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EXECUTIVE SUMMARY

This document describes the protocol for thein situ rapid load testing of concrete structures and
presents case sudies that illugtrate its execution and results. 1t is meant as aguide for engineers
interested in assessment and load testing of structures. The motivation for congdering the use of
arapid load test istwofold:

Technologica advances in equipment and instrumentation is dlowing structura engineersto
safdy and economicaly determine the adequacy of members to resst given load conditions.

Implementation of new congtruction and strengthening technol ogies can gain acceptance if
verified by proof testing.

The key feature of arapid load test conducted with hydraulic jacksisin the ability to
progressively expose a structura member to loading-unloading cycles. Thisdlows the engineer
the opportunity to maintain a strict control on safety and, a the same time, determine response
parameters that are key to structurd assessment, namely: linearity of behavior, repeatability of
response, and permanency of deformation.

Inarapid load test, loads applied to strategic locations are meant to induce the interna forces
equivaent to those resulting from distributed loads. The engineer hasto be able to andytically
interpret this equivaency when establishing the load leve to be applied during the in Situ test.
Thisimplies an understanding of boundary conditions (i.e, fixity), collaboration of adjoining
members (i.e,, load sharing), and compasite action with structurd and non-structurd
components. A rapid load test consists of concentrated loads being applied in a quas-static
manner in at least six load cycles, with each cycle containing severd load steps. Theinitid
cycles achieve rdaively low leves of load and are used to verify assumptions made in the
preliminary anays's and ensure sability of the system.

The duration of arapid load test can be significantly shorter than the 24-hour period that has
been employed with traditiona in Stu tests. The cyclic nature of the rapid load test is considered
a suitable subgtitute for the 24-hour sustained load. In any event, arapid load test can last as
deemed necessary by the engineser.

The document is subdivided into five chapters and two appendices. Thefirst chapter isan
introduction that dedls with the topics providing the justification for the use of rapid load testing.
The second chapter provides a description of the planning phases for rapid load testing,
emphasizing methods of load application as well as equipment and instrumentation used. The
third chapter deals with the test procedure and the interpretation of itsresults. The fourth and
fifth chapters offer conclusons and cited references, respectively. Thefirst gppendix presents
five case studies conducted on members that were subject to rapid, 24-hour sustained, and failure
tests, respectively. The second appendix describes commercia case studies of the rapid load test
for five different methods of |oad gpplication.



ACKNOWLEDGMENTS

This project was conducted with support from the NSF Industry/University Cooperative
Research Center, Repair of Buildings and Bridges with Composites. Theindustrial members of

the consortium are:
Dupont Advanced Fibers Systems
Master Builders, Inc.
Owens Corning
Reichhold Chemicds, Inc.
Structura Preservation Systems, Inc.
Toray Carbon Fibers America, Inc.

Wilmington, Delaware

Cleveand, Ohio

Toledo, Ohio

Research Triangle Park, North Carolina
Bdtimore, Maryland

Decatur, Alabama



TABLE OF CONTENTS

GENERAL ..ottt bbbttt e b e nne e CHAPTER 1
o= o o PSP 11
o0 0T TP T PSPPSR 12
General Concepts and ODJECHIVES ........cceiieiieeceese e sre e e esre e e 13
Background INfOrMation............cooeeieiieiece ettt e ene 14

PLANNING A RAPID LOAD TEST ..ottt CHAPTER 2
Evaluation Of the SIIUCIUIE .........ccviieeieeee e nns 2.1

Preliminary INVESHIQatioN...........coviiiiieiicie ettt e sae s 211
Definition Of ODJECLIVES.........oiiieeeee et 21.2
TESE PlANNING. ...ttt e e bbbt e e e e e s e e bbbt seene e 2.2
SElECtioN Of MEIMDEIS.......ooiiiiee et renre s 2.2.1
Methods Of Load APPIICELION........cc.eciieiieiiiece et neas 2.2.2
Test LOB0 MAGNITUTE ..ottt 2.2.3
Prediction of Structural RESPONSES .......cceeiueiierieeiieeeseee e esre e ste e sse e saeenes 224
0 1T 0= | S 2.3
Hydraulic Jacks and PUMP ........coiiiie et 23.1
1S 100701 = o S 2.3.2
= oL U1 o] o OSSPSR 24

PERFORMING A RAPID LOAD TEST ..ot CHAPTER 3
Procedure for Rapid LOad TESHNG ........covertirieriirieeieieiee ettt 31
ANAYSIS AUMNG TESHING ...eveeiieieiiiecie e e e et e e et e eseesteeneesseesseenseaneensens 3.2
INterpreting the RESUILS ........oocuie e 33

ANAYLICE MOUBIING....c.eeiitieiiee bbb 331
ANAYSIS Of DALA......cueeeeiieeiieceeier et e e sae e sseeae e e e saeennesreenseeneens 332
ConclusioNS Dased ON FESUILS........cceiiriiierie ettt snesrenre s 333

CONCLUSIONS ...ttt sttt se e e e e tessesbesaeene e CHAPTER 4

REFERENGCES ...ttt sttt snenne e CHAPTER 5

VALIDATION OF RAPID LOAD TESTING PROCEDURE .........ccocevirienene. APPENDIX A
Prestressed Double Tee BEaM..........cooiiiiiiiieeeeeie e Case Study #1.
Short Span Ceiling JOISt (JS3B).......ccererieieieriesiere st Case Study #2:
Short Span Ceiling JOISt (JS5B).......ccueiieieiiereeir e e see s ae e Case Study #3:
Long Span Ceailling JOiSt (JL3B).....cccviiieiieeieeiieeriee st et sre e Case Study #4:
Long Span Ceiling JOISt (JLAB)......c..oiiiirieeeeeierese e Case Study #5:

COMMERCIAL PROJECTS ...ttt APPENDIX B
Atlanta, Georgial PUSIEDOWN.......c.c.ocoiiiececececseee e Case Study #6:
Winston-Salem, North Carolina: PUSHFDOWN..........ccooiiiiiiinieee e Case Study #7-
Baltimore, Maryland: Pull-Down (FIX€d) .........cocoiiririnininieeesesese e Case Study #8:
Perugia, [taly: Pull-Down (MObIIE) .........cceeiiiiecieececeeee e Case Study #9:
Oklahoma City, Oklahoma: CloSed LOOP.......cccueeruererrierrieneenieeie e seeseeseeneeas Case Study #10:
Pittsburgh, Pennsylvanias CloSed LOOP .......ccooererinierenienieieeeseesie e Case Study #11:
Los Angeles, California: VENiCIe........ccovvieieeiececeee e Case Study #12:
Norfolk, Virginial VENICIE .......cccuveiiiiec e Case Study #13:
Pine Bluff, Arkansas: Dropped WEIGhL ... Case Study #14:



LIST OF FIGURES

Push-down test CONFIQUIaLION..........coiiieieere e Figure2.1
Detail of pushrdown test MEthOd............c.oooiiiii i Figure 2.2
Pull-down test configuration with afixed reaction.............ccccceeerenininnieccseee e Figure2.3
Detail of pull-down test method with afixed reaction..............ccoevevvvieve v, Figure2.4
Pull-down test configuration with amobile reaction.............cccccvevveveieece e, Figure 2.5
Detail of pull-down test method with a mobile reaction............cccecereiiiiiinnieee, Figure 2.6
Closed 100p teSt CONFIQUIBLION..........ooviriiierierie et Figure 2.7
Detail of loading devices for the closed loop method ..........ccccceevveieiiecicce e, Figure 2.8
The closed loop method can be used to apply loads to both stems of a double tee........... Figure2.9
Vehicle loaded test CONfigUIaLioN.............ooueiiiiriiinineee e Figure 2.10
Plan view of vehicle loaded test Method ..........cccceveeieieseeeee e Figure2.11
Load test configuration for adropped Weight............ccccveveeiie e Figure2.12
Plan view of dropped weight test Method...........ccoveriiiiicee e Figure 2.13
Removing continuity allows for true smply supported condition.............ccceeevvereennnns Figure 2.14
Hydraulic jacks used to apply 108d.........cccceiieiiie e Figure 2.15
Electrical pump used to supply fluid to hydraulic Jacks.........coceveeriniinininereeeee Figure 2.16
Manual pump used to supply fluid to hydraulic jJacks..........ccovereniiininicce, Figure 2.17
Electrical pump tranSport DOX..........coeeiiiieiiciece e Figure 2.18
LVDTs used to measure defleCtion............ooeeeeiienieneee e Figure 2.19
Inclinometers used t0 MEBSUIE SIOPE........ooi i Figure 2.20
Strain gage used to measure the compression strain in CONCrete.........ooovvvereeieveerennns Figure 2.21
Extensometers used to measure the strain across a crack and crack widths.................... Figure 2.22
LVDT used to measure the average strain over agage length..........ocooeieiiiinincnee. Figure 2.23
Load cells used to measure applied 1080 ...........cceveereeieseeece e Figure 2.24
Data acquisition system collects data continuously from several devices...................... Figure 2.25
Scaffolding used to prevent total collapse of tested member ..........cccovvvveiiniiiiiiennns Figure 2.26
Load steps and cyclesfor arapid [0ad tESE .........ocvveiiiiiiee e Figure 3.1
Sample load versus deflection curve for two CyCles........oovvecvieecicce e Figure 3.2
Sample load versus deflection curve for SIX CYCIES ..o Figure 3.3
Variation of C; and R for a symmetrically bound member loaded at mid-span................ Figure 34
Side view of setup for testing of PC doubletee........occvvveieeiicieece e FigureA.1
End view of setup for testing of PC doubletee..........ccoveviiiiiiiieiiiececeece e FigureA.2
Time history of rapid load test for PC double tee...........coooeiiiiniiieeeee FigureA.3
Time history of 24-hour test of PC dOUDIEtEE ........cceevieeciieiecece e FigureA.4
Load versus deflection curve for PC double tee.........ccooeeivvieieeiececeeceee e Figure A5
Shear failure in the dap end of the externally strengthened PC double tee....................... FHgure A.6
Plan view shows locations Of tested MEeMDErS..........covereierire e Figure A.7
Typical load setup on top Of test MEMDEN.........ccocoi i Figure A.8
Typical shoring setup on the floor above the test member ..........ccooeeveeiiiieneec e, Figure A9
Typical instrumentation setup below the test member ... Figure A.10
Time history of rapid load test for JS3B.........cccccevieieriere e Figure A.11
Time history of 24-hour load test for JS3B..........ccccveiieiieciece e Figure A.12
Load versus deflection CUrVe fOr JS3B.........cccoiiiiririeiecee s Figure A.13
Normalized load versus deviation from linearity for JS3B.........ccccecvevevievienieveeseenns Figure A.14
Load versus Strain fOr JS3B.........cccuciieiiiieiecie ettt e et nne e Figure A.15

Vi



Failure of members JS3A and JS3B.........ccccviiiiiiiiiiece et Figure A.16

Time history of rapid [0ad test for JSEB...........ccooiiiiieee e Figure A.17
Time history of 24-hour |oad test for JSEB..........cccveceveere e Figure A.18
Load versus deflection curve for JSEB...........coov e ieeie e Figure A.19
Time history of rapid [0ad teSt fOr JL3B ..o Figure A.20
Time history of 24-hour 1080 teSt TOr JL3B .......coceiirererieiee e Figure A.21
Load versus deflection curve for JL3B.........ccoiveieieere et Figure A.22
Time history of rapid [0ad test fOr JLAB ..........coeoiiiiiiiereeeee e Figure A.23
Time history of 24-hour 1080 test fOr JLAB ..........ooiiiieeeeeee e Figure A.24
Load versus deflection Curve for JLAB...........cov e ieeie et Figure A.25
Load applied by hydrauliC JACKS........ccouiiiiiie e FigureB.1
Shoring on floor above tested Jab..........ooi i Figure B.2
Load applied using hydraulic jacks and sandbags............ccceeeveevenceciece e Figure B.3
Shoring in place for push-down Method.............cceeiieiiieeie e Figure B.4
LVDTs mounted on aluminum tripOaS...........cooereririreeieeerese s Figure B.5
Hydraulic jack used t0 apply 1080 .......ccooiiiiiiie e Figure B.6
Apparatus for providing reaction for hydraulic jacks...........cccovveveiieveececceecece e, Figure B.7
Detail showing reaction provided by the column...........ccooo i, Figure B.8
Spreader beam used to apply the load ... Figure B.9
Chain connecting the spreader beam to the hydraulic cylinder..........cccooevveieveieenns Figure B.10
Loading apparatus used for Load Configuration L.........ccccceevveiieiieeieeciieesee e FigureB.11
LVDT and extensometer measuring € ONgation............cccoeverererenenenieeieeseesee e Figure B.12
Load versus deflection of joist mid-span before and after strengthening.............c......... Figure B.13
Load versus crack width at joist mid-span before and after strengthening ..................... Figure B.14
Loading apparatus used for Load Configuration 2 ............ccceeererenenenieeieeneeseesee e Figure B.15
Closed loop method from below the test members.........oocvivncce e Figure B.16
Closed loop method from above the test members.........ccoocevvece e Figure B.17
Top of deck after Strengthening .........coco e e Figure B.18
Forklift loaded with 36-100 Ibs. (0.44 KN) SandDags .........ccccoerererereneeenieseeseese e Figure B.19
Loaded forklift positioned over center of tested bay ..........cccooveveiieiieciicce e, Figure B.20
LVDTs mounted on tripods sitting on temporary scaffolding below pier............cc.c....... FigureB.21
Schematic drawing shows location of LVDTs and accel erometers ..........ccooveereneneenne. Figure B.22

LIST OF TABLES

Summary of 10ad testing MELNOAS .........c.coveiiee e e Table2.1
Summary of instrumentation used in rapid load testing..........coceveevenrneeneeeeeee e Table 2.2
Summary of calculations for five case studies in AppendixX A........ccooerererenenienenieneenes Table3.1
Summary of 1080 tESE MBITX.....ccveieerieeie e e e reeneeens TableB.1

viii



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

CHAPTER1 GENERAL

1.1 Notation

b = width of the unit srip (in, mm)

Cy = multiplier to account for contribution of adjacent dements

C = multiplier to account for distributed load versus point load

i = point on the load- deflection envelope with coordinates (P, D))

l1 = gpan in the primary direction (in, mm)

P = gpan in the transverse direction (in, mm)

n = number of equally spaced deflection readings orthogond to the span of the test member
Pi = test load at point i (Ibs., N)

Pmax = maximum load level maintained in acyce (Ibs, N)
Pmin = minimum load level maintained at the end of acycle (Ibs, N)
Pres = referencetest load for calculating deviation from linearity (Ibs,, N)

Pr = magnitude of a concentrated load (Ibs., N)
Put = ultimate test load carried by the test member (Ibs., N)
R = deflection ratio used to caculate support fixity

Wg = critica uniformly distributed load to be smulated (Ibs/ft2, kN/n)
wg = uniformly distributed dead load (Ibs/ft2, kN/n)
wip = uniformly distributed load in place a time of testing (Ibs/ft?, kN/n)

w = uniformly distributed live load (Ibs/ft?, kKN/n)

Wsm = uniformly distributed load smulated by atest load (Ibs/ft?, kN/n)

a; = dope of the secant line for step i of the rapid load test (Ibs/in., N/mm)
args = dopeof the reference secant line in the rgpid load test (Ibs/in., N/mm)
D1 = deflection measured under the load (in., mm)

D = deflection under theload &t point i (in., mm)

D« = reference deflection for caculating deviaion from linearity (in., mm)
2~ =maximum deflection in Cyde A under aload of Pmax (in., mm)
28 =maximum deflection in Cycle B under aload of Ppay (in., mm)
?”  =reddua deflection after Cycle A under aload of Pyn (in., mm)
?®  =reddua deflection after Cycle B under aload of Py, (in., mm)
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1.2 Scope

Theintent of these guiddinesisto provide engineering professionals with amethod of efficiently
and accurately assessing, in Situ, the structurd adequacy of reinforced and prestressed concrete
building components. These guiddines alow the engineer to conclusively determine whether a
specific portion of a structure has the necessary capacity to adequately resist a given loading
condition. These guiddines establish a protocol for full-scae, in Stu load testing including
planning, executing, and evaluating a testing program, which will assgt the engineer in
implementing an efficient load test.

