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ABSTRACT

The Cypress Street viaduct was a double deck portion of Interstate 880 located in the western part

of Oakland, California. The reinforced concrete structure was designed in the early 1950's and

construction was completed in 1957. During the October 17, 1989 Lorna Prieta earthquake, a 3/4-mile

length of the upper deck of the viaduct collapsed suddenly onto the lower deck, resulting in 42 fatalities

and scores of injuries. Following the earthquake, a series of experiments was carried out on an

undamaged portion of the viaduct in order to identify the structural causes of the collapse as well as to

study ways of retrofitting other similar freeways. Results of these tests are reported, analyzed and

interpreted in this report.

Experiments conducted include low amplitude forced vibration tests to determine the dynamic

characteristics of the structure and high amplitude static load tests to assess the strength, stiffness and

toughness of the structure. Both sets of tests focused on response in the transverse direction and were

conducted on the structure in its original configuration as well as following partial retrofit. Three different

forms of partial retrofit were considered. The final tests of the retrofitted structure were carried out

cyclically to deformation levels resulting in severe damage.

The tests confirmed that collapse in the typical bent was likely triggered by a local failure

involving the short pedestal that connected the upper level columns to the lower bent cap - column joint.

Shear forces in the columns resulted in inclined cracks at the base of the pedestal which extended

downward and outward through the joint. As was common at the time of construction, transverse

reinforcement was not placed in the joint to resist shear or to provide confinement. As a result, the joint

was the weak link for the shear resistance of the column and pedestal. Tests during demolition, and

subsequent analyses, clearly indicate that an inclined shear failure in the pedestaVjoint region would be

sufficient to produce collapse of the upper deck.
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The tests indicate that the typical bent would likely be able to resist an effective base shear equal

to approximately 32% of its weight before failure. This value is far greater than the 6% working stress

coefficient employed in the original design. Simple elastic and plastic static analyses used in conjunction

with conventional design formulae were able to predict the location of the failure in the typical bent, as

well as the approximate load at which this failure occurred. Elastic dynamic analyses of the test structure

indicate forces and displacements 60% greater than those needed to initiate failure for a ground motion

recorded during the Lorna Prieta earthquake near the viaduct. While other factors (such as traveling

seismic waves, soil-structure interaction, configuration irregularities, and detailing used for atypical bents)

all likely contributed to the failure of the viaduct, this study shows that elementary deficiencies in the

transverse structural framing were sufficient to explain the observed failure.

Three different partial retrofits were attempted to mitigate the problems with the lower joint

region. These (1) added a steel strongback to the columns, (2) encased the pedestal in a steel jacket, and

(3) reinforced the joint with steel anchors grouted in inclined holes drilled through the joint/pedestal

region. Retrofitting had little effect on the overall lateral stiffness. However, retrofitting increased the

apparent strength by 184%, and deformability by 1150%. Stable hysteretic loops were developed through

a ductility of 2.5, and a single excursion to a displacement ductility of about 6 was achieved.

The first two retrofit types were unable to maintain composite action and areas of severe local

distress were observed. The grouted joint anchors proved effective for· the loading imposed, but

construction problems and their behavior under different loading conditions suggest the need for further

investigation. During the retrofit tests the upper joints of all bents suffered failures, with wide diagonal

cracks developing and large portions of the concrete cover spalling by the end of the test. The tests

indicate that a majority of the global inelastic deformations achieved by the retrofitted structure is

associated with this shear distress, rather than with ductile flexural yielding of retrofitted members.
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Because of the severity of this damage, it is unlikely that the retrofitted structure could have sustained

additional load cycles in its final damaged condition.

The test results indicate the importance of considering the strength and deformability of joints

when evaluating and retrofitting such highway structures and of identifying the likely hierarchy of member

and joint failures. Simply repairing and strengthening damaged elements is not a guarantee of satisfactory

behavior. In such cases, damage may shift to other undesirable locations.

Design implications resulting from these tests are identified in this report. However, it is not

possible on the basis of a single test program to make far ranging and comprehensive recommendations

for evaluation and retrofit of reinforced concrete bridge structures. Issues requiring further investigation

are identified in the conduding remarks.
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PREFACE

To assist other investigators in evaluating and analyzing the test results presented in this report,

experimental data is available in digital form. Diskettes containing the test results may be obtained from

the National Information Service for Earthquake Engineering at 404A Davis Hall, University of California,

Berkeley, CA 94720.
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1. OVERVIEW OF THE TEST STRUCTURE AND TEST PROGRAM

1.1 Description of the Cypress Street Viaduct Structure

The Cypress Street viaduct was a double-deck portion of Interstate 880 located in the western part

of Oakland, California (Figs. 1.1 and 1.2). The structure extended in an approximately north-south

orientation for a length of about 1.5 miles. The viaduct had been designed in accordance with the 1953

AASHTO specifications [1.3], and was constructed between 1955 and 1957. For over thirty years the

structure seIVed as a major freeway linking the northern and southern regions of the San Francisco Bay

Area.

The roadway structure consisted of multi-cell reinforced concrete box girders supported on either

reinforced concrete or combined reinforced/prestressed concrete bents. Figure 1.3 illustrates the most

cornmon box girder cross section and supporting bent elevation. The typical box girder had a width of

54 feet and a span of approximately 70 feet. Deck expansion joints were provided typically every third

span.

The majority of bents along the viaduct had the configuration illustrated in Fig. 1.4 [1.4]. This

typical bent consisted of reinforced concrete bent caps framing rigidly into reinforced concrete columns.

The upper columns were connected at their base to the lower bent cap through 27-in. tall pedestals.

Hinged joints were provided between the pedestals and upper level columns as shown in Fig. 1.5. The

columns in the lower level were also connected through hinged joints to reinforced concrete pile caps.

Bents of different configuration were also used along the length of the viaduct, primarily at

locations where ramps entered and exited the freeway, and where the upper and lower decks merged and

diverged at either end of the viaduct length. A complete description of the viaduct geometry is presented

elsewhere by Nims, et aI. [1.2].

Concrete in the structure was specified to be normal weight with a design working stress of 1250

psi. Mild reinforcement was specified to be Grade 40. Tests of materials in November and December

1989 [1.5] indicated an average concrete compressive strength of 6275 psi and a reinforcement yield
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strength of 43 ksi (Fig. 1.6). Additional material tests have been performed by a variety of investigators

and are summarized in Ref. 1.6.

The structure was supported on pile foundations. Pile lengths and soil conditions varied

considerably along the viaduct length (Fig. 1.7). In the northern half, the structure was supported on fill

underlain by soft clay and slightly compact clayey silts or sands, with firmer material located at a depth

of approximately 40 to 60 ft. In the southern half, the structure was supported on a layer of loose to

dense material, with dense bearing material at a depth of approximately 20 ft. Depth to bedrock was in

excess of 500 ft. along the entire length. Soil characteristics to bedrock have been identified in detail and

reported [1.8] for two locations along the viaduct (near Bents 44 and 89). Lateral load tests of two pile

caps were reported in Ref. 1.9.

1.2 The Lorna Prieta Earthquake

The Lorna Prieta earthquake occurred at 5:04 pm on 17 October 1989 [1.10]. The epicenter was

near Santa Cruz, about 60 miles southwest of the Cypress Street viaduct. The surface wave magnitude

was 7.1. The duration of strong ground shaking was between 10 and 15 sec in the epicentral region,

which is relatively short for this intensity of earthquake.

No instrumental response records for the Lorna Prieta earthquake are available at the Cypress

Street viaduct. However, ground motion records were obtained at four sites within 2-1/2 miles of the

viaduct (Fig. 1.8). Peak recorded accelerations ranged between 18 and 29 percent of gravity at these sites.

Recorded ground motions and computed linear elastic response spectra for three nearby sites are shown

in Figs. 1.9 through 1.11. Considering general similarities in soil conditions and proximity, the Oakland

Wharf and Emeryville records might be considered representative of possible records occurring in the

northern section of the Cypress Street viaduct.
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1.3 Performance of the Viaduct during the Lorna Prieta Earthquake

During the earthquake a 3/4-mile length of the upper deck of the Cypress Street viaduct collapsed

onto the lower deck (Figs. 1.2, 1.7 and 1.12 through 1.15). The collapse extended from the northern end

of the viaduct to 26th Street, at which location two bents and one deck span remained standing (Fig. 1.15),

and from there south to 18th Street South of 18th Street, the viaduct sustained visible damage ranging

from none (no apparent cracking) to severe Goint cracking indicative of incipient joint failure and possible

collapse (Fig. 1.16». A detailed description of the collapse has been reported elsewhere [1.2, 1.13).

Based on damage observations (e.g., see Figs. 1.16 through 1.19), it appears that the collapse of

the typical bent was triggered by failure of the reinforced concrete section that includes the lower

beam-column joint and the upper column pedestal just above the joint Beam-column joints just to the

south of the collapsed portion of the viaduct showed cracking damage suggestive of the type of failure

observed in the northern portion (Fig. 1.16). The damage shown in Fig. 1.16 occurred in a typical bent

of the type illustrated in Fig. 1.4. Other types of frames are likely to have sustained damage and collapse

modes different from that shown in Fig. 1.16. However, in all types of frames the collapse appears to

have involved failure of the connection between the lower bent cap and the upper column [1.2]. Collapse

of the structure is believed to have resulted in several secondary failures such as shear failures in columns,

and connection failures in the upper beam-column joints. Demolition photos (Appendix A) demonstrate

how local damage to a column could have contributed to a progressive collapse of the structure.

The basic causes and precise sequence of collapse have been the subject of considerable

speculation and discussion. The failure of the structure was surely the result of a combination of several

factors, and the relative importance of each of these is currently not completely known. Among the

unresolved issues are the importance of transverse and longitudinal motions, of variable soil conditions,

of traveling seismic and response waves, of global structural configuration and of local structural details.

More detailed investigations are needed to assess the relative importance of these and other factors relative

to the collapse of the Cypress Street Viaduct and the retrofit of other similar structures.
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1.4 Object and Scope of the Cypress Street Viaduct Test Program

A length of the Cypress Street viaduct remained apparently undamaged following the Lorna Prieta

earthquake. A series of experiments was carried out on a portion of the undamaged viaduct in order to

provide an indication of the structural causes of the collapse during the earthquake, as well as to study

ways of retrofitting similar freeway structures located in California. The portion of the viaduct between

13th Street and 14th Street in Oakland (Le., Bents 45 through 47) was selected for testing [Fig. 1.2]. All

of the bents within the test structure had the same geometry and detailing as illustrated in Figs. 1.3

through 1.5.

The experiments conducted included low amplitude forced vibration tests and high amplitude static

tests, both focusing on response in the transverse direction. The tests were conducted on the structure in

its original configuration and following partial retrofit. The final tests on the retrofitted structure were

carried out to deformation levels resulting in severe damage to the structure.

This report presents results of the experimental study and associated preliminary analytical work.

The report is designed to illustrate the main features of the experiment as well as some of the implications

that are believed to be important in conducting seismic evaluations and in planning retrofits of similar

structures.
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2. DESCRIPTION OF THE TEST STRUCTURE AND EXPERIMENTS

2.1 Introduction

This chapter describes the field tests that were conducted on a portion of the Cypress Street

viaduct. Section 2.2 describes the configuration, structural details, and initial condition of the test

structure. Section 2.3 describes retrofits that were carried out in the course of the test program. Section

2.4 presents details of the test program. A schedule of the testing program is provided in Table 2.1.

2.2 Description of the Test Structure

A segment of the Cypress Street viaduct structure between 13th and 14th Streets in Oakland was

selected for destructive field tests following the Lorna Prieta earthquake. The segment included three

bents (Bents 45, 46 and 47) plus upper and lower decks spanning between and cantilevering beyond the

bents (Fig. 2.1). Preliminary visual surveys of the viaduct indicated that this portion of the freeway had

not been significantly damaged by the earthquake. Ambient vibration tests had been conducted at this

location shortly follOWing the earthquake, as reported by Nims, et aI. [1.2].

Prior to testing, the test structure was isolated from the surrounding portions of the viaduct using

conventional demolition techniques. To the south of Bent 45, the upper and lower decks were partially

removed, leaving a ragged-edged cantilever spanning approximately 15 feet beyond Bent 45 (Fig. 2.2).

A deck expansion joint was located 12 feet to the north of Bent 47. The upper deck was removed beyond

that joint. The lower deck beyond that joint and the lower column of Bent 48 were retained (Fig. 2.3).

During lateral load tests of the structure the lower deck north of the expansion joint was isolated from the

rest of the structure by jacking it upward and shoring it away from the main test structure. During the

test program an expansion joint seat extender detail was tested by Caltrans using this lower deck expansion

joint. The hinge restrainer test is not described in this report (see Dubovik et al. [2.1]).

An off-ramp leading from the upper deck was located to the west of the test structure. The ramp

was physically isolated from the main test structure and the separation was increased prior to testing by
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partial demolition of the offramp. The offramp was retained as an observation and access deck (Figs. 2.4

and 2.5).

The three bents of the test structure (Bents 45, 46, and 47) were of the type shown in Figs. 1.3

through 1.5. Both the upper and lower bent caps are of reinforced concrete, framing rigidly into

supporting reinforced concrete columns. The upper columns were supported on "hinges" located 27 inches

above the top of the lower deck. The hinges were formed by placing a half-inch thickness of soft

expansion joint material around the column perimeter at this location, leaving a 20-in. by 36-in. section

of concrete continuous vertically through the joint (Figs. 1.4, 1.5). The continuous section of concrete was

reinforced with four 52-inch lengths of vertical #11 bar. Similarly formed hinges connected the lower

columns and the pile caps.

Each of the bents was supported on pile caps. A cap was in tum supported on 19 piles having

an average length of 16.7 feet at the test site.

The main longitudinal reinforcement in the bent caps consisted of #11 and #18 Grade 40 bars.

At the intersection with the inside face of the supporting columns, the longitudinal reinforcement ratio was

0.0028 (top) and 0.0044 (bottom) for the upper bent cap and 0.0071 (top) and 0.0035 (bottom) for the

lower bent cap. Bent cap longitudinal reinforcement at the top face was developed in the joint using

90-degree hooks. Bottom face longitudinal reinforcement (#18 bars) had a straight development length

of approximately 40 inches (18 bar diameters) into the joint. Two sets of #5 bars were placed at

intermediate elevations along each side face of the bent caps.

Bent cap transverse reinforcement consisted of pairs of V-shaped #6 stirrups (Fig. 1.5). At the

face of the joints, the transverse reinforcement ratio was 0.0071. The product of that ratio and the nominal

steel yield stress of 40,000 psi is 285 psi.

Column longitudinal reinforcement consisted of straight #18 Grade 40 bars (Fig. 1.5). With the

exception of the inner layer of reinforcement in the upper column, all bars terminated at the upper end

of a column within the beam-column joint 12 inches below the upper surface of the deck. Column

longitudinal reinforcement ratios (ratio of total longitudinal steel area to gross concrete area at the top of

the column) were 0.052 for the upper columns and 0.021 for the lower columns.
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Column transverse reinforcement consisted of single #4 perimeter ties with 90-degree hooks.

These ties were spaced 12 inches on center along the clear height of the columns. The corresponding

transverse reinforcement ratio was 0.00069. The product of that ratio and the specified steel strength is

28 psi, 56% of the minimum value currently stipulated for nominal shear reinforcement in flexural

members.

A 27-inch tall reinforced concrete pedestal was located between the top of the lower deck and the

upper column hinges (Fig. 1.5). None of the main upper or lower column longitudinal reinforcement

extended into this stub. Rather, the stub was reinforced vertically with fourteen 5-foot lengths of #11 bar

that extended from the top of the pedestal downward into the lower beam-column joint. These overlapped

the column reinforcement by approximately sixteen #11 bar diameters. In addition, the #11 dowels that

reinforced the column hinge extended longitudinally down into the pedestal. Transverse reinforcement

in the pedestal consisted of four pieces of #4 perimeter ties having 90-degree hooks.

Beam-column joints contained the bent cap and column longitudinal reinforcement as described

in the preceding paragraphs. Transverse reinforcement consisted of C-shaped ties spaced at 18 inches on

center along the exterior face of the joints (Fig. 1.5). The legs of these cap ties had a length of 6 inches.

The roadway was supported on seven-cell reinforced concrete box girders (often referred to as

decks in this report) that spanned continuously between the bent caps. Details are shown in Fig. 1.3. To

accommodate the loading frames used in the static lateral load tests, openings were made in the lower

deck on each side of each bent (Fig. 2.6).

Calculated weights of decks, bent caps (including joints), and columns (including the stub above

the top of the lower bent) are listed in Table 2.2. Normal weight concrete having a density of 150 pef

and nominal dimensions are assumed in these calculations. Actual density and dimensions were found

to be effectively the same as the nominal values. The total calculated weight of the upper deck, upper

bent caps, and upper halves of columns was nearly 2780 kips. The total calculated weight of the entire

structure above the piles caps was 5700 kips.

Crack patterns and maximum crack widths were observed visually and recorded before testing.

These are presented in Figs. 2.7 through 2.10. Damage was observed to increase, especially in the lower
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joint regions, during the demolition process. Consequently, the test structure had significant inclined

cracking in the lower joints on the east side of the structure at the time of the tests.

2.3 Description of Retrofits

The test structure was retrofitted in two phases. The first phase retrofits were relatively minor and

were intended to increase safety during tests of the original structure, but otherwise to have little effect

on observed response. The second phase retrofits were more extensive and were intended to increase the

strength and toughness of the structure as might be done in a partial field retrofit. These retrofits are

described separately below under headings "Original Structure" and "Retrofitted Structure," respectively.

2.3(a) Original Structure

Minor modifications were made to the original structure so that tests to determine the original

structure strength could be carried out safely. The modifications involved removal of the lower deck

concrete guard rail adjacent to each column and placement of external shear reinforcement over the

column pedestal and lower beam-column joint (Figs. 2.11 - 2.13).

The external shear reinforcement consisted of steel rectangular tube sections strapped onto the

pedestal or lower joint using 1-3/8-inch diameter Dywidag threaded post-tensioning rods (Fig. 2.12).

Above the beam-column joint, the rods were anchored to the outer steel tubes, extended across the column

section, and were there anchored to steel tubes at the inner column face. Within the depth of the joint,

the rods passed through drilled holes in the box girder and were anchored to the first interior web of the

girder (Fig. 2.11).

With the exception of the west end of Bent 46, the post-tensioning rods described in the paragraph

above were tensioned to a load of 55 kips (95 kips for the rods at the level of the bent-cap below the

deck). At the west end of Bent 46, the lowest pair of post-tensioning rods was snugged tight using

wrenches, and the other rods were all left loose (gaps between the tubes and the concrete were visible).

The steel tubes above the lowest tube were propped on top of the lowest tube using wood blocks. During
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the first cycle of the static tests, the rods were checked and found to be insufficiently loose. They were

further loosened for the second cycle. All rods were tightened for the third cycle.

Using couplers, the upper two pairs of post-tensioning rods of each bent on either side of the

roadway were interconnected across the deck. The rods were propped up using wood blocks during

testing so as to reduce the tension carried by them.

With the modifications described above, lateral load tests were conducted by loading the upper

deck toward the west. The intent of the modifications was to ensure that joint failure could occur only

in the west connection of Bent 46 (for which tubes and post-tensioning rods were in place, but left loose)

and not in the other joints. It is believed that the modifications had negligible effect on the overall lateral

stiffness of the structure.

Prior to testing, an attempt was made to repair the cracks present in the lower joints by injecting

epoxy. Cores taken from Bent 46 during preparations for the subsequent retrofit test showed that the

epoxy had not penetrated across the full width of the joint.

Steel and timber shoring was installed in both levels of the test structure to ensure safety in the

event of a brittle failure. The tops of the shores were separated from the deck to be supported by a gap

of 1 to 2 inches. It is not believed that the shoring had any effect on the measured lateral resistance of

the structure.

