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CHAPTER |

INTRODUCTION

1.1 Introduction

The bridge structure is one of the most difficult structures in design and
assessment, because the bridges are resisted to complicated loads and environments.
The major loads applied to the bridges are dead load, live load, environmental loads
(temperature, wind earthquake) and otherleaas (eollision, emergency braking). The
basic load combination is.a-simultaneeus concurrence of dead load, live load, wind
load, etc. The combinations~involving. other load components (earthquake, and
collision forces) are requiredasthe special case.

Live load covers a range of forces produced by vehicles moving on the bridge.
The effect of live load dependson many barameters including truck weight, axle loads,
axles configuration, span‘length; position ‘Of-'-the vehicle on the bridge (transverse and
longitudinal), number of the vehicles on the bridge, etc. The live load for bridge
design must be specified property reIatiOrfship to vehicle crossing the bridges. In
Thailand and many countries, Bridge live Io"ad‘"ldesign has been adopted in the design
specification from _overseas countries. Sometimes design truck load from the
specification is not proper-to-the-acival-tocal-trucik-toads. This becomes critical issue
when actual truck loads are higher than that design load. The bridges experiencing
these higher loads are subjected to a higher risk of distress, damage, and possible
failure. Thereforeyactual local truck loads-are very significant to the highway bridge
engineers for bridge design, assessment, evaluation, and maintain.

For, many years, truck weight measurefment was conducted by stationary
weigh scale with fixed location an'thetmajor highways which purpose.of ensuring that
trucks do not load exceedingly the legal limit weights of the transportation agency.
This method is limited to detect overburdened trucks data because many drivers of
overload truck intentionally avoid the scales, causing the results are biased to lighter
weight trucks. Therefore, in recent decades, truck weight monitoring technology has
been growing interested developing in many countries. In 1970s, Weight-In-Motion
(WIM) system has been developed and became usefulness for truck load monitoring

data. The major WIM systems can be categorized in to two approaches namely Road-
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Surface Weigh-In-Motion (RS-WIM) system and Bridge Weigh-In-Motion (B-WIM)

System. The RS-WIM system is the system where equipments are installed on the
road surface. This system can also be categorized according to equipment types such
as Bending Plate, or Load Cell WIM Systems with embedding on the road surface,
and Piezoelectric Sensor WIM System with mounting on the road surface. The B-
WIM is the system using instrumented bridge to monitor traffic trucks data. This
system generally consists of devices such as: strain gauges or strain transducers
attaching on the bottom of each bridge girders or bottom of slab bridges, axle
detectors which are placed on the road surface.. B-WIM system has many advantages
over RS-WIM system such as It IS convenient for installation, maintenance and
inexpensive.

The assessment and-evaltation (AE) of the existing bridge is major issue in
the bridge engineering _field<at /the present decades. It will provide necessary
information of existing bridoes: repair, rehabilitate, replace or demolish. The tasks of
assessment and evaluationexisting bridge structures can be separated in to two main
tasks, the first one is assessment to know bridge condition (damaged and deteriorated
rate of the bridge structurg'members), and th_é second is analysis modelling to evaluate
the capacity of the bridge Structure membéfsﬂ_to ensure safety performance to the
traffic loads. Therefore, the accuracy of AE |s according to information of bridge
structure members (damaged condition) and ahél.ysis modelling of the bridge structure.
There are many methods to estimate damage condition of the bridge structure
members such as bridge inspection, structure identification techniques, etc. After
damaged condition of bridge members are known, consequent works is the evaluation
capacity of the: bridges. The "difficulty S that'how to connect between the bridge
condition from*“assessment works and evaluation capacity model of the bridge. The
conventionalymethod .to evaluate bridge capacity isthased on Manual for Condition
Evaluation of Bridges of AASHTO, 1994. 1n this method, the bridge damage
condition is interpreted as reduction factor to reduce bridge component strength. The
main concept of this method is that the bridge will be safe if the strength of the bridge
members is greater than effects induced by applied load (Rating factor is greater than
one). However, it is still difficult to include actual damaged condition using this
conventional method. Therefore, it is needed to find out the approach that can present

actual bridge condition to reach more accuracy for evolution existing bridge.
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The reinforced concrete (RC) bridge structure is the most complicated for AE,
especially aged RC bridge structures; because the reinforced concrete structure has
complicated behaviour, it is composed of two materials, concrete and steel
reinforcement. The concrete is made of cement and natural material (sand, gravel and
water) which it is very high capacity in compression force, but very low capacity in
the tension; the steel bar is reinforced to enhance in tension forces. Many researches
have clearly understood the behaviour of the concrete structure at the certain
conditions, and successfully in the design. Many design codes have been developed
using in the worldwide. However, the works. for assessment and evaluation of the
existing concrete structure 15 still under research; especially the deteriorated concrete
bridges structures, because bridge is withsiood to uncertain environment condition
and traffic loads.

In Thailand, Bridge Design has been based on AASHTO specification, and
design live load using HS20 =44 Joading, for many years. For the over loading case,
it may be increased this @design load up to 30 % to accommodate heavy trucks.
However, there are still norany studies for increasing of the design load from the
original specification. In fact, the actual tr_Uéks In the Thailand are also unlike the
AASHTO truck model, and the fegal Iifﬁitatgon of vehicle weight in Thailand is
different from USA definitely. Furthermrore,”'at the present time, many bridges,
especially concrete bridges types have been o‘Id’énd some are deteriorated.

Therefore, this study would like to study Iinto two_ main parts, first part is to
develop truck load monitoring system base on the concept of B-WIM system and test
this system to monitor Thai truck data at the Bangkok city, second part isto develop
models for 3Dxnhonlingar ‘finite element method (NLFEM) accounting for existing

flaw/cracks to analysis diagnosis and evaluation existing concrete bridge.

1.2 Objective and Scope of the Research
1.2.1 The Objective of the Research

The main objectives of the research are as below:

1. To develop truck load monitoring system and to monitor actual local truck
loading at Bangkok, Thailand.

2. To present actual Thai truck loading and its configuration from monitoring
data, and compare the maximum observed truck loads to the bridge design loading of
AASHTO, HS20-44 using simply analysis.
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3. To adopt softening model of concrete and tension stiffening model of
reinforced concrete accounting for existed flaw/crack at tension region for 3D
nonlinear finite element analysis of reinforced concrete structures.

4. To apply proposed models for analysis diagnosis existing concrete bridge
structures by 3D nonlinear finite element method which existing flaw/cracks are
considered.

1.2.2 The Scope of the Research
Truck load monitoring system:

- Truck loading monitoring system will be based on B-WIM algorithm for this
study, which the bridge is modeled as one dimension of beam element and truck is
assumed in a constant speed crossing the bridge. For closed axles or axle group
weight of truck is assumed.as one point load applied to the bridge.

- Thai truck data (axle weight, axles groups weight, axles spacing, and gross
vehicle weight (GVW)).from smonitoring will be presented. Further more, the
simplified analysis for shert to medium span bridges will be used to observe the
responses of heaviest Jruck from moniﬂt_ored data to HS20-44 truck loading of
AASHTO.

Assessment existing bridges using NLFEIV[&

- The bridge geometry wili be model_ed in 3D, 20 nodes solid element for
Nonlinear Finite Element Method. CAMU'I. p-rf)gram which developed at Laboratory
of Engineering for Maintenance System, Hokkaido University will be used.

- The concrete and reinforcement properties are considered as the nonlinear
material, constitutive models. The existed flaw/cracks at the tension zone of the
members are accounted-by adopting softening and tension stiffing models for concrete
and reinforced concrete element, respectively.

~+Twortypes of cracks at:the tensionegion of old cencrete bridge are considered,
i.e. cracks mapping from site are called visible cracks, and small cracks which may
can not be observed form the site, are calculated from bending member theory and
called theoretical cracks.

- In this study, easting cracks are assumed to have the same width trough the
depth of the effective tension region of the concrete structure members, and assumed

to have no influence to the steel reinforcement property.
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- Existing concrete slab bridges are used as case study for proposed models
approach by 3D NLFEM. The bridge curbs and main slab are assumed to be full

composite.

1.3 Methodology

The methodology in this research consists of literature review, field data
collecting and testing, data simulation and model analysis as explaining in the
following.

Literature review:

The truck load monitoring technologies, bridge assessment method, and
NLFEM for reinforced concrete structure have been reviewed from many previous
researches to be back groundof.ihe study.

Data collection and field.iesting:

The field works are included truck load monitoring and inspection existing
concrete slab bridges. ,

The system hasitested ‘using prestressed T-girder bridge at main highway,
Bangkok Earthen Ring Road, near Bangko'k"-metropolitan. The equipments for this
monitored system are included stich as.;;sfrqin gauges, data acquisition (DAQ),
photoelectric sensors, CCTV, and PC comp’uter: After system was calibrated properly,
then the actual truck loads data were collected.éo.ntinually and saved to computer hard
disk for further simulation.

Some existing concrete slab bridges, span 8 t0 10 m at northern part of
Thailand were selected.foe inspection and testing. The bridge inspection was
included suchas detail’ visual inspection; crack- mapping, ‘and bridge dimension
measurement. The testing works included such as material testing and non destructive
load testing whichthese testing worksiweregonducted withiinspecting company.
Analysis and simulation:

The monitoring data that collecting from the site was further to simulate. The
strains signal was filtered by lowpass filter. The program for simulation monitored
data and deriving trucks was written using MATLAB code. The heaviest trucks from
monitored data were compared to HS20-44 of AASHTO specifications by using
simplify analysis to short and middle simple span bridge, range from 6 m to 35 m.

The material constitutive models of softening and tension stiffening are

adopted to account for the existing flaw/crack at tension zone in concrete and RC
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structures, and then the proposed models have installed to program code file of 3D

NLFEM, CAMUI program which this program is originally developed at
Maintenance System Laboratory, Hokkaido University. Then the proposed approach
was verified by analysis notched concrete and RC beams. After the program was
proved working properly, some existing concrete slab bridges span length between 8
m have been chosen to be case study for analysis diagnosis their behaviours.

1.4 Dissertation Organization

This dissertation consists of seven €hapters. Chapter | presents a general
introduction of the research motivation, objecives, scope and methodology of this
research. Chapter Il revieWs previous research Works related to the vehicle-bridge
truck load, truck load moniioring system and B-WIM system, bridge evaluation, and
NLFEM for concrete andsRC.structure. Chapter H1 describes the theoretical of WIM
and B-WIM systems. Theformulation, equipments for the system using in this study
are also presented. Chapter IV presentéythe application of truck load monitoring
system which developed in/this study. S‘!i_gnal collection, calibration procedure, and
final monitoring results for Thai truck data":ar"é also included in this chapter. Chapter
V presents the NLFEM goncept for ah_élygi_s concrete and reinforced concrete
structures. Concrete mechanical properties,fc‘;ra{bk in concrete and RC, and proposed
models of tension ‘softening and stiffen.ihd_f-nodels for accounting for existing
flaw/crack are also. presented in this chapter. Then thé notched concrete and RC
beams are used to verify the proposed models. Chapter VI presents the application
analysis diagnosis full scale concrete slab bridges using models derived from chapter
V. Chapter VAl summarizes  the-obtained results, and 'gives discussion on the
effectiveness and limitations of the results in this study. In addition, further research is

recommenced inythis chapter:



CHAPTER Il

LITERATURE REVIEW

2.1 General

At the present decade, the major task in structural engineering can be divided
into two challenging tasks. First challenging task is about new structural design. Due
to the advanced technology has heen developed; the accuracy, reliability, durability
and economic for the new structures are needed. For many decades, the structural
design approach has been developed ingreasingly. The design code for the structures
since the beginning of 19905 was Working Stress Design (WSD) method, then at the
middle of 1990s was Ultimaie Load Design (USD) method, and at the present time is
Load Resistant FactorDesign (LRFD) method. The second challenging task is about
how to maintain the existing structures. E\/en though the structures were designed by
the same code, but they may be constructed at the different construction technique and
located in different environments; i.e. in Thailand, the bridges have been designed by
AASTHO standard specification, which this specification has been developed in
United State of American (USA) accordirig-" to USA conditions (Loading and
environment); in fact, environment condition and actual truck loads in Thailand are
differed from USA: 1A _addition, the trucks at the present-time are also different from
the tucks at the time 0fbridges designed. Therefore, the-gvaluation of existing bridges
is more complicated than that design new bridges. The researches about effect of local
truck loads and,evaluation:for .the existing bridges structures are important at the
present.

This study, therefore, would‘like to develep the advanceditechnique for truck
load monitering  system and evaluation of existing bridge structures, To study an
existing bridge structures, the important information are the actual applied load during
its service life, structure member conditions, and method of structure analysis.
Therefore this research has been divided into two main parts, the first part is studied
about truck loading monitoring system, the B-WIM technique has been adopted; and
the second part is studied about assessment of existing bridges, 3D NLFEM has been
used. The following sections will summary previous research works that related to

these topics.



2.2 Literature Review for Truck Load Monitoring
2.2.1 Bridge Live Load, AASHTO Loading

The live load for bridge design has been developed continuously since the
beginning of twentieth century. Nevertheless, it is still difficult to the bridge engineers
to develop unique model for using in the worldwide. In the industrialized countries,
such as Unite State of America, England, Australia, etc, their have conducted a lot of
researches to develop live load model for their own bridge design specification. In
accordingly, many counties which have less research have to base on codes or
specifications from these industrialized countgies. Using overseas specification, it is
confused to the local engineers to accommodaiebetween overseas design trucks and
local regulation trucks.

The American Asseciaiion of State Highway Officials (AASHO) Standard
Specifications for Highway Bridges was first published in 1931 (Tonias, 1995), and it
has been widely used forsCesign of highway bridges in the USA and elsewhere. In
1973, the term of AASHO.was changed to AASHTO (American Association of State
Highway and Transportation Officials). The first published code was based on a train
of truck which included gruck loading such as H15-35 (15 tons truck), H20-35 (20
tons truck). The HS20 truck and semi-tré’i[e”r.‘ﬂc_:ombination was introduced in 1944,
five truck classes were made i1 this year, HiO-44 (20,000 Ib/ 9,072 kg), H15-44
(30,000 Ib/ 13,608 kg), H20-44 (40,000 Ib/ 18’,144 Kg), FS15-44 (54,000 Ib/ 24,494
kg), and HS20-44 (72,000 1b/32,659 kg). Together with these trucks, the lane loading
configuration (Uniform distribution load combined with concentrated forces) was
replaced for the train of the truck. Generally typical of truck loading governs for short
simple span bridges, lane loading typically holds for long and continues span bridges.
In the 1976, AASHTO Interim Specification modified this by requiring the bridges on
Interstate Highwayshould, alsoche ablecto «carry, an“Alternatey Military Loading”
consisting of two axles, 1.22m'spacing and 10,608 kg for each axle load.

In 1986, AASHTO commissioned a major review of US bridge design practice,
leading to the 1994 first edition of their Load and Resistant Factor Design of Bridge
Specification (AASHTO LRFD). The most of this works was carried out by Nowak,
such as Nowak and Hong, 1991; Nowak and Nassif, 1993; Nowak, 1993; Nowak,
1995, etc. The new AASHTO LRFD loading consists of design truck, HL93,
coincident with lane loading. The design truck is effectively the old HS20-44 truck
semi-trailer combination in Sl unit. The axle load of 35.6, 142 and 142 kN of HS20-
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44 become 35, 145 and 145 kN, respectively, and the axles spacing 4.3m and 4.1-9.1

m are adjusted to 4.3 and 4.3 — 9.0m, respectively. The design lane load, the old one is
changed from 9.34 kN/m to 9.3 kN/m, and the concentrate (knife-edge) loads (116 kN
for shear and 80.5 kN for bending moment) are changed to be 116 kN for shear and
85kN for bending moment, respectively. The design tandem or Military Loading
consists of two 110 kN axle loads, with axle spacing of 1.2m.

2.2.2 Thai Truck Loading:

Transportation Regulation about truck loading in Thailand in 1991 has limited
only the vehicle gross weight and axle loading (Department of Civil Engineering,
Chulalongkorn University, 2003). The trucks.leading are determined into four types
such as: 6-wheel truck, 10-wheel truck, 18-wheel truck trailer combination and 18-
wheel truck semi-trailer combination; and legal limit of gross weight of these trucks
are 12 tons, 21 tons, 39.2 tons.and 37.4 tons, respectively.

In 2005, Highway Transportation Department has issued new regulation of
truck weigh which limited of axle and gross weight of vehicles, (Department of
Highways, Thailand, 2005). The trucks have been classified in to 12 types; however
the heavy weight trucks which may affect the"'bridge structures can be summarized in
to five truck types such as: 6-wheel truc'k.: (15 tons), 10-wheel truck (25 tons), 12
wheel truck (30 tons), 18-wheel truck semi-tréiler combination (45 tons), 18-wheel
truck full-trailer combination (47 tons) and‘.2:2.-wheel truck full-trailer combination
(53 tons).

From the primary comparison between Thai truck loading and AASHTO,
HS20-44 for bridge structure has indicated that the bridges with length less than 16m,
HS20-44 loading 1s canservative, far the bridges with length:less than 34m, bridge
loading design should be 1.3 to 1.8 times of HS20-44 loading, and when the length of
the bridges @are increased; the:maximum tbending moment frony multiple Thai truck
loading trend to present more than HS20-44 loading (Phoonsak, 2003).

2.2.3 Truck Loading Monitoring System

Truck loading monitoring is very important to road and bridge engineers. In
the past, truck data were collected by truck surveys, and weighting scale stations
which were installed in the fixed location along major high ways. The usefulness data
obtained from stations were limited, because many drivers of overload truck
intentionally avoid the scales, causing the results are biased to lighter weight.