1.3 General Conceptsand Objectives

Vauable information regarding the health and performance of an existing structure may be
ganed by smply measuring its response to load. Traditionaly this view has been adopted in the
implementation of load tests and structura monitoring. Both of these practices provide
evauations of structures that are much more representative than anaytical approaches, especidly
when little is known about the structure’ s geometry and compostion. Often, however, muchis
known about the structure with doubts only about certain aspects or characteristics. In these
circumstances, aload test would provide vauable information. However, it is difficult to judtify
the time and expense associated with full-scae load testing. To thisend, rapid in Situ load
testing takes the same approach to loading a structure and measuring its response, but the loads
and measurements are specificaly designed to reved a certain characteridtic of the structure.
This approach dlows for amuch ssimpler evauation that can be carried out in afraction of the
time and a amuch lower cost.

Centrd to the concept of rapid load testing is the identification of the structura component and
response that is of interest. For example, it may be of interest to investigate the bending capacity
of aflat dab a mid-span of the column strip. The rgpid load test would involve applying
concentrated loads to the dab through the use of hydraulic jacks. The location and magnitude of
these loadsis carefully chosen to produce critical responses in the structure while limiting the
potentia for causing permanent damage. The induced deflections and strains are measured, and
the structure’ s performance is eval uated based on its response to loading.

1.4 Background Information

Load testing has long been a viable option for investigating a building which exhibits “reason to
question its safety for the intended occupancy or use” (Building Officias and Code
Adminigtrators International, 1987). Reports of full-scaein Situ load tests on buildingsin the
United States date back as far as 1910 (FitzSmons and Longinow, 1975). Committee 318 of the
American Concrete Ingtitute (ACI 318, 1956) has understood the need for guidelines for load
testing of reinforced concrete (RC) structures for many years. Researchers (Genel, 1955a;
Gend, 1955h; Bares and FitzZSimons, 1975; FitzZSimons and Longinow, 1975; RILEM Technical
Committee 20- TBS, 1984; Hall and Tsai, 1988; Bungey, 1989; Fling, et d., 1996, Gold ad
Nanni, 1998; Nanni and Gold, 1998a; and Nanni and Gold, 1998b) have investigated and
discussed the methods of applying test loads and measuring structurd response parameters.
These investigations have attempted to refine the testing procedure over the years, but the
fundamenta protocol remains unchanged. Basdine measurements of the structura response
parameters are taken before any loads are placed on the member. The structure is then loaded to
acertain level and measurements are again recorded. Based on the measured response to
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loading, various acceptance criteria exist for determining the outcome of an in Situ load test.
Mot exigting criteria are only gpplicable to eements tested in flexure (Bungey, 1989 and ACI
Committee 318, 1995).

Currently, load testing protocols are included in various standards and specifications within the
congruction industry. The requirements of the ACI 318 Building Code (1995) include
provisions for datic load testing of concrete structures. The generd procedure required by ACI
318 involves gradudly gpplying the test load until a maximum load is reeched and maintaining

that load for 24 hours. Measurements are recorded before any test load is applied, at the point at
which the maximum load is achieved, after 24 hours of constant loading, and 24 hours

subsequent to the remova of the test load. The structure is eva uated based on the maximum
recorded deflection and the amount of deflection recovery.

In recent years, attempts have been made to change the way in which in Stu load tests are
conducted. Some modifications to the load testing procedure defined in Chapter 20 of the ACI
318 Building Code (1971) were suggested by a subcommittee formed within AClI Committee
437 (1990). One of those changes dedlt with the duration of load application and time intervals
between response measurements. [t was proposed that the maximum test load need be applied
for only 12 hours with the find measurements taken 12 hours after the load has been removed.
However, there is till no physcad bassfor ether the 24-hour or the 12-hour duration of load
goplication. Long-term effects in concrete structures, such as cregp, do not occur in a matter of
hours or days. Rather, these effects only become significant after one month of constant load
application (ACI Committee 318, 1995).

Recognizing thet the long-term effects are not developed, the rapid load testing procedure
shortens the duration of the load gpplication to a matter of minutes. Loads are gpplied in quas-
datic load cycles and the response of the structure is continualy recorded. The rapid load testing
procedure was originaly developed to offer a non-destructive yet conclusive demonstration of
the performance of new condtruction techniques and technologies. Among the first applications
of the rgpid load testing technique was the proof testing of externaly bonded fiber reinforced
polymer (FRP) sheets to strengthen concrete floor systems. In this gpplication, much is known
about the existing concrete structure. However, the novelty of the FRP system is a cause for
concern. Rapid load testing may be used to demongtrate the performance of the FRP systemsin
stu. Since the load test provides easy-to-understand physicd results, the test is able to diminate
doubts about the FRP system’ s performance and provides the engineer and owner involved with
the project an added degree of confidence.

This document will detail a protocol for establishing the duration of load gpplication, the
modality of the load cycles, and the criteriafor rating the outcome of argpid load test. The
evauation criteria are based on parameters that can be generdized for different types of load
tests. Also, such parameters can be computed during the execution of the test, providing the
means for real-time evauaion. Long-term effects that ded with the durability of concrete or
other materials should be investigated using methods other than those proposed in this document.
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CHAPTER 2 PLANNING A RAPID LOAD TEST

A successful load test provides informetion essentid to the assessment of the structura condition
of the tested member. There are severa phasesinvolved in carrying out a successful load test.
Informetion about the exigting structure must first be gathered, the method of load testing must
be determined, the load test must be carried out, and finally the results of the test must be
anayzed and interpreted.

2.1 Evaluation of the Structure

The prliminary stepsin the planning of aload test are independent of the test type. These steps,
clearly defined by ACI Committee 437 (1991) and the American Society of Civil Engineers
(1991), include a study of drawings, reports, and caculations, verified by an on-ste inspection,
aswell as determining the loading history and materia characteristics of the structure.

2.1.1 Preiminary Investigation

Before testing a given sructure, afirm understanding of what is and is not known about the
sructure is required.

Structura Geometry: On-site ingpections usudly include the verification of dimensons and
placement of reinforcement as shown on the as-built drawings, discussed in reports, and used
in caculations by the designer.

Loading Higtory: Knowledge of the loading history may play akey rolein assessing the
sructure' s state. If damage has occurred, a study could reved overloading or design and/or
congruction errors. If the use of a dtructure is changed, origind and new |load requirements
must be determined.

Materiad Characterigtics. Materia properties, such as concrete compressive strength and
reinforcing sted grade may have to be determined from samples collected in Situ.

2.1.2 Definition of Objectives

Rapid load tests can be run to determine the reserve cagpacity in amember that will undergo a
change in usage or to quantify the level of damage in amember due to deterioration or other
causes. They may aso be used to establish the service levels of a unique design or verify the
functiondity of novel materias. Questions about a member’s capacity dueto design or
congtruction flaws may be answered through rapid load testing aswell. The objectives of arapid
load test should address two issues:

Criticd loading condition(s): The rapid load test is intended to Smulate the critical loading
condition. For ameaningful evauation of the structure, the criticd loading condition is
recommended to be at least 85% of its factored design loads minus the loads in place at the
time of testing (e.g., sdf-weight). The critica loading condition for agiven structure will
depend on itsintended use and design. As an example, using the load factors given by ACI
Committee 318 (1995), the critical loading condition for a structure resisting uniformly
digtributed dead and live loads can be found from Equation 2.1.
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Wet = 0.85(1.4wg + 1.7wh) — Wip Equation 2.1
The quantities shown in Equation 2.1 are defined as follows:

Wt = critical uniformly distributed |loading condition to be smulated

Wy = uniformly distributed dead load

w; = uniformly digtributed live load

wip = uniformly distributed load in place &t time of testing

Critical response(s): The load test is meant to Smulate sdected responses induced by the
critica loading condition. For example, the load test may induce the same bending moment
a mid-span of abeam that the critica loading condition would induce. It is, therefore,
necessary to determine what critical responses are of interest and need to be induced.

2.2 Tes Planning

Based on the objectives, atest plan should be developed that outlines the method of load
application, the magnitude of the loads to be gpplied, and the measurements that will be taken
during loading. This plan should reflect careful design and andysis performed by a qudified
engineer. Guidance on the planning of these various aspectsis given in the following sections.

2.2.1 Sdection of Members

When considering alarge population of members within a structure, the members tested should
be representative of the structure in question. The mogt critical geometries for the most critica
load cases should be represented in the selected member. For structures with repeated elements,
it may be necessary to test a number of representative elements to arrive at a meaningful

datisticad conclusion as to the performance of the untested members. The engineer’ s judgement
iscritical to the proper selection of the type and number of eementsto be tested.

Consideration must dso be given to safety when sdecting atest member. In certain instances,
isolation of a member results in more predictable behavior of a system and ensures little damage
to the rest of the structure. When the stiffness of adjacent elements adds sgnificantly to the
diffness of the tested elemert, isolation may be very effective in lowering the maximum test load
and reducing the chances of an dternate mode of structurd failure.

2.2.2 Methods of Load Application

Theided load test would involve applying loads that exactly replicate the design load

conditions. In thisway, the resulting response of the structure is exactly asit would be under

sad loading. Thisis not dways achievable, however. In the case of afloor or roof system,
design loads are typicaly a uniform downward pressure. While this condition could be
replicated by flooding the surface with water or stacking weights, such procedures are
complicated and time consuming. And more importantly, the load magnitude cannot be easily
varied. Conversely, arapid load test is based on the application of concentrated loads by means
of hydraulic jacks. This method alows for rgpid variaion in the magnitude of the test load,
which provides the means for cyclic loading of the Structure. Consideration, however, should
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a0 be given to the fact that the hydraulic jacks used to supply the test load must be provided
with an adequate reaction.

Depending on load magnitudes and geometry of the structure, a suitable load application method
should be sdlected. Examples of various types of load application methods (i.e., push-down,
pull-down, closed loop, vehicle, and dropped weight) that allow for the load magnitude to be
essly varied are compared in Table 2.1 and are described below. The setup time (Table 2.1,
Column 2) includes ingdlation of al loading devices and instrumentation used to monitor the
sructurd behavior. These relative times do not take into account any work which may be
involved in preparing the members for testing (e.g., removd of finishes, saw-cuiting of members,
drilling of holes, etc.), because such conditions are unique to a specific test and are independent
of the test method. The minimum requirements (Table 2.1, Column 3) are those which are
essentid to the loading of the test member. More equipment may be required depending on the
conditions of the structure. The levels of on-site support (Table 2.1, Column 4) include the
activities that should be carried out by an on-site contractor. Thisincludes operating forklifts,
preparing test members, assging in load sstup, eic. Therdéiveleve of difficulty of load
vaidion (Table 2.1, Column 5) is based on the time it takes to change from one leve of load to
another. Another requirement for each test method is shown as the source of the reaction (Table
2.1, Column 6). For each test method, the structural member used to provide the reaction must
be carefully checked. These load gpplication methods have limitations (Table 2.1, Column 7)
that should be considered.
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Table2.1: Summary of load testing methods

Test Setup Minimum loading On-site Load Sour ce of Limitations
Method time requirements support variation reaction
(1) (2) (3) (4) (5) (6) (7)
-Hydraulic jack and pump
-Extensionsto ceiling Little to fslgg:eg Requires
Push-down | Medium . Easy (s floor(s) above
-Shoring of above floor(s) None above test f fi
. member or reaction
-Adequate weight of
floors above for reaction
-Hydraulic jack and pump
-Holein member _
) ] Columnsor | Requires
Pull-down Medi -High strength rod, chain, | Littleto E pilesbelow | symmetric and
(fixed UM | or cable None Y test close reaction
reaction) “High strength pulley member | points
-Adequate source of
reaction
-Hydraulic jack and pump
-Hole in member Dead .
Pull-down : _ _ High to weight Maximum test
(mobile Medium | -High strength rod, chain, Medium Easy below test load must be
reaction) or cable member relatively low
-Forklift or other mobile
source of reaction
-Two hydraulic jacks and
pump
-Two holes in member Internal Location and
) ] structural magnitude of
Closed Lon -High strength rod, chain, Hidh E member load dependent
loop 9 or cable 9 d between upon size and
-Source of reaction tested length of
between test members members reaction beam
-Adequately sized
reaction beam
-Forklift or other vehicle
. capable of carrying High to - Not Load variation
Vehicle Short different amounts of load Medium Difficult Applicable istime
. consuming
-Various amounts of
weight
-Forklift or other device .
Dropped to carry load High to e Not L c;ad variation
Weight Short . Medium Difficult Applicable Istime
-Various amounts of consuming
weights
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Pushtdown test: In the pushtdown test, one or more hydraulic jacks with extensons are used
to provide the load that resultsin downward concentrated forces on the test member. Figure
2.1 shows an overdl schematic of the push-down test method. In thisfigure, the darkly
shaded member is undergoing the load test in pogtive flexure. The extensions, atached to
the hydraulic jacks will react againg the ceiling when the jacks extend. Shoring isingdled

on one or more floors above the tested member to share the reaction. The displacement
transducers mounted on tripods below the test member are used to measure the deflection at
severd points aong the span of the member. Figure 2.2 shows adetall of the loading devices
used in the push-down test method. Again, the darkly shaded member is undergoing the load
test. The plywood shown in this figure is used to protect the concrete from any locdized
damage. Also shown in Figure 2.2 isthe hydraulic jack and the extensions used to gpply the
test loads. The extension cap is used as a centering device for theload cdll. This test method
has been used to verify the positive and negative flexura strengthening of prestressed and
post-tensioned flat dabs and to determine the shear capacity of RC celling joists. For
additiond information regarding members tested using the push down method, see
Appendices A and B in this document, Gold and Nanni (1998), Nanni and Gold (1998a),
Nanni and Gold (1998b), and Nanni, et a. (1998).