2.3(b) Retrofitted Structure

Following tests of the "original" structure, the test structure was extensively modified to enhance

its strength and, more importantly, its toughness. Three different partial retrofit schemes were attempted,

one each for Bents 45,46, and 47. The retrofit concepts and details as finally selected were the result of

a complex set of compromises arising from time, personnel, and funding constraints as well as a general

restriction that the retrofits investigated should be of the "semi-permanent" type then being considered for

the retrofit of the other Bay Area double deck viaducts. Reinforced concrete retrofits were not considered

due to insufficient time available to fabricate the retrofits and cure the concrete prior to testing. Details

of the selection process are not relevant here, and therefore are not presented.
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No attempt is made in the following text to cover all details of each retrofit. Instead, only the

main features are described. Complete details of the retrotits are contained in the structural drawings

presented in Figs. 2.14 through 2.16.

A feature common to each retrofit was the addition of external post-tensioning rods to each bent

cap (Figs. 2.14 through 2.19). The objectives of this post-tensioning were (a) to improve confinement of

the column longitudinal reinforcement within the joints, (b) to improve joint confinement and strength,

and (c) to improve continuity of bentcap longitudinal reinforcement. As noted previously, the joints of

the original structure effectively had no transverse reinforcement, and bentcap bottom reinforcement had

an anchorage length within the joint of approximately 18 bar diameters. Within the depth of the box

girder, the external post-tensioning rods were anchored at the first interior web of the box girder, resulting

in a span of 12 ft. These rods were prestressed to 55 kips on Bents 45 and 47, and to 50 kips on Bent

46. Rods within the depth of the joint, but below the box girder, had longer lengths (Figs. 2.14 - 2.16),

and were prestressed to 50 kips on Bent 46 and 95 kips on Bents 45 and 47. The prestressing of the rods

resulted in an average compressive stress at the end of the bent cap of approximately 87 psi on Bent 46

and 130 psi on Bents 45 and 47.

Another feature common to all the retrofits was the placement of external shear reinforcement over

the column clear height. The shear reinforcement consisted of rectangular steel tubes post-tensioned to

the column using I-in. and 1-3/8-in. diameter threaded Dywidag rods tensioned to 55 and 95 kips each,

respectively. On Bent 45, several of the rods were not tightened, as indicated in Fig. 2.14. On Bent 46,

the rods on the upper columns were not initially tightened. When inclined cracking was observed during

testing, the rods of Bent 46 were tightened, as described in Section 2.3. On Bent 47, rods were tightened

over the full height of the upper column. The rods provide a supplementary transverse reinforcement ratio

of 0.0013. The product of this ratio and the nominal capacity of the rods (130 ksi) is 170 psi. Because

of the short length of these and other post-tensioning rods, seating and other losses made precise

determination of forces in the rods difficult.

In addition to the retrofit features described previously, Bent 45 was retrofitted with four steel

wide flange (WlO x 112) sections placed on the outer and inner faces of the columns (Figs. 2.14 and
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2.17). On the east side of the structure, the outer "strongback" wide flange sections were continuous over

their full height. On the west side, the outer wide flange sections extended over the full height of the

structure, but they were discontinuous at the elevation of the bottom of the upper bent cap. The wide

flange sections on the inside faces of the east and west side columns were discontinuous at the bottoms

of the bent caps and at the top of the pedestal in the upper column (Le., at the column hinge). The inside

face of both column pedestals was reinforced using a 1-1/2-in. thick steel plate over 3/S-in. thick plywood.

The wide flange sections and steel plates were held in place using steel rectangular tubes and

post-tensioning rods.

Bent 46, in addition to the common retrofit features described previously, had four 1-3/S-in.

diameter threaded Dywidag rods inserted in 2-in. diameter cored holes (Fig. 2.15). Grout was used to

anchor the rods on the east side of Bent 46, and epoxy was employed on the west side. The holes

extended from the outer face of the pedestal Gust above its base) toward the bent cap, at a downward

angle of 30 degrees. External anchorage for the inclined post-tensioning rods was provided by a

rectangular tube section cut on a bevel and Dywidag nuts snugged tight with a wrench. In addition, steel

plates were attached on the outer faces of the pedestal and joint using rectangular tubes and

post-tensioning rods (Fig. 2.18). Some additional confinement was provided on the side faces of the

pedestal by means of rectangular tubes and post-tensioning rods.

Bent 47, in addition to the common retrofit features described previously, had as its main retrofit

feature the placement of a steel collar around the pedestal and lower portion of the upper level column

(Figs. 2.16 and 2.19). The collar around the pedestal was fabricated from 2-l/2-in. thick steel plates. To

facilitate construction, the collar was fabricated as two L-shaped sections which were post-tensioned

together in the field using rectangular tubes and Dywidag bars. Shrinkage compensating grout was placed

under the collar to account for the variable dimensions of the concrete sections at this location. Steel

flanges, I-in. thick, extended downward from the collar on the north and south sides of the lower joint.

These side plates were clamped to the joint using longitudinally-oriented, 1-3/8-in. diameter,

post-tensioning rods that passed through approximately 2-in. diameter holes drilled through the joints near

the box girder. These holes were not grouted. One-half-inch thick steel plates extended over the full
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height of the inner and outer faces of the columns in much the same way as did the wide flange sections

on Bent 45. The plates were held in place using steel rectangular tubes and external post-tensioning rods.

All of the retrofit steel plates located on the west side of Bents 45, 46 and 47 had 3/8-in. thick

plywood placed between the steel and the concrete columns. Plywood strips were also added on the east

side of Bent 46. This plywood was introduced to reduce the composite action that could be developed

by the steel retrofits on this side of the test specimen. Some composite action between the concrete and

steel elements was expected for columns on the east side of Bents 45 and 47.

2.4 Test Program

A series of static and dynamic tests was perfonned on the original and retrofitted test structure.

The test procedures are described below.

2.4(a) Dynamic Tests

Two vibration generators were attached to the upper deck (Fig. 2.20) to impart

sinusoidally-varying dynamic loads in the transverse direction. A vibration generator consisted of a pair

of weights that were rotated synchronously in opposite directions about a vertical axis (Fig. 2.21). The

resultant centrifugal force from a generator thus varied sinusoidally as a function of speed of rotation and

weight. The two generators were electronically controlled. They were placed symmetrically on the upper

deck and operated simultaneously (Figs. 2.20 and 2.22). The two generators could be operated in phase

to impart predominantly transverse translation, or 180 degrees out of phase to impart predominantly

torsional motion. The magnitude of the applied force could be controlled by varying the total weight

being reciprocated by the generator, and the rate at which it was reciprocated (Fig. 2.23).

Dynamic tests were conducted at various stages during the test program. A given test had as its

objective identification of the frequency, mode shape, and equivalent viscous damping of a single dynamic

response mode. For a typical test, the weight reciprocated by the vibration generator was held constant,

and the frequency was varied, starting at a frequency below the estimated natural frequency of the

structure, and increasing the frequency in steps. For a given frequency step, the forcing function was held
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constant until the structure reached steady state, after which time response data were recorded. The

frequency was then increased and the process was repeated for the next step.

In a test, the natural frequency of vibration was estimated as that frequency for which maximum

response was obtained. Equivalent viscous damping was obtained using the half-power bandwidth method

[2.2J.

The maximum total lateral force applied by the generators in the dynamic forced vibration tests

was approximately 6 kips. Assuming damping at two percent of critical in the lowest mode, with a

resulting dynamic amplification of approximately 25 for steady state harmonic response, the maximum

effective dynamic force is estimated to have been approximately 150 kips. This is approximately 2.6%

of the total structure weight of 5700 kips.

2.4(b) Static Tests

Static lateral load tests involved externally applied loads oriented solely in the transverse direction.

The lateral loads were applied to the underside of the upper deck (box girder) at each of the three bents.

No lateral load was applied to the lower deck. In contrast with the dynamic tests described in Section

2.4(a), the load rate was sufficiently low as to qualify the test as being static. The magnitude of the total

lateral load was as high as 4,000 kips in the final tests.

Loading was achieved using six steel loading frames, one positioned on each side of each bent

(Figs. 2.24 through 2.26). A loading frame consisted of two inclined wide flange members that extended

from the base of the structure Oust above the pile caps) upward through holes that had been opened in the

lower deck to an apex just beneath the bottom of the upper deck. Lateral load was applied between the

top of the loading frame and the bottom of the upper deck using 330-ton hydraulic jacks. The jacks

reacted against steel blocks that were attached to the bottom of the upper deck using post-tensioning rods

that passed through the deck (Figs. 2.25 and 2.26).

The inclined members of the loading frame were attached at the base to steel sections that had

been post-tensioned against the lower columns just above the pile caps (Figs. 2.24 and 2.26). Horizontal

tie beams were attached just above grade level to resist the horizontal thrust developed at the base of the
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frame. Thus, the loading frame was effectively internal to the structure itself. It is unlikely that

significant external reactions in the form of pile forces were generated in the course of the static tests.

Effects of foundation movements are therefore not included as part of the static tests.

The hydraulic jacks used in the static tests were capable of compressive loading only. Special

arrangements were thus needed in order to achieve lateral deformation reversals representative of seismic

loading. Six jacks (one on each side of each bent) were positioned to achieve loading to the east, and

another six jacks were positioned to achieve loading to the west. The hydraulic supply was provided by

a dual stage, 10,000 psi, manually controlled hydraulic pump. The jacks were connected to a common

manifold so that the force applied to each jack was virtually identical. The hydraulic system used is

illustrated schematically in Fig. 2.27.

A system of removable steel reaction blocks was developed to enable the jacks to be used

alternately in the east and west directions without having to remove and replace the jacks (Fig. 2.26). The

system greatly facilitated testing; nonetheless, each reversal of load required significant physical effort

which, in tum, limited the number of load reversals possible in the time available for the tests.

2.4(c) Instrumentation and Data Acquisition

Instrumentation for the forced vibration tests consisted of accelerometers and seismometers. For

determining vibration frequencies and damping properties, four accelerometers were placed in the positions

shown in Fig. 2.20. For determining mode shapes, seven accelerometers and one seismometer were placed

as also shown in Fig. 2.20. To ensure accurate determination of mode shapes, all accelerometers were

previously cross-calibrated by fixing them adjacent to one another on the top deck of the structure while

it was being vibrated at the resonant frequency. During dynamic testing, data were recorded at a rate of

50 samples per second using a microcomputer based data acquisition system.

Instrumentation for the static tests prior to retrofitting was restricted to a few instruments. The

applied load from each jack was monitored using pressure gages inserted in the hydraulic lines close to

each jack. Lateral displacements at both upper and lower deck levels at each bent were measured using

wire potentiometers (locations are indicated in Fig. 2.28). Additional instruments were placed to monitor
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defonnations of the west side of Bent 46, especially in the upper column, pedestal and joint regions (Figs.

2.29 and 2.30). Infonnation on data channel number, transducer type and transducer location is listed in

Table 2.3.

Instrumentation for the retrofitted structure included the instruments used to measure the applied

load and total lateral displacements described in the preceding paragraph. In addition, a variety of other

instruments were installed as described below and in Fig. 2.31. A tabulation of data channel number,

transducer type, and transducer location is included in Table 2.4. Instrumentation is depicted in the

following figures: Figure 2.3l(a) shows locations and channel numbers of pressure gages and global

displacement transducers; Figures 2.31(b), (t) and (k) depict rebar strain gages (gages were welded to the

exposed surface of selected rebar near beam-column interfaces); Figures 2.31(d) and (h) depict linear

potentiometers used to monitor local joint and pedestal displacements; Figures 2.31(e), (i), and (j) depict

post-tensioning rod couplers instrumented to record rod force; Figure 2.3 I(c) depicts wide flange strain

gages; and Figure 2.31(g) depicts linear potentiometers used to measure column deformations. Some of

the instrumentation is shown in Figs. 2.32 through 2.34.

Strain gages were applied directly to reinforcing bars in their pre-strained state. Because initial

strains are not known, absolute strains can not be determined.

Data from all tests were recorded at intervals using a micro-computer based data acquisition

system. During data sampling, loads on the test structure were held constant.

Deformations in Bent 47 were optically measured by Motion Analysis. Inc. The technique used

and results obtained are reported elsewhere [2.3].

Whitewash was applied to the reinforced concrete joints along with some of the steel attachments

and wide flange sections in order to help identify cracking and steel yielding. A visual record of cracking

was logged during the test by observers equipped with binoculars. Observers were usually situated on the

north and south sides of each column. Templates showing various crack widths were attached to each

joint to assist in estimating crack sizes. Crack locations were marked on the structure following each

major load cycle.
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3. TEST RESULTS

3.1 Introduction

Basic test data and observations are presented in this chapter. More detailed analysis and

interpretation of the results are contained in Chapter 4. The measured dynamic and static characteristics

of the "original" structure are described in Sections 3.2 and 3.3, respectively. Section 3.4 presents

information on the dynamic properties of the retrofitted structure. The behavior of the retrofitted structure

when subjected to static cyclic lateral loads is described in Section 3.5.

3.2 Dynamic Properties of the Original Structure

Power spectra obtained from the accelerations recorded during the forced vibration frequency

sweep tests (see Section 2.4(a)) are shown in Fig. 3.1 as a function of response frequency. These sets of

data contain the first two translational vibration modes of the test structure. The magnitude of the forcing

function during these tests varies with the square of the input vibration frequency. Peak acceleration

response data can be normalized to correspond to peak displacement values expected for a constant

magnitude sinusoidal forcing function as:

Normalized displacement response "" constant x measured accel. response / (t) (3.1)

in which f is the frequency at which the measured response is recorded. This relationship accounts for

the frequency-squared relation between centrifugal force and forcing frequency, and the frequency-squared

relation between accelerations and displacements.

Figure 3.2 presents the resulting normalized displacement responses. The individual curves drawn

in parts a) and b) of the figure show the results of each individual frequency sweep.

The first and second mode translational frequencies (periods) of the test structure are estimated

from the peaks on the normalized response curves (Fig. 3.2) to be 2.4 Hz (0.42 sec.) and 7.0 Hz (0.14

sec). The equivalent viscous damping was estimated using the half-power bandwidth method to be 2.3
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percent of critical in the first mode. Because of potential errors in smoothing the normalized response

curves in Fig. 3.2, estimates of frequency and damping are subject to error.

Because of time limitations and technical difficulties, mode shapes were not obtained during the

forced vibration tests of the original structure.

Nims, et al. [1.2] report data for ambient vibration tests conducted on the same portion of the

freeway before the demolition of adjacent viaduct segments. They report transverse translational

frequencies (periods) of 2.5 Hz (0.39 sec.) and 4.5 Hz (0.22 sec.) in the first and second modes,

respectively. The first and second mode shapes in the transverse translational directions were reported to

be (1.00, 0.45) and (1.00, -0.51). The first value in parentheses represents the ordinate at the upper deck,

and the second value represents the ordinate at the lower deck leve1.

3.3 Static Test of the Original Structure

As described in Section 2.3(a), the static test of the original structure was carried out after five

of the lower beam-column joints and the concrete pedestals just above the joints had been clamped to

prevent failure. The joint and pedestal at the west end of Bent 46 were not clamped tight, although the

clamping devices were in place. The purpose of this test was to assess the initial stiffness and strength

of the original structure.

Static loading consisted of three cycles of load in the west direction only. Because of the potential

brittleness of the non-retrofitted structure, testing was stopped at the onset of significant cracks in the

lower joint/pedestal region. No load reversals were attempted.

Figure 3.3 presents the measured relations between total applied load and the displacements at the

upper and lower deck levels for each bent. Figure 3.4 plots the applied load versus the average bent drift

in the upper level. This drift is obtained by subtracting the transverse displacements at the two levels.

The lower level deformed up to 0.092 % of its height (here taken as 23 ft - 0 in.). Drifts in the upper

level were as much as 0.28% of the difference in elevation between the two decks (taken as 23 ft - 0 in.).

Thus, drifts in the upper level contributed between 70 and 75% of the total displacement measured at the

upper deck for the loading used in this test.
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During the test the pressures applied to each hydraulic jack were effectively the same.

Consequently, nearly equal load was applied to each bent. The load resisted by each bent, however, could

not be measured. Lacking a clear indication to the contrary, it is assumed that each bent resists about

one-third of the total applied lateral load.

As indicated in Table 3.1, three load cycles were applied. No cracking was apparent during the

first cycle. Following the peak of the first cycle, the load was reduced, and clearances between the

clamping devices and the concrete joint and pedestal at the west end of Bent 46 were checked. The

clearances were found to be virtually non-existent at some locations. Consequently, all post-tensioning

rods at this connection were loosened at this time until an approximately one-quarter inch wide gap could

be observed between the clamping device hardware and the concrete.

During the second load cycle, hairline cracking at the interface between the deck and the concrete

pedestal was observed along with an inclined crack in the pedestal directly below the hinge in the upper

column. Loading was continued to a total load of 1410 kips. At approximately this load, cracks began

to widen significantly without increasing load. The second load cycle was stopped at this stage. This load

corresponds to approximately 25% of the total weight of the test structure.

The progression of cracking at the end of Cycle 2 is indicated in Fig. 3.5. Because cracks during

periods of intense loading had to be observed from a distance using binoculars, it was not possible to

monitor crack widths accurately.

Prior to the third load cycle (Fig. 3.3), the clamping devices in the pedestal area only (i.e. top two

levels) on the west end of Bent 46 were prestressed to reduce the progression of the inclined cracks that

had developed during the previous cycle. Loads were increased to a maximum of 1796 kips, or 1.27 times

the maximum load reached during the second cycle. Fig. 3.6 shows the crack development at the pedestal

height of Bent 46 after removal of the joint retrofit. Minor flexural cracking was observed in the upper

columns.
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3.4 Dynamic Properties of the Retrofitted Structure

Following application of the retrofitting measures described in Section 2.3(b), forced vibration tests

were conducted again. Figures 3.7 and 3.8 present acceleration and nonnalized displacement response

CUlVes (nonnalized as described in Section 3.2). Based on the nonnalized response curves, the first and

second transverse translational frequencies (periods) are estimated to be 2.6 Hz (0.38 sec) and 7.6 Hz (0.13

sec). Damping values in the same two modes are estimated to be 4.4 and 1.8 percent of critical based on

the half-power bandwidth method. The first two torsional modes were similarly detennined to have

frequencies (periods) of 3.0 Hz (0.33 sec) and 8.0 Hz (0.13 sec).

Mode shapes were also identified from the dynamic tests. These are plotted in Fig. 3.9. The first

mode shape is relatively linear, consistent with ambient vibration test results obtained by Nims, et al. [1.2]

for this portion of the viaduct. Static test results for the original and retrofitted structure indicate that only

25 to 30% of the top displacement develops at the lower levels. During the forced vibration tests the

foundation of the structure translated and rotated (Fig. 3.9). These defonnations were not significant in

the static tests because of the way the reaction frames were attached to the test structure. In addition, in

the dynamic tests inertia forces are induced on the mass of both the upper and lower deck. Consequently,

defonned shapes for the dynamic and static tests would be expected to be different.

3.5 Static Test of the Retrofitted Structure

The data from the static tests of the retrofitted structure are described in this section. Complete

basic data recorded for these tests are provided in Appendix B. The data channel numbers, instrument

types, and instrument locations for these data can be identified in Table 2.4 and Fig. 2.31.

The static load tests of the retrofitted structure followed the schematic load and displacement

histories indicated in Figs. 3.10 and 3.11. This load pattern, involving several cycles in one direction

followed by several in the reversed direction, was selected based on an estimate of the number of times

the direction ofloading could be changed during the time available for testing. In all, 16 load cycles were

19



imposed and the load direction was reversed five times. The history is not intended to be representative

of any particular seismic excitation.

Results are reported below for groups of load cycles corresponding to five major target load levels:

900, 1800,2700,3300 and 4000 kips. Actual loads and displacements achieved in each cycle are listed

in Table 3.2.

