainly attributed to the assumptions made 

regarding the anticipated concrete material properties, such as creep and shrinkage 

coefficients. Based on short-term creep and shrinkage data from the Unit 2IB concrete, 

Dong and Robertson (1999) considered various adjustments to the material property 

models for Unit 2IB. These results were tuned to match the field measurements for the 

Unit 2IB. This model was subsequently adjusted based on feedback from T.Y. Lin 

International to produce the Hoi final model. The SFRAME predictions of Hoi final 

models for all six units of the NHVV are presented in Section 9.2 

A single set of assumed input parameters cannot be expected to provide accurate 

deflection predictions for all spans of a multi-span viaduct. It is therefore necessary for 

the designer to create a reasonable bound for these parameters and develop upper and 

lower bounds so as to provide more realistic deflection envelopes. Although these 

parameter combinations do not provide the actual prediction, they provide a reasonable 

upper and lower bound of the bridge's long-term deflection. There is no instrumentation 

installed in the other five units, and no lab data available for those five units. Therefore, 

94 



the upper and lower bounds for the other five units are based on the same parameters as 

those used in Unit 2IB. 

The parameters which affect the deflection predictions are discussed in Sections 9.2 

& 9.3. The parameter combinations used to create upper and lower bound of vertical 

deflection predictions are presented in Section 9.4. The vertical deflection prediction 

envelopes are presented in Section 9.5. 

9.2 Final Model Predictions 

The T. Y. Lin as-built model employed CEB-FIP formulae for creep and shrinkage 

modeling, which consistently under-estimated the NHVV vertical deflections. Based on 

the optical survey and base-line system measurement of vertical deflections, Dong and 

Robertson (1999) created a modified Dong model. To further improve the input model, 

the more comprehensive Bazant B3 model was considered as an alternative to Bazant 

short form model in this study. As shown in chapter 6, both Bazant models yield similar 

creep results. However, the Bazant short form model adj usted with 28-day linear 

regression technique was proven to be more accurate than its Bazant B3 counterpart in 

creep prediction. The Gardner model adjusted by linear regression was chosen to provide 

shrinkage input parameters for the Hoi final model. The relative humidity in North 

Halawa Valley ranges from 80% to 90% throughout the year, and the average, 85%, is 

taken as input parameter. 

The Hoi final model parameters are as follows: 

• Relative humidity: 85% 

• Creep scaling factor: 1.3 

• Shrinkage scaling factor: 0.7 
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• Prestressing force scaling factor for span tendon, cantilever tendon, and continuity 

tendons: 0.9. 

• Concrete density: 155 pcf 

To investigate whether this model is suitable for the other five units, the same 

parameter combinations are used in SFRAME analysis of the other five units to create 

Hoi final model output for each unit. Figure 9.1 to Figure 9.18 show SFRAME final 

model vertical deflection predictions of all six units for 1995-1997,1995-1999, and 1995-

2003, compared with the optical survey measurement. It can be concluded that the final 

model vertical deflection predictions are close to the optical survey results in some spans, 

while under-predicted or over-predicted in other spans. However, in general, the final 

model predictions are significantly better than the T. Y. Lin model predictions for all six 

units. It also can be concluded that a single set of input parameters cannot provide 

accurate deflection prediction for all spans of a multi-span viaduct. 

Having developed the upper and lower deflection envelopes, it is now possible to 

extend the envelope predictions into the future. The envelopes have been shown to 

encompass the deflected shape after two years (March 1995 to June 1997), four years 