Therefore in the early of 1970s, Weigh-In-Motion (WIM) technology, which can
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estimate the vehicle weight during its moving, has been developed. WIM technology
becomes usefulness, which can provide unbiased data. At the present time, many
countries have been developing and applying this technology along their main
highway such as USA, Canada, Australia, England, France, German, Slovenia, Hong
Kong, etc (European Commission , 2001, 2001; Peter, 1995). The major WIM system
for monitoring truck weight along highway can be categorized in to two approaches,
namely the Road-Surface WIM (RS-WIM) system and under bridge structure systems.
The under bridge structure system is based on measuring bridge response when truck
passing over bridge, and this method can be.based on dynamic or static structure
systems. To estimate truck weigh which 1s base-en static influence line method called
Bridge Weigh-In-Motion (B-WIM) system, other which is based on dynamic bridge
interaction called Moving. orce ldentification (MFEL). However, MFI is still difficult
in application, due to maay parameters are involved in interaction between truck and
bridge.
2.2.3.1 Roadway Surface WIM Systems

The RS-WIM gssystem is -used.for measure vehicle weight and axles
configuration in the slow speed, which éqijipments of system are embedded or
stripped on the road surface at the approp'r’ilga'teﬂ_location. The RS-WIM system called
load cell WIM was first researched in the UéA since 1950s by the Virginia State
Department of Highway (Grant G. S, 2006).’ This system featured large concrete
platform. The platform was supported by columns which'bonded strain gauges. At the
first time, there were many limitations in this system. In 1960s and 1970s, the digital
computers made possible to handle some,of limitations, and then the system has
applied widely«for truck weigh ' manitaring and 'screening aver truck weigh along the
highway in the USA. In the 1970’s and 1980’s RS-WIM system became
commereially available: 4n, the mid-1990’s; WIM, system started), te be an object of
study under contract with the American Federal Highway Administration (FHWA). A
large quantity of WIM data has been collected within the Long-Term Pavement
Performance program in the USA.

Some European countries developed WIM since 1970s such as France and
United Kingdom (UK). Many counties have investigated the possibility of using WIM
systems in the late 1980s. Early 1990s, a great demand arose for improved RS-WIM
technology, more durable and accurate sensors, more powerful electronics, etc. Later,

quality assurance of WIM data emerged as a growing need. Therefore, COST323
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(Cooperation for Science and Technology), was initiated in 1992 as the first European
co-operation action on WIM of road and vehicles. In addition, a large research
project: ‘WAVE’ (Weighing in motion of Axles and Vehicles for Europe)
commenced in 1996. This project has developed many new features of WIM
(European Commission, 2001).

The most common technologies of RS-WIM are Piezo-electric sensors (Figure
2.1a), Bending Plates (Figure 2.1c), and Load cells (Figure 2.1b). The Piezo-electric
sensors produce a voltage in proportlon to the applied stress, from which axle truck
loads can be calculated. The Bending Pl 9‘:}( easurement bending strain due to axle
truck load, than the strain convert to axle: _;,L_sf‘l__o,ad. Less common is Load cells,
which measure weight Waulic ﬁ"' essure?:h'am_gé or compressive strain of axle
truck load (Schultz, 2006 i
axle weights at slow spe

ltal'IO s of RS- WIM systems are measuring vehicle

“ tQ Je inconvenient for collecting truck data. For
the permanent systems, it f Lnsﬁaﬂatlon and maintenance. The equipments of
system are also exposed
present time RS-WIMis (de eloped avfd Wldely used in many countries, new

rease thé accuraé'y and measure vehicles in speed.

=" Force applied
to load cell

High=strength
steel plate

Strain gauges
under plate

c.) Bending plate

Figure 2.1 Road surface WIM systems (European Commission, 2001)
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2.2.3.2 Bridge Truck Load Monitoring System

The main disadvantages of the RS-WIM system are interruption traffic during
installation, exposure to road surface, un-durability etc. To overcome these
disadvantages, truck load monitoring using bridge structure has been developed. The
mathematical model for interaction between bridge and structures can be done by two
approaches such as structural static approach and structural dynamic approach. The
static structure model is called Bridge Weigh-In-Motion (B-WIM) system and
dynamic structure model is call Moving Fore Identification (MFI) system.

Bridge Weigh-In-Motion (B-WIM) Systen‘{//

The B-WIM system is the process Wweighting the trucks travelling on the
bridges, by measuring the_g_eformatlon fa bridge and the use of the measurements to
estimate the attributes ngasﬁ'
iISts evrces as: strain gauges or strain transducers attaching

traffic loads (European Commission , 2001). This

technology generally co

on the bottom of each bri 1 d rs or bo:tom of slab bridge, axle detectors placing

on the road surface, isition eq lpment for covering strain gauges and axle
detector signals, and p '
gauges or transducers were p V|ded 10 m ﬁsure bending strain of bridge girders, and

axle detectors provide to m surespeed arm’axges spacing of trucks, these information

o o

then can be used to estimate axle welght ﬂ;rr_el',rgh the application of an algorithm, the
Gross Vehicle Welgh_.g (GVW) can be summea up of axle’s weight. The algorithm

—
obtains truck axle We ght by comparing theoretical moﬁzt’_ﬁo measured responses.

A L

SOFTWARE

AMPLIFIERS

Figure 2.2 Layout of conventional B-WIM system (European Commission, 2001)
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B-WIM system was firstly developed by F. Moses in 1970s, concept of using
bridges as scales to weigh trucks during moving across the bridge. This becomes the
pioneer of B-WIM technology (Moses, 1979). The system by Moses consisted
devices such as button box, tape switches, strain gauges, and instrument van. The
accuracy of the system in the GVW is about 10% to 15%. The system is more
accuracy in estimating the GVW than individual axle weight and the axle group load
(tandem and triple). The vehicle velocity is another extremely important parameter for
accuracy of B-WIM system.

In 1986, Peters developed truck loading monitoring system by using culverts
in Australia (Peter, 1986, 1995). The basic prineiple is similar to the algorithm of B-
WIM as Moses. The system consists of strain transducer attached at the bottom
surface of the culvert deck.ransversely at midspan to record the bending strain caused
by the passage of the vehiclg‘axles. \Vehicle speed, axle number and spacing were
recorded by axle detectar installed’ on the road surface. The total culvert bending
strain is summed up individual strain gauge similar to a theoretical bending moment
influence line. The sitescondition selection is very important to minimize weighing
errors, the selection of culvert should consi_'dé-r such as: single span box culvert less
than 2.7 m, a smooth and flat road surfaéve:,ql‘iﬂt_tle skew, pavement cover more than
200mm but less than 1500mm.. Fhe errorrof tﬁis system has been found to estimate
static GVW within +/ 10%, and the individual axle Weight within +/- 15%.

In 1990s, B-\WIM has been popular research in Etrope. As a rapid increase in
road traffic and a major expansion in the number and size of heavy goods vehicles has
occurred on European road. In addition, there is pressure from freight companies to
increase truck weights-and dimensions. Ithis of particular concern that such heavy
vehicles are aggressive for bridges and pavements and that a significant number of
trucks sarenitlegallyy overloaded« To enhance the, system  management of highway
transportation and” demand of the traffic data for development road ands bridges
structures in European road net work, thus, a proposal for a large research project,
‘WAVE’ (Weigh in motion of Axles and Vehicles for Europe) was submitted in
March 1995 by a consortium of 11 partners from 10 countries such as France,
England, German, Sweden, Slovenia etc. Under WAVE project, several bridges of
different type were instrumented to enhance B-WIM system. The method was
extended to short concrete slabs, box culverts, long-span bridges, including box

girders and orthotropic decks. A new approach, no axle detector system was



14
developed for short span concrete slab bridge and orthotropic steel deck bridges.

Subsequently, this concept is called Free of Axle Detector B-WIM (FAD B-WIM)
(Zidaric, 2005). The basic algorithm for B-WIM developed in WAVE is also similar
to Moses system which bases on measurement responses and theoretical bridge
influence line. The error for GWYV can be less than 10%, however the major accuracy
is depended on bridge type, smoothing of the road surface, selection of bridge
influence line and calibration procedure.

In Japan, Ojio and Jamada (2005) proposed a method of axle-detector-free B-
WIM called the reaction force method by using steel plate girder bridges. In Japan,
steel plate girder bridges is popularly using for.medium span highway bridges. At the
end of the steel plate girders, vertical stiffeners are put for supported bearing (Ojio,
and Yamada, 2005). Theestrain gauges can be attached on theses end vertical
stiffeners at both sides of ihe bridge to be both axle detector and axle truck load signal.
The velocity of the trucksfis estimated by comparison of strain signals on both sides
of the bridge. When iruck/Crosses. the bridge, sharp edges will occur in the reaction
force response wave. #The” amount of ‘the edges is corresponding to linear to
independent axle weight. Axle spacing Is es'ti"r-nated Dy the interval of axle; the truck
classes are classified by axle'spacing. The éfrb.rﬂ of this B-WIM, reaction force method
for estimation of axle spacing is beut 5%, for G\/W is 15%.

Moving Force Identification Systems: g

The B-WIM . technology calculates based on static algorithm. A technique to
estimate the vehicular loads from the dynamic interaction between bridge and vehicle
is called Moving Force ldentification (MFL) those of mathematical parameters of the
bridge and vehiele'must be complicated than static method.

Law and Chan (1997) were developed the theory of moving force
identification’ on the basisof:the, medalisuperposition principley and assuming the
force as a step function in a small time interval. A ' methodis developed to identify the
force in the time domain, which it called ‘Moving forces ldentification: A Time
Domain Method (TDM). The simulation of both one and two forces moving on a
simply supported beam is used to evaluate the method. An experiment with a model
car moving on a simply supported beam is performed to simulate the vehicle bridge
interaction. Both the simulations and the experimental results show that the method is

effective, and acceptable results can be obtained by combining the use of data from



15
bending moment and acceleration measurements. However, the proposed method is
noise sensitive, especially in identifying more than one moving force.

Chan et al. (2000) were studied of forces identification using Prestressed
concrete bridges. The Time Domain Method (TDM) was implemented for this study.
Field measurement was carried out using an existing prestressed concrete bridge.
Two-axle heavy truck was hired for the calibration test of field measurements. The
dynamic bending moments of the test bridge deck were acquired by both calibration
vehicle and in-service vehicles. The special case of force identification considering
prestressing concrete bridge forces in the identification process was also studied. The
results show that the equivalent axles load.and gross weight are accepted, the
percentage of errors are between 2% to 5%. Therefore, the proposed method of
moving load identification.s valid for applying in the prestressed concrete bridges.

However, this testing can.estimate only two axle trucks.

2.3 Literature Review for /Assessment and Evaluation of Existing Concrete
Bridge.
Bridge Assessment and Evaluation:

In Thailand and many .countries in the'world, aged and deteriorated bridges
have been increased every year. In addition, 'some bridges have been deteriorated
faster than usual. This is becoming main issue to highway agencies to evaluate their
bridges performances A rational bridge management is vital required advanced
technology to categorize actual condition of bridge structure components accurately.
The bridge assessment ‘and. evaluation (BAE) is the tool for bridge management
system. BAE system may.be involved in twao steps, the first one is classification
bridge structure"member condition,.and the second one is model to evaluate bridge
capacity. ‘Bridge -structure “condition can ‘be" done by "visual “inspection, Non
Destructive Evaluation (NDE), Destructive Evaluation (DE), Load testing, and
structure damage identification. The estimation of bridge capacity can be done by
model analysis, or full load testing.

AASHTO Manual for Condition Evaluation of Bridge (AASHTO, Manual
1994), is guideline for conventional bridge inspection and evaluation. Five types of
bridge inspection are recommended in the manual such as: (a) Initial inspection, (b)

Routine inspection, (c) Damage inspection, (d) In-depth-Inspection and (e) Special
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inspection. Generally bridge inspection task is included many testing methods such as
NDE, DE, full scale load testing etc. The information from bridge inspection will be
used for decision bridge structure member strength. Then the bridge capacity can be
estimated by load rating equation which the result will be presented as rating factor
(RF). The methods of load rating of the bridge members recommended in the manual
are Allowable Stress Design (ASD), Strength Design (SD) and Load Resistant Factor
Rating (LRFR).

Stalling, and Yoo (1993) were performed test on three short span, two lanes
steel bridges. Tests were conducted with stationary and moving test trucks placed on
the bridges one at a time and side by side. Wheel load distribution factors were
calculated from the result of the stationary truck-test, and impact factors were
calculated from the result.of moving truck test. The test results indicated that the
response the calculation girder Sirain _using simplify. method from the code were
consistently larger than measurement values. The rating factors from testing are 49%
to 90% larger than these determined by ASD of the AASHTO. This is due to that the
bridge are included the benefit effects such as three-dimensional characteristics of
bridges, composite action, support restraint, _érid stiffness of secondary structures.

Huria et al. (1994) were fating éi{iétiﬂng concrete slab bridge by different
approach such as conventional AASHTO appréach, 3D linear finite element method
(LFEM), and 3D nonlinear finite element fhéfhod (NLLFEM). The AASHTO was
using equivalent slab width for loading distribution,” the bridge capacity were
evaluated by ASD and SD. For finite element method, the layer shell element was
modelled for bridge geometry. The NLFEM. is accounted for material nonlinear model.
The results indicated that the rating factor result from LFEM is higher than the result
of SD (AASHTO method) two times, and the result from NLFEM is higher than the
result .of SD’ moreythan<three times: However,"SDyand; LFEM methods can not
investigate failure mechanismof the bridge. The NLFEM Can present failure behavior
of the concrete bridge.

Law et al. (1995) developed a method of assessing the load currying capacity
as well as structure condition of a T-beam bridge deck based on dynamic vibration
approach. The approach aims to apply for assessment and evaluation existing bridges
which reinforcing steel in the structure members is not known. Both full scale static
and dynamic test were employed to this task. The result indicated that is possible to

use bridge vibration response to assess the condition of the concrete structure. The



17
percentage of reinforcement in the main beam was estimated from dynamic testing,

and then load carrying capacities of the bridge structure can be implied.

Hu and Shenton (2003) presented the method of damage identification in a
two span continues beam using static-based damage identification. The procedure is
redistribution of dead load in the structure when damage occurs to determine the
location of damage in the structure. Damage is presented by a finite length section of
reduced flexural rigidity in the beam. Damage is identified by minimizing the error
between measured strains and strains .computed from finite element model of
damaged structure. The solution is obtained by using genetic algorithm.

Nonlinear finite element method (NLFEM)foreoncrete structure:

The most difficulty to the bridge engineers is studying the behavior of existing
concrete bridges, because.ihe _eoncrete is inelastic material since at initial applied
loading. Beside of the knowledge of the bridge structure, the knowledge of the
concrete mechanics is als@ vital, This section needs to brief reviewing how the finite
element method (FEM) can be used to analyze cencrete structures. The conventional
analysis and design of the €oncrete structure s assumed that the concrete is linear
material, the secant modulus is used as mat_ér"i-al stiffness, and the tension strength of
the concrete is neglected. But in the reality,";c‘o.rﬂ\crete will occur the micro crack at the
small applied load (about 30%.of uitimate cofhpressive strength, f.’) (Jiang, 1995),
this leading to concrete behaves as nonlinééf .material. In the recent decades, the
computation technoldgy and knowledge of mechanical properties of the concrete
material have been developed; the real nonlinear behavior of concrete material have
been employed to analysis.model, and tension strength of the concrete also can be
accounted and«greatly -impartant in reinforced cancrete structure. One of the most
effective computational tool to accounting for nonlinear behavior of concrete is using
nonlinear finite“element method-(NLEFEM)2 Using this approach; the computational
and experimental results can be matched closely.

The pioneer researchers for NLFEM analysis of concrete structures were Ngo
and Scordelis (1967). Their paper has greatly exerted impact to subsequent research
works. In their paper, the concrete and steel reinforcement were both modeled by
triangle elements. Elastic-plastic of the material behavior was assumed for concrete in
compression and steel reinforcement’s elements. Linear elastic fracturing model was
used for concrete in tension. The reaction between concrete and reinforcing bars was

modeled as bond element. Bond elements in the form of bond link element are
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inserted at the concrete and steel interface. In addition, Ngo and Scordelis

purposefully incorporated an inclined crack into the mesh during the mesh generation
stage (location of the crack had been pre-determined from experiments). Linkage
elements are inserted to connect the nodal pairs at the two surfaces across the crack.
The linkage elements are able to simulate the aggregate interlock and dowel action
across the crack. This analysis concept is a pioneer for discrete crack model for
NLFEM of concrete structure.

At the later year, Nilsson (1968) was also presented NLFEM analysis of
concrete structure which the crack propegation in the concrete elements can be
presented as discrete crack. His concept is that.eracks are not introduced in the mesh
generation stage. The crack will be happened when the tension force is exceeded
tension strength of the conerete«The crack is defined along an element edge which is
the most nearly normalsto .the principal tension direction, and is modeled by
establishing two disconneCted nodes across the crack width. Finite element mesh
geometry is not changed, but €rack are forced to propagate along the element edge,
therefore the crack patterns are depended é_lso on the mesh geometry. This concept of
crack prorogation may not be reality, becaugé actual cracks may occur in the direction
perpendicular to the principle -tension str'ééé,"l‘!_—lowever this paper is significant to
further for finite element modeling of discrete c;acks approach.

The alternative smear crack appfbécﬁ for NLFEM analysis of concrete
structure was proposéed by Rashid (1968). The main concept of this technique is that
the constitutive properties of the concrete material in un-crack will be changed after
crack occurred. The crack will be propagated when principal tension stress of
concrete element exceeds tensile strength of the cancrete, andthe material stiffness at
the direction ofiprincipal stress will be reduced. This paper is the great pioneer to
smear Crack-approzeh @n:NLLFEM ofitheiconcrete structure;anditis being popular
used at the present.

In additional to smear crack model, Schnobrich (1977) was proposed model of
element whose steel reinforcement is smeared over concrete elements at the around
reinforcement region (effective zone), and then concrete and steel are combined in the
single element called reinforced concrete (RC) element. The embed steel in RC
element is introduced as steel ratio. This approach is bringing many benefits that the
elements number of the FEM model are reduced, the computational time is also

reduced.
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In the discrete element, the steel bar is modeled as truss element, and the

interaction between concrete and reinforcement steel is modeled by bond link
element, or contract element. The interaction property is introduced by constitutive
model of bond link or contract element model. In smeared steel reinforcement
element (RC element), the effect of interaction between concrete and steel
reinforcement is indirectly accounted as tension stiffening model (Gilbert and
Warnner,1978). In the Gilbert paper, the effect of the tension capacity of the concrete
after crack was investigated for reinforced concrete slab, they stated that after
concrete crack, descending tension strengti of the concrete is greatly important.

From the pioneer research, the ditficulines for NLFEM of concrete and RC
structure have been further studied. The major 1ssues is accounting for nonlinear and
crack propagation behavigiof ine concrete and the FEM mesh size. Hillerborg et al.
(1976) was applied fraciure .mechanics, called fietitious crack model, to explain
nonlinear at post crack of the plain concrete. The main concept of fictitious crack
model is that the area‘tinder softening curve of stress and crack width is the fracture
energy of the concretes This energy is @ constant value and depends on concrete
properties, and the region of the crack tip i_é defined as fracture process zone which
assume to process in the narrow discrete"f.egi‘pn. In the reality the fracture process
zone of concrete may not be proeessed cqntinﬂally, and not necessary developed is
narrow region line as Hillerborg concept. Tﬁérefore, Bazant and Oh (1983) was
proposed crack band theory by the concept that the effect of crack is smeared over the
effective element width (crack band width) which has the dimension about three times
of maximum aggregates..This concept is called crack band theory.