Pull-down test (fixed reaction): In the pull-down test with a fixed reaction, the reaction is
provided below the tested member. Figure 2.3 shows an overal schemétic of the pull-down
test method using afixed reaction. The darkly shaded member is undergoing aload test in
positive flexure. The hydraulic jack, shown in thisfigure, applies the test load on the darkly
shaded member with the reaction provided by the two columns. The displacement
transducers, mounted on tripods on the floor below the test member, record the member’s
deflection at severd locations. Figure 2.4 shows adetall of the loading equipment in the
pull-down test method. The high-strength stedl bar is attached to the hydraulic jack and
passed through the tested member. At the end of the high-strength sted bar isa pulley, over
which achain passes. The chain iswrapped around columns on the floor below the tested
member. Fire hoses were wrapped around the column in this case in order to protect them
from any locadized damage. Asthe hydraulic jack extends, the high-strength stedl bar pulls
up on the chain, which reacts againgt the columns resulting in a downward concentrated load
applied to the darkly shaded test member. Plywood is used to protect the concrete from any
locaized damage. Theload cell measures the amount of load applied to the member during
the test. This method has been used to verify the strengthening of an RC dab. For additiona
information regarding members tested using the pull-down method with a fixed reection, see
Appendix B in this document.

Pull-down test (mobile reaction): In the pull-down test with a mobile reaction, the reaction is
again provided below the tested member. FHgure 2.5 shows an overdl schematic of the pull-
down test method using a mohile reaction. Thisfigureisthe view pardld to the span of the
test member. The darkly shaded roof member is undergoing aload test in postive flexure.
Shown on this figure is the hydraulic jack, which provides the test [oad to the member by
using the weight of the forklift asareaction. The hydraulic jack is connected to achain,
which passes through the test member and is attached to a spreader beam. The displacement
transducers are mounted on tripods and record the deflection of the member at severd points
aong the span of the test member. Figure 2.6 isadetal of the loading equipment used in the
pull-down test method with amobile reaction. Thisfigureisthe view perpendicular to the
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gpan of the test member. The hydraulic jack, while extending, pulls down on the chain and
subsequently the spreader beam. The spreader beam sits on plywood in order to protect the
concrete from any locdized damage. Again, the weight of the forklift is used as areaction
and theload cdll is used to measure the gpplied load. This method has been used to verify
the strengthening of a prestressed concrete (PC) shell. For more information regarding
members tested using the pull-down method with a mobile reaction, see Appendix B in this
document, Barboni, et a. (1997), and Benedetti and Nanni (1998).

Closed |oop: The closed loop test isthe most elegant of all the choices because no externd
reaction isrequired. Asshown in Fgure 2.7, the closed loop method isided for testing two
members smultaneoudly if the locations of the loads are reasonably close. Shown in this
figure are two hydraulic jacks, which gpply the load to the two darkly shaded test members.
The inverted tee beam, located between the two test members, suppliesthe reaction. The
displacement transducers measure the deflection at severa points along the spans of both
beams and they are located below the test members. Figure 2.8 shows adetall of the loading
devicesin the closed loop method. Asthe hydraulic jacks extend, they pull on the high-
drength stedl bars, which lifts the reaction beam below the test members. Once the reaction
beam comes into contact with the inverted tee beam, the resulting load is a downward force
under each hydraulic jack. The plywood under the hydraulic jacks and between the inverted
tee and the reaction beam are used to protect the concrete from any locaized damage. The
load cell measures the amount of load applied to one of the test members throughout the test.
One requirement of thistest method isthat one pump must operate both hydraulic jacksin
order to ensure equal loads at each jack. Figure 2.9 isaview of the closed loop method
perpendicular to the span of the beam in order to show how the concentrated |oad under each
jack can be applied to the two stems of a double tee through the use of a sted section. The
sted section Sits on plywood above the stem of the double tee in order to protect the concrete
from any localized damage. This method has been used to verify the strengthening of PC
double tee beams and PC joists in parking facilities. For more information about members
tested using the closed loop method, see Appendix B in this document, Sawyer (1998),
Hogue, et al. (1999a), Hogue, et a. (1999b), Mettemeyer, et al. (1999), Wuerthele (1999),
and Gold, et al. (2000).

Vehide Figure 2.10 shows how aloaded forklift is used to apply load on the darkly shaded
test member. The displacement transducers, mounted on tripods and located below the test
member, record the deflection at severa locations during the load test. The forklift, carrying

a desgnated amount of weight, Stops at severd predetermined locations on the test member
S0 that response measurements can be taken. Figure 2.11 shows aplan view of the forklift
with the heavy axle centered on the test member. The displayed locations of the

displacement transducers are that of atypica two-way system. This method has been used to
verify the strengthening of PC decksin a power plant and apier. For more information, see
Appendix B in this document and Bick (1998).

Dropped Weight: Figure 2.12 shows how aload test may be run by intentionaly dropping a
known amount of weight, from a given height, in a designated location and recording the
sructura response. The displacement transducers, which record the deflection of the
member at severd points, are located below the darkly shaded test member. Figure2.13
shows a plan view of the forklift dropping the test load in the designated location. The
positions of the displacement transducers may be those used if the test member is atwo-way
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dab. The dropped weight test method has been used to verify the strengthening of aPC
beam. For more information, see Appendix B in this document.

2.2.3 Test Load Magnitude

The magnitude of the test load is afunction of the internal forces that need to be generated &t the
critica cross-section. As an example, aconcentrated test |load can be used to reproduce the same
bending momentsin a unit width of adab asa uniformly distributed design load. The magnitude

of the concentrated |oad to accomplish this must be determined through careful structural

andyss The andysis to determine the test |oad magnitude should consider the following factors:

L oad Peattern: The difference between the test load pattern and the pattern of the critical load
condition should be consdered. Thisistypicaly the difference between applying
concentrated loads versus gpplying a uniformly distributed load.

Load Sharing: Often, test loads are not applied to adjoining e ements that are loaded by the
critica loading condition. These adjoining eements (structurd or nor+structura) may
contribute to the stiffness of the member being tested and share load with the tested member.
Load sharing would include the stiffness of the dements in the orthogona direction (eg.,
two-way action in dabs). These effects must be considered in the analyss, which often
precludes the use of smple one-dimensona structural models. Due to load sharing effects,
two- or three-dimensiond modeing istypicaly required. Alternately, the member being
tested may be physically isolated from adjacent elements. Figure 2.14 shows a double tee
beam that has been isolated from the adjoining tees by saw cutting dong each joint. By
isolating the double tee in this fashion, the effects of load sharing are prevented and do not
need to be consdered in the andysis.

Boundary Conditions The boundary conditions of the test member play an important rolein
determining the interna force digtribution. Initid assumptions need to be made with regard
to the degree of fixity of the supports. The degree of fixity can be corrdated to a spring
constant to be used in an andytica mode (smple support, 0% fixity and afixed end, 100%
fixity). An estimation of the actua support fixity can be made after the structure has been
loaded and the measurements of its deflection recorded. Guidance on this post-testing
andyssisgivenin Section 3.3.1.

Composite Action: Often, composite action (e.g. topping dabs) isnot relied upon in
determining responses induced by the critica load condition even though such action does
exig in gtu. The test load magnitude may need to be adjusted to or the composite action be
removed prior to the load test.

Temperature and Environmental Effects. Variations in temperature and environmentd
conditions during testing may ater the monitored responses. Instruments need to be adjusted
or the variations need to be avoided.

Once the magnitude and location of the maximum test |oad and the method of |oad gpplication
have been established, the strength of the element being tested with respect to other forces must
be checked to ensure safety. For example, if atest is meant to produce acritical flexura
response, the shear capacity of the structure should be checked to prevent shear falure. If
members within the structure are used to supply the reaction to the test load, the capacity of those
members should be checked aswell.

10
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It isimportant to recognize that any structurd anadysis must treet fixity and siffnessas
assumptions. The prliminary structurd andyssis used to estimate the magnitude of the test
load only. Once the structure is loaded and its response is measured, the assumptions made in
the analysis can be refined based on the structure' s actua behavior. With these refinements, the
actud induced internal forces can be determined with amuch higher degree of accuracy.
Guidance on refining the andytical modd is given in Section 3.3.1.

2.2.4 Prediction of Structural Responses

The preliminary andysis of the structure should aso be used to predict the deformations of the
structure to be measured in the field. Deformations under various load levels should be predicted
in order to compare the deformations a various stages of loading during the load test. These
predicted deformations dlow the individua performing the test to determine if the member is
behaving as expected. Predicted deformations of concrete members are only used as
gpproximeations snce the changing moment of inertia dong the length of the test member makes
exact cdculations difficult. However, if the predicted deformations are substantialy different
from the actual deformations, then the load test can be stopped before any damage is done to the
member. Further andysis may need to be performed to resolve the discrepancies.

2.3 Equipment

Advances in technology in the area of |oad gpplication and structurd response measurements
have provided the means for thisrapid load testing procedure. The following sections discuss
some of the equipment that has been used to perform rapid load tests.

2.3.1 Hydraulic Jacksand Pump

The equipment that has made rapid load testing possible is that which supplies the test load.
Hydraulic jacks are used in rgpid load testing because they are easy to ingtal and control.
Hydraulic jacks dlow for relatively rapid variations in load, but the grestest advantage they have
over using dead weights (e.g., water, bricks, etc.) is that the load applied by the hydraulic jacks
can be removed ingtantaneoudly if a problem should arise during aload test. Figure 2.15 shows
two 60,000-Ibs. (267 kN) hydraulic jacks. Thesejacks, including the stedl bases, only weigh
about 35 Ibs. (156 N). Hydraulic jacks with avariety of capacities are available. The pump,
which supplies the fluid to the hydraulic jacks, can ether be dectricd, as shown in Figure 2.16,
or manud, asshown in Figure 2.17. For an eectric pump (Figure 2.16), the pressure regulator is
used to control the amount of hydraulic fluid flowing to the jacks, which provides a controlled
means of load gpplication. An electric pump usualy has a control switch, which can be used for
immediate removal of the gpplied load. For convenience, the eectricd pump may be stored in a
trangport box as shown in Figure 2.18. The transport box, supported on wheedls, may be used to
move the hydraulic jacks and hoses, in addition to the pump, to the test Site.

2.3.2 Ingrumentation

Some of the ingrumentation used to monitor the behavior of atest member is summarized in
Table 2.2. Thistable includes the common names for the devices, some of their suggested uses,
recommended minimum measurable values, and measuring ranges. Additiond information on

11
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these devices aswell as many othersis avalable in literature (Bungey, 1989; Carr, 1993; and

Fraden, 1993).
Table 2.2: Summary of ingrumentation used in rapid load testing
Parameter Devices Rel(\:/lolrrrl]lrr?winrr(lj ~ M eRe;léieng
Measurable Value
Deflection LVDT 0.0001in. +2in.
Rotation Inclinometer 0.001 deg. + 3 deg.
Strain Gage 1nme +3000 e
Strain Extensometer 50 e +10,000 e
LVDT 50 e +10,000 e
Crack Width Extensometer 0.0001 in. +0.2in.
L oad Load Cell 10 Ibs. 0 - 200,000 Ibs.
Pressure Transducer 100 Ibs. 0 - 200,000 Ibs.

din.=254mm, 11b. =4.45N)

Deflections are measured using linear variable differentid transducers (LVDT), shown in Figure
2.19. LVDTsaeavalablein avariety of ranges and accuracy levels. In order to reach test
members, LVDTSs are often mounted on tripods and/or placed on scaffolding. LVDTsused in
rapid load testing should have a spring-loaded inner core, which alows the measuring head to
return to some reference postion.

Inclinometers, shown in Figure 2.20, are used to measure the rotation or dope of atest member.
Because vaues of dope can easily be correlated to deflections, these instruments can be essentia
when testing a member that istoo tal for LVDT standsto reach. The inclinometer shown in this
figure can be mounted on avariety of vertica and horizontal surfaces.

Strainsin atest member can be measured in avariety of ways, depending on the levd of
accuracy and the expected magnitude. The most common method for measuring strain is
through the use of electrica resistance strain gages, which are bonded directly to the surface of
the materid for which the strain will be measured. Figure 2.21 shows two dectrica resstance
strain gages used to read the compression strain in concrete. Strain gages can aso be mounted
on sted or other materias, which are expected to undergo tensile forces. Becausethey are
susceptible to variations in temperature, most eectrica resistance strain gages have temperature
compensation coefficients. Electrical resstance strain gages are ineffective when they are
intersected by a crack. To measure the strain over a crack, extensometers or LVDTSs can be used.
An extensometer, as shown in Figure 2.22, is attached directly to the surface on two knife-edges,
which straddle an anticipated or existing crack. An extensometer can then be used to elther
measure the average strain over the gage length between the two knife-edges or measure the
change in width of an intersecting crack. LVDTSs can be used to determine the average strain
over alarger gage length than that provided by the extensometer. Figure 2.23 shows how an

12
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LVDT can be used to measure strain. The horizontd LVDT is placed into a bracket, which is
fixed to the test member. Another bracket isfixed to the test member such that the apparatus
gpans an existing or an anticipated location of acrack. The distance between the two bracketsis
the gage length over which the average strain is computed.

A device used to monitor the leve of load gpplication isaload cell, shown in Figure 2.24. Asa
requirement of many of the load testing methods described above, thisload cdll is donut shaped
so that a high-strength stedl bar may be passed through it. Load cdlls comein avariety of
shapes, Szes, and capacities. Another advantage to the use of hydraulic jacksis an additiond
means of monitoring the load they apply. Pressure transducers can be used to measure fluid
pressures in the hydraulic system, which can be cdibrated to a specific leve of load.

A data acquisition system, as shown in Figure 2.25, which is cgpable of collecting readings from
severd devices amultaneoudy asload is being gpplied, is essentid to the performance of a
successful rgpid load test. The data acquidtion system, shown in thisfigure, is capable of
smultaneoudy collecting data from 24 separate devices, including pressure transducers, load
cdls, LVDTSs, indinometers, extensometers, and strain gages. The data acquisition unit is
connected to alaptop computer, in which all the collected dataiis stored. The data acquisition
system, much like the ectric pump, is stored in an easy to handle transgport box, which istaken
directly to thetest ste. The trangport box, mounted on whed s for ease in handling, isaso
equipped with additional storage compartments, in which the measuring devices can be stored.