(March 1995 to May 1999), and eight years (March 95 to May 2003). They will therefore 

provide a good estimate of the minimum and maximum future deflected shapes. 
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Figure 9.1: Unit 1m Hoi Final Model Vertical Deflection 1995-1997 
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Figure 9.2: Unit IlB Hoi Final Model Vertical Deflection 1995-1999 
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Unit 11B Comparison of Optical Survey and Final Model 1995-2003 
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Figure 9.3: Unit lIB Hoi Final Model Vertical Defl ectioll 1995-2003 
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Figure 9.4: Unit 21B Hoi Final Model Vertical Deflection 1995-1997 
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Unit 21B Comparison of Optical Survey and Final Model 1995-1999 
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Figure 9.5: Unit 2IB Hoi Final Model Vertical Deflection ]995-]999 
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Figure 9_6: Unit 21B Hoi Final Model Vertical Defl ection ]995-2003 
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Unit 31B Comparison of Optical Survey and Final Model 1995-1997 
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Figure 9.7: Unit 3m Hoi Final Model Vertical Deflection 1995-1997 
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Figure 9.8: Unit 3m Hoi Final Model Vertical Deflection 1995-1999 
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Unit 31B Comparison of Optical Survey and Final Model 1995-2003 
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Figure 9.9: Unit 3m Hoi Final Model Vertical Deflection 1995-2003 
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Figure 9.10: Unit lOB Hoi Final Model Vertical Deflection 1995-1 997 
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Unit 108 Comparison of Optical Survey and Final Model 1995-1999 
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Figure 9.11: Unit 108 Hoi Final Model Vertical Detlection 1995-1999 
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Figu re 9.12: Unit 108 Hoi Final Model Vertical Deflection 1995-2003 
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Unit 208 Comparison of Optical Survey and Final Model 1995·1997 
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Figure 9.13: Unit 20B Hoi Final Model Vertical Defl ection 1995-1 997 
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Figure 9.1 4: Unit 20B Hoi Fili al Model Vertical Deflection 1995·1999 
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Unit 20B Comparison of Optical Survey and Final Model 1995-2003 
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Figure 9.15: Unit 20B Hoi Fina.1 Model Vertical Deflection 1995-2003 
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Figure 9.16: Unit 30B Hoi Final Model Vertical Deflection 1995-1997 
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Unit 30B Comparison of Optical Survey and Final Model 1995-1999 
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Figure 9_17: Unit 30B Hoi Final Model Vertical Dellection 1995-1 999 
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Figure 9_18: Unit 30B Hoi Final Model Vertical Dellection 1995-2003 
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9.3 Range of Parameters 

The CEB creep and shrinkage models used in the T.Y. Lin as-built analysis 

underestimated both the creep and shrinkage strain for the concrete used in the NHVV 

(Dong & Robertson, 1999). To create the upper and lower bound of the envelope, all 

parameters are chosen to reflect the anticipated variation under NHVV conditions. Dong 

and Robertson (1999) developed preliminary parameter ranges. For this study, these 

ranges were refined based on feedback from T. Y. Lin regarding tendon prestress levels 

and concrete density. 

Creep and shrinkage of concrete are known to have variability of up to ± 30% 

(Gilbert, 1988). Therefore, it is likely that creep and shrinkage predictions in the field 

could vary by ± 30%. The upper and lower bounds for creep and shrinkage scaling 

factors are therefore set at 0.7 and 1.3 respectively. 

The daily average relative humidity measured in the field varied from about 80% to 

90% (Dong & Robertson 1999). Hence, the upper and lower bounds of the relative 

humidity are selected as 90% and 80% respectively. The creep and shrinkage components 

of the concrete constitutive model were modified accordingly. 

As observed in the span tendon stressing described in Chapter 8, prestressing forces 

in tendons will deviate from the design values. Based on the load cell measurements 

addressed in section 8.4, 85% of the design prestressing force is a reasonable lower 

bound for the span tendons. Based on feedback from engineers at T. Y. Lin international, 

the lower bound for prestressing forces in the cantilever and continuity tendons are set at 

90% of the design values. Since both prestress force and extension measurements are 

used to measure the initial jacking forces, the prestress force is not likely to exceed the 
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design values by more than about 5%. Hence 105% is set as the upper bound prestress 

limit. 

9.4 Parameter Combinations 

Based on the parameter ranges discussed above, the most favorable conditions are 

combined to create the upper bound, which represents the minimum vertical deflection. 