Typically, for each group of load cycles a brief discussion of the overall lateral load-displacement

relations developed is provided below. This is followed by a discussion of the physical damages observed

in each bent Results for selected instruments are then examined to help characterize the damage. In

addition, the chronology of damage is summarized and comments on the effectiveness of the retrofits are

offered in Section 3.5(g).

3.5(a) Load Cycle to 900 Kips (Cycle 1)

A load cycle to a total force of 900 kips was initially imposed in the west direction. This loading

direction was the same as that employed in the static test of the original structure. This initial test was

conducted to seat the loading apparatus and to verify proper operation of the instrumentation. No

structural distress was apparent as a result of this load cycle.

3.5(b) Load Cycles to 1800 Kips (Cycles 2 to 5)

The structure was next subjected to two cycles of l8QO-kip (nominal) total lateral load in the west

direction, followed by two similar cycles in the east direction. This load level exceeded the level at which

damage in the original test structure had been observed (Section 3.3), and approximately matched the

lateral load level achieved in the third cycle of the static load tests of the original structure after all of the

pedestals had been clamped.

Measured relations between total lateral load and lateral displacement (Figs. 3.12 through 3.18)

indicate effectively linear elastic response at this stage. Comparison of these load-displacement responses

with those obtained for the original structure (see Fig. 3.15) indicates that the retrofits may have had an
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increase in overall initial structural stiffness. However, on closer examination this increased stiffuess

appears to be due to a seating problem that existed up to a load of about 100 kips.

Upper level displacements during these cycles were approximately 0.85 in., for an overall drift

index of 0.15%. Displacements at the lower deck during these cycles averaged about 28% of those

measured at the upper deck (Fig. 3.19). This displacement ratio differs from the first dynamic mode shape

(Fig. 3.9), which showed a lower deck displacement of 41% of the upper deck displacement This

difference is apparently associated with the differences between the static and dynamic loading used and

the flexibility of the foundations which is included in the forced vibration tests and does not contribute

to the deformations during the static load tests.

The loading apparatus was designed to apply the same extemallateral force to each bent of the

test structure. The internal distribution of forces is not known. The resulting displacements of each bent

indicate that each bent displaced nearly equally at all stages of testing (Fig. 3.20).

Minor damage was noted at this stage in each of the bents. Very limited nonlinear response was

recorded during these cycles by the instrumentation (see Appendix B). Detailed illustrations of cracking

and other damage can be found in Appendix C. A brief narrative description of the behavior of each bent

follows.

Bent 45. -- In Bent 45 small inclined cracks were noticed in the lower joint on the west side

during loading to the west. These cracks initiated during Cycle 2; starting from the eastern (inside) face

of the pedestal where it joined the top of the lower deck and running diagonally downward into the joint.

This crack grew to have a length of about 20 in. during Cycle 3. This type of inclined cracking was

consistent with that observed in the earthquake damaged portions of the viaduct (Fig. 1.16) and in the

static load tests of the original structure.

When loads were applied towards the east, small cracks were detected at the inside of the base

of the pedestal on the east side of the structure. At this stage, these cracks were nearly horizontal in

orientation. An inclined crack also initiated on the east side of the north face in the lower joint at the

level of the deck. This crack ran diagonally upwards from the top of the lower deck comer towards the

west. On the west side of the bent, previously formed cracks closed.
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The instruments installed on Bent 45 generally indicated elastic response at this stage. Some

minor nonlinear response can be detected in the strain gages attached to the wide flange sections (Figs.

BAO (Channel 65), BA2 (Channel 67) and BA4 (Channel 77)) and in the linear potentiometers measuring

slip between the wide flanges and the concrete (Fig. B.35 (Channel 30)).

Bent 46. -- The small inclined cracks formed in the lower joint on the west side of Bent 46

during the test of the original structure reopened slightly as load increased towards the west during Cycle

2. No new cracks formed during Cycle 3.

Cracks on the west side of the structure closed during Cycles 4 and 5. However, inclined cracks

were obselVed to open during these cycles to the east at the base of the pedestal on the east side of the

structure. The location of these cracks coincided with the location of epoxy repaired cracks formed during

the demolition and site preparation. As noted at the end of Section 2.3(a), the epoxy did not appear to

penetrate completely over the entire cracked surface. Nonetheless, the cracks remained relatively narrow

and did not propagate significantly beyond the level of the bonded post-tensioning rods embedded in the

joint.

For cycles toward the east, nonlinear strain excursions were detected in the strain gage attached

to the nut at the end of one of the inclined rods embedded in the lower eastern joint in Bent 46 (Fig. B047

(Channel 88)). In this direction of motion the rods on the east side should carry tension. The nonlinearity

of the strain reading at such small strains may be associated with slip and bending of the attachment plates

as well as with joint shear. For Cycles 2 and 3, during which the gaged rod should have been in

compression, the strain gage detected only minor linear straining.

Bent 47. -- Sudden and relatively loud noises were periodically emitted from Bent 47. These

noises appeared to be caused by slippage or relocation of the retrofit steel and post-tensioning rods relative

to the concrete. Visual inspection failed to locate any fracture or buckling of steel plates or connections.

No concrete cracking was obselVed, though it must be noted that the pedestal and lower joint were

sheathed in steel. During the first load to the east (Cycle 4) a loud snapping sound was heard as the load

approached 1770 kips. Shortly thereafter, inclined cracks were obselVed in the upper joint region above

the west column. At this time the drift in the upper level was 0.65-in., resulting in a drift index of 0.24%.
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3.5(c) Load Cycles to 2700 Kips (Cycles 6 to 8)

(i) Cycles 6 and 7

The next set of load cycles began with two more cycles toward the east, but with the nominal total

load level intensified to 2700 kips. New damage was observed in the structure during these cycles. These

cycles were followed by an additional 2700-kip excursion to the west. The increasing levels of damage

in the structure during Cycles 6 through 8 is reflected in the minor nonlinearity in local responses

monitored by the instrumentation (Appendix B). Behavior during Cycles 6 and 7 will be described in this

sub-section, followed in the next sub-section by a discussion of results obtained during Cycle 8. Patterns

of cracking developed in Cycles 6 through 8 are shown in Appendix C. The locations of cracks shown

are approximate.

As indicated in Figs. 3.12 through 3.18, the globalload-disp1acement response of the structure

diverged only slightly from linear during Cycle 6. Response in Cycle 7 was essentially linear with only

small hysteresis. Maximum inter-level drift indices were 0.47 % for the upper level and 0.16 % for the

lower level.

Bent 45. -- During these excursions to the east, Bent 45 developed flexural cracks (cracks

essentially at right angles to the longitudinal axis of the member) at the bottom of the upper bent cap near

the inside face of the west column. These cracks extended upward over nearly half of the depth of the

cap (Fig. C.2).

Consistent with previous behavior, little cracking was observed during cycles to the east in the

pedestal and lower joint regions on the west side of the structure. However, the corresponding regions

on the east side of the structure developed distinctive inclined cracks that roughly followed the surface

projection of the hook of the top rebar in the cap (as well as other irregularly spaced inclined cracks)

during these cycles (Fig. 3.21). Flexural cracks were observed along the boundaries of the upper joint

region, extending vertically from the top of the upper bent cap along the face of the upper deck, and

extending horizontally from the outer face of the column at the elevation of the bottom of the upper cap

(Fig. 3.22).
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The increased damage in the structure was detected by the instrumentation attached to Bent 45.

For example, nonlinear relations are recorded for the strain gages attached to the wide flange sections

adjacent to the pedestal (Figs. BAO (Channel 65), BA2 (Channel 67), BA4 (Channel 77) and BA5

(Channel 78» and in the displacement transducers measuring slip between the concrete and the wide

flange sections (Fig. B.30 (Channel 25». The strains measured on the wide flanges are far less than the

yield values. It is likely that a significant amount of the nonlinearity is due to slip between the steel and

concrete that is associated with breakdown of composite action. The differences in the shapes of the

curves in Figs. B.39 and BAO (Channels 64 and 65) and Figs B.43 and BA4 (Channels 76 and 77) could

be a consequence of the plywood that was inserted between the steel wide flanges and the concrete column

on the west side in order to reduce the effectiveness of the composite action as well as of the differing

senses of the change in column axial forces induced by overturning effects.

Flexural cracking in the column and bent caps did not extend directly through the instrumented

sections. Opening (rotation) of the hinge at the top of the west pedestal was detected by the attached

displacement transducers (Figs. B.36 and B.37 (Channels 31 and 32».

Bent 46 -- On the west side of Bent 46 flexural cracks fonned over the lower half of the upper

cap near the face of the deck.

On the east side of Bent 46 cracks occurred along the diagonal of the upper joint. These ran from

the east (outside) face at the top of the joint to the west (inside) face at the lower boundary. It is

important to note that the direction of these cracks is nearly orthogonal to that of the inclined cracks

occurring in the lower joint during this cycle (Fig. 3.23). Small flexural cracks were also observed at the

top of the bent cap at its east end where the deck butted up against the joint. The previously fonned

inclined cracks in the lower joint refonned, became slightly wider, and extended somewhat further along

the epoxy repair line.

Nonlinearity is apparent in the instrumentation installed on Bent 46. For example, significant

nonlinearity was observed in the strain gage readings for the west face longitudinal steel of the east

column (Fig. B.1O (Channel 81» and in the strains measured in the nut at the end of the inclined
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post-tensioning bars grouted in the lower joint on the west side (Fig. B.47 (Channel 88». In the latter

case, relative strains are again seen to be vel)' small, though highly nonlinear.

The west pedestal on Bent 46 develops some nonlinearity (Fig. B.25 (Channel 20». Some

pennanent offset is retained in the pedestal at the end of Cycle 7. In addition, some opening (rotation)

of the hinge just above the pedestal was measured at the west face of Bent 46 (Figs. B.32 and B.33

(Channels 27 and 28).

Bent 47. -- On the west side of Bent 47, diagonal cracks that had initiated during Cycles 4 and

5 in the upper joint refonned, widened and extended, especially during Cycle 7. Flexural cracking

occurred at the bottom face of both upper and lower bent caps at their west ends. Several loud snapping

noises were heard as the load approached 2700 kips. This noise was attributed to slippage of steel plating,

though no physical manifestation of damage was detected. Any damage that may have occurred in the

concrete was hidden by the steel plates used in retrofitting this bent.

On the east side of Bent 47 inclined cracks appeared in the upper joint. These were similar in

orientation to those that fonned on the east side of Bent 46 and roughly parallel with those fonned on the

west side of Bent 47. Flexural cracks also appeared at the top of the upper bent cap near the inside face

of the east column.

Reinforcement strain gages in Bent 47 recorded only small strains at this stage. Elastic response

may be inferred from the lack of cracking near a gaged section as well as from the linearity of the plots

in Fig. B.12 (Channels 91 and 92).

(ii) Cycle 8

Following loading to the east, the test structure was loaded to the west through one cycle to a total

nominal load of 2700 kips. As in the two preceding cycles to the east, the global lateral load-displacernent

relations remained nearly linear, although this cycle showed more hysteretic behavior than the two

previous 27OD-kip loading cycles to the east.

Bent 45. -- The existing inclined cracks in the lower joint on the west side reopened and extended

in a diagonal direction roughly following a line corresponding to the position of the hooked top
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reinforcement in the lower cap (Fig. 3.24). New flexural cracks formed at the base of the west pedestal.

These ran in a nearly horizontal direction. A vertical hairline crack was also noted on the south side of

the west pedestal at its top, approximately where the dowels crossed over from the upper column into the

pedestal.

On the east side of Bent 45 flexural cracks formed at the bottom of the upper cap near the east

column. As a result, cracks had now formed vertically across the entire section. In addition, the hinge

between the east pedestal and the upper column opened up visibly at this point.

The incremental damage to the structure during Cycle 8 was apparent in nonlinearity in several

instrument readings. For example, Fig. B.35 (Channel 30) indicates that slip between the wide flanges

and concrete on the east column in Bent 45 intensified significantly during this cycle. Slip at the same

location on the west side was smaller (Fig. B.30 (Channel 25)). Wide flange strain readings were also

nonlinear (Figs. B.39 through B.44 (Channels 64, 65, 66, 67, 76 and 77). Because the measured strains

are still far below the yield strain of the steel, this nonlinearity is a likely consequence of the slip between

the wide flanges and the adjacent concrete. The inclined strain gage on the west column (Fig. B.46

(Channel 79) indicates that the wide flange sections began to take increasing shears at this load stage.

Nonlinearity of the lower joint response can be seen in Fig. B.48 (Channel 97), which shows the

force in the top post-tensioning rod across the lower joint in the west column, and in Fig. B.38 (Channel

33), which shows the lateral deformation across the joint at the elevation of the rod. The second of these

figures indicates a small permanent dilation across the joint, while the first shows that the post-tensioning

rod begins to resist load at an increasing rate. The behavior of this joint is further illustrated in Fig. 3.25.

The nonlinearity of response may be the result of a new horizontal crack extending outward from where

the top of the deck met the column as well as the extension of the existing crack along the projection of

the hook of the top rebar.

Bent 46. -- In Bent 46 the post-tension rods in the upper columns were not stressed to enhance

shear capacity and confinement. Diagonal cracks occurred during Cycle 8 in the upper west side column.

These cracks formed SUddenly while the load was being held at the nominal 27QO-kip level. The cracks

(Fig. 3.26) were inclined from the east (inside) on the top to the west (outside) on the bottom. The test
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structure was unloaded and the rods on the west column were subsequently stressed to provide increased

shear resistance.

During Cycle 8, inclined cracks in the lower west joint also extended and merged to form a

continuous crack. On the east side of Bent 46 small flexural cracks formed on the bottom of the upper

cap near the west face of the east column.

The onset of inclined cracking in the upper west column of Bent 46 was detected in one of the

couplers inserted in the post-tensioning rods near the top of the column (Fig. B.63 (Channel 112».

Apparently, this rod was sufficiently snug to develop force once the column cracked. The other rods,

being loose, did not pick up any additional load until the rods were post-tensioned at the completion of

Cycle 8.

As indicated by Fig. B.25 (Channel 20) and others, nonlinear deformation apparently continued

to increase at an accelerated rate in the pedestal on the west side of Bent 46. Joint shearing deformations

can be inferred from the instrumentation placed on the upper west side joint in Bent 46. Shear strains are

estimated as:

e =(ChI I + ChI7*TanB - Ch42/CosB)/96 (3.2)

in which e =Shear Angle

B = Angle between Channels 11 and 42

These results are plotted in Fig. 3.27. Some limited nonlinear response is detected in this plot at this

stage.

Bent 47. -- Bent 47 continued to make loud popping sounds during Cycle 8. Small flexural

cracks were obselVed near the east column at the bottom of the upper bent cap. The strain gages on Bent

47 indicate virtually elastic behavior at the locations instrumented.

3.5(d) Load Cycles to 3300 Kips (Cycles 9 to 13)

In this load sequence, a series of five cycles with nominal loads between 3300 and 3600 kips were

targeted, although Cycle 10 reached a maximum load of 2997 kips (Fig. 3.10). The first of these cycles
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loaded the structure toward the west. This was followed by three cycles to the east, and finally by a single

cycle to the west

(i) Cycle 9

During Cycle 9 moderate nonlinearity developed in the global lateral load-displacement relations

(Figs. 3.12-3.14 and Figs. 3.16-3.18). Upper deck level displacements increased to about 2.7 in. for an

overall drift index of 0.49%. Drift indices equal to 0.73 % and 0.25 % developed in the upper and lower

levels, respectively.

Bent 45. -- More diagonal cracks occurred in the upper joint on the west side of Bent 45 (Fig.

3.28). Cracks in the upper joint were orthogonal to those that had occurred in the joint during Cycles 6

and 7. Thus, this joint had X-patterned cracking characteristic of reversed shear. In contrast, inclined

cracking in the lower joint was mostly oriented in one direction. Horizontal flexural cracks also appeared

during this cycle near the outside face of the top level west column at its upper end.

Inclined cracks were observed to open along the west face of the lower deck in the longitudinal

direction. These cracks may have developed along pre-existing shear cracks in the longitudinal webs.

However, they appeared to be associated with torsion induced in the deck as a result of transverse motion

of the structure.

On the east end of Bent 45, cracks in the upper joint that had developed in the previous cycles

merged and enlarged. Relatively little new damage was observed in the lower east joint.

Strain readings obtained for gages on the cap and column rebars continued to indicate linear

response when plotted against applied lateral load except for the upper west column. Figure B.4 (Channels

74 and 75) indicates large strains consistent with yielding for rebars on both faces of the upper column

during this cycle. Since initial strain conditions in the rebar are not known, accurate assessment of the

onset of yielding is not possible.

Bent 46. -- New cracks developed in the upper joint on the west end of Bent 46. This fully

developed a X-shaped cracking pattern in this joint. Increased shearing deformation in the upper joint is

reflected in Fig. 3.27 and in Figs. B.16, B.17, B.18, B.20 and B.22 (Channels 11 to 13, 15 and 17». This
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first non-linear behavior of Channels 11 and 12 is indicative of the increased size and quantity of diagonal

cracks that fonned in this cycle. Likewise, the prestressing rods on the upper bent cap of Bent 46 were

active (Fig. B.59 (Channel 108».

Cracks in the lower west joint continued to expand and merge during Cycle 9. However, crack

widths remained relatively narrow. Shearing defonnations in the joint increased significantly at this time

as can be seen by comparing Figs. B.25 and B.28 (Channels 20 and 23).

The inclined cracks in the upper west side columns did not reopen, indicating the efficacy of the

retrofit that had been done at the end of Cycle 8. Instrumented couplers installed in the transverse

post-tensioning rods placed over the height of this column to increase its shear capacity indicate that rod

stress varied with applied lateral load. This suggests that the rods were effective in helping resist shear

in the column (see Figs. B.53, B.62 and B.63 (Channels 102, 111 and 112».

On the east side of Bent 46, diagonal cracks developed in the upper joint. Again, these were

approximately perpendicular to the previously fonned cracks at this location, forming an X-shaped crack

pattern.

The east pedestal developed an inclined crack. This crack initiated at the top of the pedestal near

the dowels that connected the pedestal with the upper column and inclined downward to the western

(inside) face of the pedestal. This inclined crack thus was oriented opposite to those obselVed following

the earthquake.

Flexural cracking occurred at the bottom of the lower east bent cap near the face of the east

column. Inclined cracks in both bent caps, associated with pre-existing cracks caused by gravity loading,

opened noticeably during these cycles.

Strain gages attached to the rebars indicated strains lower than the value associated with yield.

Again, it must be noted that the strain gages were placed on the bars for these tests and it is not known

what strain existed in the bars prior to these tests. However, as was the case with Bent 45, gages at the

top of the west column indicated strains consistent with yielding on both the tension and compression

faces of the column (Fig. B.7 (Channels 86 and 87». The low strain readings for the reinforcing bars in

the bent caps seems inconsistent with the observed damage. However, it appears that cracking and
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yielding did not occur in the immediate vicinity of the gages, especially at the top face, since the strain

gages were installed on the bentcap away from the joint. The maximum strain recorded in the bottom bar

on the east end (this bar was in tension for this direction of loading) was very close to the yield strain and

plots of rebar strain vs. lateral load exhibited significant nonlinearity during the next cycle to the west,

Cycle 13 (Fig. B.5 (Channel 82)). The displacement transducer located at the top of the west joint region

(this crosses the flexural cracks in the bent cap) indicated significant nonlinearities beginning during this

cycle (Fig. B.16 (Channel 11)).

Bent 47. -- The upper west joint in Bent 47 developed inclined cracks to produce an overall

X-shaped pattern. A new flexural crack occurred at the top of the lower bent cap near the pedestal face.

This was visible between the steel plating on the sides of this joint and the deck. Strain gages attached

to the top of the west column recorded strains in excess of the yield level for bars on the east and west

faces (Fig. B.15 (Channels 95 and 96)).

On the east side of the structure cracks in the upper joint region formed and joined together, and

the joint exhibited signs of overall distress. A distinct X-shaped pattern of cracks had now formed on the

east end of Bent 47. No new cracks were noted in the lower joint or bent cap regions.