2.4 Execution

Not until asufficient amount of planning has been done can the rapid load test proceed. All
parties involved should be aware of the levels of load to which the member will be tested, and
there should be a clear understanding of the events that could occur that would lead to the
termination of aload test. All information regarding the load test should be clearly defined in a
“Pan of Action” that is digtributed, in advance, to dl the concerned parties. Theclient or a
representative should review the “Plan of Action” carefully and give gpprova before the load
test begins.

A concern in running aload test is the safety of the structure and those persons performing the
load test. The use of scaffolding, shoring, straps, or chains may be key in the prevention of
collgpse of the member if apremature failure should occur. Figure 2.26 shows how scaffolding
and timber bracing can be used for emergency support of the dead weight of the test member. A
safety measure should in no way interfere with the results of the load test. Only those persons
essentid to the load testing procedure should be in the area during the load test. Those persons
performing the load test should always remain a safe distance from the test member. No
individua should walk on or under amember being tested when test |oads are being applied.
Should it be essentid to walk under or on atest specimen, the test load should first be decreased
to aload that is deemed safe by the engineer in charge of the load test. Safety is essentid to the
performance of a successful load test.

13
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Figure 2.14: Removing continuity allowsfor true smply supported condition

Figure 2.15: Hydraulic jacks used to apply load
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Figure 2.16: Electrical pump used to supply fluid to hydraulic jacks
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Figure2.17: Manual pump used to supply fluid to hydraulic jacks
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Figure 2.21: Strain gages used to measur e the compression strain in concrete
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Figure 2.25: Data acquisition system collects data continuoudly from several devices
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CHAPTER 3 PERFORMING A RAPID LOAD TEST

The protocol defined in the following sectionsis ageneric guiddine. The engineer may wish to
modify this protocol to meet the needs of a pecific project.

3.1 Procedurefor Rapid Load Testing

The rapid load test involves applying load in quas-gatic load cycles. Thefull test of a member
is comprised of 9x load cydeswith the moddity shown in Figure 3.1. (In thisfigure, the
vertical axis reports the applied test load as a percentage of the maximum value to be gpplied.
The horizonta axis reports the cumulative time, in minutes, as the test proceeds.) Each
individua load cycle (defined on Figure 3.1 by acircled letter) includes four to six load steps.
Any given load cyde conggts of aninitid, minimum load leve; astep-wise increase in load up
to ardative maximum load level; and areturn back to theinitid value. Asshown on thefigure,
each load cycleis repesated at least one time using of the same load steps and load levels. The
levd of load achieved through each step and each cycle may be subject to change depending on
the behavior of the structure under any given load. The number of cycles and the number of
steps listed below should be considered as a minimum.

Benchmark: At the beginning of the rapid load test an initid reading of the instrumentation
should be taken at least 1 minute after al the equipment is functioning and no load isbeing
gpplied to the test member, other than the testing equipment. The benchmark is shown in
Fgure 3.1 asthe congant line beginning a time zero and indicating no load. After initia
values have been recorded, the load test commences with the first cycle.

CydeA: Thefirgt load cycle congsts of load steps, each increased by no more than 10% of
the maximum totd load expected in the rgpid load test. Theload isincreased in steps, until
the sarvice leve of the member is reached, but no more than 50% of the maximum

anticipated test load, as shown in Figure 3.1. At the end of each load step, the load should be
maintained until the parameters, which define the response of the structure (e.g., deflections,
rotations, srains, etc), have stabilized, but not less than 1 minute. The maximum load leve

for the cycle should aso be maintained until the structura response parameters have
gtabilized, but no less than 2 minutes. Holding the test load until the structura response has
stabilized shows that the member has “redlized the effects of that load to an acceptable
degreg’ (FitzSimons and Longinow, 1975). For response parameters to be considered stable,
the recorded values in the second hdf of the time interval under a constant load should not
exceed 15% of those attained in the firgt hdf of the timeintervd. If this condition is not met
after the minimum time interva, the load should be maintained until such time thet it is met

or the member has been deemed unsafe. Changesin the applied load should be made * quas-
daticdly.” Essentidly, changesin load must be dow enough so that structurd response
parameters can be monitored. While unloading, the load should be held congtant &t the same
load levels as the loading steps for at least 1 minute, as shown in the figure. In certain
ingtances, it may be impractica to completely unload the member at the end of each cycle.

In those cases, the load may be held a no more than 10% of the maximum anticipated test
load, which is shown by the shaded region in Figure 3.1.

CycdeB: The second load cycle, Cycle B, isareplicaof thefirg cycle, Cycle A, asshownin
Figure 3.1. By duplicating aload cycle, oneis able to check the repeatability of the structural
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response parameters at each load step. If asignificant difference appears between two
consecutive and equal cycles, the load test should be halted and the structure should be
reevauated. The load cycles are aso repested, because the first load cycle is often used for
the “bedding-in” of the system (Bungey, 1989).

CyclesC and D: Load Cycles C and D areidentical and achieve amaximum load leve that is
goproximatdy haf way between the maximum load level achieved in Cycles A and B and
100% of thetotd anticipated test load. The load steps at the beginning of CyclesC and D
may be greater than 10%, but only up to the load leve that was attained in Cycles A and B.

It is often helpful to repesat some of the load steps taken in the Cycles A and B to again check
the repeatability of the test member, asshown in Figure 3.1. Astheleve of load exceeds
that attained in the Cycles A and B, the load steps should again not be grester than 10% of
the maximum expected test load. Each load level in Cycdes C and D is maintained until the
structural response parameters have become stable, but not less than 1 minute, and 2 minutes
for the rdaive maximum.

Cycles E and F: Smilarly, the fifth and sixth load cycles, E and F respectively, should be
identical, and they should reach the maximum anticipated test load, as shown in Figure 3.1.
The load steps up to the load level attained in Cycles C and D may be larger than 10%, but
repeating some of the load levels alows for the repegtability check. Once the leve of load
becomes greater than that achieved in the Cycles C and D, the load steps should not be larger
than 10% of the maximum anticipated test load. Each load step should be repeated asthe
load is being decreased in each cycle.

Additional Cycles In some instances, additiond load cycles may be required in order to
show the members ability to hold the maximum test load. Additiond cycles should be
identica to Cycles E and F as defined above.

Find Cyde At the conclusion of the fina cycle, the test load should be decreased to zero, as
shown for CydeFin Figure 3.1. A find reading should be taken no sooner than two minutes
after the entire test 1oad, not including the equipment used to gpply the load, has been
removed.

3.2 Analysisduringtesting

Monitoring the structura response during testing to ensure sability of the system at every load
leve is key to the performance of asuccessful rapid load test. The tabilization of the structura
response parameters under a constant load shows the member's ability to safedy maintain thet
load. Monitoring additiond parameters (i.e., repeatability, deviation from linearity, and
permanency) during arapid load test dso gives an indication of the behavior of the test member.

Repestability: One method of rating a structure’ s performance during arapid load test isby
checking the repeatability of some structura responses, typicaly deflection. Repestability,
cdculated usng Equation 3.1 with reference to Figure 3.2, isaratio of the difference
between the maximum and residud deflections recorded during the second of two identical
load cyclesto that of the first. During arapid load te, if the load is not decreased to zero at
the end of each cycle, the origin of the load versus deflection curveis shifted to P, as
shownin Figure 3.2, in order to calculate repeatability.

29



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

Repeatability = M

max

~ 100% Equation 3.1

The quantitiesin Equation 3.1 and shown in Figure 3.2 are defined as follows:
Pmax = maximum load level achieved by Cycdles A and B
Pmin = minimum load level achieved at the end of Cycles A and B

DE., = maximum deflection in Cycle B under aload of Prax
D’ =residud deflection after Cycle B under aload of Ppin
D/ = maximum deflectionin Cycde A under aload of Prax

D} =resdua deflection after Cycle A under aload of Ppin

If atest member incurs a greeter net deflection under a particular load the second time as
opposed to thefirgt, this may be an indication that the member has been softened.
Experience has shown that a repeatability of greater than 95% is satisfactory. By checking
the repeatability of deflections, one is not only monitoring the structure' s behavior, but dso
gaining assurance that the data collected during the rapid load test is consstent.

Deviation from Linearity: Deviation from linearity is a measure of the nonlinear behavior of
amember being tested. Asamember becomes increasingly more damaged, its behavior may
become more nonlinear, and its deviation from linearity may increase. Therapid load test
method of applying load in cycles provides the opportunity to calculate the deviation from
linearity in avariety of ways Thefollowing illustrates how deviation from linearity is
caculated for the load-deflection envelope of the test member.

In order to caculate the deviation from linegrity, linearity must be defined. Lineerity isthe
ratio of the dopes of two secant lines intersecting the load- deflection envelope. The load-
deflection envelopeis the curve congiructed by connecting the points corresponding to only
those loads, which are greater than or equd to any previoudy applied loads, as shown in
Fgure 3.3. Thisfigureisaplot of load, on the vertical axis, versus deflection, on the
horizonta axis, for amember undergoing aload test conssting of Six cycles, labeled A
through F. Given apoint i with coordinates P; and D;, the secant line, shown as a dashed line
in FHgure 3.3, isdrawn from the origin to the point i on the load-deflection envelope, and a;
isitsdope. The reference secant line isthe one that joins the origin to a reference point
having coordinates Py and Dyer, Where P 1S 50% of the maximum anticipated test load for
the rapid load test, Pmax. The linearity of any point i on the load- deflection envelope isthe
percent ratio of the dope of that point’s secant line, a;, to the dope of the reference secant
line a e, as shown in Equation 3.2.

L a,; .
Linearity, :a —" 100% Equation 3.2

ref

The deviation from linearity of any point on the load- deflection envelope is the compliment
of the linearity of that point, as shown in Equation 3.3.
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Deviation fromLinearity, =100%- Linearity, Equation 3.3

Once the leve of load corresponding to the reference load has been achieved, deviation from
linearity should be monitored until the conclusion of the rapid load test. Experience
(Mettemeyer, 1999) has shown that the vaues of deviation from linearity, as defined above,
are less than 25%. Research is being conducted in thisareain order to determine if deviation
from linearity can be used to predict falure. Deviation from linearity may not be ussful

when testing amember that is expected to behave in anonlinear, but dastic manner. For
such members, repeatability, as defined above, and permanency, as defined below, may be
better indicators of damage in atested structure.

Permanency: The amount of permanent change displayed by any structurd response
parameter during any given load cycleis defined as permanency. Deflection permanency,
cdculated using Equation 3.4, may only be legitimately caculated for the second cycle of
two identicdl load cydles, for example, Cycle B in Figure 3.2. Often a system will seem to
have suffered amuch larger permanent deformation in the first of two identical load cycles
because of the “bedding-in" of the sysem. In Equation 3.4, D; isthe resdud deflection and
Diax isthe maximum deflection that has occurred in the member during asingle cyde.

D
Permanency = D' "~ 100% Equation 3.4

max

Experience has shown that a deflection permanency of less than 10% is acceptable. Bares
and FitzSimons (1975) suggested that 25% permanency is acceptable for RC structures and
20% permanency for PC structures.

3.3 Interpreting the Results

In some instances, it may be sufficient to show the member’ s ahility to hold agiven load asa
proof of successful performance. However, often it is hepful to perform a more in-depth
andydss of the data.

3.3.1 Analytical Modeling

Once the rapid load test has been conducted, andytica models can be used to verify assumptions
regarding load sharing characteristics of adjoining members, effects of a concentrated load

versus adigtributed load, and degree of support fixity. The anayticad modd can be refined by
adjusting the boundary conditions and gtiffness of the adjacent e ements to match the actua
messured deformed shape of the structure. Once these refinements have been made, the
andytica model may aso be used to accurately determine the internd forces caused by the test
loads.

For example, when testing in flexure a two-way dab with symmetric boundary conditions, a
concentrated load is applied a mid-span of the test ement that will produce the same moment
per unit width at the critica section (i.e., mid-span) as that caused by a uniformly distributed
load. Equation 3.5 is used to determine the magnitude of the uniformly distributed load thet is
smulated by the concentrated test load.
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W, = Pr -
sim le CZ, Il, |2 Equatlon 35

The variables shown in Equation 3.5 are defined as follows:
Wsm = uniformly distributed load smulated by the test load
Pt = magnitude of a concentrated test |oad
C, = multiplier to account for contribution of adjacent eements
C, = multiplier to account for distributed load versus point |oad
[1 = gpan in the primary direction
I> = pan in the perpendicular direction

The coefficient C, accounts for the contribution of the adjacent elements (load sharing) to the
member’ sresponseto loading. Thevaue of C; isessentidly the width of thedab that is
effective in ressting the applied load on the test member. Based on deflection va ues collected
in ether apriminary test or under low leves of load, the vaue of C1 can be more accurately
defined. Following the same example discussed earlier, the vdue of C; for aunit rip of atwo-
way dab with symmetric boundary conditions tested in positive flexure can be caculated using
Equation 3.6.

_ =i Equation 3.6
2D b’ n
The vaues shown in Equation 3.6 are defined as follows:
D: = deflection measured at point i
Dy = deflection measured under the load
b = width of the unit rip

n = number of equaly spaced deflection readings orthogond to the
span of the test member

The coefficient C, accounts for the difference between gpplying a concentrated load and a
uniformly distributed load to the test member. For example, consider the case of aload test on a
smply supported beam where the concentrated load is gpplied at mid-span in order to produce a
maximum positive moment equd to that of the same beam subjected to a uniformly distributed
load. Inthiscase, C, isequd to 0.5. Vauesfor C, can be computed for every levd of fixity
from 0%, Smply supported, to 100%, fixed. Theleved of fixity for a given member can be
determined by computing R, the ratio of the net deflection at quarter-span to that a mid-span.
The highest value of R corresponds to a span with pinned ends (no rotationa stiffness) and the
lowest value indicates afully fixed support condition. The vaues of Rand C, can be plotted on
separate vertical axes versus the percent fixity of the supports. Figure 3.4 shows a sample curve
for the case of a gpan with symmetric boundary conditions loaded with a concentrated load that
produces a moment a mid-span equivaent to that due to a uniformly distributed load. Similar
curves can be generated for other arrangements in loading, smulated response conditions, and/or
boundary conditions.

C,
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Upon completion of a preliminary test, or lower load cycles, the vaue of R can be computed as
the average of dl the vaues caculated based on measurements teken at load levels within the
eadicrange. Knowing R, fixity and C, can be found as shown by the example in Figure 3.4.