The smear RC ‘element (steel smear-over. the concrete)and smear crack model
have many advantages over discrete model, especially for analysis large scale
structure, Therefore, this«concepthastbeenswidely developed inythe worldwide and
successfully used for analysis large scale structure models. The accuracy of the
analysis is mainly depended on selection of material constrictive models. Vecchio
and Colin (1986) proposed the modified compression field theory for analysis shear
wall. The concept of Vecchio and Colin model is that when crack occurs in element, it
not only tensile strength of concrete in the normal crack direction is reduced but also
compression strength in parallel to crack direction is reduced as well.

Okamura and Maekawa (1991) published greatly report on NLFEM analysis

of the concrete structures using smear crack concept. Many constitutive models were
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developed and presented such as constrictive elasto-plastic and fracture model to

account for inelastic behavior of the concrete at beginning of the applied load, tension
stiffing model for accounting in tension force in reinforced concrete element, shear
transfer model, etc. All of these models are independent on the FEM mesh size.
Maekawa et al. (2003) also published text book of Nonlinear Concrete Mechanics. In
this text book, various NLFEM analysis cases and experiments results of concrete
structure have been presented. Smear crack concepts is proved and most acceptable
for application.

NLFEM for analysis of the concrete and reinforced concrete structure has
been developed in the world wide, however“most of these models have been
developed based on the specimens at the laboratory. This means that the concrete
structures are in good cgadition, and assumed no any existing flaw/crack before
applied analysis load. lafthefactual situation, existing concrete structure may be
deteriorated, existed flaw/Crack; carrosion etc. However, models for NLFEM for

analysis existing concréte bridge structure are not yet existed.

2.4 Summary _

An AASHTO standard was issted at"é;a‘rl‘y of 1930s, which the design truck was
H20-35. In 1940s, HS20-44 has been introdubed, and this truck becomes popular
using to the design bridges in USA and eIseWhéré. Thailand and some other countries
which have no thelr ‘own codes have adopted AASHTO, standard for design their
bridges.

Actual truck load.data is main information for development bridge design
specification. {The WIM" system -is" new; technology ;which can provide many
usefulness. The'WIM systems which are mounted on the road surface called RS-WIM
system:However, it has many:limitations ~for RS- WIM rsystamy i.e., high cost,
difficulty, in"installation, high “error etc. Other system is using the bridge for
monitoring truck load data, some of the limitation from RS-WIM system have been
improved. The bridge system can be based on structural dynamic approach called
MFI, or structural static approach called B-WIM.

MFI technique can estimate both static and dynamic of the vehicle axle load and
more accuracy than B-WIM algorithm, but most of the researches were successful
conducting in the laboratory. It is still difficult in the practice for monitoring normal

traffic load. The disadvantages of conventional B-WIM system are that axle detector
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stripped on road surface leading to poor durability, difficult and unsafe during
installation. Even though, the FAD B-WIM system can be overcome some
weaknesses of conventional B-WIM, but this system can be applied only some typical
bridges. Therefore, the main purpose of this study would like to develop truck load
monitoring technique based on B-WIM and monitor actual truck load in Thailand.
The photoelectric sensor will be used for more accurate and facilities for axle
detectors, the system has no any equipment exposed to road way surface. CCTV will
be used for observing and classifying of the actual trucks. The detail for this part will
be presented in chapter 3 and chapter 4 in this study.

The conventional approach to evaluaie™ the capacity of bridge structure
members is using AASHTO Manual, or by direct load testing. In the manual, it
recommends that the bridge-canbe modelled by simplify or equivalent approach, and
the damage condition of bridge members can be represented by reduction factors. The
capacity of concrete bridge member _may be calculated by WSD, or USD. At the
recent years, the NLFEM for the concrete structure has been developed, the nonlinear
behaviour of the RC structure represented“ more reality. Therefore, the capacity of the
concrete bridge members may also be know‘rj By using NLFEM.

AASHTO Manual approach is ové?éét@lmated, and the bridge structure could
not be modelled exactly as actual bridge cohd}tion (damage of the bridge element).
Direct load test may:be costly and ruin thé-bmr-idge structure. The general NLFEM
model could not account for existing flaw/crack in the existing concrete structure.
Therefore in this study would like to find out advanced approach to assess
deteriorated concrete bridge structure by using smear crack concept of 3D NLFEM,
the concrete bridge structure is'madel as material nonlinear approach which existing
flaw/crack will“can be accounted. The softening model will be adopted for existing
flaw/ erack in concreterelement,<and the tension.stiffening imodelwill: be adopted for
existing flaw/ crack in existing reinforced concrete element. The detail and procedure

of the propose approach will be presented in chapter 5 to chapter 6 in this study.



CHAPTER I

TRUCK LOADING AND MONITORING SYSTEM

3.1 General
Heavy trucks cause a great damage to road pavements and bridge structures.

Therefore, truck weight control is needed to reduce the illegal overloaded vehicles and

to preserve the roads and bridges infrastrucitire. New design truck load for highway
transportation are also needed to meet the reguirement of transportation system at the
present time. To fulfil in these requirements, new advanced technology of load control
and truck data collection 1s.vitalto highway engineering. At the previous time, load
control and truck load daia cellection had been dene by static weigh scale station.
This traditional weigh' scales/station can not accommodate high volumes of truck
traffic and the resultssare biased to Tighter weight trucks. In early year, 1790s new
technology called WIM systems have been developed in United State and later 1980s,
and 1990s this technology has developed -enin'd' practiced in Australia, and European
countries, respectively. At the present timé‘,',:ft'hils. technology is spreading out to many
countries in the world such as Canada, Japanv,'C"'P-\ina, Korea, etc.

The new technologies for fruck load monitoring.are RS-WIM, and B-WIM
system. However, the B=WIM System has more advantages over RS-WIM system.
The B-WIM technology can estimate the vehicle weight during its crossing the bridge
in normal traffic speed, and it can provide large volume of truck data. In Thailand,
truck load data-are not yet available to develop local bridge design truck load model.
The effect of the actual local truck load on the bridge has not been studied yet. The
comprehension-of design-truek, Jegal dimit truck-and actual traffic truck loads is not
yet clear to the practice engineers. Therefore, this section” would'like to be one that
research about truck load monitoring system which based on B-WIM technique, and
providing some truck data for Thailand. The below sections will present vehicle loads,

WIM system and B-WIM system using in this study.

3.2 Vehicular Loads
Vehicular loads involved in the bridge structures are design truck, permitted

truck, and actual truck loads. The design trucks mean un-permanent moving loading
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that assumed to design for bridge structures. The design truck load must be proper to

actual truck crossing the bridge. Local trucks are the actual traffic truck crossing the

bridges, they must induce bridge stress less than design truck and have weight not
exceed legal limit truck weigh.

Design truck:

The AASHTO truck loading is popular used to design bridge in USA, and
many counties including Thailand. At early publication of AASHO (1935), the design
truck loads for the bridges were used train of trucks, H20-35 and H15-35 (Figure 3.1).
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Figure 3.1 H15-35 and H20-35 of AASHO 1993 (Tonias, 1995)

As the highway trucking industry grew, many bridges began to evidence
overstressing in structural components. In 1944, design trucks of AASHTO were
developed, called as H and HS trucks (Figure, 3.2a). These design trucks were created
with two and three axles, respectively.  Thedistance between axles of HS are varying
from 14 to 30 ft'(4.27 to 9.14 m), it is used to create a live loading situation which
will induce maximum moment:in-a spanj Ear simply supported bridges; this value will
be the 14 ft minimum. In continuous spans, however, the distance between axles is
varied to position the axles at adjacent supports in such as to create the maximum
negative moment. Normally, H and HS trucks are suitable for short, simple span
bridges. For long and continues span bridge, AASHTO standard has developed a
uniform distributed load combined with a concentrated force. These forces alter for
moment and shear computations, and called as H and HS lane loading (Figure. 3.2b).
For the bridge that design for military load in the Unstated State, at later year 1976,
the alternative military track load was developed (O’ Connor, 2000).
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The H and HS design trucks dominated the core standard in the United States
until AASHTO Load Resistant Factor Design (LRFD) specifications became widely
accepted since 1990s. In the AASHTO LRFD specifications, the HL-93 live load is
used. The HL-93 is composed of a truck (identical to HS20-44) or a tandem,
combined with a lane load of 0.64 kip/ft (9.34 KN/m), see Figure. 3.3.
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As it has seen that the design truck load for the bridge from AASHTO bridge
designsstandard-has been<developed and increased; This is due to'that the road traffic
at the present time'is increased heavier than that at the previous time. HL-93 bridge
design truck of new specification, AASHTO LRFD is believed to be conservative for
traffic load. In USA, this specification has been replaced completely for new design
bridge from 2002. However, for many existing bridge in United State which have
been designed by old AASHTO standard specification; nevertheless, HS20-44 still
remains for rating these existing bridges. In some states in USA and some countries,
which design engineers are not yet comprehensive with new design specification,
AASHTO LRFD, are still using AASHTO Standard specification.
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Legal limit truck in Thailand:

There are a great variety of vehicles in the actual used on the highway. In the
legal limit trucks are only representative types of heavies’ trucks which given by the
Department of Highways. In Thailand, at the early years 1960s, there were six
standards vehicle truck types (Somkuan Watakeekul, 1963), which were allowed in
the regulation. Both gross load and axle load of each truck type are limited to the
maximum value as show in the Figure. 3.4.

At later year in 1991, these legal limit trucks have been verified and increased

as shown in the Figure. 3.5 below.
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Figure 3.5 Legal limit trucks in 1991 (Department of Civil Engineering, 2003)
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At the recent years, transportation companies have again proposed to increase
the legal limit truck weight for economic of transportation term. Therefore the
Department of Highways of Thailand has to increase the legal limit trucks again in
2005. For example legal limit weight of 10-wheel truck in 1990s was 21 tons, in 2005
the legal limit weight of this truck has been increased to 25 tons, and legal limit
weights of other types also have been increased similarly. However, these legal limit
trucks are still not yet defining for spacing of axles (see the Figure. 3.6).

Local truck:

The actual vehicles or loeal trucks load.are different from that design truck in
many aspects, i.e. the different.in the axles'spacing, the gross load, the distribution of
the load among the axles, etc. The variation of truck parameters is also producing
different effects to the bridge siructures. Therefore, the different between design and
actual loads is one of thedmporiant issues to the bridge engineers. To design bridge
proper with actual situatien, it is not easy, because the stress produced by vehicles
loads are influenced by many factor such as span length of the bridges, gross weight
of vehicle, wheel based length ofthe vehicles, number of axels, axle spacing,
distribution of the gross weight among the akie, the growing of the future truck, etc.
In addition, the actual truck may: also ofte'h';difﬂf_er from legal limit truck; mostly they
are loaded heavier than legal limit truck weigﬁt. In Thailand, actual truck is not the
same as design truck;and always loaded moré.t’hén legal limit truck.

As mention if'the above, In actual situation, truck loading is still being the
major issue to the highway bridge engineers in Thailand. The design truck load is
lighter than actual trucks, The freight companies always require increasing legal limit
truck weight at early ‘years. ‘Moreaver, the ‘actual local truecks are always loaded
heavier than legal limit truck weight. But many bridges have been designed by old
truck load madel, H$20-44'0FAASHTO! (To deal withthisiprablemyitiis not easy, the
truck load control System along the highway is needed, and the local truck load model
for the bridge design must be developed to ensure capturing the actual present and
future trucks. The difficulty for this works is that the actual truck load data in
Thailand are still not enough to develop new local design truck load. Therefore, the
works for collecting actual truck load data must be done first. This research would
like to develop technology to monitoring/collecting the truck load data that support

for further works such as development local design truck load model.
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3.3 Static Weighing Scale
Before WIM System has been appeared, static weigh scale station was the
only way to weighing the overload trucks. Conventionally, there are two types of the
static scale station, stationary platform scale and portable wheel load scale. The way
to using both types of static scales is that the highway officials have to intercept
interested vehicles and divert to static weighing area which provided beside on the
road way.
Platform scale consists of the r|g|d scale frame without bending, load cells,
junction boxes, and weight indicator. The st {/vé auges are attached on the load cells,
as the truck rolls on the scale; the compress d} s strain resistance proportionally to

the applied load. These Lriql'gonal sca]és are avallab'le in a wide range of sizes and

Figu @3.7 Static platform scale (www.?iwim.com)

Portablewheel foad scales ‘have been developed to allow for measuring wheel
load individually, the axle loads as well as gross vehicle weight are summed of
individual wheel lead, They are mostly used for spotichecksEach wheel is measured
individually, but their precision is somewhat lower than platform scales.

Compared to a WIM system, a static scale can store and retrieve additional
information on customers, products, vehicle registrations, suppliers and destinations.
However, as vehicles must be stopped on the scale, the weighing system is time
consuming and inconvenient for drivers. WIM systems overcome this problem, but
their calibration and testing still depends on the information supplied by a reliable
static weighing scale. In Thailand and many countries which WIM is not available are

still using these static systems.
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3.4 Roadway Surface Weigh-In-Motion (RS-WIM) System

The RS-WIM system is the system that measures static truck load by sensors
mounted on the roadway surface. According to the devices types, RS-WIM systems
are consisted of three types such as bending plates, piezoelectric sensors, and load
cells. There are also three promising sensor technologies that are currently being
tested but have not been widely used: 1) quartz, 2) fiber optic, and 3) seismic.
(MccCall et al., 1997). The differences among them are measurement accuracy, initial
cost and maintenance cost. The following sections will be brief summary of each
technology.

Bending plate:

Bending Plate WIM system utilizes plates with strain gauges bonded to the
underside. As a vehicle passes<over the bending plate, the dynamic strain will be
measured by the strain_gauges: The static load is estimated using the measured
dynamic load and calibration parameters. This system is classified as an ASTM type
I, 11, 11, or 1V (see Table 3:1) system depénd_ing on the intended use of the device and

the number of scales placed.in the lane.
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Figure 3.8 Bending Plate system layout (McCall et al., 1997)
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Bending Plate WIM system consists of at least one scale and two inductive
loops (see Figure 3.8). The scale is placed in the travel lane perpendicular to the
direction of travel. The inductive loops are placed upstream (loop 1) and downstream
(loop 2) from the scale. The loop 2 is used to detect vehicles and to alert the system of
an approaching vehicle. The vehicle speed, which is used to determine the axle
spacing, can be determined by axle sensor. An example of the layout for a bending
plate WIM system is shown in Figure 3.8 (McCall et al., 1997).

Piezoelectric sensors:

Piezoelectric WIM system utilizes piezo sensor to detect a change in voltage
caused by pressure exerted on the sensor by .an.axle and measure the axle weight. As a
vehicle passes over the piezo sensor, the system records the electrical charge created
by the sensor and calculates‘the‘dynamic load. The static load is estimated using the
measured dynamic load and ealibration parameters. This system is classified as an
ASTM Type | or Il (see Fable 3.1)-depending on the intended use of the device and
the number of sensors placed in the lane. The layout of the system is also similar
manner to bending plate. The difference s only replacing the piezoelectric sensor to
bending plate. -
Load cell: =71

Load Cell WIM system utilizes a sirngle”' load cell with two scales to detect an
axle and weighs bothithe right and left sides ‘(.)f’ fhe axle simultaneously. As a vehicle
axle passes over the Ioad cell, the system records the weights measured by each scale
and sums them to obtain the axle weight. This system is classified as an ASTM Type
I, I1, 1, or IV system depending on the site design. The layout of the system is also
similar mannero hending plate:

The Accuracy of WIM:

The performance ofia\W M systen is depended on calibration method, devices
manufacturing and many influence factors. The most important is syStem calibration.
The calibration by test vehicles make repetitively running over the test site, and the
resulting WIM data is processed and compared with static weight measurements of
the same vehicles. Alternatively, vehicles taken randomly from the traffic are weighed
statistically and used to assess the WIM system accuracy. The accuracy class of the
system can be classified according to standard specification. The most widely used is
standard specification of the American Society for Testing and Materials (ASTM)
which issued in 1990s, called “Standard Specification for Highway Weigh-in-Motion
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(WIM) Systems with User Requirements and Test Method” (McCall et al., 1997). In

this standard, WIM system has been classified as type I, Il, I11, or IV (see Table 3.1)
according to their application and user requirements for each type of system. Table
3.1 shows functional performance requirements for WIM systems for each class type.
Type | and Il may be required for traffic data collection for highway management,
truck load model, etc, while type 111 and 1V are required for truck weigh enforcement.
The three systems of WIM (Bending plate, load cell, and piezoelectric sensor) have
different speed ranges, data gathering capabilities, and intended applications, i.e
Bending plate and load cell systems can be fall into type 11 for truck speed 24 km/h
for two lanes road (McCall et al., 1997).

RS-WIM is used in the worldwide, many types of sensor are developed aiming
to meet the accuracy, durabihity of sensor, and weighting at high speed truck.
Compare B-WIM, however RS-WIM system requires the most controlled
environment (smooth, level pavement), costly equipment, set up, and calibration.
There are more limitations and: influence factors such as road surface roughness,
vehicles speed, balance‘of tire and Wheeﬂl,_ tire inflation pressure, etc. The effective
using this system is at the flow speed truck; 6to 15 km/h, (McCall et al., 1997).

Table 3.1 WIM Systems classification by AsTM (McCall et al., 1997)

Tolerance for 95% P'fobability of Conformity

Function Typel Type Il | Type Il | Type 1V,

value >= kg (Ib)* | £ kg (Ib)
Wheel Load +25% | NA +20% | 2,300 (5,000) 100 (250)
Axle Load +25% + 30% 1 15% 5,400 (12,000) 200 (500)
Axle-Group Load | +25% | +20% | +10% | 11,300 (25,000) 500 (1,200)
GVW +25%.. |.£15%, .| +6% 27,200,(60,000) 1,100 (2,500)
Speed * 2ckm/hi(1emph)
Axle Spacing + 150 mm (0.5 ft)

* Low values are not normally a concern in enforcement

3.5 Application of WIM Data
WIM data is very important to National Road Administrations, it can provide
traffic truck data and truck parameters (GVW, Axle weight, axle spacing). These

information can be also using in terms of engineering field, i.e. development of design
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codes for pavements and bridges, assessment of existing bridges and road, etc. The

requirements in accuracy of WIM systems will vary depending on their final
application. For the traffic statistics: traffic and road monitoring, and road
infrastructure and design; high-speed WIM can achieve accuracy in the range of 10%
to 25% or type | and Il of ASTM (see Table 3.1) which is fully accepted in these
applications.