(ii) Cycle 10

The post-tensioning rods along the mid-height of the upper east column of Bent 46 were loose

at the beginning of this load cycle. At a total load of 2997 kips, inclined cracking suddenly formed in

this column. This load corresponds to approximately 53% of the total weight of the test structure. The

displacement at this point was 2.0 in. to the east at Bent 46, corresponding to an overall drift index of

0.3%. The cycle was terminated and the load was released when the inclined cracks formed. The

post-tensioning rods on the column were then stressed and loading was resumed with Cycle 11 (to be

described later).

The lateral load-deformation relations for this cycle were essentially linear with relatively little

permanent offset. Bent 47 started to exhibit slightly more nonlinearity at this stage (Figs. 3.12 to 3.14

and Fig. 3.20). The increased damage in the upper level resulted in an increasing concentration of drift
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in the upper level. At this stage (Table 3.2 and Fig. 3.19) about 25% of the drift occurred in the lower

level (compared with approximately 30% for the early cycles).

Bent 45. -- The existing cracks in the upper west joint region extended and joined. Small

inclined cracks were observed to fonn in the upper west column. The location of the couplers on the

column were such that they did not detect the fonnation of these cracks. However, strain gages and

displacement transducers indicate continued nonlinearity associated with slip between the steel wide flange

sections and the concrete columns.

The existing cracks in upper joint on the eastern side also extended and widened during Cycle 10.

The lower joint fonned additional inclined cracks and existing cracks extended.

Bent 46. -- As mentioned above, inclined cracks developed in the upper column on the east. The

cracks ran from about mid-height on the west (inside) face of the column downward diagonally to the east

(outside) face near the hinge. The occurrence of cracks coincided with a sudden increase in the tension

in the post-tensioning rod coupler at the mid-height of the column (see Fig. B.54 (Channel 103). The load

at which these cracks occurred was 11% higher than that required to fonn similar cracks in the west

column (while the structure was loaded toward the west).

Bent 47. -- Inclined cracks in the upper west joint merged. Flexural cracking at the bottom of

the upper bent cap near the west column opened. Cracks in the upper east joint extended to fonn

continuous cracks.

(iii) Cycles 11 and 12

Load cycles 11 and 12 in the east direction had a target of 3300 kips total load. Global

load-displacement relations for these cycles (Figs. 3.12 to 3.14) exhibit greater nonlinearity. The load­

displacement relations appear to be stable for the two cycles. Maximum displacement at the top during

Cycle 12 was 3.9 in. in Bent 46. A drift index of 1.1% and 0.39% were achieved in each of the upper

and lower levels, respectively. These drift values show a marked increase over those of Cycle 9 (0.73%

and 0.25% for the upper and lower levels, respectively) during which a similar load was applied to the
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west. The ratio of lower to upper deck level displacements was approximately 0.3 (Fig. 3.19). Table 3.2

contains infonnation related to the defonned state of the structure at this time.

Bent 45. -- Existing flexural and shear cracks in the upper west and east joints widened, extended

and joined together, consistent with previous motion to the east. Additional small inclined cracks fonned

in the upper west column. However, additional load was not detected by the instrumented external post­

tensioning rods used for shear reinforcement on this column (Figs. B.50 and B.51 (Channels 99 and 100».

While most of the cracks in the west lower joint closed at this stage, new inclined cracks formed in the

lower east joint and existing cracks extended.

Nonlinearities in the plots of rebar strain vs. applied load were detected at the bottom face of the

top bent cap at the west end (Fig. B.6 (Channel 73» and at the western (tension-most) sides of both upper

level columns at their top (Figs. BA and B.7 (Channels 69 and 74). Recorded strains were consistent with

rebar yielding.

Instrumentation also detected some of the first large slips between the wide flange sections and

the columns (e.g., see Fig. B.30 (Channel 25». These slips appear to be linearly related to upper level

drifts.

In addition, instrumentation of the hinge on the west pedestal quantifies a rotation of the hinge

that could be detected visually (Figs. B.36 and B.37 (Channel 31 and 32». The western edge of the hinge

opened approximately a quarter of an inch at this point. The strain gages on the adjacent wide flange

section exhibit response that is related nonlinearly to applied load. The wide flanges on both sides of Bent

45 indicate strains significantly below those that might be associated with overall yielding of the section.

As indicated before, it is believed that the apparent nonlinearity in these strain gage readings is related

to slip of the wide flange sections over the concrete.

An important aspect of the loss of composite action became visually obvious during these cycles

as well. A gap was observed between the exterior steel wide flanges and the adjacent concrete in many

places. The distribution of the gap opening is schematically illustrated in Fig. 3.30. It is believed that

this effect is associated with excessive stiffness or strength of the wide flange sections relative to the

post-tensioning bars used to clamp them to the columns. The stiff wide flange sections used tended to
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remain straight as the frame distorted. The result was that the joints and columns were not confined over

large areas of their east and west faces. The gap was observed to close and reform during subsequent

cycles suggesting elastic action of the wide flanges and post-tensioning rods. The use of more flexible

or weaker vertical steel sections may have avoided this problem. Similarly, more transverse

post-tensioning might have partially alleviated this situation (see Section 4.3(b».

Bent 46. -- Additional inclined cracks formed in the upper west joint and these connected in many

cases with previously formed cracks to form longer cracks that extended over the full extent of the joint

(Fig. 3.31). The shear deformations in the joint are seen to increase significantly during these cycles (Fig.

3.27). In addition, the bent cap lower reinforcement began to yield at this stage as suggested by the crack

opening inferred from Fig. B.18 (Channel 13) and the rebar strains shown in Fig. B.8 (Channel 85). This

disintegration of the upper joint resulted in tension forces being added to the loads carried by both the

upper and lower post-tensioning rods connected to this joint (Fig. B.58 and B.59 (Channels 107 and 108».

During previous cycles incremental forces in these bars would be of opposite sign, consistent with beam

bending.

The previously formed inclined crack at the top of the pedestal on the west side of the structure

extended and was joined by additional parallel cracks. Instrumentation attached to the top of the pedestal

indicated that the shear key began to slip horizontally during these cycles. About a quarter of an inch slip

was noted across at this stage (Fig. B.24 (Channel 19». Rotations measured at this location were

comparable to those monitored on Bent 45 (Fig. B.32 and B.33 (Channels 27 and 28».

On the east side of Bent 46, the diagonal cracks in the upper joint connected and became

considerably wider. The concrete cover began to spall from the joint core at this stage. Little

instrumentation was placed on this joint. However, it is clear from Fig. B.1O (Channel 81) that the rebar

strains measured at the western (compression most) side of the column far exceed the yield value. This

column exhibited the largest amount of apparent yielding compared with the other bents. Strains recorded

in other reinforcement near the joint remained below the nominal yield value. The disintegration of the

joint and local yielding resulted in complex behavior in the lower post-tensioning rod on the cap. For the

direction of the applied load, flexural action of the bent cap would tend to result in a decrease in the rod
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tensile load. However, as the lateral load exceeded that imposed in Cycle 10, the tension in the rod is

seen to increase noticeably, apparently as a result of joint dilation (Fig. B.57 (Channel 106)).

In the lower joint on the east side cracks extended and a complex X-pattern of small inclined

cracks was observed. Cracks perpendicular to the inclined post-tensioning rods embedded in the joint,

while well formed, remained small in size. The small cracks running roughly parallel to the grouted rods

in the joint were apparently associated with joint shear and are oriented in a direction consistent with those

observed in the upper joint.

The retrofit applied to the upper columns on the west and east sides of Bent 46 appeared to remain

effective. Previously formed cracks remained closed during these (and subsequent) cycles.

Bent 47. -- As in the other upper joints on the west side, cracks at this location in Bent 47

lengthened and widened, forming cracks that extended across the diagonal of the joint. The flexural

cracking at the bottom of the upper bent cap near the inside of the west column opened. Some of the

cracks exceeded 0.24 inches in width. On the east side existing cracks reformed, extended, and widened.

Little could be observed related to damage near the lower joint. However, loud popping noises continued

to be emitted from various locations on Bent 47.

(ii) Cycle 13

Following a load reversal, the final 3300-kip load cycle to the west was undertaken. The response

features were similar to those noted for Cycle 9, the previous 3000-kip cycle to the west. In general,

cracks widened and became more well defined. This was especially true in the upper joints. Deformation

transducers attached to the upper west joint in Bent 46 indicated nonlinearities twice as large as those

occurring during Cycle 9 (Figs. B.16, B.17 and B.22 (Channels 11,12, and 17)). The incremental load

developed in the post-tensioning rod installed at the top of this joint doubled in response to the increased

cracking and disintegration in the joint (Fig. B.59 (Channel 108)).

The forces developing in the post-tensioned rods of the lower west joint in Bent 46 were

somewhat higher than those that developed during Cycle 9 (Figs. B.60 and B.61 (Channels 109 and 110)).
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Strain gage readings obtained for the upper reinforcement in the west column again exhibited nonlinearity

when plotted against applied lateral load.

3.5(e) Final Load Cycles to 4000 Kips (Cycles 14 to 16)

The fmalload cycles included a final cycle to the west with a total nominal load level of 4000

kips, followed by a load reversal with one cycle to 3300 kips and a final cycle to nearly 4000 kips, both

toward the east. Maximum displacement to the west was approximately 5.60 in., and maximum

displacement to the east was approximately 9.90 in. These values correspond to overall drift indices of

1.0% and 1.8%, respectively.

(i) Cycle 14

During Cycle 14 the severity of damage in the test structure increased. Its distribution was similar

to that in Cycle 13. The displacements tended to concentrate in the upper level with more than 78% of

the total displacement occurring in the upper level (see Fig. 3.19). This upper level drift index equalled

1.59% for this cycle. Based on the clear length of the upper level columns the drift index would be 2.4%.

Bent 47 tended to be somewhat softer than the others with a slight resultant rotation of the test specimen

around a vertical axis.

The slope of the force - displacement relations for the bents was considerably reduced during this

cycle as loads increased above 3300 kips (Figs. 3.12 to 3.14). However, the reduced stiffness was

maintained until the maximum load capacity of the jacks was reached. The full capacity of the test

structure was thus not reached in this direction during this cycle. The maximum force reached was 4049

kips, corresponding to approximately 71 % of the total weight of the test structure. The tangent stiffness

of the test structure, measured near zero applied lateral load, is significantly less at the end of this cycle

than at the beginning. This is an indirect indication of the damage suffered during the cycle.

Bent 45. -- The lower west joint was severely damaged at this stage. Rather than developing a

number of small parallel inclined cracks, as observed in the upper joints, a single large crack formed

roughly following the contour of the hook in the bars at the top of the cap. The lower end of the crack
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at this stage was nearly vertical and located within the exterior cover of the lower column section. This

cracking pattern was very similar to that developed in the earthquake-damaged portions of the Cypress

viaduct.

The wide flange sections were not able to prevent this cracking, although they were well able to

resist the loads, as evidenced by the small strains developed in the steel sections and the low force levels

induced in the post-tensioning rods (Fig. BA8 (Channel 97)). The incremental load in this rod during this

cycle was about 60 kips. When added to the initial prestress of 55 kips, the total load was only

approximately 60% of the load capacity of the rod. The horizontal displacement transducer positioned

across the top of the lower joint, near the upper post-tension rod, indicated a deformation of about 0.34-in.

for this cycle (Fig. B.38 (Channel 33)). By elastic theory the post-tensioning rod would extend

approximately 0.23-in. considering the measured incremental force in the rod and an unbonded length of

14 ft - 0 in. Once the concrete cracked, this retrofit was unable to keep the cracks from opening.

In the upper west joint, several new cracks formed and pre-existing ones opened wider as the

lateral bent displacement increased. Maximum crack widths at the end of the cycle were estimated to be

in excess of OA inches. The deterioration of this joint is reflected in the forces developed in the lower

post-tensioning rod running across the joint (Fig. BA9 (Channel 98)). During the beginning of the cycle

the incremental forces in the rod were compressive, consistent with the negative bending moment

developed at the end of the cap. As the lateral load increased and the joint expanded as a result of

inclined cracking, the maximum incremental compression load was reduced by a factor of approximately

2 (Le., the sense of incremental loading reversed so that the amount of compression in the rod at the point

of maximum load to the west was approximately half that registered in the rod during Cycle 13). Strains

in the bars on both the east and west sides of the upper west column were measured to be about 0.8% at

this stage (Fig. B.7 (Channels 74 and 75)), indicating significant yielding of the column reinforcement had

occurred.

The steel wide flange sections were observed to separate from the exterior faces of the concrete

columns and joints in several locations consistent with the deflected shape of the bent (see Fig. 3.30).

Small shear cracks were observed to form in the upper west column in locations where the wide flange
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sections had separated from the concrete. The instrumented couplers on some of the transverse

post-tensioning rods on the column indicated an increase in their load for the first time during this cycle

(Figs. B.50 and B.51 (Channels 99 and 100». In addition, vertical slips as much as 0.25 inches were

measured between the wide flange sections and the concrete (Fig. B.35 (Channel 30».

On the east side of the bent, the lower joint developed some horizontal cracks located slightly

below the base of the pedestal. These cracks opened to approximately 0.2 inches at the exterior face of

the column. In addition, small cracks that were inclined downward toward the east formed in the same

region. The joint region just below the pedestal was covered by a series of closely spaced. criss-crossed

cracks. These were over the region where the lower column bars lap-spliced the longitudinal

reinforcement used for the pedestal.

The upper joint on the east side of Bent 45 developed several new inclined cracks and existing

cracks became wider. During this cycle, inclined cracks in excess of 0.16 in. in width were observed.

Flexural cracks adjacent to the upper joint opened wide with the crack width at the bottom of the bent cap

being approximately 0.25 in. The strain gage on the bottom reinforcement in the bent cap recorded strains

in excess of 1%.

Bent 46. -- As in the other bents, inclined cracks in the upper joints extended and widened on the

west side. Relatively large deformations were recorded by the displacement transducers located in the

upper joint. For example, Fig. B.l6 (Channel 11) shows that the growth across the top of the joint was

nearly 0.4 in. The force increase in the horizontal post-tensioning rod at this location was approximately

60 kips (Fig. B.59 (Channel 108». Some new horizontal cracks were also noted near the top of the upper

west column. Steel strains in the reinforcing bars at the top of this column were measured to be nearly

1% (Fig. B.ll (Channels 86 and 87».

The lower west joint exhibited some new horizontal cracks near the east side of the base of the

pedestal. The pedestal deflected laterally as a result (compare Figs. B.25, B.26 and B.28 (Channels 20,

21 and 23». The inclined crack through the lower west joint was well formed at this stage. However,

virtually no shear slip was observed.
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On the east side of Bent 46 inclined cracks in the upper joint opened to a width of approximately

0.04 in. Flexural cracks in the upper bent cap had widths exceeding 0.25 in. near the bottom of the east

joint when the peak load was reached. Steel strains were measured to be about 1.3% in the bottom bars

near these cracks (Fig. B.9 (Channel 82)). The horizontal post-tensioning rod at the bottom of the joint

developed incremental forces of approximately 110 kips. Combined with the initial prestress the total load

in this rod was approximately 160 kips, or nearly 83% of its yield strength.

The lower east joint did not exhibit any new damage. However, the inclined crack developed in

Cycle 9 at the top of the pedestal continued to elongate downwards towards the west. The couplers

located on the transverse column rod near this location apparently carried some of the column shear

developed during this cycle (Fig. B.52 (Channel 101)).

Bent 47. -- The upper west joint developed increased cracking consistent with other bents. On

the east side, the upper joint had distinct inclined cracks and adjacent flexural cracks in the bent cap

opened to a width exceeding 0.05 in.

At the lower east joint signs of yielding in the steel plates covering the joint were observed by

light, but widespread, flaking of the whitewash painted over the steel. This flaking was observed on the

south and north exterior faces of the joint below the level of the pedestal.

Loud noises continued to emanate from this bent during the test A possible source of some of

these noises was clearly visible. The steel collar placed around the pedestal was observed to rotate along

with the pedestal relative to the lower bent cap and joint. The bottom of the upper column was then bent

(kinked) with respect to the lower column. The rotation of the side plates attached to the north and south

sides of the lower joint resulted in significant bending distortion of the post-tensioning rods used to attach

these plates to the joint. These rods were not grouted in the holes drilled in the joint. The upper and

lower rods were bent in opposite directions, but both in a horizontal plane, consistent with a rotation of

the cover plates about a horizontal axis.
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(ii) Cycles 15 and 16

The direction ofloading was reversed following Cycle 14. On loading to a nominal total load of

3300 kips the lateral stiffness of the structure was seen to be considerably reduced in comparison with its

original one. The stiffness deterioration exhibited appears to be typical of reinforced concrete structures,

with the load path seeking the furthest load point previously achieved in the direction of loading. Little

evidence of pinching in the global hysteresis loops was detected.

During the first part of Cycle 15 the structure was unloaded and then reloaded. This allowed

shims to be installed in the reaction frames (see Section 2.4(b)) so that the full displacement capacity of

the jacks could be realized.

The displacement reached during Cycle 15 was similar to that realized during Cycles 11 and 12

for the same force levels. Thus, in spite of the additional damage observed in the structure the strength

characteristics of the structure remained stable. The stiffness properties of the structure had, however,

significantly degraded.

During Cycle 16, one of the stages of the hydraulic power supply overheated and broke. The

loading of the structure was continued under reduced pumping capacity. As a consequence, it took several

hours to achieve the latter two-thirds of the imposed displacement excursion. The maximum displacement

reached during Cycle 16 in Bent 46 was 9.90-in. This corresponds to an overall drift index of 1.8%. As

noted previously displacements tended to concentrate increasingly in the upper level. At the point of

maximum displacement more than 91 % of the total displacement occurred in the upper level (see Fig.

3.19, 3.33 and 3.34). The drift index for the upper level equalled 3.25% for this cycle, considering the

height of the level to be the difference in elevations between the tops of the decks. Based on the clear

length of the upper column and pedestal, the drift index was 5.0%.

The slope of the force - displacement relations for the bents leveled off at a load of approximately

3800 kips (Figs. 3.12 to 3.14), indicating that the maximum capacity of the structure had been achieved.

This load corresponds to approximately 67% of the total weight of the test structure. The tangent stiffness

near zero load was greatly reduced on unloading compared with the value seen at the beginning of Cycle

15.
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Bent 45. -- Existing cracks consistent with eastward motion of the bent reopened during Cycles

15 and 16. However, in some cases cracks associated with prior loading to the west failed to close

completely during these eastward cycles.

During Cycle 15 little or no yielding could be discerned from the strain gage readings on the west

side of the structure. Apparently, the flexibility of the structure had increased to the point that stresses

in the steel were significantly reduced at this displacement level. The lower bar on the east side of the

upper bent cap, which had yielded significantly in tension during Cycle 14 to the west, was seen to

degrade its stiffness characteristics significantly during Cycle 15 (Fig. B.5 (ChanneI70)). It appears that

the bar had begun to slip from its anchorage in the joint during the previous cycle, and a degraded and

pinched reloading characteristic can be noted.

During Cycle 16 deformations and damage increased considerably. In general, cracking was

consistent with prior cracking during previous cycles to the east. Inclined cracks in excess of 0.6-in. width

were observed in the upper east joint region. Flexural cracks in the adjacent upper bent cap also opened

with cracks as wide as 0.2 in. noted at the bottom of the cap. Strain gage readings (Fig. B.6 (Channel

73)) in the lower reinforcement at this location reached 2%. However, only slight nonlinearity was

detected in the plots of strain vs. lateral loads for reinforcement at the top of the west column (Fig. B.7

(Channels 74 and 75)).

The column hinge at the top of the west side pedestal rotated considerably. The opening on the

west side of the hinge exceeded 0.87 in. in spite of the wide flange section being clamped to the column

(Fig. 3.32 and B.36 (Channel 31)). At the same time the east side of the hinge closed about 1/4 in. (Fig.