By applying the proper leve of support fixity to the andytica modd, the shape of the andytica
and experimenta dadtic curveswill be smilar. The match between measured and anadytical
deflection values can be obtained by adjusting the concrete elastic modulus assumed in the
modd.

Once a satisfactory agreement between measured and andytica deflectionsis confirmed, the
mode is then used to accurately determine the magnitudes and variations of bending momentsin
the dab.

3.3.2 Analysisof Data

Experience has shown that grgphica aswell as numerica efforts may ad in the understanding of
the structure’ sresponse to arapid load test. The most common graphica aides include curves
displaying load and a structural response parameter plotted versus time and load plotted versus a
sructura response parameter. Numerica effortsinclude the caculation of permanency asa
criterion for the acceptable performance of the test member.

Load and Structural Response Parameters versus Time: A “Time History” of argpid load test
isagraph of load and some structural response parameter plotted on dua vertical axes versus
time. This graph shows the stabilization of that specific structurd response parameter under
acongant load. It can aso be used to show the repeatability of the structura response of two
identical load cycles.

Load versus Structural Response Parameters. A complete plot of the load versus any
Sructural response parameter isaway to show the linear and eastic behavior of the test
member. Members gpproaching failure may show signs of nonlinear or indagtic behavior.
Resdud deformations are dso clearly shown. It ishelpful to plot the theoretica response
aong with the actud results.

Permanency: Permanency, as described above and shown in Equation 3.4, may be used asa
criterion that defines the acceptable performance of atest member under a given load.
Permanency as an acceptance criterion should only be that which is caculated for the fina
cycle of the rgpid load test. Additiona repetitions of the find cycle may be required. If the
permanency value used as a criterion for acceptance is near the pre-established limit, one
may wish to include the caculations of repeatability and deviation from linearity in the post-
testing andyss.

Appendix A, in this document, contains analysis and discussion of five rapid load tests. One
member was tested in a controlled |aboratory environment, and four others were tested in an
exiging structure. Some of the calculations performed on the data collected during the rapid load
tests are summarized in Table 3.1. Appendix A aso compares the results of these rapid load
tests with those achieved by 24-hour load tests run on the same specimens. After the rapid and
24-hour load tests, each member was taken to failure in order to determine its true capacity.
Appendix B, in this document, discusses some commercia applications of this rapid load testing
technology.
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Table 3.1: Summary of calculationsfor five case sudiesin Appendix A

Case Member Permanency | Maximum Deviation Minimum
Sud Tupe of Final Cycle from Linearity Repeatability
Y P (%) (%) (%)

#1 PC Double Tee 4 12 98

#2 RC Joist (JS3B) 5 21 >100
#3 RC Joist (JS5B) 0 19 >100
#4 RC Joigt (JL3B) 3 20 >100
#5 RC Joigt (JL4B) 2 20 >100

3.3.3 Conclusions based on results
Once the numerical and graphical andysis has been completed, conclusions as to the acceptable
performance of the member under the loads applied can be drawn. This method of testing only
quantifies a safe leve of load for amember under short-term conditions. Long-term behavior
influenced by phenomena, such as cregp and degradation, must be characterized separately from
this testing procedure.
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Figure 3.2: Sampleload ver sus deflection curvefor two cycles

36



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

A , .
’ ’
/ Ve
/’\ A ref /\ a;

,
[ S A N
~ ’

P

4 s

L oad-Deflection ‘ y
Envelope

D

max

I
Figure 3.3: Sample load ver sus deflection curvefor six cycles

37



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

0.5000 T~ 0.6875
—
—
\ —
||
0.4667 + ™~
< !Deflection Ratio !
5 1 06250
e x
S 0.4333 S
- ®
g C, for Midspan o
5'3‘ Moment 5
© =
= 0.4000 T
S a
< 1 05625
O
\
0.3666 NAY
AN\
\
0.3333 0.5000
0% 20% 40% 60% 80% 100%

Support Fixity (%)

Figure 3.4: Variation of C, and R for a symmetrically bound member loaded at mid-span

38



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

CHAPTER 4 CONCLUSIONS

Load testing has long been avauable toal in the evauation of a structure whose capacity isin
question due to design/congtruction flaws, the use of strengthening systems, deterioration, unique
design, or changein use. Higtoricaly, load tests have been conducted using weights (e.g. water,
sand) for the gpplication of load and structura responses have been monitored by hand (e.g. dia
gages), both of which are very time-consuming. Recent advances in technology in the areas of
load application and response monitoring have automated the process of load testing; however,
guiddines have not taken advantage of them. This document provides guidance to the engineer
on how load tests can be performed in an efficient and cost-effective manner. The rapid load test
protocol conggts of three main phases: planning for the test, performing the test, and eval uating
the results.

A well-designed ragpid load test includes a preliminary investigation involving astudy of the
geometry, loading higtory, and materia characteristics of a structure. Using the gathered
information, structura analyssis used to determine the magnitude of the concentrated test load
that will result in the desired effect. Certain concepts, unique to this load testing technique, are
discussed (e.g. effects of aconcentrated versus adistributed load). Methods of load application
and equipment that have been successfully used are also discussed. All stepsinvolved in the
planning of arapid load test are clearly stated in a plan of action and need to be submitted to the
client or hig’her representative for gpprova before the execution of the load test.

A rapid load test consists of concentrated loads being applied in a quas-gatic manner in a least
ax load cycles, with each cycle containing severd load steps. Theinitid cycles achieve
relatively low levels of load and are used to verify assumptions made in the preliminary andyss
and ensure stability of the system. Each load step is maintained until the member has displayed
aufficient cgpacity, at which time the load isincreased. In this manner, the maximum applied
load is gpproached gradualy, which provides an inherent safety mechanism within the load
testing protocol. Each load cycleis repeated in order to provide a better understanding of the
behavior of the member under the test loads. Because data is collected continuoudy from a
variety of indruments, the engineer has the opportunity for red-time evauation of the behavior
of agtructura member.

Oncethe load test has been completed, the performance of the member can be evaluated based
on both graphical and numericd andyss. Acceptance criteriathat provide ameans of rating the
performance of amember during arapid load test are defined. A rapid load test offers easy-to-
understand results, which give the dlient confidence in the capatiilities of a structural member.
Using information gained from the load test concerning the effects of concentrated versus
distributed loads, support conditions, load shering of adjacent members, and composite action of
structura and nongtructura e ements, accurate analytical models can be used to determine the
interna forcesinduced by the test loads.

A flow chart documenting the mgor steps involved in planning, performing, and evauating a
rapid load test are summarized in the figure thet follows:
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(continued from previous page)

Post-testing Analysis

-

Rapid Load Test

v

Executing Test

v

Setup
L oading apparatus

Safety measures
Monitoring devices

v

Benchmark reading

v

Three pairs of duplicate
cycles
Additional if required

v

Monitoring during testing

v

v

v v

v

v

Correlation w/
expected
responses

Stabilization
of responses

Repeatability
Linearity

Deviation from

Permanency

Visua signs
of distress

\
>

v

Interpreting results

y

Characterize Effects
Load sharing
Load pattern
Boundary conditions
Composite action
Temperature and
environmental effects

v

Analysis of data

v

Numerical

\ 4

v

Time
history

Load vs.
Response

Repeatability

Deviation from
linearity

Proof by
performance

]

Acceptance Criteria

y

| Conclusion

41




Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

CHAPTER 5 REFERENCES

ACI Committee 318, 1956, “Building Code Requirements for Reinforced Concrete (ACI 318-
56)”, Journal of the American Concrete Institute, Vol. 27, No. 9, May, pp. 920-922.

ACI Committee 318, 1971, Building Code Requirements for Reinforced Concrete, (ACI 318-
71), American Concrete Ingtitute, Detroit, Michigan, 96 pp.

ACl Committee 318, 1995, Building Code Requirements for Structural Concrete and
Commentary, (ACI 318-95), American Concrete Ingtitute, Farmington Hills, Michigan, 369

pp.

ACI Committee 437, 1991, Strength Evauation of Exigting Concrete Buildings, (ACI 437R-91),
American Concrete Inditute, Farmington Hills, Michigan, 24 pp.

American Society of Civil Engineers, 1991, Guiddine for Structurd Condition Assessment of
Exiding Buildings, (ASCE 11-90), American Society of Civil Engineers, Reston, Virginia,
89 pp.

Barboni, M., Benedetti, A., and Nanni, A., 1997, “Carbon FRP Strengthening of Doubly Curved
Precast PC Shell”, Journal of Composites for Construction, American Society of Civil
Engineers, Vol. 1, No. 4, November, pp. 168-174.

Bares, R. and FitzZSmons, N., 1975, “Load Tests of Building Structures’, Journal of the
Structural Division, American Society of Civil Engineers, Vol. 101, No. ST5, May, pp.
1111-1123.

Benedetti, A. and Nanni, A., 1998, “On Carbon Fiber Strengthening of Heat Damaged
Prestressed Concrete Elements,” Proceedings, European Conference on Composite Materials
(ECCM-8), I. Crivdli-Visconti Editor, University of Naples, Naples, Italy, June, pp. 67-74.

Bick, R.R., 1998, “Ocean Vista Power Generation Station Turbine Deck Rehabilitation Project”,
1998 International Concrete Repair Indtitute Award for Outstanding Concrete Repair
Recipient, Southern Cdlifornia Edison, 26 pp.

Building Officids and Code Adminigtrators International, 1987, The BOCA Nationa Building
Code, Tenth Edition, Building Officids and Code Adminigrators Internationd, Inc., Country
Club Hills, lllinais, pp. 231.

Bungey, JH., 1989, The Teding of Concrete in Structures, Second Edition, Chgpman and Hall,
New York, New Y ork, 228 pp.

Carr, J.J., 1993, Sensors and Circuits - Sensors, Transducers, and Supporting Circuits for
Electronic Instrumentation, M easurement, and Control, Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, 324 pp.

FitzSimons, N. and Longinow, A., 1975, “ Guidance for Load Tests of Buildings’, Journal of the
Structural Division, American Society of Civil Engineers, Vol. 101, No. ST7, July, pp. 1367-
1380.

Fling, R.S., McCrate, T.E., and Doncaster, C.W., 1989, “Load Test Compared to Earlier
Structure Fallure’, Concrete International, American Concrete Ingtitute, Vol. 18, No. 11,
November, pp.22-27.

42



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

Fraden, J., 1993, AIP Handbook of Modern Sensors - Physcs, Desgns and Applications,
American Ingtitute of Physics, New Y ork, New Y ork, 552 pp.

Gend, M., 19553, “Ripartizione laterde de carichi in seguito alamonaliticitadd cemento
armato — Parte primd’, 1| Cemento, Associazione Italiana Cemento Armato, Vol. 6, pp. 6-15.

Gend, M., 1955D, “Ripartizione laterde de carichi in seguito dlamonoliticitade cemento
armato — Parte seconda’, 11 Cemento, Associazione Italiana Cemento Armato, Val. 7, pp. 5
13.

Gold, W.J. and Nanni, A., 1998, “In-stu Load Testing to Evauate New Repair Techniques’,
Proceedings, NIST Workshop on Standards Devel opment for the Use of Fiber Reinforced
Polymers for the Rehabilitation of Concrete and Masonry Structures, Dat Duthinh Editor,
Tucson, Arizona, pp. 102-112.

Gold, W.J, Blaszak, G.J., Mettemeyer, M., Nanni, A., and Wuerthele, M.D., 2000,
“ Strengthening Dapped Ends of Precast Double Tees with Externaly Bonded FRP
Reinforcement,” Proceedings, ASCE Structures Congress 2000, Philaddphia, Pennsylvania
(Accepted).

Hal, W.B., and Tsa, M., 1989, “Load Testing, Structural Reliability and Test Evauation”,
Structural Safety, Vol. 6, Elsevier Science Publishers, pp. 285-302.

Huang, P.C., 1999, Dapped- End Strengthening in Precast Prestressed Double Tee Beams with
FRP Composites, Masters Thes's, Department of Civil Engineering, Univerdty of Missouri -
Rolla, Rolla, Missouri, December.

Hogue, T., Oldaker, L., and Cornforth, R.C., 19993, “FRP Specifications for the Oklahoma City
Myriad’, Proceedings, Fifth ASCE Materials Engineering Congress, L.C. Bank Editor,
Cincinnati, Ohio, May, pp. 284-291.

Hogue, T., Conforth, R.C., and Nanni, A., 1999b, “Myriad Convention Center Floor System:
Issues and Needs,” Proceedings, Fourth International Symposium on FRP for Reinforcement
of Concrete Srructures (FRPRCS4), CW. Dalan, S. Rizkdla, and A. Nanni Editors,
Bdtimore, Maryland, November.

Khdifa, A.; Alkhrdgi, T.; Nanni, A.; and Lansburg, S., 1999, “ Anchorage of Surface Mounted
FRP Reinforcement”, Concrete International, American Concrete Ingtitute, October, 6 pp.

Mettemeyer, M., 1999, In Situ Rapid Load Testing of Concrete Structures, Masters Thesis,
Department of Civil Engineering, Univerdty of Missouri - Ralla, Rolla, Missouri, December.

Mettemeyer, M., Sarra, P., Wuerthele, M., Schuster, G., and Nanni, A., 1999, “Shear Load
Tedting of Strengthened Double-Tee Beamsin aParking Garage,” Proceedings, Fourth

International Symposium on FRP for Reinforcement of Concrete Structures (FRPRCS4),
C.W. Dalan, S. Rizkdla, and A. Nanni Editors, Batimore, Maryland, November.

Nanni, A. and Gold, W.J., 1998, “Evauating CFRP Strengthening Systems In-stu,” Concrete
Repair Bulletin, Internationa Concrete Repair Ingtitute, Vol. 11, No.1, Jan.-Feb. 1998, pp.
12-14.

Nanni, A. and Gold, W.J., 1998b, “ Strength Assessment of Externa FRP Reinforcement”,
Concrete International, American Concrete Ingtitute, June, pp. 39-42.

43



Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

Nanni, A., Gold, W.J., Thomas, J.,, Vossoughi, H., 1998, “FRP Strengthening and On-Site
Evauation of aPC Sab,” Proceedings, Second International Conference on Compositesin
Infrastructure (ICCI-98), H. Ssadatmanesh and M.R. Ehsani Editors, Tucson, Arizona, Jan.
5-7,1998, Val. I, pp. 202-212.

Raghu, H.A., 2000, In Situ Analysis of Shear Performance of RC Beams Strengthened with
Composites, Magters Thess, Department of Civil Engineering, University of Missouri -
Roalla, Ralla, Missouri, May.

RILEM Technicd Committee 20-TBS, 1984, “Generd Recommendation for Statica Loading
Test of Load-Bearing Concrete Structures In Situ (TBS2)”, RILEM Technica
Recommendations for the Testing and Use of Condiruction Materids, E & FN Spon, London,
England, pp. 379-385.