WIM data has many advantages in the bridge engineering such as
development of bridge live load model, evaluation of existing bridges, study dynamic
impact, fatigue and monitoring. In early 1990’s, WIM data was used to review the
traffic load model specified in the Eurocode; (Jacob, 2005). This model is based on
traffic statistics collected at various WIM facilities in European countries. New
bridge design truck load of«Canadian bridge design code has been derived from data
that monitoring from WLM system.. Nowak (1994) has observed effect of the truck
load with design truck of!AASHTQ for 75 years, the traffic truck load data is also
taken from WIM sysiem. Miao (2002) has derived bridge live load model for short
span bridge using 10 years Hong Kong WIM data.

3.6 Bridge Weigh In Motion (B-WiM) system

At the beginning of the development fer truck load monitoring system, RS-
WIM was firstly developed in the USA in 1950’sﬁ however, there were many problems
having been noted. /As an alternative to RS-WIM systems, Moses (1979) developed
the concept of using bridges as scales to weigh trucks in motion. B-WIM system has
several advantages compared to RS-WIM systems. One of them is that limits activity
required on thespavement results in-a reduction in inconvenience to road users, and it
reduces the cost'of installation and maintenance.

In dhe 1970’s in<the=USA, the Federal Highway Administration (FHWA)
started studying the use of B-WIM ‘systems to acquire " WIM data. Moses (1979)
introduced an algorithm based on the assumption that a moving load will cause a
bridge to bend in proportion to the product of the load magnitude and a reference
curve representative of the bridge behaviour, the influence line. In the 1980’s, Peters
developed a more effective system for weighing trucks using culverts, known as
Culvert-WIM system (Peters, 1986). Both the American and Australian systems have
been used for commercial applications on bridges and culverts. In the 1990°s, B-WIM

systems were developed in Ireland, Slovenia and Japan (Jacob, 2005; Ojio, 2000).
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Recent progress through the European COST323 action, the WAVE project

(European Commission, 2001) and other researches have led to significant
improvements in the performance of B-WIM systems. Research from WAVE also
reveals that many of the difficulties observed with B-WIM systems in the past can be
resolved by the new or updated algorithms and by using modern devices, and more
powerful computers.

B-WIM system generally consists devices such as: strain gauges or strain
transducers attaching on the bottom of each bridge girders or bottom of slab bridge,
axle detectors placing on the road surface ©f each lane road, and data acquisition
equipments processing signal of strain and-axie“truck. The information from these
devices then using computer processing can be converted to truck parameters, axle
weight, and the gross vehicle'weight (GV\W).

Moses B-WIM 1979:

As result, Moses (1979) developed a system that used instrumented bridge
girders combined with'axle detectors to predict the axle and gross weight of trucks in
motion. This predictionds based on-the fact that a moving load will induce bending
strain in the bridge girders then converts th_é strain to bending moment in proportion
to the product of the value of.the influeﬁéé line and the axle load magnitude. An
influence line is defined as the bending morﬁent at the point of measurement (at
middle span of each girder) due to a unit axlléjl.oad moving along the bridge. Moses
proved that weight predictions were feasible and results Were repeatable when using a
calibration truck. The system described by Moses was the pioneer of B-WIM system
and nowadays it is widespread in the USA and elsewhere.

The Moses algarithm composed of Strain gauges attached on the bottom of the
bridge girders at midspan, tape switches installed on the road way surface prior to the
bridgesand bottom:hoxawhich-controlled by an-operaton at theroan side. When a truck
was seeh, an operator depressed” a bottom box to alert the syStem operation.
Instrumented bridges used for B-WIM was multiple girders bridge. All girders are
usually identical, though some differences in section modulus can appear in edge
members. The simplest bridge to apply Moses’ algorithm would be a single span
bridge with no skew. A single bridges span less than 18 m is preferred to predict axle
weights. A larger span, over 24 m, would be preferable for determining GVW.

However, Moses recommended that other bridges could be used for WIM system,
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once an influence line of the bending moment can be obtained and the relation

between measurements and this influence line is reliable.
Australia Culvert-WIM (Peter, 1985):

In 1980s, the same concept of the B-WIM has been researched in Australia by
using culvert instated (see Figure 3.9) (Peter, 1986). The basic principle consists of
relating the bending strains in a culvert deck caused by the passage of a vehicle
overhead to the axle weights of that vehicle. The relationship is established by
recording the strains induced by a vehicle whose axles have been weighed statically.
In addition to axle weights, vehicle speed,‘axlesnumber and spacing, and the date and
time of the event are recorded by axle detecior.decated on road surface. The strains at
each gauge are summed up to obtain a CharaCteristic response similar to a theoretical
bending moment influence~line: Figure 3.10 shows the characteristic for moment
response of a four meter span-culvert tdla four-axle truck. Typical peaks can be seen
in the figure corresponding toindividual axles of the vehicle.
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Figure 3.9 Typical Australia Culvert-WIM system (Peter, 1986)

The Australian experience over twelve years has identified @ number of site
specific factors which can have an effect on the overall accuracy of a culvert based
system. The following guidelines have been established for the selection of an “ideal’
Culvert in order to minimize weighing errors: single span reinforced concrete box
culvert, precast, ‘uncracked” and less than 2.7m in span; a smooth road surface; a
straight and flat road; culvert square to the road or a little skew is tolerable;

pavement cover more than 200 mm but less than 1500 mm on top of the culvert
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Figure 3.10 Bending moment of 4-Axletruck by Culvert-WIM (Peter, 1986)

European B-WIM:

B-WIM system has*been tested in many countries in Europe in 1990s under
the WAVE project. Thessysiem has been tested for different type of bridges and
climates. Some bridge typés have been selected such as slab bridge, and orthotropic
bridge. It is found that these types of b"rridges can be used with out axle detectors
mounded on the road surface. / ]

In the Slovenia, the system has beé_h fested in the concrete slab bridges with
span length 8m to 25m. Test onthis type ofl-,_-l)—riqge can be done without axle detectors
placed on the road way, due to the slab b_rifdgé_type is more sensitive to truck load.
The strain gauges can, be added more at the near both side supports section to record
the axle truck signal representing axle detectors. This system was than called Free
Axle Detector B-WIM system (FAD B-WIM). Final accuracy was found to be
strongly related to a number of parameters such as: influence line, calibration
methods, road tnevenness and bridge skew (Jacab,2005):

Free of axle detector (FAD) algorithm has been also developed for orthotropic
bridges by Dempsey etial in~1998 (European Commission,2001). Veélocity, number
of axles@and axle spacings are all calculated from the strain readings underneath the
bridge at two different longitudinal locations. The values obtained for these
parameters are not as accurate as axle detectors mounted on the road surface, but FAD
systems are a solution to sites where installation of road sensors or road closure is not
feasible. The prediction of axle and gross vehicle weights must allow for inaccurate
estimates of axle spacings and velocity to some extent. This initial error can be

reduced by using optimization techniques.
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Research in the WAVE project of B-WIM can be divided into five areas: (a)
increment accuracy for typical bridges, (b) extension of B-WIM to orthotropic decks,
(c) extension of the range of application of B-WIM, (d) dynamic analysis of typical
bridges and (e) calibration. The results of many tests, it became evident that the
parameters with the highest influence on final accuracy are (European Commission,
2001): selection of influence line, accurate assessment of vehicle velocity, dynamics
of vehicles and bridge, bridge surface roughness and calibration methods. According
to the experience reported from WAVE, many helpful suggestions are given for B-
WIM. Therefore in this study has also carefullyselected instrument bridge site such as
simple and short span bridge; two lanes and eneraffic direction, smooth road surface
to reduce dynamic effect.

B-WIM in this study:

The main problemeot gonventional B-WIM system is that the axle detector is
exposed on the bridge road leading to poor durability, difficult and unsafe during
installation of the sysieém. dn addition, the system reflecting to the truck drivers, they
may avoid the systemgthat is‘monitoring them. Many recent studies in European
countries have attempted to develop a FAD' B-WIM system. However, the FAD can
be applied only some bridge types stich as"t}rqthﬂotropic deck bridges, thin slab bridges
(Jacob, 2005), or steel girder bridges with vertiéal stiffeners above the supports (Ojio,
2005). In reality, many highways of interest d‘(.) ’nbt have such bridge types.

This study would like to develop truck loading monitoring system, and test to
monitor truck load at Bangkok, Thailand. The B-WIM as Moses algorithm will be
adopted. The system deseribed this study includes strain transducers (strain gauges),
photoelectric sensors to' detect truck axles, and a CCTV. Some advantages over
conventional system are that no equipment is exposed on the road surface and the
system-does netiinterruptdrafficavhilesthereguipmentis beingiinstalled. The CCTV is
used to increase the accuracy of the system’s classification of truck types. The detail
of the system and test results will be presented at the chapter four. The idea of the
system can be applicable to any type of bridges. For this study, the T-Girder

Prestressed bridge will be used.

3.6.1 B-WIM Formulation
As we know that the basis theory of B-WIM is referred to Moses 1979

algorithm. This algorithm has been used and modified to real application in the
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worldwide. Many researches have developed this system concept in the later years;

however, most of those are developed new system devices such as powerful
computers, transducer, data acquisition, axle detectors, calibration processes and
testing system to difference type of the bridges. Therefore, the system in this study is
also adopted as Moses algorithm for calculation axle truck loads.

The principal concept of B-WIM is that the static theoretical response
(bending moment influence line) equals to the measurement response at the same
point and in the same interval of time, minimization this correlation, axle load then
can be derived. It notes that the truck configuration needs to be prior known from axle
detector. The detail of its formulation is presentedas follow:

If a vehicle is considered at a certain static position on the bridge, and
assuming that each girder~has<a sirain transducer in the longitudinal location at

midspan. The relation between strain and bending mement at girder i, M; is given by:
M, &S, g8 HES ¢, L 4 . (32)

E - Modulus of elasticity

g, - Strain transducer.at girdert =
S, - Section moduius of girderi,

Total bending -momentin-the bridge-can-be found by summing of the

individual girder moment.

n_.girders N girders

M = ZMiz lesigi 4 (3.2)

If E land Sj are the same dfor each girder, total bending_moment can be

written as:

n_ girders

M =ES Zgi ..... (3.3)

Thus the sum of the bending strain is proportional to the gross bridge bending
moment. E and S are constant and independent from position of the axles of truck.
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Figure 3.11 Location of axle truck load on the bridge span (Moses, 1979)

Figure 3.11 shows the static axles position of vehicle moving on the simply
supported bridge. For different-position of the truck axles, the total bending moment
at any bridge section can e relaied to the individual of axle weight for each position.
In the beam theory, the number of unknowns for each truck equals to the number of
axles, N, and this can pe calculated from a'lfknown of strain records corresponding to N
different positions of the truck axles along“'lzt_he bridge. This system of equations can be
established from influence line of the bendi':;r'lgj'-moment. The ordinate of the influence
line indicates the bending moment for a unltaxle load located at a certain point along
the bridge. Considering a vehicle with axle_.V\_/eii'ghts are Py, ..., Py and corresponding
axle spacing ay, ..., ay.1: as shown in Flgure311 Then, the bending moment can be
expressed for any lgcation X of the first axle (X is the posirtion of first axle measured

from the first support) as foliow:

M(X):F)ll(x)+P2|(X —a1)+P3I(X _a1—a2)+

+PIX-a+a,—-.5a,) = (3.4
Or
M(X):iPiI(X—Jiaj) ..... (3.5)

Where I() is the influence line ordinate, and g; is the spacing between axle j
and (j-1).
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As in the actual, when truck crossing the bridge, the vehicle axle’s position

along the bridge will be altered by the time. Therefore, the theoretical bending
moment can be expressed as function of time. Using the velocity and axle spacing, we
can also write the influence line for each axle as a function of time. By summing the

effects of each axle the expected static bending moment can be written as:

M(tk)=iPili(tk) ..... (3.6)

In which M (t,) = bending moment-at“gauge location; tx = time increment;

li(t) = gross bending moment influence line at gauge location for i™ axle at time t,.
Calculate the static axledoadsand GVW:
In the reality, brdge response is not static, however it oscillates around static

equilibrium response as shown in Figure 312

Theoretica moment (M(t9) )
Measwrement moment  (M*(t,) )

PPN

ko

TIME(s)

W=

Figure 8.12 Fheoretical static bending moment M(tx) and measured bending
moment M*(t,)(Moses, 1979)

The main ‘purpose lis ttosestimate axle’ static weight. According to Mose’s
algorithm, the dynamic part can be filtered out by defining an error function, ¢, that is
different between the expected static bending moment, M(t,), and the measure bending

moment from recorded strain, M*(t) as:

Me)-M*t)] 3.7)

1

¢:

T 2
K=
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Substituting for the theory bending moment, M(ty) from Eq 3.6, given

go:Z[ZPili(tk)—M*(tk)} ..... (3.8)

Where, T is the number of scan while the truck is on the bridge. A minimum

condition for the error function can be imposed by:

9% _g i=1,2,3,..., N ... (3.9)
ok,
This gives:
Z[Z(Zli’ili(tk)—M *(tk))(lj(tk)}:o ..... (3.10)

and re-ordering:

Z|:Zpili(tk)j|lj(tk):ZM"*(tk)lj(tk) ..... (3.11)

k=1 i

j=t,24. fN(\-isthe humber of.axles)

The equation in the matrix-form:

[F]NXN [PI ]le - [M ]le ; @ (3.12)
[F]NXN :|i(tk)|j(tk) (313)
[M ]le ¥ i \V/a (T N { ) (3.14)

Where:
[P ] s thewectorof tnkiowniaxlesweight

[F]NxN is a matrix depended on influence line, axle spacing and speed

[M ], depend on the same measure strain

Finally, axles weight [P] can be solved by:

[P| ]le = [F ]71NXN [M ]le ----- (3.15)

The gross vehicle weight (GVW) is found by summing axle weight
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vazip. ... (3.16)

i
i=1

3.6.2 Equipment or Devices for B-WIM System.

The main equipments for the B-WIM are consisted such as the strain gauge or
transducers, axle detectors, data acquisition and PC computer. Each of these devices
will be explained in the following section.

Strain gauge/ Strain transducers:

Strain gauges or strain transducers provide to measure strain of deformation of
the bridge girder or slab caused by passing of vehicle axles, which are attached to the
main bottom surface of the main bridge girder or slab.

|

actiaghd lergh

#

(a) Layout Ji ~ (b) Typical configuration

Figure 3.13 Strain gauge (Tok;/o Sokki, 2005)

The bonded metattic strain gauge Is the most widely used, which consists of a
very fine wire or, metallic foil arranged in a grid pattern (Figure 3.13). In this figure,
R1, Rz, Rs, and Ry represent resistors, and e, and e; are the excitation voltage powering
the wheatstone hridgeand the voltage measured by the DAQ-.system. The measured
voltage, e, cande obtained by applying Ohm’s laws, resulting in Equation 3.17. As
strain is,applied, to-the,gauge;.its, resistance value changes,.causing,a change in the

voltage at e;.

ei:( R___R ]eo ..... (3.17)
R,+R, R +R,

Metallic or foil gauge is mostly used for steel or PC bridges, and carefully
used for concrete bridge. The concrete bridge may contain hair crack, the reading

strain will be inaccurate. For the concrete structure, strain transducer can be used, and



44
this device can be reusable. In this study quarter bridge TML-90 foil gauge was used,

because the tested bridge was PC bridge. There are also benefits for using PC bridge
as instrumented bridge. Because there are no crack is in the PC bridge, and surface
preparing and installation of gauges is more easier than steel surface.

Axle Detector:

The axle detector is used for providing information such as velocity, axle
spacing, number of vehicle axles, and classification of the trucks. The traditional
system, axle detectors are placed on the road surface. These detectors can be
removable (tape switches, pneumatic tubef%,)’ or permanent (low-grade piezo-electric
sensors or other built-in pavement sensors).“Fiom many testing have been reported
that the axle detectors represent the mo‘s"t vulnerable part of any B-WIM system. New
development FAD B-ﬁjﬁ?@fEm identifies axles purely by measuring strain in
appropriate locations of oridge structures. The initial estimation of the axle

spacing and speed from refrot as ‘accurate as from direct measurement, and

FAD system can be a

__fso“ft sl'g'b bridge, orthotropic deck bridge, and steel

o o
i idd

plate girder bridge with.stiffeners.

Figure 3.14 shows t t'yp'es of removable sensor, i.e. pneumatic tubes and

tape switches. Both type are placed oﬂfgt]e road surface and they are more

S

economical than a permanent sof_TJn Thewmstallatlon requires less time and traffic

\_Ja_

delays than other sepsors embedded in the pavemeny However, they are more

exposed to traffic agﬁressweness and they are not reco@jnended in sites with high

traffic densities. |

(a) Tape switches axle detector (b) Pneumatic axle detector

Figure 3.14 Axle detector mounted on road surface
(European Commission, 2001)
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Permanent sensors for axle detector are developed in the various types. The

most commonly used, known as a triboelectric cable, contains cores which induce a

charge when they rub together and the cable is temporarily distorted by the passage of

a vehicle. An increasingly popular variant on this is the piezo-electric cable which
contains piezo-electric material such as polarized ceramic powder, Figure 3.15.