All the least favorable conditions are combined to create the lower bound, which 

represents the maximum vertical deflection. Dong and Robertson (1999) considered 

concrete self-weight as a variable to develop these envelopes. However, measurement of 

concrete self-weight by CTL shows little variation among different batches using the 

same raw materials and mix design. This parameter was therefore not considered as 

variable in developing the bounds presented in this report. 

The parameters providing the lower bound (maximum) deflections for all spans are: 

• relative humidity: 80%, 

• creep scaling factor: 1.3, 

• shrinkage scaling factor: 1.3, 

• prestressing force scaling factor for span tendons 0.85, cantilever and 

continuity tendons: 0.9. 

The parameters providing upper bound (minimum) deflections for all spans are: 

• relative humidity: 90%, 

• creep scaling factor: 0.7, 

• shrinkage scaling factor: 0.7, 

• prestressing force scaling factor for all tendons: 1.05. 
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9.5 Vertical Deflection Envelope 

Figure 9.13 to Figure 9.36 di splay the resu lting span vertical deflection envelopes for 

the periods from March 1995 to June 1997, March 1995 to May 1999, and March 1995 to 

May 2003, for all six uni ts. The corresponding optical survey and base-line 

measurements are ploned for comparison. 
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Figure 9.1 9: Unit 1IB Defl ection Envelope 1995-1997 
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Unit 21B 1995-1997 Envelope 
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Figure 9.22: Unit 2ID Deflection Envelope 1995-1 997 
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Unit 21B 1995-2003 Envelope 
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Figure 9.24: Unit 2IB Deflection Envelope 1995-2003 
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Unit 31B 1995·1999 Envelope 
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Figure 9.26: Unit 3m Deflection Envelope 1995· 1999 
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Figure 9.27: Unit 3m Deflection Envelope 1995-2003 
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Unit 10B 1995-1997 Envelope 
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Figure 9.33: Unit 20B Deflection Envelope 1995-2003 
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Unit 30B 1995·2003 Envelope 
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Figure 9.36: Unit 30B Dctlection Envelope 1995-2003 

The majority of optical survey deflections fall within the predicted deflection 

envelopes. In particular, the observed deflections for Units 3m and 30B consistently fall 

within the predicted envelopes. The other four units typically have one or two spans 

where the measured deflection falls outside the predicted envelope. It appears that 

SFRAME often underestimates the deflection for short spans adjacent to longer spans. 

Even though the parameter ranges considered in this report are reasonable, it can be 

seen that the most favorable and least favorable parameter combinations produce widely 

varying deflection bounds. These bounds may appear excessively wide, however, in some 

spans the actual deflection approaches the maximum bound, while elsewhere it 

approaches the minimum bound, and even exceeds the predicted bounds in a few 

instances. Although the likelihood that all the best or worst parametric conditions will 

occur simultaneously is small, this model will enable the designer to provide a reasonable 

bound of deflection predictions to the client. 
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Having developed the Hoi final model, it is now possible to predict the viaduct 

deflection in the future with some confidence. The final model has been shown to provide 

a reasonable match for the deflected shape after two years (March 1995 to June 1997), 

four years (March 1995 to May 1999), and eight years (March 95 to May 2003). It will 

therefore provide the best estimate of future deflected shapes, as presented in chapter 10. 

Continued monitoring of the bridge deflections will allow for future confirmation of these 

analytical model predictions. 
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10 FUTURE PREDICTION 

10.1 Introduction 

The Hoi final model has been calibrated using the actual deflected shape of NHVV 

Unit 2IB. With no additional instrumentation or lab data available, the deflection 

predictions are extended to the other five units with the same model developed for Unit 