B.37 (Channel 32)). In addition, the hinge was observed to slip horizontally. Inclined cracks in the

column above this pedestal were also observed to open slightly and forces in the transverse post-tensioning

rods were seen to increase (Figs. B.50 and B.5l (Channels 99 and 100).

On the east side existing cracks associated with eastward motion opened. At the latter stages of

this cycle cracks nearly 2 in. wide were observed in the upper joint. The opening was made possible in

part by the increasing separation observed between the joint and the wide flange sections. As noted

previously, the stiffness (and strength) of the wide flange sections and the large change in curvature of

40



the column resulted in a gap forming along the upper part of the east joint. Relatively large pieces of

concrete cover began to spall along some of the cracks in the joint.

Steel reinforcement at the inside (west) face of the top of the east column yielded with measured

strains reaching nearly 0.9%. The lower bar in the bent cap near the east column did not yield in

compression and exhibited pinched behavior associated with bond slip (Fig. B.5 (Channel 70 )).

In the lower east joint the well dispersed inclined cracks formed during previous cycles coalesced

into a single large diagonal crack that opened to as much as 0.6 in. in width during the initial portions of

these cycles. This crack again followed the projection of the hook in the top layer of reinforcement in

the bent cap. During the latter portions of Cycle 16 large portions of the cover over the joint became

loose just below the pedestal and spalled. This occurred in an area where the steel dowels in the pedestal

were lap spliced with the discontinued bars in the lower column. A significant discontinuity in the

deflected shape of the east column was noted at this location after the lower joint began to spall.

Bent 46. -- Behavior was similar to that observed in Cycle 12. However, for Cycle 15

instrumentation indicated reduced inelastic strains in the reinforcement. A pinched relation between strain

and lateral load (Fig. B.9 (Channel 82)) for the lower bar on the east end of the upper bent cap suggests

that bond slip may have accompanied the tensile rebar yielding detected during Cycle 14. The

deterioration and dilation of the upper west joint was reflected during Cycle 15 in a large 85-kip increase

in the tension load acting on the lower post-tensioning rod that crosses the joint (Fig. B.58 (Channel 107).

It should be noted that the upper rod also developed tensile forces (up to 30 kips), rather than compressive

ones, during this cycle apparently because the effects of joint disintegration dominated those associated

with bending (Fig. B.59 (Channel 108)). Nonetheless, the increment of load in the bottom post-tensioning

rod on the eastern upper joint continues to be compressive (Fig. B.57 (Channel 106)) at this stage.

During Cycle 16 large cracks (some nearly l/2-in. wide) developed in the upper west joint.

Figures B.17 and B.l8 (Channels 12 and 13) indicated total elongations across the joint between 0.5 and

1.0 in. Both top and bottom horizontal post-tensioning rods used to strengthen the upper bent cap and

confine the joint developed significant incremental tensile loads during the cycle, with the lower rod

developing incremental forces in excess of 185 kips. Combined with the initial pre-stress the total load
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in the rod exceeded 120% of the nominal yield capacity of the rod. The lower reinforcing bar at the west

end of the top cap yielded significantly, with the measured strains at the gaged location equaling 2% (Fig.

B.8 (Channel 85». West column reinforcement yielded moderately near the joint (Fig. B.ll (Channels

86 and 87».

The hinge and pedestal both deformed significantly on the west side. The hinge opened

approximately 0.66 in. on the west side, while little closure was noted on the east side (Fig. 3.35). The

smaller hinge rotation at this location relative to Bent 45 was attributed in part to the large translation and

rotation obseIVed in the pedestal itself. Figure B.25 (Channel 20) indicates that the top of the pedestal

translated almost 1/2 in. relative to the lower deck.

A concentrated horizontal slip was noted in the west hinge as well. Figure B.24 (Channel 19)

indicates that this slip exceeded 1/2 in. It is interesting to note from this figure that the slip only occurs

to the east. This slip is accompanied by a nearly vertical splitting crack at the center of the north and

south faces of the pedestal near its top.

In the lower west joint a horizontal crack developed at the base of the pedestal. This crack was

about 0.5 in. wide at the west face and extended eastward through the region where the pedestal

reinforcement connected to the lower column bars by means of short lap splices. The inclined crack

opened slightly, possibly as a result of joint shear. The top horizontal post-tensioning rod on the lower

joint initially developed incremental compressive loads (Fig. B.60 (Channel 109». These are consistent

with the positive moment developed at this end of the bent cap. However, by the end of Cycle 16 the

incremental load becomes tensile.

On the east side, the upper joint had open cracks along both diagonals. Several cracks approached

1 in. in width. The north and south sides of the joint began to bulge outward as the cycles continued and

portions of the cover spalled from these faces. The top part of the upper joint broke loose from the core.

The column below the upper bent cap developed distinctive horizontal cracks. Instruments on the

reinforcing bars near this location indicated strains as much as 2.0% (Fig. B.1O (Channels 80 and 81».

The strain vs. lateral load plots for the lower bars in the bent cap remained nearly linear during this

excursion, in contrast to the large nonlinear excursions during earlier cycles. This provides further
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evidence of the likelihood of bond deterioration during Cycle 14. The upper bars in the bent cap were

not instrumented near the cracked section. Flexural cracks at the top of the cap remained relatively small.

The shear reinforcement on the east column remained effective. The lowest instrumented

transverse post-tensioning rod in the upper column was located just above the hinge. This rod developed

significant force during the last cycle in comparison with other rods on the column (compare Figs. B.52

and B.54 (Channels 101 and 103 which had both cracked during previous cycles». The hinge was

observed to translate and instrumentation at this section indicated horizontal displacements of

approximately 0.15 in. (Fig. B.34 (Channel 29».

No large cracks formed in the lower east joint. The inclined cracks that crossed the inclined

post-tensioning rods remained narrow. The cracks here were as much as 0.5 in. wide at the deck end but

decreased quickly in width as they propagated downwards. Spalting was observed at the east face of the

east column near the foot of the inclined crack. This spalling is apparently associated with bending in the

pedestal. The spalling occurred at a location where there was a gap of several inches between the two

plates used to confine the joint and anchor horizontal post-tensioning rods. Adjustment of the locations

of these plates might improve this behavior. Strains measured in the nut at the end of the embedded rod

continued to indicate little force as a result of lateral loading. It appears that bond remained effective on

these grouted rods.

Bent 47. -- The behavior of this bent during Cycle 15 was similar to that observed during Cycle

12. During Cycle 16 the upper west joint developed large inclined cracks. These cracks had widths of

as much as 0.1 in. Flexural cracks at the bottom of the west end of the upper bent cap opened to widths

of 0.3 in. One of the rectangular steel tube sections used for anchoring the horizontal post-tensioning rods

to the joint suffered large inelastic buckling under the nut (Fig. 3.36). Because this occurred near the end

of the test, it was not repaired. Rod forces at this location in Bent 46 equalled or exceeded their nominal

yield capacities.

The upper joint on the east side developed large cracks in both inclined directions. The concrete

shell on the north and south sides bulged out as the joint began to disintegrate.
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Loud popping noises were heard during these cycles. The protruding flanges of the steel collar

used to attach the pedestal collar to the lower joint were observed to rotate (slip) during this cycle. As

in Cycle 14, this resulted in a sharp discontinuity of the deflected shape of the upper columns at the level

of the top of the lower deck (rather than at the column hinge at the top of the pedestal) (Fig. 3.34). In

addition, the post-tensioning rods used to clamp the flanges to the lower joint were observed to bow in

opposite orientations from those seen in Cycle 14. The bending of the rods became a safety concern by

the end of the cycle.

3.5 (f) Final Damage Condition

Following Cycle 16 testing was stopped in order to vacate the test site on schedule. In addition,

the structure was considered to be unsafe for continued testing. The structure was jacked back 10 the west

so that little pennanent displacement remained when the structure was shored and dismantled. The shoring

under the test structure was shimmed to bring it into contact with the structure. Instrumentation, loading

apparatus and other experimental equipment were then removed. Photographs in Figs. 3.37 to 3.42

indicate the final damage state of the test structure.

Some of the retrofit steel was removed to pennit closer inspection of the damages. It was possible

to remove by hand substantial amounts of the concrete cover from the upper joints in all frames and from

the lower joint on the eastern side of Bent 45. The concrete inside the main reinforcement in these

locations was highly fractured and probably could have been removed by hand if there had been more

access space available between the longitudinal column bars. Close inspection around many of the hooked

#18 cap bars indicated significant splitting distress in the concrete. In the vicinity of the hook the concrete

had separated by up to an inch or more from the steel. Virtually no concrete was in place around the

column lap splice in the lower joint on the east side of Bent 45.

The steel flanges were removed from the lower joint region from the east side of Bent 47. The

lower joint was cracked along the #18 top bar hook, but relative to other bents there were a greater

number of thin, well dispersed cracks. The region within the collar was inspected during demolition and

found to be largely pulverized. It could be completely broken apart by hand.
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Material Samples -- Concrete cores were removed from each bent just prior to demolition for

possible testing. Locations of the cores are shown in Fig. 3.43, and test results are indicated in Table 3.3.

Straight pieces of reinforcing bar were removed from the structure following demolition. The locations

of these bars are indicated in Table 3.4.

3.5(g) Summary

The test specimen was designed primarily to assess the effectiveness of various partial retrofit

techniques in preventing the catastrophic type of failure observed in the Cypress Street viaduct during the

Lorna Prieta earthquake. As such, attention focused on strengthening the pedestal/lower joint region under

loading transverse to the roadway. The tests indicated that the retrofits used were able to prevent a sudden

brittle failure of the upper deck, at least for the loading history imposed. However, significant damage

developed during the test. The progression of damage can be summarized as follows:

1. The lower joints of the retrofitted structure developed inclined cracks similar to those observed

in the damaged portions of the viaduct during the Lorna Prieta earthquake. These cracks initiated very

early in the tests and became more extensive and distinct as testing progressed, generally following the

contour of the hook in the top #18 bars in the lower cap.

The relatively flexible unbonded post-tensioning bars and wide flange sections provided in Bent

45 were unable to prevent these cracks from opening wide. The bonded post-tensioning rods grouted in

Bent 46, while not preventing the fonnation of these cracks, limited adjacent crack widths to less than 0.25

inches (see Fig. 3.35). The steel jacket used in Bent 47 prevented direct visual obseIVation of concrete

cracking during the test. However, the collar rotated significantly with respect to the lower joint in later

cycles and the concrete in the joint and pedestal was observed during demolition to be highly cracked and

pulverized.

2. The upper joints developed diagonal cracks at an early stage ( Bents 45 and 46: during 2700­

kip cycles with an upper level drift of 0.47%, and Bent 47: during 1800-kip cycles with a drift of 0.23%).

Diagonal cracking in the joints occurred in an orthogonal direction during load reversal, resulting in a
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distinct X-shaped cracking pattern. The upper joints all eventually began to disintegrate, with cracks as

wide as 0.25-2.0 inches fOlming, and with the concrete bulging and spalling. Early in the tests

incremental loads in the cap post-tensioning rods varied consistent with beam-bending theory (Le. tension

forces developed on one side while compression forces developed on the other). Later in the tests all cap

post-tensioning rods were obseIVed to carry incremental tension forces as they were called on to resist

crack opening and joint dilation.

3. Bent caps developed vertical cracks near their ends. At the top the cracks were located in the

narrow interface between the edge of the deck and the joint. The deck proved sufficient to suppress any

significant extension of the plastic hinge into the deck. At the bottom, cracks divided and some inclined

away from the column, consistent with the shear in the cap. Strains in both top and bottom bars exceeded

the yield level. In some cases strains of as much as 2% were recorded. Evidence, however, exists that

during later stages of testing the bond broke down between the concrete and the straight bottom rebars

in the upper cap. The development length provided for these bars was only 18 bar diameters.

4. In Bent 46, the upper columns did not initially have increased shear capacity in order to

measure their shear strength. Shear cracks formed in the west column at a total load of 2694 kips (Cycle

8) towards the west and in the east column at a total load of 2997 kips (Cycle 10) towards the east. Once

columns were strengthened by tightening the loose external post-tensioning rods, no further shear distress

was noted.

5. Flexural cracking and yielding were noted in the upper level columns just below the upper bent

caps. Nonlinearity in plots of rebar strain vs. lateral load were noted during Cycle 9 for columns in all

bents. The column bars exhibited strains in excess of 1.8% in tension and compression during the later

test cycles.

6. The built-in column hinges at the top of the upper level pedestals were obseIVed to rotate and

slip. Instrumentation on the hinge indicated that the vertical opening of the hinge was as much as 0.65

inches. This was most severe for Bent 45 in spite of the wide flange sections clamped to the pedestal and

column. Instruments in both Bents 45 and 46 detected horizontal slips between the column and pedestal

in excess of 0.45 inches during the last cycles.
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Distinct splitting and inclined cracks developed at the tops of the pedestals in Bents 45 and 46.

These initiated during load excursions in which the pedestals were displaced towards the interior of the

structure. The cracks propagated from the top center of the pedestal (where the dowels extended from

the column into the pedestal) and inclined downward toward the interior of the test structure. In Bent 46

the pedestal developed significant flexural defoITIlations with large flexural cracks opening at its base.

The pedestal in Bent 47 was not visible during testing. However, the concrete within the collar

was observed after the tests to be pulverized. Because of slip between the steel flanges used to connect

the pedestal steel collar to the lower joint and the lower joint a significant discontinuity developed in the

lateral displaced shape at the elevation of the top of the lower deck.

It is also important to observe from these tests that damage tended to concentrate with cycling in

the upper level. During the initial cycles drifts in the lower level were approximately 30% of the overall

deformation. During the last cycle, less than 10% of the total displacement at the upper level was

contributed by displacements in the lower level.

The drift indices for the structure during the last cycle were 1.8% overall, but 3.3% for the upper

level considering the distance between the tops of the decks. Upper level drift indices would increase to

5.0%, if the clear distance between the upper and lower decks were considered in the calculations.

Each of the bent retrofits behaved in a different fashion. Brief comments regarding each retrofit

scheme are offered below.

Bent 45. Bent 45 had steel wide flange sections clamped to the columns by means of horizontal

unbonded post-tensioning rods. The clamping force provided for the east side was

inadequate to prevent slip between the steel sections and the adjacent concrete (the

westside columns had plywood inserted between the concrete and steel so composite

action was not expected). Significant local nonlinearities were observed in the

instrumental results from nearly the first cycle of testing.

An important consequence of using relatively long (14 ft.) unbonded post-tensioning

rods at the joints was that the rods did not take much load until the joint cracked (due to
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Bent 46.

relative rigidities). Once cracking occurred, the rods stretched significantly, which

translated directly to opening of the cracks.

Another problem arose because of the incompatible deflected shapes of the steel wide

flange sections and the concrete frame. The post-tensioning rods were unable to maintain

contact between the steel and concrete. Significant gaps developed, especially near the

joint regions where confinement was desired ( see Fig. 3.30). This behavior accentuated

damage in the joints. More flexible or weaker steel sections used in conjunction with

balanced post-tensioning forces would have been preferable in retrospect.

As a result of these phenomenon the lower joint began to disintegrate at the level of

the top hooked bar in the lower cap. This is consistent with observed earthquake damages

in the viaduct. However, the actual failure mode observed in the test specimen was

heavily influenced by the bond stresses developed in the upper portion of the joint where

the longitudinal steel in the pedestal is lap spliced with the discontinuous lower column

reinforcement. The area suffered extensive spalling, following formation of a dense

criss-crossed cracking pattern over these lap splices.

As indicated earlier the upper joint suffered severe distress. The hinge at the top of

the pedestal was observed to open and slip in spite of the attached wide flange sections.

Bent 46 had inclined (untensioned) post-tensioning rods grouted or epoxied in the

lower joints. These did not prevent the formation of the characteristic inclined joint crack,

but the bond between the bar and adjacent concrete limited crack opening.

Instrumentation at the nut on the end of the rod indicated that bond remained effective

and load had not been transferred to the external anchorage. An X-pattern of narrow

inclined cracks was noted lower in the joint on the east side of the bent. These cracks

appear characteristic of the onset of joint shear cracking.

The pedestal acted like a flexural element, eventually forming a large horizontal

flexural crack at its base and crushing concrete on the compression face. The eventual
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Bent 47.

behavior of this response mode was not investigated in these tests and the adequacy of

the confinement provided and the resistance of the lap splices at the base of the pedestal

to maintain ductile flexural behavior under additional cycling need to be assessed.

In addition, splitting initiated in the hinge at the top of the pedestal and inclined shear

cracks were developed near the hinge. Significant rotations and slipping deformations

were measured at the hinge.

Bent 47 had a steel collar placed around the pedestal and steel plates were placed over

other elements. These details made loud popping noises from nearly the beginning of the

tests. No physical source of these noises was detected, but it is presumed that the noise

resulted from slippage of the steel plates relative to the concrete members.

The steel plates prevented contemporaneous observation of the damage to the concrete.

Upon removal of some of the plates following the tests, the concrete was found to be

highly cracked and locally pulverized.

The collar also rotated significantly with respect to the lower joint. The transverse

post-tensioning provided to clamp the flanges to the lower joint was inadequate to prevent

this slippage and rotation. Because of this rotation, the post-tensioning bars severely

distorted during the final cycles of the tests and the pedestal and upper column developed

a kink in its deflected shape at the top of the lower deck (compare Figs. 3.33 and 3.34).
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4. ANALYSIS OF EXPERIMENTAL RESULTS

4.1 Introduction

In this chapter the ex.perimental results are analyzed and interpreted. Emphasis is placed on

reconciling observed behavior with calculated results obtained using analysis methods and design fonnula

commonly employed in engineering practice. In Section 4.2, the strength, stiffness and dynamic

characteristics of the original structure are assessed and a simple dynamic analysis is presented to help

understand the behavior of the viaduct during the Lorna Prieta earthquake. 1n Section 4.3, the effects of

the retrofits on the overall strength and stiffness of the test structure are evaluated and the local behavior

of various members and retrofits are studied in detail.

4.2 Original Structure

The measured strength and stiffness characteristics of the reinforced concrete bents prior to

retrofitting are compared in this section with results of numerical analyses. Based on the results of these

analyses and of supplemental elastic dynamic analyses, the likelihood of collapse due to simple transverse

response during the Lorna Prieta earthquake is evaluated.

4.2(a) Strength

The strength of the original structure was examined experimentally during the static load test

conducted prior to retrofitting. As described in Section 2.3(a), five of the six pedestals of the test structure

were clamped during this test. The west pedestal of Bent 46 was not clamped so that the onset and

development of damage in the pedestal and lower joint region could be observed. Lateral load was

applied toward the west until the onset of well-defined inclined cracking in the pedestal. The total load

applied to the test structure at this point was 1410 kips.

The load resisted by each bent was not measured directly. However, given that the columns had

nominally identical construction and nearly equal axial loads, and furthermore that the load and

displacement applied at the upper deck of each bent were effectively equal, it is reasonable to assume that
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each bent resisted one-third of the total lateral load. Thus, the load per bent at onset of well-defined

pedestal cracking was approximately 1410 kips/3 = 470 kips.

Estimated Member Strengths. -- To evaluate whether the observed failure mode is consistent

with the mode that would be calculated using conventional methods, strengths of members in flexure and

shear, and of the entire structure under vertical and lateral load have been calculated. Results of member

stiffness and strength calculations are summarized in Table 4.1.

In member strength calculations, steel has been assumed to have an elasto-plastic stress-strain

relation with a yield stress of 40 ksi. Effects of inadequate longitudinal rebar anchorage lengths in tension

(IJ were taken into account by assigning a reduced yield stress to the bar. The reduced yield stress was

taken equal to the quantity 40 ksi x lu/(30db), which assumes development of the full yield stress for an

anchorage length of 30 bar diameters (db)' The compressive strength of the concrete was taken to be 6

ksi. Standard equivalent rectangular (Whitney) stress blocks were used to represent concrete compression

stress zones in the flexural strength calculations. Shear strengths were taken as the quantity

(4.1)

The effects of axial load on shear strength were disregarded. Nonetheless, the effects of the

relatively low axial forces present in the columns due to gravity loads were included in the computation

of column flexural strengths, as these effects were expected to be more significant.