Though piezoelectric axle detectors embedded in a groove in the road

generally provide a longer life than those mounted on the road surface, however they

can fail in various ways. Piezo-electric cable is relatively expensive and needs

carefully installation and calibration. Installation and maintenance are time consuming

and interruption traffic flow. Moreover it is‘damage the road surface.

i Staailard

/ ;- .
L , ?Te“‘ i Il Road Extruded | |
Congiiciof Surface Aluminium | |
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Diclectsic | |
Mategial cold _L._. I
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- | W3 electric
rmh.”‘ C’ cable
Progective solution
Coating

(a) Piezo electric cable cross section - (b) Permanent of Piezo electric cable

Figure 3.15 Permanent of axle detector (Gonzalez, 2001)

Photoelectric sensor:

To overcome the conventional axle detector, the photoelectric sensor is used in
this study. The+advantages-of; this device-are; that;the photoelectric sensor can be
installed at wherever “convenience~of the“road Side, bridge barriers, parapet, etc.
Normally the photoelectric sensor is produced for‘detecting the objects in its path. It is
used in'to various fields such as in thecfactory, automatic'door, detecting car at the car
park, etc. Basically, there are three types of the photoelectric sensor such as trough
beam model, reflecting model and diffuse reflecting (see Figure 3.16). The through
beam model is consist of transmitter and receiver sets. This model can use for
detecting the objects up to 300 m. The reflecting model consists of one set of
transmitter sensor and one set of reflecting. Mostly reflecting model is using for
distance about 3 m to 10 m. The other, diffuse reflecting has only single set of the

transmitter, but it can detect the object only 3 m away from transmitter.
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(@) Through beam model  (b) Reflecting model  (c) Diffuse reflecting model

Figure 3.16 Typical of Photoelectric sensors (Omron Industrial Automation, 2006)

The input voltage requiring for photoelgctric sensors is about 5v to 30v, which
depends on the manufactures. in this study, ine.ihrough beam model, E3SC of Omron
is used. Two sets of photoelectric sensors Were installed at both ends of bridge
supports. Each set of senser consists of a transmitter and a receiver installed at the
road sides. A transmitter.@and.a receiver must be installed at the same level, and the
sensor beam (from transmitteptoreceiver) aligns perpendicular of the traffic direction.
It will trigger when the axles truck pass{hgﬂ__through the sensor beam, then signal of
wheels truck can be regorded. Figure 317 shows the signal of the 3-axle truck that
proved by photoelectric sehsars. For.the détéi | of application with B-WIM system will
be presented in the next chapter. =

o, "JJ

Signal of sensor 1 Signal of sensor.2
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Figure 3.17 Signal proyvided by photoelectric sensor

The photoelectric sensor has many advantages over mounted on the road axle
detectors (Removable sensors and permanent sensor). It is inexpensive, convenient in
installation and maintenance. It does not interrupt traffic during installation.

CCTV:
One issue of conventional B-WIM system is that can not collect some

information of the passing vehicle such as vehicle manufacturing, vehicle plate
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number, etc during monitoring. However, CCTV can be added to B-WIM for

providing this information. Therefore, CCTV is also included for system in this study.
The detail of installation and results will present in chapter 4.
Data acquisition:

The data acquisition (DAQ) is using for convert analog signal to digital signal
data from the stain gauges and axle detector sensors. These signal data are in term of
the voltages. Information on voltages can be acquired in two different ways: one
writing data to a binary file and another to an ASCII file. The latter allows graphical
output and checking of the system In real tie,but it requires more storage space. The
binary format is generally used when collecting.@ata for long periods.

In this study, data acquisition unit (DAQ), SCXI-1520 of National Instrument
was used for processing strain signal. The data signal is saved to computer hard disk
as ASCII file. The detail will be presented in the chapter 4.

3.6.3 Selection of Instrumented Bridges

At the first timedtested by Moses, the preferred instrumented bridge is simple
short span steel bridge. At the later years, thé B-WIM system has been tested to many
types of the bridge structure. If the apprc')é;c'h‘ﬂr_oad surface to the bridge is smooth,
optimal results can be expected 0n spans of arc;und 10 m in length. Such bridges are
also easy to instrument and calibrate. If the dé.néi.ty of heavy traffic is low and the axle
weights are less impadrtant than the gross weights, spans over 30 meters can be also
used. It should be kept in mind that longer spans and dense traffic increase the
probability of having more vehicles on, the bridge simultaneously which has
unfavourable effects on the accuracy of weighing results for the systems. Generally,
the type of the Bridge (steel girders, prestressed concrete girders, reinforced concrete
girders~orccancreteslab):and: skewness up 4o 30°acanprovidey acceptable results.
Nevertheless, it 1s recommended to perform some™ simple preliminary site
measurements and to make the final decision when the calibration results are available.

Traditionally, the bridges recommended for using the system should have
characteristics such as span length 8m to 25m; bridge type: Steel girder bridge,
Orthotropic deck bridge, Concrete slab bridge, etc; good or smooth bridge surface
condition; one or two lanes is more preferred. In this study; therefore, the prestressed
concrete 1-Girder, and simply supported bridge is used. The span length is 20m, two

traffic lanes and traffic running in the same direction.
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3.6.4 System Calibration

The calibration of the system is very important step for B-WIM, it must be
done after system has completed installation. It can be used by preparing trucks of
known weight, or by using normal traffic trucks. Using traffic truck needs to stop
interested normal trucks when they crossing instrumented bridge, and use moveable
static scale to get actual weight. The European specifications of WIM recommended
that 2 trucks, one 2 or 3-axle rigid and one 4 to 5 axle trailer or semi-trailer can be
used by runing 10 times with at less 3 different speeds (COST 323, 1999).

Due to that 3-axle truck (standarc ten avheels truck of Thailand) is the most
popular in Thailand. Therefore In this study,«the 3-axle truck has been used for
calibration system. The calibration has been done by running over bridge more then
ten times with different spgeds,

3.6.5 Accuracy of the B-WIM System.

The accuracy of the B-WIM sysiem is mainly depended on the bridge site
condition, measurement of velogity, the calibration method and selection of theory
influent line. The most influénce to this algorithm is the dynamic force of the moving
vehicles. This dynamic impagt is mainly de_'pé-nded on road surface roughness. If the
roughness of the road surfage is more high,.’vt;hé‘gynamic force will be high as well, the
accuracy of truck load data from the BWIM system is more unreliable. The
classification of the accuracy is can be referréd ’tb ASTM standard for WIM system as
in section 3.4 in this chapter, or according to the European Specification for WIM
(European Commission, 2001). The original test testing by Moese 1979, the error
estimation for individual axle and axle group load were about 15% to 20%,
respectively, and GVW. is"about 10% 10 15%. In Australia, Culvert-WIM system has
been founded ta typically estimate static gross vehicle weight within £10%, and the
individual @xle-weightsiwithin:+15% at 95% confidence dimits. Theimore accuracy is
improved in Culvert-WIM' due "t0 that culvert is less vibrated than bridge (Peter,
1986). The new development and testing of B-WIM by WAVE project at the
European countries the accuracy can be improved up to +10% for single, axle group
weight and GVW (European Commission, 2001).

The need of the accuracy also depend on purpose of the data will be used. For
the bridge and load model, the class 1l of ASTM standard is acceptable. Aiming of
this study would like to develop B-WIM for studying actual truck load influence to

the bridge structures, and collecting actual truck load data for development of truck
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load model in bridge design and assessment, therefore the class 1l of ASTM standard

may be acceptable.

3.7 Summary

Most of the truck load for the bridge design in the world has been influence
from AASHTO standard specification, which this model has been first publish since
1930s. Due to increasing the needs of the transportation; therefore, the bridge design
truck load model from the specification for the present time has been developed and
heavier than earlier model. However, many .countries in the world still have not
studied and developed their truck model. In-Thailand, most of the bridges have been
design by HS20-44 of AASHTO. Even though the legal trucks have been increased
sine 1960s to 2005s, but the«truck ioad model is still referred to HS20-44 of AASHTO.
Because, the actual truckdoad<data may not be available, the bridge design truck has
not been developed. Thergfore, the first aiming of this study would like to develop the
truck load monitoring8ystem. ' 4

The WIM system can be based on“ two techniques that RS-WIM and B-WIM.
The RS-WIM is the first development since; 1950 in the U.S., and then spreading to
many countries in the world. However RSWIM IS has many limitations; therefore,
the B-WIM has been developed for alternative -fechnique at the first also in U.S.A in
1970s. The B-WIM fater has developed ahd'pfécticed infmany countries. The major
countries that effort for development this system are American, Australia, and some
European countries. Several testing and understanding of B-WIM system has been
found in Europe under WAVE project. New algorithm such as FAD B-WIM has been
developed. The canventional “systemfaces problem with axle detectors. The new
system for FAD!B-WIM can be used only for thin slab and orthotropic bridges.

The system:in, this studyis adopted the'sametas traditional method at the step
of estimation of axle weight. However some new devices are includedto make system
to be more effectively. Photoelectric sensor has been used to detect vehicle axles, and
a CCTV has been added to the system for recording trucks photo during monitoring.
This system has no any equipment exposed on the road surface and the system does
not interrupt traffic while the equipments are installed. The proposed system is

expected to be simply, inexpensive, and can apply to any type of bridges.



CHAPTER IV

MONITORING TRUCK LOAD IN BANGKOK

4.1 General

As explaining in previous chapter, the B-WIM system weighs the trucks during they
travel across the bridge. This technique is the maost acceptable and successful for long-term
monitoring of truck load data. It is popularly used.an.Inited States, Canada, Australia, and
many countries in Europe. The conventional B-WIM system consists of strain gauge attached
to the bottom of bridge girders-at midspan and tape switches placed on the bridge’s road
surface to detect axle’s trucke*The. main problgm of the traditional system is that the axle
detector is exposed on the bridge road, which leads to poor durability, difficult and unsafe
during installation; moreover, aSystem reflecting;t(n) the truek drivers, they may aware that the
system is monitoring them. Mafy fecent siudies have attempted to develop a Free Axle
Detector (FAD) B-WIM system. However, the preé_ent FAD B-WIM system can be applied to
only few type of bridges such as orthotropic deck bridges, thin slab bridges, and steel girder
bridges with vertical stiffeners above the supports. ,

This study proposes an alternative B-\WIM -’technique for monitoring truck load data.
It is more convenient for installation and maintenance, because some new devices are added.
The photoelectric sensor has been used for axle detector, which it does not interrupt traffic.
CCTV has been added to the*system for recording trucks photo during monitoring which it
can improve accuracy for truck classification.. Then.the,system.has.been tested and monitored
actual truck load at near'Bangkok city.

The devices including in this systenvare:

1. Computer

2. Data acquisition (DAQ), SCXI 1521B

3. Strain gauges, PL-90, TML

4.CCTV

5. CCTV card

6. Sensor for axle detector, E3S-T11 of Omron
7. DAQ for photoelectric sensors, NI USB 609
8. Power amplifier, DC 10 to 30 V
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4.2 Instrumented Bridge and System Installation
4.2.1 Instrumented Bridge

The instrumented bridge in this study is located on the Bangkok Eastern Ring Road
(BK-ERR) in the eastern part of Bangkok. This is the main highway link between Thailand’s
southern and north-eastern (NE) regions (see Figure 4.1). Most of the heavy trucks use this
highway to avoid entering the Bangkok city center.

Flgure 4.1 Map of tested brldge

AU INENINYINT

Normally, a steél-girder bridge or thln slab brldge with a span between 8mto25mis

preferred for % aﬂI ng mmﬂ :E] ﬁ Efre sensitive to
truck loads (Zidaric, inc e bridges on this highway are prestressed
concrete (PC) bridges, hence a PC I-girder bridge was selected for this test. The selected
bridge has 6 girders, as shown in Figure 4.2b, a total length of 20 m, a support span of 19.4
m, and a total width of 11.9 m (see Figure 4.2a). The bridge has two lanes of traffic, each lane
is 3.5 m in width, in the same traffic direction. The sidewalk is 2.4 m wide and located above
G1, from left to right. The road surface is very smooth (see Figure 4.3). Both sides of the

bridge have concrete railing parapets with 2 m high. Traffic is very dense during the day
time, because many small cars use this highway during this time.
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% 2. Data acquisition (DAQ), SCXI 1521B

3. Strain gauges, PL-90, TML

4.CCTV

5. CCTV card

6. Photoelectric sensor for axle detector, Omron E3S-T11
7. DAQ for photoelectric sensor, NI USB 609

8. Power amplifier DC 10 to 30 V

Figure 4.2 Instrumented bridge plan

52



53

1/
Figure 4.3 Pictures%/y(e bridge

4.2.2 System Devices and Installation

The devices for this W

system include a computer, strain gauges, a data
0 the signal from the strain gauges, a CCTV,

photoelectric sensors, and a DAQ e pl';Lo‘ioeIectrlc sensors. Figure 4.2 shows the
locations of these devices on the N, S 4
j :J’J_
_ xdoy 'Y
Strain gauge: Il
Al Jf/a

Bridge bending deformati dye fo axlt?ﬁﬁck load can be measured by strain

§

gauges. Reinforced concrete bridge usuaHywnI h&s?crack the strain transducer will be used.

"-I

For the prestressed concrete prldges crack will not be allowed ﬁhe strain gauge or reusable

strain transducer can be usé.djln this study, instrumented brld_e¢_sJPC I-girders, therefore the
strain gauges for concrete-TML-PL-QO of Tokyo Sokkl-haveLQeen used. Figure 4.4 shows
quarter bridge circuit of TML gauges. The strain gauges have installed at bottom of midspan
section (see Figure 4.5), twa strain gauges-for each‘ bridge-girder. The purpose attaching two
strain gauges in each dirder for ensuring strain signal being correctly. The advantages of PC
bridges are very,corverience.to install strain gauges andnotdamagethebridge girders.

E: Existing voltages

R: Resistance before strain generation
Ae: Output voltage due to strain

AR: Resistance change due to strain

R1 =R+AR

"_E_"

Figure 4.4 Strain gauges circuit (Tokyo Sokki, 2005)
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Data acquisition: / ‘

A data acquisition unit (
strain signal at a sampling r
is recorded, because the noise cting. This strain data were

with a cut-off frequency of 25

Figure 4.6 Picture of data acquisition

Photoelectric sensor for axle detector:
Two sets of photoelectric sensors were installed at the both end of bridge for detecting
truck velocity and truck axles. The sensors were attached to the bridge parapets at both ends
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of the bridge, as shown in Figure 4.2a (devices 6). The sensors were 25 cm above the surface
of the bridge road (Figure 4.7). Each set of photoelectric consists of an emitter and a receiver.
The sensor emitter and a receiver can detect in the distance up to 30 m. The bridge in this
study was only 11.4 m wide, so the emitter and the receiver were distant only 11.4 m. The
sensor was an on/off device that registered “On” when the wheels of a truck passed through
the beam between the emitter and receiver, and “Off” at all other times. The sensor’s output
signal was 3V when “On” and 0V when “Off,”, as shown in Figure 4.8. The DAQ uses to
convert the analog signal to the digital signal an /(/ it to the computer at a sampling rate
of 1000 Hz. Figure 4.8 shows an example of a S|gnaé?’3 axle truck, where At is the time
between the first sensor detecﬂr@fst axIeJnd the second sensor detecting the same axle,

. ——
Atl is the time between axleM '

le two at the first sensor, At2 is the time between
axle two and axle three at the fist sensor, and /\13 Is the time indicating the signal width of

the truck wheel at the level of th am. E.o‘ﬁ detecting other truck types are also follow

_
the same manner. Because Istange, and mes between the sensors are known, by

assuming that the truck’s velogity i nstant while crossmg the bridge, the truck’s velocity

and axle spacing can be estima é WIdth of'% e truck wheel at the level of the sensor

.NJ

signal also can be used to detect t vqhu;le type'§m}] as for a large truck the wheel truck
width is between 80-90 cm, for small tl’UCk‘IS 10~ ag=mm and pick-up or small car is less than
70 cm. The truck type can be_\further C|aSSIerd accordlng to the qg’de spacing, the width of the

truck wheel, and the axle ntimber. — “’J

2050/06/12

Photoelectric sensors (6.5cm x2cm) Sensor house

Figure 4.7 Pictures of installation photoelectric sensors
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Signal of sensor 2
Signal of sensor 1

3 ] _ _ _
=i r—1 =i
| | | | | |
| | | | | |
| | | | | |
— | | | | | |
| | | | | |
| | | | | |
[ | | [
— [ | | [
[ | | [
0 B BB
Il Il Il Il Il Il

Wy

e sensor signal for a 3-axle truck

"ﬁ| -

CCTV:

uter: A all devices are completely installed and

4 e ___-fi % . .

4.9),__-V|d9ﬁ£gm CTV and signal from sensors will
Aipar.

Al L 2

be displayed on the computer scregn. Figure 4.1

ws the computer screen displaying the

=

strain signal, axle sensor signals and th_g,?l%_ljv_\[, hile monitoring trucks.
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S
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Figure 4.9 Pictures after installation of device completed
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On midspan
Bridge girders

DAQ
SCXI 1521B

191 e

Figure 4.11 Collection data chart
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4.3 Signal Analysis and Calculation Procedure

When system has been installed properly, all the devices will process the signal
through the DAQ to convert the signal to be digital and save to PC computer as showing in
the Figure 4.11. The LabVIEW commercial program has been used for processing the signal
data from DAQ to computer. The system continually record data and save to files in the
defined folders. After the all signal data have been saved, the second step is signal analysis
and estimation truck load. This step can be done separately at the office. The following is
explained the steps of data analysis and deriving truck load.

Calculation Procedure:

1. Analysis the data, filter strain-data by low pass filterusing cut off freq. 25 Hz.

2. Calculate truck speed and axies.spacing of the truck from the photoelectric sensor
signals by assuming that the.ruck velocity 1s in constant during crossing the bridge.

3. Consider truck class aceording io truck axle configuration and CCTV camera.

4. Calculate induced strain’and define-transverse position of truck, then determine
calibration factor. Transverse position of'“truck Is determine such that if the strain at
middle girder higher than edged girder, truek will be at bridge center and vice versa.

5. Calculation individual axle load and axle 'grbup using B-WIM formulas, for gross
vehicle weigh (GVW) is summed-up of eaCh“ individual axle load and axle group.

Truck speed calculation: A
The way to calculate velocity of truck is that first the distance between sensors is

known, e.g. 19.45 m. When the truck across the bridge the signais-of the truck wheels will be
recorded as shown in Figure 4.12, the time interval of truck axle-between photoelectric sensor
set one at approach bridge and-set two at the out of bridge, At can be calculated by assuming
truck velocity is constant, .than.thevelocity. can be.Calculated by simple formulation by below
equation, Eq. (4.1).

V)= S AL,

Where,

V,: The velocity of tuck number n

S: The distance between two sets of sensors, prior known

At, : The time interval of axle truck from sensor set one to sensor set two recording by

photoelectric sensor.



59

For the axle spacing can than be calculated by Eq. (4.2).
_ *
X; =V, *At,

Where,
X; : The axle spacing between axle i" and axle j"

//4/‘ L ARG
'[I'l f I.__ L

—— SENSORO1
—— SENSOR02

Volt

ol B FHE B o
T G I 9 S froe e o

are presented in‘the Table 4.11.

Table 4.1.1 Calculation of velocity for 3-axle truck

Sensor
distance, S At, Vh Aty X1z Aly3 Xo3
m S m/s km/h S m S m
19.450 3.540 | 5.494 | 19.780 0.578 | 4.168 | 0.238 1.307
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Signal filtering:
Normally, strain gauge signal data without filtering will include noise. This noise is

mostly due to electrical signal. The way to get rid of the noise can be done by two methods.
First is done during collecting the data; however, this method may make computer more
slowly. The second method may be done after signal recorded to data files. Due to the strain
signal were collected in high frequency, therefore the noise was filtered after signal recorded
r with cut off frequency 25 Hz has been used,

by using MATLAB program. The low pass f t

sr02,G01
0.000035

0.00001

0.000005

0

-0.000005

(b) Strain signal after filtering

Figure 4.13 Strain signal before and after noise filtering
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Calculation of axle weight and GVW:
Truck parameters were defined and strain gauges data were filtered, the system is still

difficult to distinguish closed peak of strain signal for axle group. Therefore, for closing axles
group load (two and three axles groups) are assumed to be one point load contributed to the
bridges structure. The Figure 4.14 shows the assumption of load for 3-axle truck distribution
on the bridges.