2IB. A single set of input parameters has proven insufficient to model accurately the 

entire viaduct. In order to estimate lower and upper deflection limits for design 

consideration, the most and least favorable input combinations are chosen to produce 

deflection envelopes for all six units. Cross examination of SFRAME analysis with 

optical survey (and piano wire measurements on Unit 2IB) between 1995 to 1997, 1995 

to 1999 and 1995 to 2003 suggests that it is possible to develop reasonably accurate 

deflection envelopes with the limited information available at the time of design. This is 

especially significant giving only 28-day creep and shrinkage data from lab testing are 

incorporated into the input file. Apart from minor discrepancies shown in previous 

chapters, the deflection curves generally stay within the upper and lower bounds for all 

the units considered. The Hoi final model can now be utilized with confidence to project 

the deflection predictions as well as the design envelopes for the future of the viaduct 

structure. This chapter presents the long-term deflection predictions from the T. Y. Lin 

model, the Hoi final model, and the design envelopes based on the Hoi final model. 

10.2 T. Y. Lin Model Long Term Deflection Prediction 

Figure 10.1 through Figure 10.6 show the T. Y. Lin model long-term deflection 

predictions for 2, 4, 10, 15, 30, and 100 years. The maximum deflections are predicted to 

119 



occur at the first and third Spans of Unit 31B and third span of Unit 20B all with 

ampli tudes of approximately 4.5-inch. 
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30B T.Y.Lin Vertical Deflection Prediciton 
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Figure 10.6: 30B T. Y. Lin Vertical Deflection Prediction 

10.3 Hoi Final Model Long-Term Deflection Prediction 

Figure 10.1 through Figure 10.6 show the Hoi final model long-term deflection 

predictions for 2, 4, 10, 15, 30, and 100 years. 

The T. Y . Lin model generally yields lower deflection predictions than the Hoi final 

model in most of the spans. One of the factors is the CEB-FIP model used in the T. Y. 

Lin SFRAME analysis. Discussion in chapter 6 shows that while thi s analytical model 

gives accurate creep results compared to other models, it significantly under-estimates 

shrinkage strain. In the Hoi final model, CTL laboratory test results were imported into 

the SFRAME input file in order to model the concrete properties more reaJjstically. 

Bazant short fOlln creep model and Gardner shrinkage model adjusted by linear 

regression technique with 28-day lab data were used to estimate creep and shrinkage 

strains respectively. Research done by Durbin and Robertson ( 1998) and conclusion in 
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chapter 6 of thi s study indicate that the adjusted Bazant short rOm1 mode l and Gardner 

model yield the best creep and shrinkage results among other current ly available models. 

With these more realistic material property predictions in the Hoi fInal model, it is likely 

that the deflections predicted by SFRAME will represent more close ly the actual 

deflection. 

Section 9.2 shows th is improved agreement between the Hoi fIna l model predictions 

and the measured deflected shapes for all six units after 2, 4 and 8 years . The Hoi fIna l 

model therefore represents the best estimate of future deflected shapes for all units of the 

NHVV. These predictions are shown in Figllre 10. 7 through Figure 10. 12. Based on these 

predictions, after 100 years, the maximum predicted deflection of 6.2 inches occurs in 

span 2 ofVnit 3IB. 
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21B Hoi Final Model Vertical Deflection Prediction 
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10B Hoi Final Model Vertical Deflection Prediction 
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30B Hoi Final Model Vertical Deflection Prediciton 
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Figure 10.12: 30B Hoi Final Model Long Term Vertical Dellection 

10.4 Hoi Final Model Long-Term Vertical Deflection Envelopes 

Figure 10.13 through Figure 10.18 show the upper and lower limits of vertical 

deflection as predicted by the Hoi envelope presented in section 9.5. Under the worst-

case scenario, the maximum deflection occurs in the second span of Unit 3IB after 30 

years. Allhough the 8.8-inch deflection appears large, with a span length of 360 ft, the 

equ ivalent denection ratio is approximately Ll409, which is acceptable. There is a low 

likelihood of all the worst design parameters occurring at once; nevertheless, the 

envelope provides the design engineers with insight into what to expect under extreme 