Sawyer, T., 1998, “Airport Beam Cracks are Filled, Wrapped in Time for Holidays’,
Engineering News-Record, McGraw-Hill, December 21, pp. 16.

Wuerthele, M.D., 1999, “ CFRP Strengthening at Pittsburgh Internationd Airport’s Short Term
Parking Garage’, Proceedings, Fifth ASCE Materials Engineering Congress, L.C. Bank
Editor, Cincinnati, Ohio, May, pp. 276-283.




Mathew Mettemeyer and Antonio Nanni “Guiddines for Rapid Load Testing of concrete
Structurd Members’.

APPENDIX A VALIDATION OF RAPID LOAD TESTING PROCEDURE

Five case studies are described in order to demondtrate the applicability of the rapid load testing
procedure defined in this document. A varying number of cycles and load steps per cycle were
used in the rapid load tests. Each structurad member was aso held under sustained load for 24
hours for comparison. The results from the rapid load tests and the 24-hour load tests are
discussed in the sections thet follow. After the rapid and 24-hour load tests, each member was
taken to failure in order to determineits true cgpacity. Additiona information regarding the case
studies discussed in this gppendix can be found in Huang (1999), Mettemeyer (1999), and Raghu
(2000).

Case Study #1: Prestressed Double Tee Beam

Theinitid effortsin the development of an in situ rgpid load testing protocol took placein a
controlled laboratory environment. A full-size, PC double tee section with dap ends was the first
member tested comparatively for a short duration and for 24 hours. The shear capacity of the
dap end of the member, typicd of those used in parking facilities, was in question. Initidly, a
rapid load test was run on the member, and structural response measurements (i.e., deflection,
grain, and rotation) were recorded at 1-second intervals. Upon completion of the rapid load test,
the member was then |oaded for 24 hours to the same maximum load as achieved during the
rapid load test. Measurements of the member’ s responses were recorded at 10-second intervas
throughout the duration of the 24-hour test. Upon completion of the 24-hour load test, the
member was failed in order to determine its true capacity.

Figure A.1 and Figure A.2 show the test setup used for the rapid load test, the 24-hour load test,
and the test to failure. The hydraulic jacks, when extended, applied an upward force under the
dap end of each stem of the double tee. The stedl structura shape, that was held in place by the
high-strength steel bars anchored to the floor, sat on plywood on top of the double tee beam and
provided areaction againg the upward movement caused by the hydraulic jacks, as shown in
Figure A.1. The plywood protected the concrete from any localized damage and concentrated
the load on the two stems of the double tee. Thefar end of the double tee beam was smply
supported. The concept was to cause a shear force in the dap end equivaent to that which would
be produced by a uniformly distributed load greater than 85% of the factored design loads. The
location of the sted structural shape was such that failure of the dap end would be controlling.
Because the jacks had to produce enough force to lift the beam before engaging the reaction; one
fourth of the saf-weight of the specimen was subtracted from the readings of applied load to

each sem. Congstently with this, the net upward deflection of the member isthe result of the
measured deflection minusits rigid body movement.

Figure A.3 isatime history of the load and net deflection for the rapid load test, and Figure A.4
isthe same for the 24-hour load test. In both figures, the horizontd axis digplays the cumuletive
time, in hours and minutes, as both the rapid and the 24-hour load tests progressed. The | eft
vertica axis, on both Figure A.3 and Figure A.4, shows the amount of |oad applied to each stem
of the double tee as described above. Theright vertical axis on each figure shows the net
deflection at the end of the specimen as described above. Also shown on the figuresisa
schematic drawing of the test configuration. The symbals, labeled with “#6” and “#11”,
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represent LVDTs measuring the deflections at the location of the steel beam and a the end of the
gpecimen, respectively. The data collected from these two devices were used to plot the net
deflection at the end of the specimen. Thethin line plotted in Figure A.3 and Figure A.4
represents the applied load, and the thick line represents the net deflection, both with respect to
time. Shown on Fgure A.3 is the stabilization of deflections under a congtant load within the
firg minutes of load gpplication in the first two cycles. The deflection in the third and fourth
cyclesdid not gabilize, as defined in Section 3.1. In addition, the fourth cycle, arepesat of the
third cycle, shows that deflections were larger. The repeatability, caculated as described in
Section 3.2, is 98%. However, because the load was not maintained in the fourth cycle until the
deflections had stabilized, the deflection achieved in the 24-hour test under the same maximum
load, asshown in Figure A.4, was dightly larger than that from the rapid load test. This
occurrence illugtrates the importance of waiting until deflections are sable. Also shownin
Figure A.4 isavery samdl increase in the deflection during the period of condant loading. This
inggnificant increase in deflection could be atributed to the opening of some flexurd cracks.

Figure A.5 shows the load versus net deflection curve for the beam asit was taken to failure.
Again, the load shown on the vertical axisis that which was applied to each stem of the double
tee minus one fourth of the salf-weight of the specimen. The horizonta axis shows the net
deflection of the member at the end, as described above. In Figure A.5, the light gray line shows
the behavior of the specimen as it was repestedly loaded and unloaded. The darker line
represents the |oad- deflection envelope as defined in Section 3.2. Thisload deflection envelope
was used to cdculate the deviation from linearity for the rgpid load test. The maximum

deviation from linearity experienced during the rapid load test was 12%. The maximum

deviation from linearity achieved during the 24-hour test was 22%.

Permanency for the third and fourth cycles of the rapid load test, as well as that for the 24-hour
test, were caculated. In order to overcome the effects that the dead weight of the specimen
would have in reducing the permanency under no gpplied load, these values were calculated
using aminimum load level of 2300 Ibs. (10.2 kN). The permanency, as described in Section
3.2, caculated for the third and fourth cycles of the rapid load test was 6% and 4%, respectively.
The permanency of the 24-hour test was 3%. These low levels of permanency, aswedl asthe
decreases in the permanency, as load cycles to the same load level were repeated, help show that
the member has acceptable performance.

InFigure A.5, the deflection behavior near the failure load had to be projected because the
LVDTswere removed from the specimen in order to prevent damage to them upon failure of the
member. The dashed line up to the failure load is this projection. Figure A.6 shows that the
beam failed due to a shear crack at the reentrant corner of the dap end, as expected. The dark
colored material on the surface of the specimen isthe externa FRP reinforcement that was being
investigated.
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Case Study #2: Short Span Celling Joist (JS3B)

The use of adecommissoned RC structure offered a unique research opportunity (Mettemeyer,
1999 and Raghu, 1999). Twenty RC joists were tested using the rapid load testing technique and
each member was a0 taken to failure to determineits true capacity. All 20 joists were cut into
tee sections by isolating them from the rest of the dab. Sixteen members were strengthened

using externally bonded FRP sheetsin order to vaidate their behavior in Situ. The remaining

four joists were tested as control specimens. Case Studies #2 through #5 discuss four of the
strengthened members that were aso tested comparatively for 24 hours. The locations of these
four joigs arelightly shaded in Figure A.7. Thisfigureisthe floor plan of both the third and
fourth floors of the structure. Case Study #2, JS3B, was located near the centrd portion of the
plan, on thethird floor. Case Study #3, JS5B, was located on the fourth floor, directly above
JS3B. Case Study #4, JL3B, was along span member on the fourth floor, located in the lower-
left hand corner of the plan. Case Study #5, JL4B, was along span member on the fourth floor,
located in the lower-right hand corner of the plan. Initialy, arapid load test was run on each
member, and structura response measurements (i.e., deflection, strain, and rotation) were
recorded at 1-second intervals. Upon completion of arapid load test, each joist was then |oaded
for 24 hours to the same maximum load of the rapid load test. Measurements of the Structura
responses were recorded at 10-second intervas throughout the duration of the 24-hour load tedts.
Upon completion of the 24-hour load test, the member was failed in order to determine its true
capacity. Each load test was conducted using the push down method as described in Section
2.2.2. The stup for the hydraulic jacks on the test member (Figure A.8), the shoring on the floor
above the test member (Figure A.9), and the instrumentation below the test member (Figure
A.10) aretypica. Because of the high levd of load resisted by the joists, two hydraulic jacks
were used (Figure A.8). The plywood protected the concrete from any locaized damage and
ensured a consigtent footprint. The cribbing was used to raise the jacks high enough to prevent
buckling of the extensons. The maximum test |oads gpplied in the rapid and 24-hour load tests
caused a shear force at the critical location in each member that was greater than that computed
from auniformly distributed load equa to 85% of the factored design loads.

Figure A.11 isatime history of theload and net deflection for the rapid load test, and Figure
A.12 isthe samefor the 24-hour load test. In both figures, the horizonta axis displaysthe
cumulative time, in hours and minutes, as both the rapid and the 24-hour load tests progressed.
The left verticd axis, in both Figure A.11 and Figure A.12, shows the total 1oad applied by the
hydraulic jacks. Theright vertical axisin each figure shows the net deflection directly under the
load. The net deflection of the members was computed as the measured deflections minus the
rigid body movement of the members due to support settlement. Also shown on the figuresisa
schematic drawing of the test configuration. The symbols, labeled with “#4”, “#7”, and “#12”
represent LV DTs measuring the deflections at the near end, far end, and under the load,
respectively. The collected data from these devices were used to plot the net deflection under the
load. On Figure A.11 and Figure A.12, the thin line represents the total applied load, and the
thicker line represents the net deflection, both with respect to time. Asshownin Figure A.11,
the fourth cyde achieved the average maximum load of the third cycle (i.e., 40,000 |bs. (178
kN)) at the same deflection (i.e,, 0.09 in (2.3 mm)). The repesatability, calculated as described in
Section 3.2, was greater than 100%. The net deflection achieved in the 24-hour test (Figure
A.12) was smilar to that under the same load during the rapid load test.
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Permanency vaues caculated for the third and fourth cycles of the rapid load test are 12% and
5%, respectively. Theselow levels of permanency, as well as the decrease in the permanency
with repetition, help show that the member is cgpable of safely maintaining that applied load.

Figure A.13 shows the load versus net deflection curve for the joist up to faillure. Thefailure
load, Py, was approximately 92,000 Ibs. (409 kN). The tota |oad applied by the two hydraulic
jacksis shown on the vertica axis. The horizontal axis shows the net deflection of the member
at the location of the load, as described above. The net deflection under the load at failure was
gpproximately 0.29in. (7.4 mm). On Fgure A.13, thelight gray line shows the behavior of the
gpecimen as it was repeatedly loaded and unloaded. The darker line represents the |oad-
deflection envelope as defined in Section 3.2. This load-deflection envelope was used to
cadculae the deviation from linearity for the rapid and 24-hour tests, aswell asthetest to fallure.
Figure A.14 shows aplot of the normaized |load versus deviation from linearity. The maximum
load leve attained in the rapid and 24-hour load tests is approximately 45% of the true capacity
of the member, which correlates to a maximum deviaion from linearity of about 21%. Figure
A.14 dso clearly displaysthe level of load that was required to achieve a 25% deviation from
linearity (i.e., 52%P).

Figure A.15 shows the graph of the total applied load versus the strain in the externad FRP
reinforcement. The schematic drawing shows the location of the strain gages labeled #21

through #24. This graph shows that a Sgnificant increase in strain did not occur until the load

leve of approximately 49,000 Ibs. (218 kN). The linear dastic behavior below thisload suggests
that the concrete may not have developed shear cracks. Strain gages number 21, 22, and 24 stop
functioning before the failure of the member occurred.

Figure A.16 showsthe failure of both joists JIS3A and JS3B. Thesejoists were strengthened in
identical fashion, isolated by a saw cut, and tested separately. The only difference between the
two joigtsis that a 24-hour load test was run on JS3B. After thefailure of JS3A, the externaly
bonded FRP sheet, the dark colored materid in the photograph, was removed from the surface in
order to expose the shear crack at the support nearest the applied load. The externaly bonded
FRP sheet was hdld in place by an end anchor (Khalifa, et a., 1999). The anchor was grooved
into the flange of the tee section and fixed in place with epoxy paste. The failure of the members
was aresult of the extension of the shear cracks through the flange and the fracturing of the
concrete surrounding the anchors.
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Case Study #3:

Short Span Ceiling Joist (JS5B)

Joist JS5B had two plies of externally bonded FRP shear reinforcement as compared to only one

ply for JS3B (Raghu, 1999).

Fgure A.17 isatime hisory of the load and net deflection for the rapid load test, and Figure
A.18 isthe samefor the 24-hour load test. As shown on Figure A.17, the fourth cycle achieved
the average maximum load of the third cycle (i.e., 40,000 Ibs. (178 kN)) at the same deflection
(i.e, 0.06 in (1.5 mm)). The repeatability, caculated as described in Section 3.2, was greater
than 100%. The net deflection achieved in the 24-hour test (Figure A.18) was Smilar to that
under the same load during the rapid load test.

Permanency values calculated for the third and fourth cycles of the rapid load test are 11% and
2%, respectively. These low levels of permanency, as well as the decrease in the permanency
with repetition, help show that the member is cgpable of safely maintaining that applied load.

Figure A.19 showsthe load versus net deflection curve for the joist up to failure. Thefailure
load, Py, was approximately 90,700 Ibs. (403 kN) at a net deflection of 0.22 in. (5.6 mm).

The maximum load levd atained in the rapid and 24-hour load tests (gpproximately 45% of the
true cgpacity of the member) correlates to a maximum deviation from linearity of about 21%.
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Thelevd of load that was required to achieve a 25% deviation from linearity was gpproximately
52%Py; (i.e., 47,000 Ibs. (209 kN)).

During the tet to failure, asignificant increase in strain did not occur until the load level of
approximately 48,000 |bs. (214 kN). Below thisload leve, the joist showed alinear dastic
behavior, which suggests that the concrete may not have developed shear cracks.

The falure mode for JS5B was very smilar to that of JS3B.
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Figure A.17: Time history of rapid load test for JS5B
Qin.=254mm, 11b. =4.45N)
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Case Study #4- L ong Span Ceiling Joist (JL3B)

JL3B was along joist with one ply of externaly bonded FRP shear reinforcement without an end
anchor (Khalifa, et d., 1999 and Raghu, 1999).

Figure A.20 isatime history of theload and net deflection for the rapid load test, and Figure
A.21 isthe same for the 24-hour load test. As shown on Figure A.20, the rapid load test was
conducted using three pairs of repeated load cycles. The sixth cycle achieved the average
maximum load of the fifth cycle (i.e, 12,000 Ibs. (53.4 kN)) at the same deflection (i.e.,, 0.08 in
(20 mm)). The repeatability, calculated as described in Section 3.2, was greater than 100% for
al three pairs of load cycles. The net deflection achieved in the 24-hour test (Figure A.21) was
amilar to that under the same load during the rapid load test. The variation in recorded
deflection readings during the 24- hour test may be attributed to the changes in temperature.