The quantities in Table 4.1 indicate that the columns at both levels were stronger in flexure than

the bent caps framing into them, despite the relatively large size of the bent caps. Flexural yielding, if

it could occur, would be expected on the basis of the relative strengths shown in Table 4.1 to initiate and

concentrate in the bent caps. Thus, column yielding and inadequate flexural ductility capacity of the

columns were not likely initiators of collapse.

Plastic Collapse Mechanism. -- The distribution of forces that might have existed in the structure

at the point of collapse was investigated considering several possible plastic collapse mechanisms. The
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collapse models and associated calculation results of Fig. 4.1 were used to evaluate the strength of a

typical bent of the test structure subjected to a single lateral load applied at the centroid of the upper deck.

Only flexural yielding was considered in these computations, and all members and joints were assumed

to have sufficient deformation capacity to develop the mechanisms indicated. The finite dimensions of

the joints have been considered in computing these forces. Based on these calculations, a flexural collapse

load of 590 kips per bent was determined.

The distributions of moment and shear corresponding to the collapse mechanism are shown in Fig.

4.2. The critical flexural mechanism consists of plastic hinges at each end of the upper bent cap. The

lower bent cap and the columns at both levels are stressed below their flexural capacities. Thus, a partial

collapse mechanism, consisting of plastic hinges and built-in pin connections in the upper level, would

be expected considering flexural action alone.

The critical collapse mechanism requires a total load of 590 kips applied to the upper cap

(assumed towards the right) and requires shears of 287 kips and 303 kips in the upper level left and right

side columns, respectively. The difference in required column shears is attributable to the difference

between the positive and negative moment strengths of the upper bent cap. Because of the larger strengths

of the lower columns, and because a single lateral load is applied at the top of the bent, the upper columns

are clearly more critical in shear than the lower ones. The shear strength of the upper columns (Table 4.1)

is estimated to be 390 kips, greater than that needed to develop a flexural collapse mechanism. The

computed shear strength of the pedestal is 320 kips, which is only slightly greater than that required for

a flexural failure of the bent. The computed shear strengths of the pedestal and column may be

overestimated by Equation 4.1. Several factors could contribute to a reduction in strength. For example,

the dowel action required to transfer shear forces across the built-in pin by shear friction induces splitting

forces that could reduce strength. In addition the ACI [4.1] stipulates that the quantity .Avf/bs be at least

50 psi when transverse reinforcement is provided to resist shear. Computed values of this quantity equal

28 psi for the column and 43 psi for the pedestal. As a result, it would be prudent to disregard the

contribution of the ties to the shear strength of the columns and pedestal. The pedestal is weaker than the

column and would have a strength of 245 kips based on the concrete contribution alone. This value is
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below that required to develop a flexural collapse mechanism and a shear failure in the pedestal might be

expected prior to yielding of the bent cap.

Further justification for reducing the shear capacity of the pedestal may be found by examining

the detailing of the joint region near the base of the pedestal. ACI provisions for computing shear

demands on members have indicated that critical design shears may be taken at a distance "d" from the

support, if the support is in a region of compression. The term lid" represents the effective depth of the

member. The reasons for this provision are illustrated in Figure 4.5 which has been adapted in part from

the ACI Commentary [4.1]. Tests have indicated that arch action and other mechanisms can be counted

on to directly transfer to such supports the loads applied near the ends of a properly detailed member.

However, when a compression support is not provided, the ACI requires that the full tributary load on the

member be considered explicitly for the shear design and that the joints be detailed to transfer the

anticipated loads. This condition is illustrated in Fig. 4.5(b).

Considering the lower joint/pedestal in a transverse bent on the side towards the direction of

loading (the right side in this example) one can by analogy see that shear cracks would tend to form not

only in the pedestal, but also could extend downward into the joint as schematically illustrated in Fig. 4.5

(c). While there is no additional tributary load that needs to be considered in this case, detailing of the

pedestaVjoint interface region clearly becomes critical. While some transverse steel was provided in the

pedestal to help resist shear, reference to Fig. 1.5 shows that the region of the joint into which a pedestal

shear crack might propagate was devoid of transverse (horizontal) reinforcement. The top bars in the

lower cap were hooked downwards at this location, generally following the likely inclination of a shear

crack extending from the pedestal into the joint. Thus, the cap bars cannot be considered effective in

restraining such potential shear cracks. Moreover, the bond stresses generated by the hook (the hook is

in tension for loads applied to the right in this example) would also tend to split the concrete in the same

area.

Detailed finite element analyses can be used to provide quantitative information on the extension

of column shear cracks downward into the joint region. However, a simple estimate of the load required

can be obtained by computing the shear strength of the pedestal assuming it had no transverse
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reinforcement. The concrete contribution alone is estimated, using methods outlined previously, to be 245

kips. This is approximately 78 kips less than listed in Table 4.1.

These revised shear strengths indicate that neither the upper column nor the pedestal would possess

sufficient shear strength to develop a flexural plastic mechanism in the test structure. The pedestal is the

weaker element and failure would be expected to initiate in the pedestal. The expected failure mode

would be brittle because of the low amounts of transverse reinforcement provided in the pedestal and the

absence of reinforcement in the lower joint.

Capacity Estimates Based on Elastic Analysis. -- The preceding calculations oflateral capacity

are based on plastic analysis. However, the required shear forces in the critical column and pedestal

exceeded the capacities of these elements. The simplicity of the structural system and the expected brittle

nature of the failure mode makes it possible to estimate the lateral load needed to bring the pedestal to

its shear strength by performing an elastic analysis of the bent.

To make this estimate, one needs first to estimate the shears present in the pedestal as a result of

gravity loading. While there is no net shear applied laterally to the structure under gravity loading and

moments at the tops of the pedestals are negligible due to the built-in pins, significant shears may develop

in the columns and pedestals. These shears develop because pin, rather than roller, connections were

provided. To restrain the tendency of the base of the columns to splay outward, an inward thrust must

be applied by the pedestal to the base of each column (see Fig. 4.3).

Using a simple elastic stick model having non-prismatic sections and rigid beam-column joints,

the calculated internal actions are as shown in Fig. 4.4. The initial pedestal shear due to gravity loads is

estimated to be 176 kips. The shear acting at the time of testing is not known, because of the uncertain

effects of construction activities and over 30 years of service life.

The shear that can be applied to a pedestal due to lateral load is its total shear strength modified

by the gravity load induced shears. For lateral loads applied towards the right, gravity load induced shears

would increase the shear that can be taken by the left pedestal and decrease the apparent strength of the

right pedestal.
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Thus, for the critical right side pedestal the incremental shear that can be applied due to lateral

loading is approximately 245 kips - 176 kips =69 kips. Assuming further that under lateral load the two

columns of a bent share equally the applied lateral load, the expected lateral load per bent at the onset of

shear failure in the right pedestal is 2 x 69 kips = 138 kips. This value is 70% less than the load of 470

kips per bent measured at the onset of inclined pedestal cracks in Bent 46.

One might reasonably argue that creep, shrinkage, cracking, bond deterioration and slip, and other

factors may have significantly reduced the initial gravity load related shears in the pedestals. If one

assumes that the gravity load induced shears were zero, the lateral load needed at the top cap to induce

shear cracking at the base of the pedestal would be 2 x 245 kips = 490 kips per bent, slightly higher than

the observed value. While considerable scatter exists in experimental data on shear strength, this result

would tend to indicate that a substantial proportion of the gravity induced thrusts may have been relieved

over the 32 year service life.

Modified Plastic Collapse Mechanism. -- It can be shown with the aid of some simple

additional calculations that the lateral load required to initiate shear cracking in the pedestal/lower joint

region, 470 kips per bent, provides a fair measure of the actual collapse load for the structure as a whole.

To assess this assertion, consider the simplified stick model collapse mechanism shown in Fig. 4.6. For

this idealized mechanism the pedestal shear failure has been included and is represented as a 45-degree

inclined failure plane having a horizontal resistance of 245 kips, the computed nominal shear strength of

the concrete in the pedestal. The critical collapse mechanism for the upper level can be completed by

introducing a flexural plastic hinge at the opposite end of the upper bent cap. The flexural resistance at

this location is taken as the positive moment strength of the bent cap considering the inadequate anchorage

of the bottom bars. External loads considered in the analysis include the approximate average upper level

weight per bent (W = 1085 kips total) and a horizontal load applied to the top level of each bent, H.

For the depicted mechanism, a lateral force H having a direction opposite to that shown in Fig.

4.6 is required. This solution indicates that once a shear failure commences in one of the pedestals along

an inclined failure plane, gravity load alone is sufficient to drive the global failure to its conclusion.

55



Refinements to the above analytical collapse model are undoubtedly possible, but not likely to alter this

basic conclusion. The progressive collapse depicted in the demolition photo sequence shown in Appendix

A further demonstrates the ability of a local failure in the pedestal region to produce a total collapse of

the upper level.

Lateral Shear Coefficients. -- A typical upper level bent including a 70-ft deck span weighs

1085 kips. Thus, the measured load capacity of 470 kips per bent corresponds to an upper deck shear

coefficient (lateral load/weight) of 0.43.

Iflatera110ads during dynamic response are assumed to distribute in a ratio 2:1 (upper:lower deck)

corresponding to a linear mode shape and equal deck masses, the effective base shear corresponding to

the upper deck strength of 470 kips is 1.5 x 470 kips per bent =705 kips per bent. A typical two-level

bent including a 70-ft deck span weighs 2215 kips. Thus, the effective base shear coefficient is 0.32. Had

premature shear failures been prevented by adequate detailing, the calculated effective base shear

coefficient increases to 1.5 x 590 kips/2215 kips =0.40. These coefficients are well in excess of the

design base shear coefficient of 0.06 required by the 1953 AASHTO specification to which the viaduct

was designed.

Shear Strength of Columns. -- The tests on the retrofitted structure provide data on the shear

strength of the upper level columns in their original state. During these tests, the post-tensioning rods over

the mid-height of both upper columns in Bent 46 were not initially tightened. As described in Section

3.5(c), inclined cracking indicative of distress in shear in the two columns began during different cycles,

but in each case lateral loads were approximately 900 kips per bent. Shearing distress was initially

observed in a column when lateral load was applied toward the column relative to the center of the test

structure. Assuming that the initial column shear due to gravity load effects was equal to 176 kips

(calculated as described above using elastic theory), the shear in the critical column at the onset of inclined

cracking was approximately 176 + 900/2 =626 kips. Based on the average column effective depth of 42

inches, and assuming a concrete compressive strength f' c of 6000 psi, the corresponding average nominal
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shear stress was 626/(42 x 48) =311 psi, or approximately 4.0/l If one discounts the initial gravity load

induced shear (because of prior service conditions), the nominal shear stress reduces to 223 psi, or

approximately 2.9/1..

Current ACI and AASHTO recommendations regarding the shear strength of columns suggest that

the nominal contribution of the concrete may be taken as:

(4.2)

where Nu is the axial load. The axial force due to dead load in the upper columns is approximately 1085

kips/2 =543 kips. The axial load in the columns corresponding to 900 kips lateral load per bent can be

estimated by statics assuming that the built-in pins at the base of the upper columns develop no moment.

For this condition, the axial load due to overturning moment effects is approximately 253 kips. The

critical column then has a total axial compressive load of 543 + 253 =796 kips. This value is relatively

low (less than 5.8% of the gross area of the column times the compressive strength of the concrete).

Nonetheless, substituting this value into Eq. 4.2 suggests that the concrete contribution is approximately

2.4l1.bd, or approximately 20% more than permitted for zero axial load. Steel transverse reinforcement

would also be expected to contribute somewhat to the shear resistance. This contribution is almost

OAl1.bd according to standard design provisions. By summation, the total nominal shear resistance of the

column should be 2.8J?cbd, which is very close to the observed range of 2.9 to 4.0/1.bd.

The small discrepancy may be partially due to uncertainties in estimating the distribution of shear

forces between the two columns in the bent. These are expected to be influenced by the different axial

loads present in the columns as a result of overturning moment and other effects. Because of these and

other uncertainties, prudence is warranted in evaluating the shear strength of columns. In particular, the

rapid deterioration under cyclic inelastic loading of the shear strength of columns with low axial load

intensities has prompted many design codes (ACI and partially AASHTO) to discount entirely the

contribution of the concrete to shear strength. These tests shed little light on this broader problem.
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However, they provide additional confidence that conventional procedures can provide reasonable

estimates of cracking loads in shear-critical elements.

4.2(b) Stiffness and Dynamic Characteristics

The test structure was modeled analytically as an elastic three-dimensional structure using the

SAP90 series of computer programs [4.2]. In the model, columns and bent caps were modeled using line

elements coincident with member centerlines and the multi-cell box girders were modeled using shell

elements located at the mid-depth of the box girder. Beam-column joints were assumed to be rigid and

as such were modeled using relatively stiff line elements to interconnect the more flexible beam, column,

and box-girder elements. The base of the analytical model was assumed to be fixed (Le., soil-structure

interaction was not considered). The built-in shear key/pin connections at the tops of the pile caps and

pedestals were modeled as ideal pin connections. Figure 4.7 depicts the assembled finite element model

of the structure.

Element properties of the analytical model were based on nominal gross concrete sections of the

test structure (cracking was assumed to not occur). For the beam and column elements, flexural and shear

stiffness in both principal directions, and axial and torsional stiffness along the axis of the member were

considered. For the shell elements, both membrane and plate bending actions were included. Based on

measurements from a concrete core taken from an undamaged portion of the Cypress Street viaduct [1.5],

concrete modulus and Poisson's ratio were assumed to be 3,700 ksi and 0.15, respectively. Corresponding

modulus values of cores from the test structure averaged 3440 ksi (Table 3.3).

Figure 4.8 compares measured and calculated relations between lateral load and lateral

displacement at the mid-depth of the upper deck. The measured relations were obtained during the static

lateral load tests of the test structure prior to retrofitting (see Section 3.3 for a description of the test).

The calculated load vs. displacement relation was obtained by applying a lateral load just below the deck

level, on the two edge nodes of each bent of the analytical model described previously. The calculated

stiffness slightly exceeds the measured stiffness.
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Mode shapes and frequencies were also calculated using the analytical model described above.

The two lowest calculated transverse translational modal periods ( frequencies) are 0.382 sec. ( 2.62 Hz

) and 0.144 sec. ( 6.96 Hz). These values compare with periods ( frequencies) of 0.42 sec. ( 2.4 Hz )

and 0.14 sec. ( 7.0 Hz) measured during forced vibration tests of the original structure. The calculated

mode shapes, shown in Fig. 4.9, were < 1.0, 0.269 > for the first mode, and < 1.0, -3.44 > for the second

mode.

4.2(c) Expected Response During Lorna Prieta Earthquake

It is not possible given the simple model of Fig. 4.7 to represent fully the response of the viaduct

during the Lorna Prieta earthquake because the model does not consider the complete 1.5-mile length of

the structure and supporting soiL However, it is possible given the simple model to obtain a rough

estimate of structural response in the transverse direction, and with that estimate to draw a conclusion as

to whether simple transverse response of this bent would be sufficient to explain the collapse of the

structure during the earthquake.

For the response analysis, three ground motion records obtained in the vicinity of the structure

were considered (Figs. 1.9 through 1.11). Based on considerations of proximity and similarity in soil

conditions, the record obtained at the Oakland Wharf (Fig. 1.11) was selected to represent the base motion

under those portions of the viaduct that collapsed.

The analytical model of Fig. 4.7 represents the stiffness and mass of the test structure. As such,

it includes the stiffness of three typical bents, but less than the mass of three typical bents because the two

short deck cantilevers on either end of the test structure did not compose the full tributary span (Fig. 2.1).

In order to better represent the typical mass of the viaduct, the deck cantilevers were lengthened in the

analytical model used for the dynamic analysis. Viscous damping was assumed equal to 2 percent of

critical. The 035 component of the Oakland Wharf motion was applied in the transverse direction of the

Cypress viaduct analytical modeL
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Response histories of computed upper deck displacement, upper deck acceleration, base shear, and

input base acceleration are plotted for the analytical model in Figs. 4.10 through 4.12. The waveforms

indicate that significant response lasted for a duration of approximately 14 seconds. A maximum

displacement of 1.29 in. (0.24 percent of total height), maximum base shear of 1230 kips per bent (56

percent of total weight), and a maximum upper deck shear per bent equal to 752 kips were obtained from

the elastic analysis.

As indicated in Table 3.1, inclined cracking of the non-retrofitted structure occurred near the base

of the pedestal (at the end of Cycle 2) at a load of 470 kips per bent and at an upper level lateral

displacement of 0.79 in. Thus, the dynamic analyses for this ground motion indicate forces and

displacements more than 60% greater than the structure could resist. The accelerations in Fig. 4.11

suggest that forces (mass times acceleration) exceeding the shear strength of the pedestal joint region

would have developed at least nine times had the structure remained elastic. Analyses presented in

Section 4.2(a) demonstrated that initiation of pedestal cracking and failure would be sufficient to cause

overall instability and collapse of the upper deck level.

Thus, simple dynamic response analyses for the transverse direction ofmotion (as considered here)

are sufficient to account for collapse of the viaduct. Other factors (such as longitudinal response, traveling

waves, and earlier failures in other bent types) may have contributed to the failure, but were not necessary

for collapse to develop.

4.3 Retrofitted Structure

An evaluation of the behavior of the retrofitted bents is made in this section. The evaluation is

based on experimental and numerical analyses, and includes an evaluation of the overall strength and

deformation characteristics of the retrofitted structure and of the local behavior of retrofit details.

4.3(a) Global Strength

Static lateral load tests of the retrofit test structure were continued until the effective lateral load

strength was developed. During the final cycle of load toward the west, lateral load continued to increase
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at a relatively low rate with increasing displacement, indicating that the strength was nearly realized.

During the final cycle of loading toward the east, the structure was displaced laterally under effectively

constant lateral load, indicating the effective strength had been reached (Table 3.2 and Fig. 3.12).

Figure 4.13 compares load - displacement relations measured before and after retrofitting. The

maximum applied lateral load following retrofit was approximately 4000 kips, or nominally 1333 kips per

bent Thus, the retrofits strengthened the test structure by a factor of 2.84 relative to the strength achieved

(470 kips per bent) prior to retrofitting. More significantly, the maximum displacement achieved

following retrofitting was 12.5 times the maximum displacement corresponding to inclined cracking of

the pedestal.

Lateral Stiffness and Displacement Ductility. -- Figure 4.13 also indicates that the overall initial

elastic stiffness of the retrofitted structure was virtually unchanged by the retrofitting. Figure 3.15

compares results for the original and retrofitted structures obtained during the initial loading cycles. Once

a load of 150 kips is reached the tangent stiffnesses obtained during the two tests are essentially identical.

Detailed calculations of the lateral load stiffness of the retrofitted structure have not been carried out.

Numerous practical difficulties exist in calculating the effective stiffness of the various composite and

prestressed sections.

A nominal yield displacement for the retrofitted structure may be calculated by assuming a lateral

load stiffness equal to the measured value for the retrofitted structure, K =2495 klin. and a strength equal

to 4,000 kips. The nominal yield displacement thus calculated is 1.60 in. at the upper deck. The

maximum displacement achieved during the tests was 9.90 in., corresponding to a displacement ductility

of 9.90/1.6 =6.2. The test structure attained this displacement ductility for a single cycle, and sustained

significant damage in the process. Stable response was apparently obtained for displacements on the order

of 4 in., corresponding to a displacement ductility of 2.5.
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Ultimate Lateral Shear Coefficients. -- The maximum total lateral load applied to the retrofitted

test structure was approximately 4000 kips in each direction. Given that a typical upper level bent weighs

1085 kips, the effective upper deck lateral shear strength coefficient was 4000/(3 x 1085) = 1.23.