DL
A AARARIRN/E IRRARARARY
—
O (®
F4.165m—l;;“1.31.‘
Qm \ 4 §P2

Figure 4.14 Conftribution of three axle load to the bridges

S

After the truck veloeity and distribution of the axle loads on the bridge have been
defined, then the axle weights can be calculated by B-WIM formulations as presented in
section 3.6.1. For example of the 3-axle truck, and assumed two point load distributed to the
bridge girder, the matrix of the unknown axle load, P; will be remained two unknown, P; and
P, as shown in below System equation, Eq. (4'3).

LRI PR Nl P 198¢ I
kZ: Il(tk) I1(tk) 1(tk) "2(tk) Ll Z M by M) 1 6Y L (4.3)

1| 2etk) Y1(tk) I2(tk)|2(tk) P, k=1 I2(tk)

The equation 4.3 is the same as equation 3.11 in chapter 3 for N (unknown axle load)
is equal to two.
And the GVW is summed up of individual axle weight, Eq. (4.4)

GVW =P +P,



62

4.4 System Calibration

The stiffness of bridge girders was calculated by data (concrete modulus, and section
dimension) from the bridge construction drawings and on site measurement. Due to site
factors (Cai, 2002), the actual bridge stiffness may be stiffer then the theoretical stiffness.
This difference can be known by calibration. According the recommendation from European
specifications about the calibration of WIM system, the system calibration can be done by
running known information truck for about ten times at different speeds. In this test, a 3-axle
truck (standard ten wheels truck of Thailand) with a known load and axle configuration was
used for calibrating the system. The GVW of calibraiion truck was about 25 tons, and its
configuration as shown in Figure 4.15..This c?é’libration has been done by running the truck
over the bridge twelve times, eighttimes in thg center lane (left lane) and four times in the
edge lane (right lane), at four different speedsli_ 20 km/h, 40 km/h, 60 km/h, and 80 km/h.
From this calibration, the calibration factor of the bridge stiffness is 1.30 when a truck travels
on the center lane and 1.25 whensa truck_,trével§ on the edge lane. This difference indicates
the affect of transverse position of the truck;“whgn_ the truck 1s on the bridge center, the truck
load may be distributed to all bridge girdlef:'s;than Wben the truck is on the edge lane. The way
to determine the truck transverse positioihdis don:ed-r-‘gy;pomparing measurement strain at the
middle girder and edge girder of the brldge if thﬂnduced strain at middle girder is higher

than edge girder, the truck po$|t|on is assumed on brldge center, and vice visa. Figure 4.16 (a)

and (b) show the theoretlcal and measurement moments at mldspan section before and after

applied calibration factor.

C

I/; 0
AW (AWM
! 43m | 13 m
U J ll
5000.00 kg 9650.00 kg  9550.00 kg

GVW = 24200.00 kg

Figure 4.15 Calibration truck configuration and photo
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------- Theoritical BM
Measured BM

(@) Theoretical and mea ured before (singap plying calibration factor

The results of all running_calibration truck at different speed are presented in the

Table 4.12. The resuﬂpHeEelq % Etj\l%’j w&]ﬂtﬂﬁspacing, A and second

axle spacing, B (see Figure 4.15); first axlg load, Ps; axle group load, Pz, and GVW. The

" e SRR ST N0, e

calculated from the system using signal from photoelectric sensors, and actual axle
configurations. The calculation method is as explaining in section 4.3. As shown in the figure,
it is found that the error in estimation of axle spacing from the system was less than 1.5%.
The values of 4.13 m and 1.3 m in this figure are actual axle spacing of calibrated truck.

Figure 4.18 shows the error of estimation the calibration truck load after applied the
calibration factor. The error in the estimation of axle load and axle group load are less than
13%, and the error in gross vehicle weight (GVW) is less than 10%.



Table 4.1.2 Results of running calibration truck

Axle Differ for

No | speed spacing P1 P2 GVW GVW Position

m/s | A(m) | (B)m kg kg kg % of truck
1 553 | 4.19 | 1.32 | 4,537.64 | 20,757.54 | 25,295.18 4.53% Middle lane
2 7.88 | 4.15 | 1.31 | 5,209.90 | 20,118.91 | 25,328.80 4.66% Middle lane
3 11.46 | 4.13 | 1.31 | 4,599.61 | 18,695.87 | 23,295.48 3.74% Middle lane
4 12.27 | 4.10 | 1.30 | 5,380.21 | 17,340.30 | 22,720.51 6.11% Middle lane
5 15.79 | 4.14 | 1.31 | 4,352.37 | 17,396.78 | 21,749.15 | 10.13% Middle lane
6 16.36 | 4.14 | 1.31 | 4,504.22 | 17,169.30 4 21,673.53 | 10.44% Middle lane
7 1786 | 4.14 | 1.30 | 4,519.13 | 17,709.75 | +22,228.88 8.15% Middle lane
8 18.11 | 415 | 1.30 | 4,642.36 | 17,816.42 |-22,458.78 7.20% Middle lane
9 1151 | 4.14 | 1.32 | 545851 .19,977.59 | 25,436.10 5.11% edge lane
10 | 12.07 | 4.16 | 1.32 | 5/476.56 (21,099.30 | 26,575.86 9.82% edge lane
11 | 1414 | 416 | 1.32 | 4,495.41 21,76Q.53 26,564.94 9.77% edge lane
12 | 1743 | 4.15 | 1.31+75,290.02 4 19,669,90 | 24,959.92 3.14% edge lane

Actual calibration truck,P1=%5,000 kg, P2= 19,200 kg

w
o

1
=
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Measured by B-WIM (%)
&
o

T

AFirst axle
= < Second axe =
1.30 4.13

“ Axle spacing (m)

Figure 417 Errorofievaluationof

30 - . .
A Axle W6|g_ht 10% y

= 2° [\ O\Gross weight
E i Yl
E . .
S 15 g
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e}
8 0 T T T T T 1
>
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[<B) .
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Figure 4.18 Error of evaluation of truck
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4.5 Calculation Procedure and Program for System
The calculation software for simulating long-term monitoring data was written by the

author using MATLAB languages. Figure 4.19 is a flowchart of the calculation procedure.
The procedure is as follows: filter the strain data, identify trucks by total bridge strains that
are higher than 40 micro strain (if the strains is less than this value, it will be small cars or
pick-up which GVW may less than 5 tons), calculate the truck parameters (velocity, axle
spacing, and truck type), estimate the axle load and gross weight of the truck using the B-
WIM algorithm. The results for each truck type are then saved to the output data files. Trucks
of interest can be verified using the CCTV video, espeeially those with trucks heavy loads.

This is a very useful and accurate'method for verifying the truck type.

Stain data Sensor for Axle CCTV
Filtered
l A\ 4

Select signal of truck F’ Velocity; axle
(Total strain > 40 spacing;
micro strain) Tuck types

4 ;4 # Ad

Axle load and Gross weight (GVW)

Out put file: A4
Axle spacing, Verification
Truck type, N Truck type
Axle load
and GVW

Figure.4.19 Flowchart of truck data analysis,and.calculation

4.6 Results of the Monitoring Truck Data
Actual Thai trucks were monitored at the BK-ERR highway, as mentioned in section

4.1. Because this highway is near Bangkok city, traffic is very heavy, particularly during the
day when many small cars use it. The main purposes of this study were to test the system and
primarily investigated of actual Thai truck configurations and loads. Therefore, a total of
about ninety hours of data were collected at night from 9: 30 p.m. to 6: 30 a.m. in May, 2007.
A total of 10,621 trucks were derived from this monitored system, as shown in Figure 4.20.
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Only those trucks that had a GVW of more than 5 tons were investigated. From these test
results, the trucks were classified into seven types. The relative frequency of GVW for loaded
truck and configuration of each truck type are presented in Figure 4.21 though Figure 4.27 at
the below. For convenience, the truck types were given name as 2-axle trucks (TR-02), 3-axle
trucks (TR-05), 4-axle semi-trailers (TR-07), 5-axle semi-trailers (TR-09), 6-axle semi-
trailers (TR-10), 5-axle trailers (TR-11), and 6-axle trailers (TR-12).

Figure 4.20 shows that most of the trucks on this highway are 2-axle trucks (TR-02,
amount about or 42%), 3-axle trucks (TR-05, about 27%), and 5-axle semi-trailers (TR-09,
about 21%). There are few trucks for 4-axle semi<trailers (TRO7, 2%), and 6-axle trailers
(TR-12, 0.3%). For trucks 6-axle semi-tratlers (TR-10) and 5-axle trailers (TR-11) are about
3% for each. It also can be observed that tuck TR-09 Is more popular used than TR-10, while
configuration of these trucks areJditterent only rear axle group, two-axle group (tandem) for
TR-09, and three-axle group for FR-10.

5,000 ” _ Total number for each truck type
TR- )
[ ] TR-02 = 4,487 trucks
4,000 - f
~ , TR-05=2,896 trucks
c=>>‘ 3,000 TR-05 -= " TR-07 = 212 trucks
() o«
=1 T " TR-09,= 2,269 trucks
D 2,000 -
(I TR-10.= 325 trucks
1,000 | TR-31 = 401 trucks
TR-12 = 31 trucks
0

Truck type Total trucks = 10,621 trucks

Figure 4.20 Total'number of trucks monitored at BK-ERR

Figure 4.21a shows the relative frequency of GVW for loaded truck type TR-02,
which ranges between 8 tons and 19 tons with total number of 4,040 trucks; the lower GVW
may indicates empty trucks and not include in this figure. The dividing line for empty trucks
and loaded trucks condition is selected by judgment (low GVW are assumed as empty trucks),
and COV of GVW for data loaded trucks are considered less than 0.3, (Wang, T. L., et al.,
2005). Because, high value of COV, it mean that truck load data are very varied. However,

most of the GVW for TR-02 trucks ranged between 10 and 13 tons, and only few trucks (less
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than 4%) had a GVW above 15 tons, which is the over legal limit load (legal limit of GVW is
15 tons) defined by the Department of Highways, Thailand. The mean value (MV), standard
deviation (SD), and coefficient of variation (COV) for axle loads and GVW for loaded trucks
of TR-02 are also given in Table 4.2a. The MV for first axle, second axle, and GVW are 3.36
tons, 7.63 tons, and 10.99 tons, respectively. The axle spacing for TR-02 truck is given in
Table 4.2b as statistic values, and the graph of axle spacing distribution is presented in the
appendix A-2. The median value (MD) of axle,spacing is 5.07 m with standard deviation
(SD) and coefficient of variation (COV) 0.93, anc /019, respectively.
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Figure 4.21 TR-02:"(a) Relative frequency of GVW,(b) Configuration

Table 4.2a Axle weights for loaded truck’, TR-02

Axle weight M/ (tons) SD coyv
1 SA 3.36 0.88 0.26
2 SA 7.63 1.89 0.25
GWV 10.99 2.03 0.18

MV- mean value (tons), SD- standard deviation,
COV- coefficient of variation
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Table 4.2b Axle configuration for TR-02
Axle spacing MD (m) SD cov
A 5.07 0.93 0.19

MD- median (m), SD- standard deviation,
COV- coefficient of variation

Figure 4.22a shows the relative frequency of GVW for loaded trucks, TR-05, which
ranges from 15 tons, light GVW trucks are not in¢luded in the graph. The condition selecting
loaded truck is the same manner as indicating for TR<02. The maximum GVW is about 30
tons, while the GVW legal limit for this truck type is 25 tons (Department of Highways,
2005). The monitoring data indicate that most trucks are loaded under the legal load limit,
with only 4% (in total TR-05 truek data) above the legal limit. Loading from closed spacing
axles have been assumed as one axle grouplcad (one point load). Therefore, axle weight data
for TR-05 are given as the mean Value (MV) of smgle axle (SA) and two-axle group (AG)
weights. The statistical values ' (MV, SD, and COV) of axle weights and GWYV for loaded
trucks are shown in Table 4.3a,which MV- for fl_gst ‘axle (1_SA), axle group (2_AG), and
GVW are 4.3 tons, and 16.44 tons, and 20.72 toﬁé--ﬂ 'rgzspectively. The axle spacing data are
listed in Table 4.3(b). The MD of the first axle spacmg, A, is 4.12 m, and spacing of
individual axle in tandem (two -axle group) B, is 1. 30 m. The GOV of this spacing is very
small (0.06), indicating that the two-axle group spacing data are mostly that 1.30 m. This axle
spacing data also agreed with data collected from factories in Thailand.
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Figure 4.22 TR-05: (a) Relative frequency of GVW, (b) Configuration
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Table 4.3a Axle weights for loaded truck , TR-05

Axle weight MV (tons) SD Cov
1 SA 4.30 1.88 0.24
2_AG 16.44 2.80 0.17
GVW 20.72 2.93 0.14

SA- single axle, AG- axle group (or tandem)

Table 4.3b Axle configuration for TR-05

Axle spacing MD (m) SD, cov
A 412 0.49 0.12
B 1.30 0.08} 0.06
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Figure 4:23 TR-07: (a) Relative frequency of GVW, (b) Configuration

Figure 4.23a shows the relative frequency of GVW for the TR-07 trucks which has
only 2% of the total monitored data. This figure shows loaded trucks which GVW are more
than 20 tons. And the maximum GVW for the TR-07 group was about 33 tons. This truck
type is not existed in the list of legal limit trucks (Department of Highways, 2005). Table 4.4a
shows the data of axle, axle group weights, and GVW, which the mean value (MV) are 3.78
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tons, 9.26 tons, 12.77 tons, and 25.81 tons for first axle, second axle, third axle group
weights, and GVW, respectively. Observing from these data, TR-07 truck is not too heavy
truck load. The axle spacing for TR-07 truck type is listed in Table 4.4b. The median (MD) of
A, B, and C (see Figure 4.23b) are 3.75, 1.35, and 8.07, respectively. The SD of the axle
spacing, C is 1.41. It is seen that this value is higher than one because the data of this spacing
is so variable, which the minimum and maximum values are varying from 3.3 m to 9.9 m (see

appendix A-2 for axle distribution graph).

Table 4.4a Axle weights for loaded truck , TR-07

Axle weight MV (tors) SD COoV
1 SA 378 0.84 0.22
2 SA 9726 1.94 . 0.21
3_AG 12777 3.08_ 0.24
GVW 2581 3:30 0.13

Table 4.4b Axle configuration for TR-07 f
MD (m) SD = :COV

Axle spacing
A 3.75 0,88, | m0.22
B 1.35 0.10 0.07
C 8.07 1.41 0.18

Figure 4.24a shows the relative) frequency-of: GVVW far<the“TR-09 group, and only
loaded trucks are selected, which GVW are more than 25 tons. The condition for empty and
loaded truck is.also-the, same as_explaining at the aboye.-The.maximum.GVW for TR-09 is
about 50 tons, while the legal"GVW¢imit is'45 tons (Department of Highways, 2005). The
peak of the frequency graph for highest GVW values indicates that most of the loaded trucks
in the TR-09 group weighed about 39 tons. However, only a few trucks, less than 3% of total
TR-09 truck data, were above the legal weight limit. This truck type is very important,
because it is heavy loading truck and popular using in Thailand. The axle and axle group
weight, and GVW data are also given in Table 4.5a, which MV are 4.79 tons, 14.26 tons,
17.84 tons, and 36.89 tons, respectively. All COV of axle weights data are also about 0.22.
Observing from GVW and axle weights data, it can be seen that TR-09 truck is one very
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heavy truck load. The configuration of truck is shown in Figure 4.24b, consisted single
steering axle, and two tandems axles. The MD value of the spacing between the last leading
axle to the first trailing axle (distance of C) is 7.2 m, and its SD value is 1.28 (see Table
4.5b). The SD value for axle spacing C is more than one, because of the wide range of the
spacing data (between 3 m and 9 m). The graphs of axle spacing distribution are presented in
the appendix A-2. The spacing for individual axles in tandems of heading is about 1.3 m,
which the same as data collected from factories in Thailand (Chula Civil Dept. Report,
2003).
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Figure 4/24 TR-09: (a), Relative frequency of GVW;(b)Configuration

Table 4.5a Axle weights for loaded truck , TR-09

Axle weight MV (tons) SD Ccov
1 SA 4.79 1.04 0.22
2_AG 12.26 3.36 0.24
3_AG 17.84 4.06 0.23
GVW 36.89 5.03 0.14
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Table 4.5b Axle configuration for TR-09

Axle spacing MD (m) SD cov
A 3.36 0.24 0.07
B 1.30 0.05 0.04
C 7.20 1.28 0.19
D 1.35 0.06 0.05

Figure 4.25a shows the relative frequency of G\VVW for the TR-10 trucks and this
figure includes only loaded trucks that GV\W are morethan 25 tons, and the maximum GVW
of 58.1 tons. The legal GVW limitfor this truck type is 50:5.tons (Department of Highways,
2005). The configuration of .the” TR=10 truck s different from the TR-09 truck only that
trailing for TR-10 is three-axle gwoup (see Filgglre 4.25b), while TR-09 is tandem. Axle
weights for TR-10 truck consist of/Single “éxle,.j;aindem axle, and three-axle group weights,
with MV 5.62 tons, 17.66 tons, and 23.96 tons, f'gsf)éctively (Table 4.6a). The mean value of
GVW is 47.24 tons. In this monitored data, this;t_‘ryc}g type is heaviest truck load. However,
the numbers of this truck type isonly 3% of total".f'u‘.uqk data. The axle spacings for this truck
type are also the same as those for the TR-09 truéLSi?(See Table 4.6b), for which the SD of
axle spacing C is 1.26, and the MD of the spacingjﬁdr#the individual axle in axle groups are

also the same as those for.the TR-09 trucks with 1.3 m for heaﬁji.ng and 1.35 m for trailing

axles. These axle distributioh graphs are also presented in appendi’)"é A-2.
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Figure 4.25 TR-10: (a) Relative frequency of GVW, (b) Configuration
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Table 4.6a Axle weights for loaded truck , TR-10

Axle weight MYV (tons) SD Ccov
1 SA 5.62 1.06 0.22
2_AG 17.66 2.75 0.16
3 AG 23.96 351 0.15
GVvW 47.24 4.57 0.10

Table 4.6b Axle configuration for TR-10

Axle spacing MD-(im) sD COovVv
A 332 0.25 0.08
B 1.30 0.07 0.05
C 6.26 1264\ 0,22
D 1.35 007 4|\ 0.05
E 1.35 0.07% | 0.0

Figure 4.26a shows the relative fregtiency ofGVW for the TR-11 trucks, which GVW
for loaded trucks are more than 30 tons. This truck'ts;pe IS & caombination of a TR-05 truck
and a trailer. The legal GV\WW._limits for these truck types is 47 tons.(Department of Highways,
2005), while the maximum GV/W values in this monitored data is up to 50 tones. However,
less than 3% of the total TR-11truck data those are overloaded (have a GVW exceeding the
legal limit). Observing the peak of the graph'in Figure 26g, it Is indicated that most of the
GVW for loaded trucks are about 44 tons.  The statistics values of axle weights, and GVW
for TR-11 truck;are given:in Table 4.7a; which! MV weights of Single steering axle, tandem,
tow single axles of trailing, and GVW are 4.63 tons, 18.52 tons, 8.88 tons, 9.06 tons, and
41.09 tons, respectively. This truck type is one heavy truck load in Thailand that may
generate more loads to bridge structures, especially for medium and long span bridges. The
axle spacings of the leader trucks for the TR-11 truck is also the same as those of the TR-05
group trucks, which MD for A and B are 4.12 m and 1.30 m, respectively (see Table 4.7b).
The trailing axle spacings has SD values less than one, it indicates that this spacing does not

much vary.