Permanency vaues for the rapid load test are 19% for the first cycle, 0% for the second, 10% for
the third, 1% for the fourth, 8% for the fifth, and 3% for the sixth. These levels of permanency,
as well asthe decrease in the permanency with repetition, help show that the member is capable
of safely maintaining that gpplied load.
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Fgure A.22 showsthe load versus net deflection curve for the joist up to faillure. Thefallure
load, Py, was approximately 70,800 Ibs. (315 kN). The net deflection under the ultimate load
was 1.7 in. (43 mm) and the maximum net deflection was approximatey 1.9 in. (48 mm).

The maximum load leve attained in the rapid load test (gpproximately 17% of the true capacity

of the member) corrdates to a maximum deviation from linearity of about 20%. Theleved of

load that was required to achieve a 25% deviation from linearity was gpproximatey 27%Py; (i.e.,
19,200 Ibs. (85 kN)).

During the test to fallure, asignificant increase in strain did not occur until the load leve of
approximately 30,000 Ibs. (133 kN). Below thisload leve, thejoist showed alinear dastic
behavior, which suggests that the concrete may not have developed shear cracks.

A combination of negative flexure and pedling of the FRP shear reinforcement cortrolled the
falure of J1.3B.
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Figure A.20: Time history of rapid load test for JL 3B
(Lin.=254mm, 11b. =4.45N)
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Figure A.21: Time history of 24-hour load test for JL3B
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Figure A.22: Load ver sus deflection curvefor JL3B
(lin.=254mm, 1Ib. =4.45N)

Case Study #5: L ong Span Ceiling Joist (JL4B)

The strengthening of 4B was smilar that of JL3B except JL4B had the end anchor for the
externally bonded FRP shear reinforcement (Khalifa, et a., 1999 and Raghu, 1999).

Figure A.23 isatime history of theload and net deflection for the rapid load test, and Figure
A.24 isthe same for the 24-hour load test. As shown on Figure A.23, the rapid load test was
conducted using three pairs of repeated load cycles. The sixth cycle achieved the average
maximum load of thefifth cycle (i.e., 22,200 Ibs. (98.8 kN)) at the same deflection (i.e.,, 0.27 in
(6.9 mm)). The repeatability, calculated as described in Section 3.2, was greater than 100% for
al three pairs of load cycles. The net deflection achieved in the 24-hour test (Figure A.24) was
amilar to that under the same load during the rapid load test. The variation in recorded
deflection readings during the 24-hour test may be attributed to the changes in temperature.

Permanency vaues for the rapid load test are 32% for the first cycle, 5% for the second, 10% for
the third, 3% for the fourth, 11% for the fifth, and 2% for the sixth. These levels of permanency,
as well asthe decrease in the permanency with repetition, help show that the member is capable
of safely maintaining that gpplied load.
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Fgure A.25 showsthe load versus net deflection curve for the joist up to faillure. Thefallure
load, Py, was approximately 65,200 Ibs. (315 kN). The net deflection under the ultimate load

was 1.7 in. (43 mm) and the maximum net deflection was approximatey 1.9 in. (48 mm).

The maximum load leve attained in the rapid load test (gpproximately 35% of the true capacity

of the member) correlates to a maximum deviation from linearity of about 24%. The levd of

load that was required to achieve a 25% deviation from linearity was gpproximatdy 41%P; (i.e.,
26,500 Ibs. (118 kN)).

During the test to failure, asgnificant increase in strain did not occur until the load level of
approximately 30,000 Ibs. (133 kN). Below thisload leve, thejoist showed alinear dastic
behavior, which suggests that the concrete may not have developed shear cracks.

Negative flexure was the mode of fallure for this joi<.
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Figure A.23: Timehistory of rapid load test for JL4B
(Lin.=254mm, 11b. =4.45N)
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Figure A.24: Time history of 24-hour load test for JL4B
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APPENDIX B COMMERCIAL PROJECTS

Rapid load testing has recently been used to validate new strengthening techniquesin concrete
gructures. The use of new materids, such asfiber reinforced polymers (FRP), which have not
yet been accepted into standard practice, may lead to some questions as to their performancein
thefidd. Rapid load testing isasmple way to verify these strengthening sysems. Severd
“proof” load tests have been conducted, and representative ones are summarized below.

Case Study #6: Atlanta, Georgia: Push-Down

The post-tensioned PC dab of a parking garage was strengthened with gunite RC beams shortly
after congtruction in order to correct a deficiency in the number of stedl tendons aong the East-
West dignment of the building. The integrity of the composite action between the gunite beam
and dab was to be based solely on the strength of the interfacial bond between the two. Since
delamination had occurred over time, such action was compromised and epoxy injection was
required. In order to find a permanent solution to the delamination problem, it was suggested
that the gunite beams be demolished and replaced with externdly bonded carbon FRP sheets.

Before the specidty contractor began with the commissioned CFRP strengthening work, arapid
load test assessment was carried out. In this test, one concentrated force was applied to the dab
column-girip by means of hydraulic jacks (Figure B.1). The placement of the jacks and the
reaction points were selected on the basis of the structure’ s geometry. For the case under
examination, it was chosen to perform a push-down test, as described in Section 2.2.2. The
hydraulic jacks reacted against the two floors above (Figure B.2). Deflection at severd points
(i.e., under the load, at the quarter-span sections, at the drop panel) was measured. Following
repested |oading and unloading cycles, it was possible to capture the transient and permanent
deformation response of the dab. Theleve of the maximum load was determined based on
preliminary caculations and the response of the structure during the load test.

The load test was repested with the same modality after the execution of the CFRP strengthening
work. Thelevd of maximum load was increased to provide a safety factor againgt service load
conditions, but it was dways maintained within the eagtic range of the Sructure. Live load was
removed during the strengthening and testing of the dab. By comparing the outcome of the two
tests, it was possible to evaduate the effectiveness of the FRP strengthening method.

For additional information regarding the structural geometry, materid properties, and levels of
load involved with this case study, see Nanni and Gold (1998a), Nanni and Gold (1998b), and
Nanni, et d. (1998).
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FigureB.1: Load applied by hydraulic jacks

il

Figure B.2: Shoring on floor abovetested slab
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Case Study #7: Winston-Salem, North Carolina: PushtDown

Strengthening of atwo-way, post-tensioned, flat dab was necessary dueto achange in its use.
The strengthening was accomplished using externaly bonded CFRP sheets bonded to the dab's
soffit in the pogitive moment regions and to the top of the dab in the negative moment regions
aong the column lines (Gold and Nanni, 1998). The push-down test method, as described in
Section 2.2.2 was used for these tests. The load was applied using a combination of sandbags
and hydraulic jacks, as shown in Figure B.3. The trangport box that contains the eectric pump
used to supply the fluid to the hydraulic jacks, as well asthe externdly bonded negetive flexura
srengthening CFRP sheets, are dso shown in thisfigure. The shoring on the floor above the
hydraulic jacks, shown in Figure B.4, and the LV DTs mounted on auminum tripods below the
test member, shown in Figure B.5, caused little disruption to the office space at the test Ste. The
effectiveness of the CFRP strengthening was successfully demonstrated by the rapid load tests.
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Figure B.3: Load applied using hydraulic jacks and sandbags
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Figure B.5: LVDTsmounted on aluminum tripods
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Case Study #8: Baltimore, Maryland: Pull-Down (Fixed)

Strengthening of an RC dab was required as aresult of a change in use coupled with alack of
reinforcement in afew isolated areas of the dab. The addition of externally bonded CFRP sheets
sought to make up for this deficiency in these areas. The rapid load test was used as a means of
vaidating the design and construction of the strengthening system. The test performed was a
pull-down test in which a hydraulic jack (Figure B.6), resting on the second floor, reacted against
chains (Figure B.7) pulling on thefirg floor columns (Figure B.8), as described in Section 2.2.2.
The use of hydraulic jacks dlowed for easy manipulation of the load, and since the jack applied a
concentrated load, it was possible to focus the test only on those areas in which a deficiency was
corrected. The repaired dab was loaded to 85% of its ultimate design capacity by using
progressively increasing load cycles and steps. The test was completed in 6 hoursincluding
Setting up and removing the test equipment. A combination of deflection and drain
measurements taken during the load test and afinite e ement andysis were conducted upon
completion of the test.

The rapid load test did not seek to evauate the safety of the entire structurd system. Rather the
test was designed to prove the performance of the strengthening system and verify the positive
bending moment capacity at the mid-span of the dab between two columns. This was achieved
by loading the structure and measuring strains in the concrete and strengthening materias.

These strains were related to the materia stresses, and these stresses were correlated with the
assumed dress levelsin the design of the strengthening system.

Geometry, including column locations and member Sizes, was determined mostly from the

origina architectural drawings. The column locations were field verified prior to testing. The

dab of interedt, 6.5 in. (165 mm) thick, is continuous aong three edges and supported by an edge
beam dong the fourth edge. Positive flexura reinforcement congsts of #3 (9.5-mm diameter)

bars spaced at 9 in. (229 mm). It was assumed that 0.75 in. (19 mm) of clear cover was provided
for this reinforcement. Strengthening was achieved with a 20 in. (508 mm) wide by 9.5 ft. (2.90
m) long externdly bonded FRP laminate located on the soffit of the dab.

The materid characterigtics were determined from the origind design specifications.
Specifications indicated anominal concrete strength of 3,000 psi (20.7 MPa) for the elevated
dab and columns, and aminimum yield strength for the stedl reinforcement of 40 ks (276 MPa).
Additionaly, the supplemental FRP reinforcement has a tensile modulus of 33 Mg (228 GPa)
and a rupture strength of 505 ks (3,482 MPa) according to the manufacturer’ s specifications.

A sarvice dead load of 81.25 psf (3.89 kN/n) results only from the self-weight of thedab. The
service live load for the area of interest is 100 psf (4.79 kN/f). The maximum test oad was
determined from these values assuming an additional dead load in place of 5 psf (0.24 kN/n)
due to furniture, flooring, and partitions.

Evidence of the structurd integrity was displayed in the load versus deflection curve and the
moment versus strain curve, as they showed alinear response up to the maximum test load. In
addition, no sgnificant resdua deflections were recorded. The magnitudes of the measured
strains were low, and corresponded to those expected from an uncracked section andysis.
Additiond evidence that the structure was uncracked was seen in the deflection readings. The
sructure behaved exactly asalinearly eagtic plate with an eastic modulus of 3.4 ks (23.4 GPa).
It was concluded that the full 6.5 in. (165 mm) of thickness was effective under the loads
gpplied, and it remained uncracked under a bending moment equivaent to a moment produced
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by 85% of the factored load condition. The structure safely carried the moments induced during
testing and thus will safely carry the desired design loads.

dr

e

Fes
- “

Figure B.6: Hydraulicjack used to apply load
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Figure B.8: Detail showing reaction provided by the column

Case Study #9: Perugia, Italy: Pull-Down (M obile)

A doubly curved, precast, PC shdl was strengthened with externaly bonded CFRP laminates.
The shdl was part of the roof of an industria building and had experienced severe locdized
damage due to accidenta hest radiating from aflue (Barboni, et d., 1997 and Benedetti and
Nanni, 1998). Because of the uncertain prestress loss and with the motivation of checking the
efficiency of the CFRP strengthening, aload test program was conducted to compare the PC
shell behavior before and after the rehabilitation.

The pull-down type test with amobile reaction, as described in Section 2.2.2, was used in this
load test program. A concentrated force was applied at the middle of the PC shell and the
deflections at three points (i.e., under the load, at the quarter section, and the supported end)
were measured using LVDTs. Figure B.9 shows adetail of the spreader beam used to apply the
load to the PC shell. A sted cable, shown in Figure B.10, passed through the PC shell and was
connected to a hydraulic jack, which reacted against the dead weight of aforklift in order to
apply theload. In the post-strengthening test, LVDTs were used to record the strain of the
longitudina and transverse CFRP strips. Attention was focused on the mid- and quarter-span
verticd displacements. Following repeated loading and unloading cycles with increasing loads,
it was possible to determine parameters such as resdua deformation, repestability, linearity, and
energy disspated for each cycle.

Prior to the start of the repair work, the load test was conducted with a maximum applied load of
2,700 Ibs. (12 kN). The test was limited to thisload level (one third of the target vaue) in order
to prevent any additional damage to the shell. The precaution was motivated by the following
consderaions adesreto maintain low stressin the weakened portion of the tendons,
observation of an excessive quarter-to-mid-span deflection ratio (i.e., 0.84), and observation of a
relaively high mid-span deflection, 0.386 in. (9.8 mm). Thetypical assumption that a roof
structure subjected to service load can safely experience adeflection in the order of L/200
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(where L isthe span) may not be acceptable in the case of aPC shell. Infact, for the shell under
congderation, thiswould correspond to a concrete compressive stress of 2,320 psi (16 MPa) in
addition to that aready present.

During the second test (after repair), aiming to reproduce the service condition of the roof, the
target load of 8090 Ibs. (36 kN) wasimposed. For the load level of 2,700 Ibs. (12 kN), the
deflections before and after strengthening were 0.386 in. (9.8mm) and 0.303 in. (7.7 mm),
respectively.

Important information can be extracted from the quarter-to-mid- pan deflection ratio. For a
samply supported beam in the linear-elastic range and under a concentrated centrd load, this
deflection ratio is theoreticaly equa 0.6875. Examining the experimenta ratios obtained in the
two tests, values of 0.84 and 0.70 were computed for the pre- and post-srengthening tests,
respectively. Also, it was noted that, although the load was three times higher in the second test,
the firg test showed alarger dissipated energy ratio. In fact, the inelagtic deformation of the
damaged zone can be considered as the primary mechanism of energy absorption. It was
concluded that the localized damage affected the |oad- deflection behavior of the shell and that
the implemented repair method corrected the loss of flexurd/shear siffness.

In order to confirm the validity of the experimenta results, a numerica andysis was performed
using the finite dement (FE) method. It was found that the loss of stiffness corresponding to the
experimenta quarter-to-mid-span deflection ratio determined in the pre-srengthening test
corresponded to aflexura giffness (i.e., combined eastic modulus and moment of inertia)
reduction of ten times at the location of the damage. Furthermore, the FE linear elagtic andysis
of the repaired PC shell based on the el astic properties obtained through direct eva uation at the
gte, showed deflection vaues in very good agreement with the ones obtained in the post-
srengthening test.
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Figure B.10: Chain connecting the spreader beam to the hydraulic cylinder
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Case Study #10: Oklahoma City, Oklahoma: Closed Loop

This case study describes the rapid load tests performed on the structural street leve floor of a
convention center. The floor required strengthening in order to increaseits live load bearing
cgpacity. The strengthening system implemented included a combination of externally bonded
ged plates and CFRP sheets. The strengthening system sought to address both flexura and
shear deficiencies (Hogue, et a., 1999a and Hogue, et d., 1999b).