conditions. 
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Figure 10.13 lID Hoi Final Model Long-Term Vertical Deflection Envelope 
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Figure 10.14: 2ID Hoi Final Model Long-Term Vertical Deflection Envelope 
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31B Hoi Final Model Long-Term Vertical Deflection Envelope 
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Figure 10_15: 31B Hoi Final Model Long-Term Vertical Deflection Envelope 
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Figure 10_16: lOB Hoi Final Model Long-Term Vertical Deflection Envelope 
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Figure 10.18: 30B Hoi Final Model Lo ng-Term Vertical Deflection E nvelope 
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10.5 Comparison of 100-vear Hoi Final Model and Envelope Predictions 

For greater clarity, the 100-year vertical deflection pred ictions from the Hoi final 

model are compared with the design envelopes in Figure 10. 19 through Figure 10.24. The 

Hoi final model predictions are consistently within the envelope predictions . 
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21B Hoi Final Model Long-Term Vertical Deflection Envelope 

1 

o 

-6 

-7 

• Hoi ModeJ 100yrs Upper 100yrs lower 100yrs 
-8 

Figure 10.20: 2lB Hoi Final Model Long-Term Vertical Del1ection Envelope 
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Figure 10.21: 3ill Hoi Final Model Long-Term Vertical Del1ection Envelope 
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10B Hoi Final Model Long·Term Vertical Deflection Envelope 
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Figure 10.22: lOB Hoi Final Model Long-Term Vertical Deflection Envelope 
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30B Hoi Final Model Long-Term Vertical Deflection Envelope 
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Figure 10_24: 30B Hoi Final Model Long-Term Deflection Envelope 
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11 SUMMARY AND CONCLUSIONS 

The instrumentation of the NHVV has provided an excellent opportunity to further 

our understanding of the structural behavior of long span bridge structures. Several 

research papers have been published based on the data collected. In this study, short-tenn 

creep and shrinkage test data were used, along with a linear regression technique, to 

improve the accuracy of creep and shrinkage prediction models. The improved prediction 

results are used in the SFRAME input file for long-term deflection predictions. 

Adjustments are also made based on field environmental conditions and deflections of 

Unit 2m measured over a two-year period. This resulted in development of the Hoi final 

model. In addition, upper and lower design envelopes are used to provide a range of 

deflection predictions. The Hoi final model and envelopes are extended to the other 5 

units of the NHVV for the full 8-year monitoring period. The majority of the vertical 

deflection results fall within tbe upper and lower bounds. The Hoi final model predictions 

and envelopes are then used to predict the long-tenn response of the NHVV for the next 

100 years. 

Based on the results reported here, the following conclusions were made: 

• The Bazant linear regression procedure, using 28-days of laboratory creep and 

shrinkage test data, was effective for modifying the Bazant short-fonn creep 

prediction model and Gardner shrinkage prediction model. However, tbis 

technique was not always effective for modification of creep and shrinkage model 

predictions, and should be used with caution. 
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• The Bazant short-form model and Bazant B3 model yield similar creep 

predictions despite the more complex and comprehensive mathematical 

expreSSIOns in the Bazant B3 modeL However, the Bazant linear regression 

procedure was not effective for modification of the Bazant B3 creep modeL 

• The baseline deflection system is an economical and effective means for vertical 

deflection measurement. The results obtained from this system closely match the 

optical survey measurements. 

• SFRAME analysis of all six units of the NHVV usmg the Hoi final model 

provides reasonable vertical deflection predictions when compared with the 

optical surveys over the first 8 years of monitoring. 

• Development of upper and lower bound deflection predictions is a more reliable 

design tool than the use of a single set of input data. The upper and lower bounds, 

based on the Hoi final model, provide an envelope that encompasses virtually all 

of the measured vertical deflections over the first 8 years of monitoring. 

• Future predictions of the response of the NHVV usmg the Hoi final model 

indicate that the maxImum vertical deflection after 100 years will be 

approximately 6 inches, or span over 720. 
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