0.25

0.20 1

015 |

0.10

0.05

Relative Frequency

Num.: 203 trucks

0

25 30 35 40
GVW (if)

(a) Relative frequency of

Figure 4.26 TR-11:(a)

Table 4.7a Axle weights for lo

Nl

.AI-I'::'J -‘i' 2

Axle weight

MV (tons) | =S 1

1 SA

2_AG

3 SA

4 SA

GVW

Table47baxw’]ﬁﬁ>rﬂo§m 111&'1’3 NYIAE

Axle spacmg MD (m)
A 4.12 0.23 0.06
B 1.30 0.07 0.05
G 4.38 0.30 0.07
F 4.40 0.30 0.06
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Figure 4.27 shows the figure for the TR-12 trucks. There are a few numbers for TR-
12 trucks in this monitored data (only 0.3% of total monitored data). The loaded trucks have
been selected with GVW higher than 30 tons, and only 7 loaded trucks can be observed.
Therefore its data are not enough to present the graph of relative frequency of GVW.
However, it can summary that the maximum GVW from monitored data is 54 tons, while the
legal GVW limits is 53 tons (Department of Highways, 2005). The data of axle and axle
group weights for loaded trucks are listed in Table 7a, which the MVs are 4.88 tons, 19.29
tons, 9.45 tons and 14.23 tons, and MV of GV/W is 47.85 tons. In Table 4.8a, the COV for
trailing axles are 0.38 and 0.35, whieh is greater than“0.3. This may be due to that some
trucks were full loading for heading truck but éhpty for trailing trucks. This truck type is the
heaviest truck in the list of legal” limit truck (Department of Highways, 2005). In this
monitoring, however, only little.aumber has been found. This truck type is one heavy truck
load in Thailand, it may important for bridge structure. Therefore it may suggest furthering
monitoring to observe. The eonfiguration of this-ftruck type is similar as that TR-11 truck, it
is different only that the trailing axles for-the '“I'ITR-12 trueck consisted of a single axle and
tandem (see Figure 27 and Table 4.80). . -

Figure 4.27 TR-12: Configuration

Table 4.8a Axle weights for loaded truck , TR-12

Axle weight MYV (tons) SD cov
1 SA 4.88 1.04 0.21
2_AG 19.29 2.92 0.15
3 SA 9.45 3.62 0.38
4 AG 14.23 4.93 0.35
GVW 47.85 7.36 0.15
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Table 4.8b Axle configuration for TR-12

Axle spacing MV (m) SD cov
A 4.14 0.30 0.07
B 1.30 0.06 0.05
G 4.39 0.37 0.10
D 1.35 0.05 0.04
F 3.42 0.36 0.11

From the above truck data, the configurations (axle spacing) of trucks are varied
depend on truck type, which ean"be ohserved from the SD of axle spacing. SD of axle
spacing for TR-02 is 0.93, which indicates that axle spacing data quite large varies between
maximum and minimum value (this truck varying from 3 m to.6 m). This due to the TR-02
groups are two axle trucks, their axles/may consisf of four wheels and six wheels, the length
of different amount of wheel truek may alter also. For three axles truck (TR-05), and leader
truck for TR-11 and TR-12 trucksare similar configuration, which SD of first axle spacing is
less than 0.5, and MD of first axle spacing is 4.12 m, the varying of this axle spacing is
between 3.3 m to 5 m. The different configuratioﬁ,df’ these truck groups may due to such
trucks may consist of three axles six wheels, three axles ten wheels, busses, etc. The SD of
axle spacing between heading and tratling of semi-tratler fruck types, TR-07, TR-09, and TR-
10 are higher than one, and MD are higher than 7 m. The varying of axle spacing for theses
truck groups are between 3.5'm to 9 m. this is due to the configuration of semi-trailer groups
consist of different length. However, for individual'axle spacing.in axle groups for different
truck type are similar, which'is about 1.3-m Tor three axle truck group, and heading of
semi-trailer groups; and 1.35 m for trailing of semi-trailer.and trailer groups.

Each truck typel can be grouped by doaded and empty trucks,swhich dividing line
condition for loaded and empty trucks is explained in the above by judgment from GVW
distribution and COV. Most of trucks from this monitoring loaded under legal limit. Each
truck type has only about 3% loaded higher than legal limit. Observing relative frequency of
the GVW, for two axles truck (TR-02) most of loaded trucks are about 10 tons, TR-05 (about
21 tons), TR-07 (about 24 tons), TR-09 (about 36 tons), TR-10 (about 50 tons), TR-11 (about
44 tons), TR-12 (about 50 tons). All truck are heavy truck load, accept TR-02 group. Few
overloaded trucks were seen in this monitored data, this may due to that there is the weight
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control station on this highway. All of this data are evident that the proposed system is

applicable.

4.7 Observing of Heaviest Monitored Trucks to HS20-44
To investigate over loaded trucks, the heaviest trucks in each truck type from the

monitored data were compared to the HS20-44 standard design truck in the AASHTO. HS20-
44 consists of truck loading and lane loading, but for bridges with spans shorter than 35m,
only truck loading is considered because it induces.a greater load on such bridges than lane
loading (Colin O’Connor and Peter A. S, 2000). Small and medium bridges in Thailand have
been designed according to the HS20-44 design truck. The GVW of this truck model is 32
tons. The three axles have loads of.3'5.i0ns, 14.2 tons, and 14.2 tons, respectively. The axle
spacings are 4.3 m between the first and second axles, and 4.3 to 9.1 m between the second
and third axles (Figure 4.28). Thefmonitored trucks (Thai trucks) in this test shown in Table
4.2 to 4.8 above have axle configurations that do not differ much from that of the HS20-44
design truck, varying between 4.1 and © m (from! center to center for axle group). However,
the axle weight and GVW of the heaviest loaded tr’Qck in each monitored truck group, except
the TR-02 group, are higher than these of the H820;44J;ruck.

3.5tf 14.24f 142 tf

Figure 4.28 HS20-44 (AASHTO) truck

Table 4.9 shows the axle weights of the heaviest for the monitored trucks and the
HS20-44 design truck. The individual axle weight in axle group is assumed as equal load.
The GVW of each heaviest truck type is a sum of axle weights. It is seen that only the TR-02
truck has a GVW that is less than that of the HS20-44 design truck. The GVW of heaviest
TR-10 truck is almost twice that of the HS20-44 design truck. Steering axle weights for all
heaviest trucks are higher than 3.5 tons, which those of HS20-44. Weights of individual

axles are less than 14.2 tons; however, axle group weights of heaviest trucks (sum of



78

individual axle weight in axle group) for each truck type are higher than second and third axle
of the HS20-44 truck. For example, the heaviest for two-axle group is up to 26 tons, and the
heaviest for three-axle group is up to 30 tons, while the axle load of the standard design truck
is 14.2 tons.

Table 4.9 Axle weights of each heaviest truck (tons)

TR 1 2 3 4 5 6

HS20-44 3.5 14.2 1472 - - -

TR-02 43 15.3 - - - -

TR-05 4.7 131 13.1 ’ - -
26.2

TR-07 4.0 114 0.3 9.3 - -

, 18.6

TR-09 5.1 10,0 10.0 123 [123 -
20.0-" 24.6

TR-10 4.7 146/ +1¥6 10.0  [10.0 10.0
28.2:0" 30.0

TR-11 4.5 114 “111% 1.1 [116 -
b Al

TR-12 5.3 97 [974a 137 |81 8.1
18.4 il 16.2

Another way to compare these heaviest Thai trucks with the HS20-44 truck is to
compute the maximum bending moment tor simply span bridges with a length between 5 m
and 35 m. The bridges are assumed:to have a single’lane and a one truck presented for span
less than 20 m, a single lane ‘and train truck with-distance' 8 m/ (front bumper of following
truck to rear bumper of preceding truck, orapproximately 11 m from first,axle of following
truck to last axle of preceding.truck) presented for higher span length. The maximum bending
moment of the ‘monitored Thai truck versus that of the HS20-44 truck for different bridge
spans are shown in Figure 4.29. In the graph, the victual axis is the bending moment with unit
(tF.m)x100, i.e number 1,2, 3, ... mean that these value need to multiple by 100 to be 100,
200, 300, .... Tons.m. The graph shows that the effects of the heaviest Thai truck types—
TR-05, TR-09, TR-10, TR-11, and TR-12—are exceeded by those of the HS20-44 truck.
For spans less than 15 m in length, the maximum moment is induced by the trucks in the TR-

05 and TR-10 groups, and this maximum moment is about 48% greater than that of the
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HS20-44 truck. On longer spans, the maximum moment is induced by the trucks in the TR-10
and TR-11 groups. This bending moment is about 40% greater than that of the HS20-44
truck. Both the axle weight and the axle configuration of the trucks are very important for
bridge structures. For example, in this calculation, the GVW of a TR-05 truck is a little bit
less than that of the HS20-44 truck but induces more maximum moment. The GVW of a TR-
07 truck is a little bit more than that of the HS20-44 truck but induces less maximum
moment. In the graph, 1.5HS20-44 means that the effects of HS20-44 are multiplied by a
factor of 1.5. This graph is higher values than all.other graphs for the heaviest of the
monitored trucks, implying that, due te current truek leads, the 1.5 factor may be needed to

increase the standard design truck. Thiseffect, however, requires further study.
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Figure 4.29 Maximum bending moment of the heaviest of the monitored truck
and HS20-44 versus bridge span

Figure 4.30 shows shear force at support of maximum trucks from monitored data and
HS20-44 for different bridge span, 5 m to 35 m. The graphs of shear force also are indicated
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that the effects of the heaviest monitored truck, TR-05, TR-09, TR-10, TR-11, and TR-12,
exceeded those cause by HS20-44 truck. For shear which span length less than 10m, TR-05
will be critical truck load, abut 23% higher than HS20-44 truck; and for longer bridges span,
the maximum shear will be induced by TR-10 and TR-12, about 32% higher than HS20-44
truck. And, it is seen that the shear forces for 1.5HS20-44 are highest at all bridge spans.
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Figure 4.30 Maximum shear force of the heaviest of the monitored trucks
and HS20-44 versus bridge span

4.8 Summary

In this chapter, the detail of the B-WIM system developed in this study has been
presented in the detail/» The system has been tested and truck load data have been monitored.
All monitored truck load data also are presented, and the heaviest monitored truck have been
observed to HS20:44 of AASHTO: TheOverall results are'summary-in tha fellowing.

In this study, an alternative system of truck load monitoring based on the B-WIM
system was developed. The proposed system consists of devices such as strain gauges,
photoelectric sensors, and a CCTV. The system is uncomplicated and inexpensive, but it can
provide reliable truck load data. No equipment is exposed on the road surface reflecting to the
truck drivers leading to receive unbiased data. The installation does not interrupt traffic,
which means that the system is easy to install and maintain. From the calibration truck, the
error in estimation of axle spacing is less than 2%, the error in estimation of axle weight and

axle group weight is less than 13%, and error in estimation of the GVW is within 6% to 10% .
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The Bangkok Eastern Ring Road (BK-ERR) in Thailand was selected for monitoring
actual truck configurations and loads. The results of this test can classify the actual trucks
into seven types. The configurations of trucks can be grouped such as 2-axle truck, 3-axle
truck, semi-trailer truck, and full trailer truck. The varying of truck configurations is given as
standard deviation (SD) of axle spacing. The median value of axle spacing for 2-axle truck is
about 5 m, and the 3-axle truck are about 4.1 m, and 1.3 m. The axle spacing of semi-trailer
truck groups are very varied with SD higher than one; however, the individual axle spacing in
axle groups for each truck type are similar by medianwalue is 1.30 m for heading truck, and
1.35 m for trailing truck. This individual axle spacing.4n‘axle groups is also agreed with data
collected from manufacture in Thailand. The fréquencies of GVW of each truck type are also
presented. Most of the truck loadgdessthan the legal G\VVW. limit as seen that the mean value
of GVW from monitored data aie sueh.as 2-axle truck about 11 tons, 3-axle truck about 20
tons, 4-axle truck about 25 tons, 5-axle truck about 55 tons, etc. It can be observed only 3%
in each truck type that loaded higher than the Iedél Jimit. This may due to the weight control
station on this highway. / _

Based on nominal analysis of a one-lane, "_:.é,h"c:)rt- to medium-span bridge, with span
length between 5 m to 35 m, all of the heaviest of tﬁé rp_onitored trucks (or actual Thai trucks)
generate loads on bridges that are higher than that of tr-ye HS20-44 design truck. The heaviest
truck load can reach as high as 48% and 35%. f6f v- pending fmoment and shear forces,
respectively above that of the HS20-44 design truck. The effects of truck loads on bridges are
produced not only by the axle weight but also the axle spacing, which is not legally defined in
Thailand.



CHAPTER V

NLFEM FOR ANALYSIS OF CONCRETE STRUCTURE

5.1 General Remark

Nonlinear Finite Element Method (NLFEM) for the reinforced concrete (RC)
structures is growing interest in the civil and mechanical engineer at the present
decades. This is due to that the numerical analysis technique and high speed computer
make it possible to analyze nonlinear behavier.ef concrete. By using the NLFEM, the
characteristics of the concrete can be assessed with some degree of the accuracy.

The analysis of-RC Strueture is the most complex then other structure. The
complex are raised dueto sueh that the structure sysiem is composed of concrete and
steel reinforcement, the'meghanical interaction (bond) between these two materials is
very complex; concrete.tself is'‘composed bf aggregate, cement paste, water and void
which its behavior is monlingar. Concréete exhibits progressive cracking under
increasing load, whichis difficult to model. Concrete properties are also influenced by
many factors. i.e. environment, thermal, loading, etc. Therefore, it is difficult to model
reality behavior of concrete. Mast of the coﬁcfét’e models parameters are based on the
empirical rules established by “interpretation from the laboratory. Using numerical
approach, there are three approaches to account for crack propagation in the concrete
and RC structures such. as discrete crack, smear crack,-and embedded crack. For the
large scale structure analysis, the smear crack model is more appropriated.

In this study,, NLFEM for analysis.existing concrete structure will be studied
which the existing flaw/crack at tension region (or-existing fléxural crack for flexural
member) of concrete and RC member will be cansidered into the.constitute models.
Hence,“in this chapter'some mechanical properties.and general constitutive models of
concrete "will be summarized. The constitutive models of softening and tension
stiffening accounting for existing flaw/crack at tension region for analysis old

concrete and RC structure will be derived.

5.2 Basic Mechanical Properties of Concrete
Concrete is the composite material. It consists of coarse aggregate, sand,

anhydrate cement, cement gel, gel pore, air void and water. The mechanical property
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of concrete is really complex. Very fine cracks (microcracks) exist at the interface
between coarse aggregates and cement paste, even prior to application of the load on
the concrete. Due to microcracks existed, concrete is nonlinear material and very low
in tension strength. In the structural engineering, the concrete can be considered as a
homogenous and isotropic continuum at before crack state of exerted loading, after
this state concrete can be assumed as inelasticity behavior (Jiang, 1995).

Compression of concrete:

The stress-strain curve of the concrete subjected to uni-axial compression
(Figure 5.1(a)) shows a linear-elastic behaviorup to about 30 percent of the ultimate
compressive strength fc' (defined by ASTM.C192), because under short-term loading
the microcracks in the TATEFfACial transition ZORe temain undisturbed. For stresses
above this point, the curve shows a gradual increase in curvature up to about 0.75fc’ to
0.9fc’, where upon its bends isimore shatljbly, almost becoming flat, at fc'. Beyond this
peak, stress-strain curve ig"descending until the concrete crushed. From the shape of
the stress-strain curvedt segms that_, with @rstf_,ess level that is between 30 to 50 percent
of fc', the microcracks if the interfacial t"ransition zone show some extension due to
stress concentration at the cfack tlps however no cracking occurs in the mortar
matrix (Mehta and Moterio, 2006) “Until thls_ point; crack propagation is assumed to
be stable in the sense that crack Iengths raﬁiﬂy reach their final values if the applied

stress is held constant With a stress level between 50:t0, 75 percent of fc’, some near

aggregate surfaces _st_,art to form mortar crack. When th_e\. available internal energy
exceeds the required creck-release energy, the rate of cretck propagation will increase
and the system will become unstable. This, happens at_the compressive stress levels
above 75 percent of f¢!,l when icomplete fracture ©of the test Specimen can occur by
bridging of the €racks between the matrix and the interfacial transition zone.

Figure 5:1(b) shows the plot betweenvolumetricistrain, € =6, + e, + €3, Vs
stress, this volume'strain is increased almost linearly up tothe stress level of about 75
to 90 percent of fc'. At this point the direction of the volume change is reversed,
resulting in a volumetric expansion near or at fc'.

The typical of the crushing strain is still not obvious, but the ultimate strain
(strain at peak curve) is roughly 0.002 (0.0018 ~ 0.0025) ( Jaing, J.J, 1995). This
value is all so similar all for all concrete of low, normal and high strength concrete,
(W. F. Chen 1982).
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The ultimate compressive strength fc’' is obtained from standard ASTM

cylinder (300mm in high and 150mm in diameter) test at aged of 28 days. This
compressive strain is one of the most important in the mechanical property of
concrete. The compressive strength can also be interpreted to other mechanical

properties of concrete, such as tensile strength, modulus of elasticity.
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Figure 5.1 Plots of compgessive stress vs. (a) axial and lateral strains,
and (b) volumetric strains. (W.':F. Chen 1982)

Modulus of concrete: !