The rapid load tests sought to evauate end and mid-span moment capacities of atypicd jois.
The rapid load test demondtrated the strengthening system’ s ability to carry the new design loads
without premature failure (i.e., debonding and concrete cover delamination).

Two load tests were performed, each using two loading configurations. The test matrix is
summarized in Table B.1. The load tests concentrated on an evduation of onejoistina
gructura bay. Thefirs set of tests was performed before the strengthening system was
ingdled. The second set of tests was performed after the strengthening system had been
ingaled in the tested bay.

TableB.1: Summary of load test matrix

Load Test Number Response Tested Condition of Element
Pogitive moment & mid-span
A-1 of atypicd joist Unstrengthened
Negative moment of atypica
A-2 joist at the beam+joist Unstrengthened
intersection

Positive moment a mid-span Strengthened with 4 — 4

B-1 I plies of CFRP on each side
of atypica joist of the joist stem
Negative moment of atypica Strengthened with an A36
B-2 joigt at the beam-joist sed plate (1/4"x 4”) bonded
intersection to the top of the joist
(1in.=254mm)

The placement of loads and instruments for Load Configuration 1 was designed to smulate the
positive moment that would be caused by a uniformly distributed load a the mid-span of a
typicd joist. To thisend, the closed loop test method (Section 2.2.2) was used, where one
hydraulic jack was located on top of the joist at mid-span and reacted against spreader beams
below thejoist as shown in Figure B.11.

Strain measurements were taken on the top of the dab and at various depths dong the joist. A
strain gage bonded to the top of the dab was used to directly measure compressive strain. An
LVDT was mounted on the side of the joist with angle brackets to measure elongation over a
4.25in. (108 mm) length, asshown in Figure B.12. This device was |located a a depth of 12.75
in. (324 mm) from the top of the dab. An extensometer measured elongation a a depth of 21 in.
(533 mm) from the top of thedab. The LVDT measuring € ongation and the extensometer both
bridged a vertical crack a mid-span of the joist. It was, therefore, possible to monitor the crack
opening & thislocation. After theingalation of the FRP, the extensometer measured € ongation
of the FRP laminate directly over the crack. LVDTswere dso positioned dong the length of the
member to measure deflections before and after strengthening.
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By comparing the load versus deflection curves before and after strengthening (Figure B.13), an
increese in diffnessis noticeable due to the presence of the FRP. A significant change in the
width of the monitored crack was aso expected. The origina post-tensioned structure had little
bonded reinforcement. After strengthening, the FRP sheets provided a significantly higher
amount of bonded reinforcement and smeared the tensile strains over amuch larger length. This
type of behavior was verified with the test data. A comparison of the crack width opening for
the unstrengthened and strengthened joist is shown in Figure B.14.

The placement of loads and instruments for Load Configuration 2 was designed to Smulate the
negative moment at the intersection of atypical joist and edge beam that would be caused by a
uniformly digtributed load. To thisend, the closed loop test method (Section 2.2.2) was again
used, in which two hydraulic jacks, located on top of the joist on either Side of the edge beam,
reacted against spreader beams below the joist, as shown in Figure B.15. LVDTswereagain
positioned aong the length of the member to measure deflections before and after srengthening.
No change in stiffness was noticed, and because there were no visible exigting cracks in the test
member, monitoring of crack widths was not undertaken.

All four rapid load tests involved applying severd load cycles. Each load cycle conssted of
loading the structure in steps. A minimum of four, gpproximately equd, load steps were used to
load the structure followed by at least two steps to unload the structure. Each load step was
maintained for a least 2 minutes. During this time the mid- span deflection of the structure was
monitored for sability. The pesk load for each successive cycle was gradualy increased to
gpproach the maximum test load.

Moments in excess of 85% of the factored desgn moments were smulated in the joist. The
structure showed alinear response to loading for al load levels and load configurations,
indicating that the structure safdly carried the moments smulated during testing.

| I'I. \

FigureB.11: Loading apparatus used for Load Configuration 1
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FigureB.12: LVDT and extensometer measuring elongation

AT

Load (Ibs)

~*" Before Strengthening |_|

—*— After Strengthening

0.06 0.07 0.08 0.09

0 0.01 0.02 0.03 0.04 0.05

Deflection (in)

Figure B.13: Load ver sus deflection of joist mid-span before and after strengthening
[Load Test A-1and B-1] (1in. =25.4mm, 11bs. = 4.45N)
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Figure B.14: Load versuscrack width at joist mid-span before and after strengthening
[Load Test A-1and B-1] (1 mils=0.001 in. = 0.0254 mm, 1 Ibs. = 4.45 N)
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Figure B.15: Loading apparatus used for Load Configuration 2
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Case Study #11: Pittsburgh, Pennsylvania: Closed L oop

The presence of shear cracks near the dap ends of 1,400 prestressed concrete beamsin a parking
garage led to their repair using externdly bonded CFRP shests as reinforcement (Sawyer, 1998
and Wuerthele, 1999). Load tests were performed on 20 representative beams in order to verify
the strengthening was effective (Mettemeyer, et al., 1999 and Gold, et a., 2000). Each test was
performed using the closed loop method on two isolated, smply supported double tee beams
smultaneoudy as shown in Figure B.16 and Figure B.17. Figure B.16 showsthe view of the
closed loop testing method from below the test members. The reaction beam and the inverted
tee, againgt which the reaction beam reacts, as described in Section 2.2.2, are both shown in this
figure. Also shown are the LVDTs mounted on auminum tripods, which are used to record the
deflection of the two test members during the load test. The data acquisition unit, which records
the values of load and deflection during the load test, isalso shown in Figure B.16. Figure B.17
shows the view of the closed loop test method from above the test members. In thisfigure, the
two test specimens, which have been isolated from the rest of the dab, are shown. The transport
box, which contains the eectric pump used to supply the fluid to the hydraulic jacks, isaso
shown. The hydraulic jacks apply the test loads to the spreader beams, which concentrate the
loads on the two stems of each double tee, as described in Section 2.2.2. All the tests were
completed in less than ten days, and the interruption to the flow of traffic was minima, dueto

the method of testing and the efficiency with which the tests were conducted. The effectiveness
of the CFRP strengthening system and the ability of the beamsto carry their design loads were
successfully demongtrated by the rapid load testing.
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Figure B.16: Closed Ioop method from below thetest members
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FigureB.17: Closed loop method from above the test members

Case Study #12: Los Angeles, California: Vehicle

The following case study discusses the strengthening of the structura deck at a power plant

(Bick, 1998). The deck is a post-tensoned, one-way, concrete dab that is 11 in. (279 mm) thick.
The dab is edge supported by sted wide flange sections, and the construction is non-composite.
Strengthening was required as aresult of aloss of post-tensioning tendons due to corrosion. The
drengthening system utilized externaly bonded CFRP sheets. The sheets were ingtdled at
intervas dong the dab’'s soffit for positive moment strengthening and at intervas ong the top

of the dab for negative moment strengthening (Figure B.18).

L oad tests were conducted in order to confirm the addition of postive moment strength provided
by the CFRP shedtsingdled on the dab's soffit. The evauation conssted of anin Situ load test
of atypica dab before and after the CFRP soffit reinforcement was indaled (the CFRP
reinforcement on the top of the dab was in place for both series of tests). Load was applied by
positioning aforklift a various locations dong the span of the dab and carrying varying amounts
of additiond load, as described in Section 2.2.2. A preiminary andysis of the dab was used to
gage the loads and positions needed to induce given momentsin the dab. Sab deflection
messurements were taken at saverd locations to determine the actual moments induced in the
dab at the time of testing. Strain measurements in the concrete and the CFRP sheets were then
used to determine the stresses in these materids. These values were compared with expected
dress levels determined by andlyss to ensure that the CFRP was providing additiond strength to
the member.

The basdine load test was executed before ingtdlation of the positive moment CFRP
reinforcement. The purpose of this test was to provide a basis for evauating the structure after it
had been strengthened. The addition of strength to the system provided by the CFRP was
confirmed by a comparison to the system before strengthening. Relatively low levels of load
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were gpplied in this test so as to prevent permanent damage to the structure. Two levels of |oad
are used for the basdinetest. Theforklift isinitidly unloaded, therefore the applied |oad was
only the dead weight of the forklift (Test Cycle 1). Thetotd load on the front axle of the forklift
was 5,150 Ibs. (22.91 kN) at thislevel. The forklift was positioned &t five different locations on
the dab, with each location causing alarger moment at the center of the dab. Each position was
maintained for aminimum of two minutes so that deflections could gabilize. Moments were
then decreased by moving the forklift back to the same positionsin reverse order. These
positions were again maintained for two minutes eech. Thisinitia test was primarily used to
cdibrate and check the instrumentation. For the second load cycle, a surcharge of 300 Ibs. (1.33
kN) was carried by the forklift (Test Cycle 2). Thisresultsin atota front axle load of 5,645 |bs.
(25.11 kN). The pogtion of the forklift was varied in asmilar fashion to Test Cycle 1.

Readings from &l devices were recorded at five-second intervals throughout the duration of the

cycle.

The after-strengthening load test was performed after the ingtdlation of CFRP sheets on the
soffit of the tested dab. The CFRP sheets were ingtalled and allowed to cure. Higher levels of
load were applied in thistest. The purpose of this test was to confirm the addition of strength to
the system at load level s corresponding to service load levels and above. The after- strengthening
load test conssted of three load cycles. Load Cycle 3 wasidentica to Load Cycle 2 (basdine
test) for adirect comparison. Theload levels were then significantly increased. Load Cycle 4
was performed using the forklift loaded with a surcharge of 1,800 Ibs. (8.01 kN), resultingin a
front axle load of 10,900 Ibs. (48.5 kN). Thefinal cycle, Load Cycle 5 (Figure B.19), wasthen
run with asurcharge of 3,600 Ibs. (16.01 kN), resulting in afront axle load of 16,660 Ibs. (74.11
kN). Theincrementd positions of the load remain the same as the positions in the basdline test.
Stabilization of dl deflection readings at each increment was verified to ensure the safety of the
test. Readings from al instruments were recorded at five-second intervas throughout the
duration of each load cycle.

The system’ s performance was eva uated based on its response to the bending moments induced
by thetest loads. The overdl performance of the entire system was evaluated as well asthe
performance of the CFRP congdered separately. The evauation of the overdl structura
integrity of the system is based on an andlysis of the linearity of the structure’ s response to
loading. The linearity of the structure' s response was evident in the relationship of the load
versus the deflection of the system. The load levelsinduced during testing were dl within the
gructure' s dadtic capacity. This was verified by investigating the load- deflection rdationship

for theload cyclesin the after-strengthening test.
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VDT for Srain| e =

Figure B.19: Forklift loaded with 36-100 Ibs. (0.44 kN) sandbags
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Case Study #13: Norfolk, Virginia: Vehicle

The concrete dab of amarine pier was load tested in order to assessits structura performance
after it was strengthened with externdly bonded FRP reinforcement. The load test involved
measuring the deformation of the dab under the load of alarge forklift operating on the deck.
The forklift was loaded to smulate the effects of carrying coilsthat are sored in this facility.
Thereaults of the test indicate that the structure can service the needs of the facility with an
adequate factor of safety. The only concern isfor the non-structurd, asphdt topping which may
not be sufficient to sustain the anticipated loads.

The purpose of the load test was to smulate the effect of design load conditions. For the case of
the current study, the governing design load results from alarge forklift operating on the top of
thedab. Theflexurd performance of the dab a mid-gpan was of primary interest. Onetypicd
structura bay was tested after strengthening with externally bonded FRP sheets. Load was
gpplied by postioning the in-service forklift on top of the dab (Figure B.20), as described in
Section 2.2.2. Theload was increased incrementaly by varying the pogtion of the forklift and
the amount of additiona weight the lift carried. Measurements were recorded as the forklift was
positioned at five locations dong the centerline of the bay. For each of these positionsthe
forklift carried additiond loads.

The testing equipment used consisted of LV DTs for measuring deflections and dectrica
resistance strain gauges and extensometers for measuring strains. The LVDTs were mounted on
auminum tripods, which sat on temporary scaffolding below the test member, as shown in
Fgure B.21. Deflection measurements were taken at evenly spaced intervals dong aline located
mid-way between the column lines. These measurements were used to plot the deflected shape
of the dab dong thisline. By differentiating the deflected shape twice, the curvature of the dab
aong the same line was determined. Assuming a congtant flexura stiffness, the ditribution of
moments in the dab is directly proportiond to the curvature. This differentiation was performed
numericaly by finding the dope between deflection data points. The maximum curveture of
135x10°® in"* was measured in the dab a mid-span. Theleve of induced curvature suggested
that the dab was behaving well compared to its limit states. Under the gpplied load the dab was
at 40% of the yielding point of the sted and at 37% of its ultimate capecity (safety factor of
2.70). Thissuggeststhat the dab iswell within servicegbility limits under the applied load, and
the dab has adequate reserve to resist overload conditions.
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Figure B.20: Loaded forklift positioned over center of tested bay

r Temporary ;

Scaffolding

FigureB.21: LVDTs mounted on tripods sitting on temporary scaffolding below pier

Case Study #14. Pine Bluff, Arkansas. Dropped Weight

This load test was conducted as part of apilot project. The project involved strengthening and
testing of one beam for shear. The beam under consideration was representative of about 54
beamsin smilar condition. These beams were damaged due to overloading and impact loading.
A large number of shear and flexura cracks were observed on most of the beams indicating a
sgnificant degradation in stiffness. A rapid load test evauation was conducted before and after
srengthening. Each load test consisted of both static and dynamic loading. Static loading was
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achieved viaaforklift carrying a payload weighing about 14,000 Ibs. (62.3 kN). The forklift was
dowly driven on top of the beam toward mid span and then back. Dynamic loading was induced
by using aforklift to drop the payload onto the beam from different heights. LVDTswere used
to measure the displacement of the beam at mid span and close to the end supports, as shownin
Figure B.22. Accelerometers were used to measure the acceleration of the beam under the
dynamic loads. Theresults of the satic and dynamic testsindicate that the strengthening

resulted in an increased tiffness of the member.

9in. (229 mm) 1

qu in. (229 mm) f Test member |

[MAcc. #1 [ Acc. #2 Acc. #3[()

LVDT #1 LVDT #2 LVDT #3
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Figure B.22: Schematic drawing shows location of LVDTsand accelerometers
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