If lateral loads during dynamic response are assumed to develop in a ratio of 2:1 (upper:lower

decks), the effective base shear strength is 1.5 x 1300 kips per bent =1950 kips per bent. Two levels of

a typical bent weighed 2215 kips. Thus, the effective base shear coefficient was about 0.90.

During the tests, effectively equal loads were applied by the jacks to each bent of the test

structure. However, the strength and stiffness characteristics of each bent were different, so that each bent

resisted different loads. Statics alone cannot be used to resolve the load distribution between the bents

(or for that matter within a bent). To help estimate the force distribution, measurements from strain gages

attached to reinforcing steel in the bent cap and columns of each bent were analyzed. Unfortunately,

because each bent had different crack locations and unknown initial strains, strain gage readings could not

be reliably interpreted to estimate the distribution of forces.

Estimated Retrofitted Member Strengths. -- Member flexural strengths were calculated

assuming both composite and non-composite flexural action between the retrofit steel and the original

reinforced concrete sections. Sufficient transverse reinforcement was provided in the columns and

pedestals to prevent a shear failure during testing. Thus, shear strengths are not computed or reported here

for the retrofitted structure. Table 4.1 lists the calculated cross-sectional flexural strengths.

In the calculations, reinforced concrete material properties were the same as those described in

Section 4.2(a). Steel plate and wide flange sections used for the retrofits were assumed to develop 36-ksi

yield stress and to have a modulus of elasticity equal to 30,000 ksi.

For the non-composite calculations, the cross-sectional flexural strength and stiffness were taken

as the sum of the separately calculated values for the reinforced concrete and steel sections. Conventional

assumptions were made to compute reinforced concrete flexural strengths, as described in Section 4.2(a).

Steel sections were assumed to develop plastic strengths equal to the product of the yield stress and their

plastic section modulus.
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For the composite calculations, the steel was assumed to act as additional reinforcement for the

reinforced concrete sections, with strengths calculated as described in Section 4.2(a). Differences in details

on the east and west sides of the structure result in strength differences not reflected in Table 4.1.

Plastic Collapse Mechanism. -- The expected lateral load strength of each bent was calculated

for the flexural mechanisms shown in Fig. 4.1. The calculated critical non-composite and composite

strengths for the entire test structure are 2340 kips and 4610 kips, respectively.

Figure 4.14 compares the measured load-displacement relation following retrofitting with the

calculated strength levels. In this figure, the lines denoted "Original Structure" correspond to the load

measured during the static tests before retrofitting. The lines marked "Non-composite" correspond to

strengths calculated for the retrofitted structure assuming the retrofit steel and the concrete sections did

not act compositely in flexure. The lines marked "Composite" correspond to the strengths calculated

assuming fully composite behavior in flexure. It is clear that the retrofitted structure developed a strength

significantly higher than the original structure. The measured strength of the retrofitted structure was

between calculated strengths corresponding to the non-composite and composite assumptions.

4.3(b) Behavior of Retrofitted Bents

The behavior of the various retrofits will be examined in this section. Emphasis will be placed

on the lower joint region where distress was observed during the Lorna Prieta earthquake. The behavior

of the upper cap-column joint will be examined in Section 4.3(c).

Bent 45. -- To develop the plastic composite strength of a combined steel and concrete section

subjected to shear requires that a frictional force be developed between the two sections. Figure 4.15

illustrates this requirement for a typical column of Bent 45, which had large steel wide flange sections

prestressed to the east and west faces of the reinforced concrete columns. The total frictional force

required along the height of the column in Fig. 4.15 is approximately equal to the tensile strength of the

steel sections. For lateral loading in the opposite sense the required friction force would approximately
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equal this value, corresponding to tensile yielding of the wide flange section at one end of the column and

compressive yielding at the other.

The minimum friction force required for composite action is then approximated by 36 ksi x 4 x

32.9 in? =4740 kips. In the retrofit of Bent 45, the steel sections were clamped in place using l-3/8-in.

diameter post-tensioning rods. Assuming a friction coefficient of 0.5, each level (pair) of clamping rods

could develop the prestress force in one of the rods in friction. So the fifteen levels of 55-kip prestressed

rods and four levels of 95-kip prestressed rods could develop a total of 1205 kips friction force, well

below the value of 4740 kips required. The prestressing provided (Fig. 2.14) was clearly inadequate to

achieve full composite action for this bent.

As indicated in Section 3.5, slip between the steel retrofits and the concrete was observed almost

from the beginning of the tests. Figure B.35 (Channel 30) illustrates the resulting nonlinear behavior.

The breakdown of composite action also appears to be the cause of the complex nonlinear response

recorded (Figs. B.39 through B.44 (Channels 64, 65, 66, 67, 76 and 77)) by the strain gages attached to

the wide flanges.

The prestress in the rods used to clamp the steel sections to the reinforced concrete sections must

be sufficient to maintain contact under the imposed lateral deformations. Contact over much of the

columns and especially the joints was lost during the tests. This behavior is illustrated schematically in

Figs. 3.30 and 4.15. During the final stages of testing, the gap between the steel and concrete sections

at the lower, east joint of Bent 45 was approximately 3/8-in. wide.

The opening of the gap is attributable to (a) the large flexural stiffness of the steel wide-flange

and concrete sections, (b) the incompatibility of the deflected shapes of the reinforced concrete structure

and the steel wide flange sections and (c) insufficient prestress force and axial stiffness provided by the

prestressing rods that clamped the wide-flanges in place. As illustrated in Fig. 2.14 and 2.17, the

prestressing rods were external to the reinforced concrete sections. Over the depth of the bent cap these

rods were anchored to the first internal web of the box girder (for those rods within the box girder depth)

or across the full bent cap span for those below the box girder. The long unbonded lengths of the rods

adjacent to the bent caps resulted in relatively low effective stiffness of the post-tensioning rods. Once
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the initial prestress was overcome, the axial flexibility of the rods allowed the wide flange sections to

separate from the concrete joints with relative ease.

The external post-tensioning rods within the depth of the joints provided a small amount of joint

confinement in the initial undeformed condition of the structure. Under lateral deformations, as described

above and illustrated in Figs. 3.30 and 4.15, the steel sections of Bent 45 tended to separate from the joint,

rendering completely ineffective the intended joint confinement.

In addition, once the lower joints cracked, the low effective stiffness of the long unbounded

post-tensioning rods resulted in large crack openings within the joint. A quantitative example of this is

presented in Section 3.5(e) for the lower west joint where elastic stretching of the post-tensioning rods was

shown to contribute the majority of the crack opening displacement in the lower joint.

Damage sustained in the lower east joint of Bent 45 (Fig. 3.37) attests to the fmal cumulative

consequences of these effects. The lack of well-distributed cracking within the joint is attributed to the

nearly complete lack of bonded transverse joint reinforcement. Clearly, more flexible and weaker steel

wide flange section retrofits and a stiffer post-tensioning system would have improved the observed

behavior. Nonetheless, details of the final severe damage condition in this joint are also significantly

influenced by the bond stresses around the lap splices between the pedestal and column longitudinal

reinforcement in the joint.

Bent 46. -- In contrast with the behavior of the Bent 45, the lower joint of Bent 46 did not

sustain significant damage by the end of the test. The improved performance is attributed to the presence

of the internally bonded post-tensioning rods (Fig. 2.15) which reinforced the upper portion of the joint

so that the pedestal shear cracks which extended down the joint were no longer the weak link in the

system. In addition, the small bearing plates (rather than the wide flange sections employed in Bent 45)

used to anchor the external post-tensioning on the lower bent cap were able to maintain their confining

action throughout the tests.

The effectiveness of bonded rods combined with steel wide flange sections was not tested in this

test program. However, given the higher stiffness of the bonded rods, and the ability of bonded
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reinforcement to better distribute concrete cracking, it is speculated that the addition of bonded rods to

the steel wide flange retrofit would result in a significant improvement of joint behavior.

As noted in Section 3.5(e), a large, nearly horizontal, crack developed across the bottom of the

pedestal on the west side of Bent 46 where the longitudinal bars from the pedestal lapped the discontinued

longitudinal steel from the lower column. It is not certain if this crack was associated with tensile yielding

of reinforcement or with anchorage slip. On the east side, spalling initiated on the exterior face of the

pedestal/joint region where there was a gap between confmement plates. Thus, by the end of the test this

retrofit began to develop localized flexural/anchorage distress that may have worsened during additional

cycles. This aspect of the behavior requires further study.

In addition, this joint was the only one to exhibit evidence of apparent shear distress in the lower

portion of the joint. While the embedded bars proved very effective in resisting the propagation of the

pedestal inclined cracks down into the joint, their orientation was ineffective against orthogonally directed

diagonal cracks. Thus, means of reinforcing the joint by additional embedded bars or other techniques

remain to be examined. The lower joints in the test structure were not as severely loaded as the upper

joints. Because the test structure was loaded only at the upper level, the lower bent cap remained elastic.

Thus, these tests did not produce critical loading conditions for the retrofits used on the lower joints.

Bent 47. -- Concrete in the pedestals and lower joints in Bent 47 was not visible during the tests.

However, loud popping noises were heard from the vicinity of the joints, starting as early as Cycle 2. It

was assumed that these noises were associated with the slip of the retrofit steel relative to the concrete.

During the later cycles, a discontinuity in the deformed shape was noted just above the lower bent cap.

The steel flanges connecting the restraining collar of the pedestal to the lower joint rotated visibly,

severely distorting the post-tensioning bars used to clamp the flanges to the joint.

A simple estimate of the lateral load needed to cause the flanges to rotate can be made by analogy

to the analysis of bolt groups. In this case, a pin will be assumed at the top of the pedestal, the shear and

flexural resistance of the concrete in the pedestal will be disregarded, gravity load induced shears in the

pedestal will not be considered, and additional column axial loads due to global overturning moment
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effects will be neglected. From the geometry of the pedestal and the locations of the post-tensioning rods,

it can be shown that the frictional force resisted by the most severely loaded post-tensioning rod clamping

the flange to the joint is approximately 140% of the lateral shear applied at the top of the pedestal.

Assuming the I-in. diameter post-tensioning rods are stressed to 50 kips and that a friction

coefficient of 0.5 can be developed between the steel and concrete, slip would initiate for pedestal shears

near 36 kips. Assuming each pedestal resists the same load, the total lateral load is 6 x 36 kips =220

kips. This result is highly approximate. Factors such as the resistances of the concrete in the pedestal

and the distributed friction developed under the flanges would tend to increase this value. However,

factors such as incremental axial loads due to overturning moments would tend to decrease the value.

Slip would be unlikely until the concrete in or below the pedestal cracked in shear. This cracking

occurred in the tests of the original structure at a load of 1410 kips. Assuming loads are uniformly

distributed between columns at this pOint and that the strength of the concrete pedestal and steel retrofit

are additive, one might estimate the load needed to cause initial slip to be 1410 + 220 = 1630 kips. Once

the pedestal cracked slipping would be expected at the lower value of 220 kips.

The estimated 1630-kip pedestal shear needed to initiate slip between the collar flanges and the

joint is consistent with experimental observations. The first popping sounds from the joints in Bent 47

were noted towards the end of Cycle 2 as total loads approached 1800 kips. The noises were not detected

during Cycle 1 for which the maximum load was 900 kips.

It is clear that the retrofit used on Bent 47 had a high composite ultimate strength, but the

clamping forces were insufficient to maintain composite action. Moreover, the relative slip of the collar

and the joint resulted in severe distress to the joint and pedestal. During demolition, much of the pedestal

region was observed to have been pulverized by prior cycling, and the joint region had a fully developed

set of narrow, but closely spaced, inclined cracks. Similarly, it should be recognized that the retrofit does

not address potential joint shear problems in the lower joint
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4.3 (c) Behavior of Upper Joints

Each of the upper joints developed significant inclined cracking indicative of shear distress before

lateral loads reached the 2700-kip level. By the end of testing, severe cracking and dilation of the joint

regions was obvious, with large sections of concrete within these regions having been completely

dislodged from the rest of the joint.

The extent of inelastic action within the upper bent cap-column joints can be evaluated from the

instrumentation monitoring local deformations of the upper west joint of Bent 46. Using the displacement

transducers indicated by Channels 11, 12, and 17 in Fig. 2.31(h), the shear deformation in the joint can

be estimated from Eq. 3.1. The plot oflatera110ad vs. joint shear distortion shown in Fig. 3.27 indicates

that shear deformations are relatively low for lateral loads less than approximately 3350 kips. The shear

deformations increase substantially beyond that load level. Significant inelastic deformations of the entire

structure become apparent at approximately the same load level (Figs. 3.12 through 3.14).

The observations of the preceding paragraph suggest that a primary source of inelastic deformation

in the structure was the bent cap-column joints in the upper level, and that these joints were the weak link

of the retrofitted framing system. Retrofit of a structure such as the Cypress Street viaduct should

explicitly consider the limiting strength of the joints. These results also indicate that it is generally

insufficient to fix only one portion of a structure without examining the hierarchy of potential failure

mechanisms.

Although it is not possible to determine precisely the shear strength of the joints (because the load

per column is not known), it is possible to calculate an upper bound to the joint shear strength.

Considering the connection illustrated in Fig. 4.16, the maximum shear force that can develop within the

joint is equal to the tensile strength of the top reinforcement in the upper bent cap. In the test structure,

the total area of reinforcement was equal to 15.6 in.2
, and the maximum stress was likely to be near the

yield stress of 43 ksi. Thus, the maximum joint shear is 15.6 in? x 43 ksi = 670 kips. This corresponds

to an average nominal joint shear stress of 670 kips/(48 in. x 48 in.) = 291 psi, or 3.811., based on a
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6000-psi concrete strength. This value compares with an ultimate joint shear stress of 3.Sjt suggested

by ACI Committee 352 in 1976 for unconfined joints [4.2].

It is significant to note that the post-tensioning provided in the upper bent cap was unable to

prevent disintegration of the joint. The post-tensioning introduced an average prestress of 130 psi to the

bent cap. Initially, incremental forces in the upper and lower post-tensioning bars were of opposite sign

consistent with stress variations associated with bending of the adjacent bent cap. However, in later cycles

only tensile force increments developed as a result of the expansion of the joints during cycling, and the

forces in some of the rods reached or exceeded their nominal capacities.

The deteriorated condition of the bent cap-column joints (Fig. 3.37 through 3.42) when the

maximum displacement was achieved suggests that sustained cycling at this deformation level would not

have been possible. Thus, for a design earthquake requiring several deformation cycles to a given

displacement amplitude, a smaller allowable displacement (Le. displacement ductility) would be desirable.

It is not possible given the available test data to define this allowable value. However, it is clear that a

displacement, corresponding to the final displacement cycle, is inappropriate. This conclusion applies to

bents for which inadequate provisions are made for strengthening the bent cap-column joints to avoid

inelastic action within the joints.
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5. CONCLUDING REMARKS

5.1 General

Tests on a undamaged portion of the double deck Cypress Street viaduct following the October

17, 1989 Lorna Prieta earthquake have provided considerable information regarding the seismic behavior

of such structures and the efficacy of various partial retrofit techniques. It is naturally tempting to

generalize the results of such tests. However, it must be recognized that the structure incorporated many

unique features and that the many assumptions and idealizations introduced in the test program limit the

general applicability of the results. Nonetheless, the studies reported herein provide insight into some of

the general modes ofbehavior expected of existing non-ductile concrete freeway structures, the approaches

that might be taken in their seismic evaluation and retrofit, and the various pitfalls that might be

encountered along the way.

It should also be noted that the intent of this research program was not to investigate

comprehensively the specific causes and extent of the failures observed in the Cypress Street viaduct.

Indeed, these studies have only considered the transverse behavior of a small undamaged portion of the

viaduct. As a consequence, this study has not addressed a number of important issues that may have

affected the overall details of the observed failure. These issues include the effects of traveling waves in

the soil and in the structure, soil-structure interaction, variability of the supporting soil and foundation

systems, access ramps, and alignment changes. Significantly, this study has not addressed issues

associated with the longitudinal motion of the viaduct. It was understood in designing these tests that any

overall retrofit system would incorporate a mechanism for limiting longitudinal motion.

With these limitations in mind, some general observations are offered below regarding the

behavior of the original and retrofitted viaduct as assessed from analysis of the tests reported herein. More

detailed observations and interpretations of the data can be found in Chapters 3 and 4.
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5.2 Construction and Test Issues

Inspection of the test structure following the earthquake indicated that construction was generally

in close conformance with the design drawings. The structure was generally free of corrosion or other

signs of deterioration. Material tests indicated in-situ properties exceeded minimum design specifications.

While the structural system used for the viaduct gave the outward appearance of being simple, this

appearance was deceptive. A variety of complex bent types were necessitated to accommodate

right-of-way, alignment and other requirements. The structural system incorporated numerous built-in

pins, apparently in an attempt to minimize secondary stresses due to creep (in post-tensioned bents) and

differential settlement, to facilitate future widening of the viaduct, to reduce moments transferred to the

foundations, and to simplify analysis efforts. These pins resulted in a system with little or no redundancy.

Inspection of construction drawings indicated that the structure was detailed consistent with design

practices common at the time of its design. Major deficiencies relative to current design practices included

inadequate transverse shear reinforcement (especially in joints and columns), insufficient development

lengths of bars tenninating in joints, and the general absence of ductile details.

The research program has demonstrated the feasibility of large scale structural testing. The test

structure is among the largest tested to date in the world. No insunnountable technical or logistic

problems were encountered. The loading and data acquisition systems perfonned satisfactorily. It should

be recognized that a number of factors contributed to the success of the project, including excellent

logistics support and management. the proximity of the test site to the host research organization, and the

unusually good weather experienced during testing. The tight test schedule was the only major factor

restraining the scope of the research program.

5.3 Original Structure

The tests confinned that collapse of the structure was likely triggered by a local failure involving

the short pedestal used to support the upper columns and the lower bent cap-column joint. Shear forces

in the columns resulted in inclined cracks at the base of the pedestal that extended downward and outward

into the joint, roughly following the projection of the hook at the ends of the top bars in the lower bent
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cap. These cracks fonned at a lateral load equal to approximately 43% of the weight of the upper deck

and at overall lateral drifts of approximately 0.14% of the total height

As was common at the time of construction, transverse reinforcement was not placed in the joints

to resist shear or to provide confmement As a result, the lower joint was the weak link for the shear

resistance of the column and pedestal. Simple elastic and plastic static structural analyses and

conventional design fonnulae used to assess member capacities were able to identify the location of the

initial failure and the approximate load at which failure occurred. Tests during demolition and subsequent

analyses demonstrated clearly that a failure in the pedestaVjoint region would precipitate collapse of the

upper deck without the need for any additional lateral load.

Not withstanding the above observations, tests indicate that the typical bent would likely be able

to resist a base shear equal to approximately 31% of its weight before failure (assuming inertial forces at

the upper level during dynamic response are twice those at the lower level). This value is far greater than

the 6% working stress coefficient employed in the original design.

Simple elastic dynamic analyses of a model of the test structure indicate forces and displacements

60% greater than those needed to initiate failure for a ground motion recorded during the Lorna Prieta

earthquake near the viaduct. While this study did not address all of the factors that could have

contributed to the collapse, it is clear that elementary structural deficiencies were by themselves sufficient

to explain the observed failure.

The calculated first mode period for the test structure was approximately 9% less than the

measured value. There are significant discrepancies between measured and calculated mode shapes.

These discrepancies may be due to soil and foundation flexibility.

5.4 Retrofitted Structure

Three different retrofits were attempted to mitigate the problems identified at the lower joint

region. In Bent 45, these consisted of steel wide flange sections clamped to the exterior faces of the

columns. In Bent 46, the lower joint was reinforced with steel rods grouted or epoxied in holes drilled

at an angle through the joint/pedestal region. In Bent 47, the pedestal was confined within a steel jacket
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clamped to the lower joint. In addition, the columns were reinforced to provide additional confmement

and shear strength, and the bent caps were post-tensioned longitudinally to help confine and strengthen

the joints, improve anchorage of bars extending into the joint from the columns, and provide well­

anchored longitudinal reinforcement for the cap beams.

These retrofits were all able to maintain the vertical load integrity of the structure through

relatively large lateral deformations. Retrofitting had little effect on overall lateral stiffness, but increased

strength by 184% and deformability by 1150% relative to the original structure. A single excursion to

a displacement ductility of approximately 6 was achieved. Visible damage at this deformation level was

severe. Stable lateral load-displacement relations were achieved for cycles of reversed deformation up to

displacement ductilities of nearly 2.5.

The retrofits in Bents 45 and 47 were unable to maintain composite action without evidence of

large slip between steel and concrete. Areas of severe local distress were observed in these bents.

Relative slip between the retrofit steel and the concrete was detected in both bents as early as Cycle 2.

Simple calculations performed after the tests identified the likelihood of non-composite behavior. This

situation indicates that retrofits must consider not only ultimate strength, but the compatibility and relative

deformability of the original and retrofit systems as well.

Retrofits employing steel cladding may not be fully effective until the underlying concrete

structure cracks or fails, and thereafter the deformations (and local damage to the concrete skeleton) are

controlled by the flexibility of the retrofit system. In these retrofit tests, the long unbonded

post-tensioning rods in Bent 45 pennitted the opening of wide cracks in the concrete joints and of large

gaps between the retrofit steel and the concrete. The bonded tendons embedded in Bent 46 perfonned

much better in this regard. Crack opening at the critical shear surface was effectively limited. However,

construction problems associated with drilling holes through heavily congested joints and uncertainties

regarding retrofit behavior under different loading conditions suggests the need for further research.

Retrofits, such as those used in Bent 45 and 47, which encase the original concrete structure in

steel, make inspection of damage difficult. In the case of Bent 47, concrete within the pedestal was
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pulverized by the end of the test. While the load carrying capacity was not jeopardized, non-destructive

methods need be developed for detecting such damage following earthquakes.

The upper joints on both sides of all bents suffered apparent shear failures, with accompanying

wide diagonal cracks and spalling of large portions of the concrete cover. The test results indicated that

a substantial portion of the global inelastic deformations achieved by the structure was associated with this

shear distress in the upper joints, rather than with ductile flexural yielding of retrofitted members. It is

unlikely that the retrofitted structure could have sustained additional load cycles in its final damaged

condition.

None of the joints in the test structure were explicitly reinforced to enhance their shear capacity.

The absence of significant joint shear distress in the lower bent cap - column connection should not be

taken as an indication of adequate shear capacity in these joints. Rather, it is a consequence of the fact

that the base of the retrofitted pedestal (with the possible exception of Bent 46) remained the weak link

in the system and that, by loading the test structure only at the top level, it was not possible to develop

the full plastic moment capacity of the lower bent cap. As a result, the lower joints did not experience

their maximum shear demand. A more effective pedestal retrofit and a more realistic lateral loading

distribution could have resulted in joint shear distress at the lower level as well.

The test results clearly indicate the importance of considering the strength and deformability of

joints and of identifying the likely hierarchy of member and joint failures during the retrofit design

process. Simply retrofitting damaged elements is not a guarantee of satisfactory behavior.

Instruments attached to the built-in pin connections indicated that these connections slipped in

some cases nearly a half inch and opened significantly as a result of pin rotations. Local splitting cracks

were noted in the vicinity of the connection dowels in spite of local supplemental confinement. In

damaged portions of the viaduct, large splitting cracks were observed at this location. The behavior of

these connections, especially for situations requiring high shear transfer and multiple cycles, needs further

investigation.
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5.5 Recommendations for Future Research

These tests were an important first step in understanding the seismic behavior of existing and

retrofitted double deck viaducts. However, further research is needed to provide additional insight into

the behavior of these structures and to increase our understanding of the reliability of other types of

retrofits. Laboratory tests to permit direct comparison of various retrofits under carefully controlled and

instrumented conditions should be carried out. Clearly, some of the retrofits used in the test structure

could be substantially improved on the basis of the observed performances and additional analyses. The

more promising of these schemes should be investigated further. The behavior of existing cap-column

joints needs to be better understood and effective strengthening and toughening strategies are required.

The factors that control the vertical load integrity of columns that sustain shear distress needs further

study.

The behavior of double deck viaducts in the longitudinal direction needs to be investigated. In

particular, studies are required to assess the effectiveness of various longitudinal bracing systems and the

torsional resistance of the bent cap as it relates to the load carrying system in the longitudinal direction.

Additional analytical studies are needed to assess in greater detail the behavior of the original and

retrofitted test structure. Such studies will provide greater understanding of the factors contributing to the

response and will provide a benchmark for validating the accuracy of analytical modeling techniques.

Studies are also needed to assess the global behavior of long viaducts and to determine the contribution

to the response of factors such as soil-structure interaction, traveling waves, variations in soil and

foundation properties, local nonlinearities, and expansion joints.
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Channel Type of Location &
:# Instrument Description

(1+2+3)/3 Pressure gage One third of total applied lateral load

4 Linear pot Bent 47, horizontal displacement at top

of West column

5 Linear pot Bent 47, horizontal displacement, lower

deck level

6 Linear pot Bent 46, horizontal displacement at top

of West column

7 Linear pot Bent 46, horizontal displacement, lower

deck level

8 Linear pot Bent 46, horizontal displacement, bottom

of west column

9 Linear pot Bent 45, horizontal displacement at top

of west column

10 Linear pot Bent 45, horizontal displacement, lower

deck level

Table 2.3(a) Original Structure Transducer Locations
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Channel Type of Location &
# Instrument Description

(1+2+3)/3 Pressure gage One third of total applied lateral load

11 Linear pot Bent 46, relative horizontal displacement

at top of column

12 Linear pot Bent 46, relative horizontal displacement

at top deck level

13 Linear pot Bent 46, relative horizontal displacement

at inner top deck level

14 Linear pot Bent 46, relative horizontal displacement

at bottom of top deck

15 Linear pot Bent 46, relative horizontal displacement

at 3/4 height of upper west column

16 Linear pot Bent 46, relative horizontal displacement

at 1/2 height of upper west column

17 Linear pot Bent 46, relative horizontal displacement

at 1/4 height of upper west column

18 Linear pot Bent 46, relative horizontal displacement

just above pedestal

Table 2.3(b) Original Structure Transducer Locations
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Channel Type of Location &
# Instrument Description

(1+2+3}/3 Pressure gage One third of total applied lateral load

19 Linear pot Bent 46, relative horizontal displacement

just below pedestal top

20 Linear pot Bent 46, relative vertical displacement

just below pedestal top

21 Linear pot Bent 46, relative horizontal displacement

at midheight of pedestal

22 Linear pot Bent 46, relative vertical displacement

at midheight of pedestal

23 Linear pot Bent 46, relative horizontal displacement

at bottom of pedestal

24 Linear pot Bent 46, relative vertical displacement

at bottom of pedestal

25 Linear pot Bent 46, relative vertical displacement

at inner part of bottom of pedestal

26 Linear pot Bent 46, relative horizontal displacement

at inner part of bottom of pedestal

27 Linear pot Bent 46, west end, opening of outside

of joint

28 Unear pot Bent 46, west end, opening of inside

of joint

Table 2.3(c) Original Structure Transducer Locations
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Channel Type of

# Instrument

1 Pressure Gage

2 Pressure Gage

3 Pressure Gage

4 Wire Pot

5 Wire Pot

6 Wire Pot

7 Wire Pot

8 Wire Pot

9 Wire Pot

10 Wire Pot

11 Linear pot

12 Linear pot

13 Linear pot

14 Linear pot

15 Linear pot

16 Linear pot

17 Linear pot

18 Linear pot

19 Linear pot

20 Linear pot

Location &

Description

Applied lateral load at bent 46

Applied lateral load at bent 45

Applied lateral load at bent 47

Bent 47, upper deck lateral displacement

Bent 47, lower deck lateral displacement

Bent 46, upper deck lateral displacement

Bent 46, lower deck lateral displacement

Bent 46, ground level lateral displacement (West col.)

Bent 45, upper deck lateral displacement

Bent 45, lower deck lateral displacement

Bent 46, horizontal deformation at top of west upper beam­

column joint

Bent 46, diagonal deformation at west upper beam-column

joint

Bent 46, inclined deformation at bottom of west upper beam­

column joint

Bent 46, horizontal displacement near top of west upper column

Bent 46, vertical deformation at west upper beam-column joint,

close to deck

Bent 46, horizontal displacement at mid-height of west upper

column

Bent 46, vertical deformation at west upper beam-column joint,

close to edge

Bent 46, horizontal displacement near bottom of west upper

column

Bent 46, shear sliding displacement at west shear key

Bent 46, horizontal displacement at top of west pedestal from

lower deck

Table 2.4 LIst of Instruments
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Channel Type of Location &

# Instrument Description

21 Linear pot Bent 46, horizontal displacement at bottom of west pedestal

from lower deck

22 Linear pot Bent 46, vertical displacement at bottom of west pedestal from

lower deck

23 Linear pot Bent 46, horizontal displacement at west lower beam-column

joint from lower deck

24 Linear pot Bent 46, vertical displacement at west lower beam-column joint

from lower deck

25 Linear pot Bent 45, Slip between RC column and WF section, west colomn

at shear key level

26 Linear pot Bent 45, Slip between RC column and WF section, east colomn

at upper beam level

27 Linear pot Bent 46, west shear key opening, west edge

28 Linear pot Bent 46, west shear key opening, west edge

29 Linear pot Bent 46, shear sliding displacement at east shear key

30 Linear pot Bent 45, Slip between RC column and WF section, east colomn

at shear key level

31 Linear pot Bent 45, west shear key opening, west edge

32 Linear pot Bent 45, west shear key opening, east edge

33 Linear pot Bent 45, outward displacement of west side WF sections from
lower deck

64 Strain Gage Bent 45, east column exterior WF section outside flange at

pedestal level

65 Strain Gage Bent 45, east column exterior WF section inside flange at
pedestal level

66 Strain Gage Bent 45, east column exterior WF section outside flange at

upper beam level

67 Strain Gage Bent 45, east column exterior WF section inside flange at upper

beam level

Table 2.4 List of Instruments (Cont'd)
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Channel Type of

# Instrument

Location &

Description

68 Strain Gage Bent 45, east column east face bar strain at bottom of upper

beam

69 Strain Gage Bent 45, east column west face bar strain at bottom of upper

beam

70 Strain Gage Bent 45, upper bentcap east end top bar strain

71 Strain Gage Bent 45, upper bentcap east end bottop bat strain

72 Strain Gage Bent 45, upper bentcap west end top bar strain

73 Strain Gage Bent 45, upper bentcap west end bottop bat strain

74 Strain Gage Bent 45, west column west face bar strain at bottom of upper

beam

75 Strain Gage Bent 45, west column east face bar strain at bottom of upper

beam

76 Strain Gage Bent 45, west column exterior WF section outside flange at

pedestal level

77 Strain Gage Bent 45, west column exterior WF section inside flange at

pedestal level

78 Strain Gage Bent 45, west column exterior WF section horizontal on web

at pedestal level

79 Strain Gage Bent 45, west column exterior WF section diagonal on web at

pedestal level

80 Strain Gage Bent 46, east column east face bar strain at bottom of upper

beam

81 Strain Gage Bent 46, east column west face bar strain at bottom of upper

beam

82 Strain Gage Bent 46, upper bentcap east end bottom bar strain

83 Strain Gage Bent 46, upper bentcap east end top bat strain

84 Strain Gage Bent 46, upper bentcap west end top bar strain

85 Strain Gage Bent 46, upper bentcap west end bottop bat strain

86 Strain Gage Bent 46, west column east face bar strain at bottom of upper

beam

Table 2.4 List of Instruments (Cont'd)
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Channel Type of

# Instrument

Location &

Description

87 Strain Gage Bent 46, west column west face bar strain at bottom of upper

beam

88 Strain Gage Bent 46, west pedestal rock anchored bar strain

89 Strain Gage Bent 47, east column east face bar strain at bottom of upper

beam

90 Strain Gage Bent 47, east column west face bar strain at bottom of upper

beam

91 Strain Gage Bent 47, upper bentcap east end bottom bar strain

92 Strain Gage Bent 47, upper bentcap east end top bat strain

93 Strain Gage Bent 47, upper bentcap west end top bar strain

94 Strain Gage Bent 47, upper bentcap west end bottop bat strain

95 Strain Gage Bent 47, west column east face bar strain at bottom of upper

beam

96 Strain Gage Bent 47, west column west face bar strain at bottom of upper

beam

97

98

99

100

101

102

103

Coupler

Coupler

Coupler

Coupler

Coupler

Coupler

Coupler

Bent 45, post-tensioning rod on west column at top of lower

deck level

Bent 45, post-tensioning rod on west column at top of upper

deck level

Bent 45, post-tensioning rod on west upper column at mid­

hight

Bent 45, post-tensioning rod on west upper column above shear

key

Bent 46, post-tensioning rod on east upper column near shear

key

Bent 46, post-tensioning rod on west upper column at mid­

height

Bent 46, post-tensioning rod on east upper column at mid­

height

Table 2.4 List of Instruments (Cont'd)
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Channel Type of Location &

# Instrument Description

104 Coupler Bent 46, post-tensioning rod on east upper column at upper

quarter point

105 Coupler Bent 46, post-tensioning rod on east upper column near upper

bentcap

106 Coupler Bent 46, post-tensioning rod on east column at bottom of lower

deck level

107 Coupler Bent 46, post-tensioning rod on west column at bottom of

upper deck level

108 Coupler Bent 46, post-tensioning rod on west column at top of upper

deck level

109 Coupler Bent 46, post-tensioning rod on west column at top of lower

deck level

110 Coupler Bent 46, post-tensioning rod on west column at bottom of

upper deck level

111 Coupler Bent 46, post-tensioning rod on west upper column near upper

bentcap

112 Coupler Bent 46, post-tensioning rod on west upper column at upper

quarter point

113 Strain Gage Bent 46, crossing steel rod at top of pedestal level

Table 2.4 List of Instruments (Cont'd)
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Specimen Location Diam.x Length Ultimate Stressa
, Modulus of

Number (also see Fig. 3.36) (in.) f'c (psi) Elasticityb, E (ksi)

6 Bent 45 3.75 x 7.52 7490 3580

7 Bent 46 3.75 x 7.64 6760 3100

9 Bent 46 3.75 x 7.52 7200 3900

10 Bent 46 3.75 x 7.44 7100 3060

13 Bent 47 3.75 x 7.52 6420 3340

15 Bent 47 3.75 x 7.48 7220 3140

16 Bent 47 3.75 x 7.44 6400 3560

18 Bent 47 3.75 x 7.48 5980 3840

8ASTM testing standard C39
bASTM testing standard C42

Table 3.3 Concrete Core Test Results

I Sample Number I Bent I Bar Size I Location I
4 45 #11 Pedestal

5 45 #18 East Upper Column

6 46 #18 East Upper Column

7 47 #18 East Upper Column

8 45 #11 Upper Bent Cap

9 45 #18 West Upper Column

10 47 #11 Upper Bent Cap

11 47 #18 West Column

Table 3.4 Rebar Sample Locations
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Fig. 1.1 Map showing the location of the epicenter and of the
viaduct [after Ref. 1.1].
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Extent of
Collapse

~ Test StructureC (Bents 45, 46, 47)

[

Fig. 1.2 Map of the Cypress Street Viaduct area [after Ref. 1.2].
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COMPRESSIVE STRENGTH

Two cores from column 87 were tested. The results were:

Specimen No. Diam. x Length Ultimate Stress ASTM Compressive

(PSI) Correction* Strength (pSI)

87 A 3.75 x 4 in. 7346 0.89 6540

87D 3.75 x 5.25 in 6322 0.95 6010

*The correction factor is obtained from section 8 of ASTM C39 to compensate for different

length to diameter ratios.

a. Measured Concrete Strengths (from Ref. 1.5).
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b. Reinforcing Steel Stress-Strain Curve (from Ref. 1.5).

Fig. 1.6 Cypress Street Viaduct material properties.
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I I

MILES

4, 5,

Fig. 1.8 Locations of accelerometers near the Cypress Street
viaduct and peak recorded accelerations during the Lorna
Prieta earthquake [after Ref. 1.7].
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Fig. 1.9 Recorded accelerations obtained at Emeryville office
building (USGS Sta. 1662).

99



OAKLAND - 2-STORY OffICE BLDG.
300

UAX ~i38. 3

CliN 2: 290 DEG
:z~

00
HW

~~
ffi~ 0

t1~uu
<~

-300

300
\lAi: ~ 181.3

CHN 3' 200 DEG
:z~

ou
HW

~
ffi~ 0
d~
U::>!
UU
<~

-300
20 25 ~O0 5 10

rIME (SEC)

100

101
PERIOD (SEC)

PS~ (G)

. 10

100

- RESPONSE SPECTRA: PSV. PSA &: SO
DAMPING VALUES: 0.2.5.10.207­

-- - FOURIER AMPLITUDE SPECTRUM: FS
. 10 l-l-J.....L.l....LJ..l-_...L----L-L...LLLJ:...l'..L1 ---''--J-..L...JL...J....L..W'.l.'__1..--

u ~

uw w'" '"........ ........z 10 :l<.... u

'" '"... ...
::> :>'" 10 '"Q..

0..

Fig. 1.10 Recorded accelerations obtained at Oakland 2-story office
building (SMIP Sta. 224) and response spectra for largest
component [from Ref. 1.12].
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Fig. 1.12 Collapse of the 1-880 Cypress 5t. Viaduct.

Fig. 1.13 Collapse of the 1-880 Cypress 51. Viaduct, illustrating
the 'popping out' of the second story columns.
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Fig. 1.14 Close-up view of failed column.

Fig. 1.15 Standing deck span at 26th street.
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Fig. 2.2

I I

South end of test structure showing ragged edge of deck.

Fig. 2.3 Ground level photo showing Bents 47-48.



Fig. 2.4 Ground level photo showing separation of test
specimen from off-ramp.

Fig. 2.5 Aerial photo showing test specimen and adjacent
off-ramp.
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Fig. 2.8(a) Existing cracks in joint regions of Bent 45.
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i) South face

ii) North face

Fig.2.8(b) Existing cracks in joint regions of Bent 46.
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Fig, 2,20 Forced Vibration Test



Fig. 2.21 Forced vibration generator.

Fig. 2.22 Vibration generator housing on the top deck
(installed In metal sheds).
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(a) Prior to retrofit.
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(b) After retrofit.

Fig. 2.24 Loading frame photo.
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(a) Boltom detail.

I

(b) Top detail.

Fig. 2.26 Loading frame details.
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Fig. 3.23 Bent 46 after Cycle 7.

Fig. 3.24 Crack formations In the lower joint of the west end
of Bent 45 after Cycle 8.
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Fig. 3.35 Bent 46, west column shear key opening and horizontal
flexural crack at lower deck level (bottom of upper
column) under 4000 kip load.

Fig. 3.36 Buckled HSS-sectlon, top west Joint of Bent 47.

176



Top joint, south face Top joint, north face

Middle joint, south face

•>
•

Middle joint, north face

Fig. 3.37 Damage to the east end of Bent 45.
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Top joint, south face Top Joint, north face

Middle joint, south face Middle joint, north face

Fig. 3.38 Damage to the west end of Bent 45.
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Top Joint, south face

Middle Joint, south face

Fig. 3.39 Damage to the east end of Bent 46.



Top joint, north face

----
Top Joint, south face

Middle Joint, south face

--.

Middle joint, north face

.iI
E;:r

Fig. 3.40 Damage to the west end of Bent 46.
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TOp Joint, north face
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Top Joint, south face

Middle Joint, south face

Fig. 3.41 Damage to the east end of Bent 47.
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Fig. 3.42(a) Damage to the west end of Bent 47.
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Fig. 4.3 Lateral force needed to resist tendency of outward
motion of roller support on simple portal frame.
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Fig. 4.4 Moments and shears due to gravity alone.
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