Since the stress-strain of the concrete is nonlinear, its elastic modulus varies
with the intensity of the stress. In the practice, elastic modulus of concrete is defined
into three types such-as initial, secant and tangent medulus. Initial modulus is the
slope of the stress-strain diagram at the original of the curve, The secant modulus is
given by the!slope of a dine drawn frem the _origin to«a point on the curve
corresponding to a 40 percent stresssof the failure.load. The tangent modulus is given
by the slope of a/line drawn tangent to the stress-strain curve at any point on the curve.
Secant modulus and initial modulus are mostly used for NLFEM.

The elastic modulus values used in concrete design computations are usually
estimated from empirical expressions that assumes direct dependence of the elastic
modulus on the ultimate strength of the concrete, fc’ and density of the concrete, w..

In actually this is the secant modulus.

ACI 318 E, =w'°0.043,/f."  MPa ... (5.1)
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CEB(1990)  E, =2.15x10*(f, /10)° MPa ... (5.2)

Where E, : Elastic modulus of the concrete
w, : Unit weight ( in between 1500 for 2500 kg/m®)
f ', Concrete cylinder compressive strength (MPa)

f., : Mean value of concrete cylinder compressive strength (MPa)

Piossion ratio:

Poission ratio ,v for-concrete under tunt-axial.compressive loading ranges from
about 0.15 to 0.22. Under~uniaxail loading, the ratio, v remains constant until
approximately 80 percent of fc’ -at with stress the appearance Poission’s ratio begin
to increase. At the unstable phase, v may be up to 0.5.

Uni-axial —Tension of goncrete: ,

Concrete is very poor in the resistant the tension stress; however in recent
years, the tensile properties of the concrete is;significant to Nonlinear Finite Element
Analysis (NFEA) for concreté and RC structures.

The shape of the stressstrain curve, the elastic modulus, and the Poisson’s
ratio of concrete under uni-axial tension are- similar to those under uni-axial
compression. However, the uni-axial tension state of stress is much less than the
compressive states Of stress. The tensile stress Is the_major cause of crack in the
concrete. The direction of crack propagation in uni-axial tension is normal to the
stress direction.(Chen, 1982). The initiation. and. growth of _every new crack will
reduce the available“load-carrying.area, ‘and this reduction: causes an increase in the
stresses at critical crack tips.

The 'stress-strain curve in.the tension is almost linear up.to peak load, Figure
5.2. The tension stress less than about 60 percent of the uni-axial tension strength, f;,
the creation of the new crack is negligible, due to the interval of the stable crack
propagation, the linearity will be up to 70 percent of f; (Chen, 1982). Beyond this
state (point A and B) stress-strain curve is bended from linear to nonlinear ascending
up to peak stress. After peak load, point B, the non-linear behavior starts to deviate

varies between the studies performed in the literature (Hakhan T, 2006).
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Figure 5.2 Tension stress vs strains curve. (Hakan T, 2006)

The tensile strength of the concrete, f;, IS normally obtained from standard
splitting test of the concrgie Cylinder with the same dimension as compressive test
specimen, however many.researches stated that it can be approximately about 8 to 15
percent of compressive stiength. The practice codes have given these relationships as
below ( Jaing, 1995).

ACI f=06/T4, \MPa .. (5.3)

CEB f=03(1 ) o MPa ... (5.4)
And rupture strength
ACI = Q.7 MPa ... (5.5)

r

CEB f, EO.TN/F.; MPal | 4 .. (5.6)
f ', : Concrete cylinder compressive strength.(MPa)

f,: Tensile strength of the'concrete (MPa)

f. : Modulus of the rupture of the concrete (MPa)

Biaxial and Multi-axial stress in concrete:

For the behavior of the concrete subjected to loads more than one direction, it
will be depended on the loads direction and ratio applied loads. To understand this
behavior of the concrete, many previous studies have been tested in biaxial load cases
such as compressive — compression, compressive — tension, tension-tension. The most

clearly to explain the concrete behavior in biaxial is tested by Kupfer, et al (1969).
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The stress strain curves for their test results are shown in Figure 5.3, for concrete

under (a) biaxial compression, (b) combined tension compression, and (c) biaxial

tension.
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Figure 5.3 Experimental stress-strains curve. {Kufer, et al, 1969)

The test data -show ‘that-the' strength ‘of concrete: subjected to biaxial
compression iniFigure 5.3(a) may be up to 27 percent higher than the uni-axial
strengthy For'equal compressive:stressescim two-principal direetions, the strength is
increased approximately 16 percent. Under biaxial'compression-tension, Figure 5.3(b),
the compressive strength decreased almost linearly as the applied tensile strength
increased. From the biaxial strength envelope of concrete, Figure 5.3(c) it can be seen
that the strength of concrete under biaxial tension is approximately equal to the uni-
axial tensile strength.

The behavior of concrete under multi-axial stresses is very complex. There are
no standard tests for concrete subjected to multi-axial stresses (Mehta and Moterio,
2006). However, some previous studies have been tested for standard cylinder by
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using fluid pressure as lateral applies stress (Confined lateral, , =c3). Increase in lateral
pressure brings very significant increase in ductility, as well as strength, and it found
the relationship for the strength of concrete cylinder as Eq. (5.7) .

o=f+4le, .. (5.7)
Where

o, . Axial compression strength of confined specimen (MPa)

o, Lateral confining pressure (MPa)

5.3 Cracking in Concrete and Reinforeed Concrete

Causes of the crack in.reinforced conerete member can be classified by two
main categories, namely crackscaused: by external applied load, and those which
occurred independenthy of ihe doad (Reonl_art 1997). The flexural crack and inclined
shear crack are main iypes of crack caUSed by external load. Flexural cracks are
formed in the tensile zone of the member, ‘and have a wedge shape. Inclined shear
crack is usually developed‘in the thin web beam when subjected to high shear force.
This study will derive model accounting forsexisting flaw/crack in concrete and RC
members, and only cracks at the tension rrzo‘r"i‘é will be discussed which is mainly
flexural crack, because this type of crack is mostly found in old concrete and RC
structures. However; tf-flaws/cracks-are-found-in-other region, the other models are
needed to develop whieh this is out off the scope of this-study.
5.3.1 Cracking in Concrete Element

Concreter is a brittle, materials, type- (low tensile.strength material). At the
recent decades, many researches have afforded to understanding cracking behavior of
the brittle materials. The cracking behavior of this material is éxplained clearly by
fracture 'mechanics;theary. | The'successful fracture mechanics theories are theory of
Griffith and Iwin. The crack modes of brittle material have generally stated in to three
modes called modes I, 1l and 11l as shown in Figure 5.4. Mode I is cracking uni-axial
tension crack; mode Il is shear crack and mode Il is out off plane shear or tear crack
due to torsion.

From the development of the fracture theory and applying to concrete
structure, cracking in the concrete can be modeled by both Linear Elastic Fracture
Mechanics (LEFM), and Nonlinear Fracture Mechanics (NLFM) theories (Karihaloo,
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1995; Van Mier, 1997). However, NLFM model is more appropriated for explaining

post cracking in the concrete structures; because after cracking, concrete behavior is
nonlinear. The successful NLFM models are such as fictitious crack model, and crack

band model which are presented in the following.

mode | mode II mode Il
(opening) (sliding) (tearing)

Figure 5.4 Crackingmodes due to Griffith, (\Van Mier, 1997)

Nonlinear Fracture Mechanic Fictitious‘!c_rack model of concrete:

The first NLFM for concrete was pfpﬁbsed by Hillerborg et al. (1976), which
called Fictitious Crack Madel. (FCM) fof_':.fe{ng_lyzing crack growth in cementitious
composites. Unlike plastic metals, the closing éfresses in the fracture process zone of
concrete are not constant and the intensity faéfdr mode ore (K)) is zero. In fact the
idea is simple, when the concrete subjected to tension Stréss, the stress in the concrete
is increased from zero up to f; (tension strength of the concrete) and crack will be
formed in concrete. This crack is not immediately stress free, but some tension
capacities remain’ perpendicular to' the crack' face which is can be modeled by
softening descending curve. The carrying capacity of concrete after cracking depends
on crackywidth:Inereasing the:crack width; thestressitransfer-over the crack gradually
decreases. Therefore tension strength of the concrete can be divided in to two parts,
before cracking and after cracking. Before cracking, stress-strain diagram of the
concrete is linear, after cracking this diagram is nonlinear softening in the function of
the crack width (Figure (5.5 (a) and (b)).

In the fictitious crack model, there are two material parameters such as (i) the
stress function (stress is a function of displacement, o(w)), and (ii) the area under the

tension softening curve which is the concrete fracture energy Gg, Eq. (5.9).
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G, = iw(a)do wa cwdw ... (5.9)

Where f; is the uni-axial tension strength limit of the material, and w, is the
critical crack tip opening displacement of the pre-exist crack.

In a finite element analysis of the concrete structure using FCM, some
material parameters of the concrete are known by testing that are uni-axial tensile
strength of the concrete, f;, fracture energy Gg, and limit crack opening w,. From the
previous study, the fracture energy, G of narmal.concrete is about 0.05 to 0.11 N/mm
(Maekawa 2003), and w,=aGF/it (o is consiant parameter, according to Hillerborg et
al, 1976, a=18/5). When the-normal tensile stress-in.an element attains the level f;, at
particular load, the coriesponding nodes are released and defined as fracture zone.
The nodes of element at fragture zone é.re assumed to tension softening stress strain
displacement o(w). The fracitre zone aant'.he nonlinear zones are the same, since the
material outside of the fractufe jprocess zofe is assumed to be linear elastic. As the
insertion of the o(w) distribution at the reléase,d nodes, the re-meshing of the elements

is needed. This technique'is also called diserete crack concept.
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(a), Stress ~strain.before erack (b)-Stress =strain after-crack

Figure 5.5 Fictitious crack model, (Van Mier, 1997)

Nonlinear fracture theory of crack band model of concrete:

As the microcracking and bridging in the process zone of concrete is not
continuous and it is not necessarily developed in a narrow discrete region in line with
the continuous traction free crack, it has been argued that the tension strength

softening function in displacement, o(w) can be equaled well approximation by a



91
tension strength softening function in strain softening relation, o(g). This strain is not
related to the inelastic deformation, w (crack width), and fracture energy, Gg; but the
ultimate strain at completed rupture, & (critical strain) is related to critical crack width
W,. In other words, &, is can be defined by a fracture criterion. The fracture zone is
assumed to process in the vicinity crack region, not in the certain line, which this
concept is called crack band theory or crack band model (CBM). This technique can
eliminate the spurious mesh dependence when uses in NLFEM. This technique was
first developed by Bazant (1976), and further developed by Bazant and Cedolin
(1979), and Bazant and Oh (1983) (Karihaloo; 1995). The basic idea of CBM is that
after the concrete reaches. the tension strength, f; the softening behavior of the
concrete is smeared through.fracture process zone, this zone is distributed over band
width h. In the FEM, thesmicrocracks are assumed io be smeared over an element, h
is element size normal te'cragk direction. The whole element fractures when the uni-
axial tension strength limit is reached. This technique is also called smeared crack

approach.

s

Gr/h

Et

Figure 5.6 Crack band model (Karihaloo, 1995)

Returning the relationship between & w, and Gg as shown in Figure 5.6, the
total strain is defined by & = & + & where & is the elastic strain, ¢ is the strain when
concrete formed process zone. Assuming all cracks smeared over h are initially
parallel to one another. The tension strength of concrete in this region, h will be
gradually decreased and vanished when total strain reaches critical strain, &. The

strain softening curve can be approximated as function of linear descending (Bazant
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and Oh, 1983), or exponential (Reinhart, 1986). The fracture energy, Gg is the area
under strain softening curve multiplied with h and can be defined by below equation.

G: = h‘]E o(g)de L (5.10a)

The critical cracking strain is
E=—> L. (5.10Db)

Where:

G; : Concrete fracture energy (N/mm)

w, : Critical crack opening (inm)

&, . Critical straii

o(e): Stress at.softeningcuryve, which is a function of strain

h: Crack band width
Bazant and Oh (1983) recommend“edfa value of h is approximately equaled to
39, where g is the maximum aggregate sizeJ'Itiis can be also possible to assume h>3g
for the analysis of the large goncrete structures but the softening o(e) relation must be
adjusted in order to ensure that the-energy dISSIpatIOI‘l Gk is unaltered.

The crack band model has many advantages over fictitious crack that the
elements topology are not changed during crack propagaiion, the computation time is
reduced, and it is suitable for analysis large scale structure, etc.

5.3.2 Cracking in RC Element

Crack is alsojunavoidable inreinforced’concrete structure even at the normal
service load. Due to that the strain of the steel is higher than that of the concrete;
whenever strain. at.the reinforced.concrete (RC) member. exceeds the cracking strain
of the cancrete, ‘crack will ‘be-formed.~The crack behavier in the RC is quite more
complex then in plain concrete members, because there are steel bars in RC member.
Cracking in the reinforced concrete member has a major influence on structural
performance, including tension and bending stiffness, energy absorption capacity,
ductility, and corrosion resistant of the reinforcement (Oh and Kang, 1988).
5.3.2.1 Crack Width and Crack Spacing in flexural member

Cracks begin to occur when the stress at the tension member reaches the

tension strength of the concrete, or stress at the tension face reaches ruptured strength
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of the concrete for the flexural member. It is quite difficult to estimation crack width

and crack spacing in reinforced concrete due to mechanics of composing between
steel reinforcement and concrete is very complex. Different investigators have used
different procedure to estimate cracking and its spacing. Many of those may used
either of procedures such as: simplified analytical procedure to determine tensile
stress in the concrete, analytical compounded with experimental works, and
formulation totally based on test results (Pinhasena, 2002).

Gergely & Lutz (1968) proposed crack width prediction formulations based on
computer statistical analysis of a large numes of test results from different sources.
Many combination of variable were tried, and_ii*was very difficult to obtain equation
that fitted all data. The important parameters which effected the crack width were
found such as tensile forcegnumber of bar, concrete cover, and steel stress. In that the
steel stress is the most important: Then Gergely & Lutz proposed the formulation for
prediction crack width at the tension face of the concrete fiber as the below equation.

W, =0.012/3F e A20 5 (mm) ...(5.11)
Where
Wi max - Maximum crack-width at tension face of concrete fiber, in mm.

L ratio of distance between neutral axis.and tension face to distance between
neutral axis and centreid of reinforcing steel (taken as approximately 1.20 for typical
beams in buildings).

fs . steel reinforcement stress; kse,
Cc. thickness'of cover-from tension fiberto center of barclosest thereto, mm.
A: average effective area of concrete in tension around each'bar (A=A./n, where
n is the“hurmber of bar)yin mmé.
ACI committee 224 has also recommenced the formulation developed by
Gergely & Lutz for design and control cracking in the reinforced concrete structure.
ACI committee is adopted as Eqg. (5.12).

W =003 . (5.12)

And z=fgcA10® . (5.13)
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In ACI 318-89 code does not include a formula to compute explicitly crack

width under service loads. There is calculated a limit of z-value as a means to control
crack widths. This approach emphasizes the important influence of steel

reinforcement details on the control of cracking, rather than the direct prediction of

crack width.
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Figure 5.7 Crack developed in flexural member (Piyasena, 2002)

r

Crack propagation in the tension and flexural member can be categorized in
three states of crack such as primary crack, second crack and stabilized crack. At first
and second states, crack width and its spacing will be variable. At theses states, if

applied load is increased, crack width will be increased, while crack spacing will be
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reduced (Pynhasena, 2002). Many research have evidenced that the first crack will be

occurred at where the maximum strain in the concrete member reached the tensile
strength of the concrete, the second crack mostly will be occurred at the distance
between I; and 2I; (l; is the envelopment length) from first crack. At the stabilized state,
crack spacing is not much vary from the second state, it mostly has spacing also
between |; and 2l;. The different formulas for predict crack spacing from the previous
researches are depended on the formulas for predict envelopment length. Figure 5.7
shows the cracks propagation in flexural member subjected to applied one point load,
P at near the middle span. When applied load is gradually increased, and stress in the
tension face of the concrete at maximum momeatreached tensile strength of concrete,
first crack will be occurred as Figure 5.7c. Figure 5.7d is assumed second cracking
state, and Figure 5.7e is stabilized crack state. Where s, is equal to envelopment
length L:. s, is a spacing of the'second crack sate, s¢; Is the stabilized crack spacing, f;
is the rupture strength ofthe concrete, and f. is the stress in the concrete due to
applied loading. '

5.3.2.2 Behavior of Crack Section _

The cracks in the reinforced concretgé members are formed whenever stress at
the member in tension region. is exceedéd"tgnsion strength of the concrete. This
section will study characteristic of the stress aﬁd stain at the crack face. In actually,
width of crack is the slip of the concreté. a-tmt-he cracksface (Oh and Kim, 2007),
therefore the analytical approach is deriving crack width from the slip due to different
between steel and concrete strains at the crack face (Somayaji, 1983; Oh and Kim,
2007).

Governing equation atthe crack face:

When the concrete member is subjected to unaxial tension, and crack is
presented asedged:face of tensian, memberithe, stress and strainswilbbe distributed as
shown in the Figure 5.8. At section x Tfrom the crack face, the applied load P will be

carried by concrete matrix as Pc,, and by steel as Ps. The equilibrium equation is
P=P+P (5.14)

In the elastic state, Pex =AcEc&x, and P =AsEses, Where AsEs = nAsEsp, then
Eq. (5.14) can be written as:
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P=AE(e,+te,np) .. (5.15)

Where

P: Total applied load (kg)

Pcx: Load carried by concrete at section x (kg)

Ps: Load carried by reinforcement steel at section x (kg)

A.: cross section area of concrete (cm2)

As: cross section area of steel (cm2)

E.: modulus of elasticity of concrete (ksc)

&x: Strain of concrete at section x

&x. Steel strain at X section fromithe crackface

n: Ratio of modulus of elasticity between steel'and concrete

p: Reinforced steel ratio/As/Ac

At the crack fage, x=0 and Pis 710, Pex will be maximum at the distance x=
I; from the crack face. Where |, is the tran‘SfeJr- length which is defined by the condition
that at section x=l,, the strain of the steel and concrete will be equaled to each other.
The local slip due to crack, S.“can be 'd:éﬁnned as the total different elongations
between the reinforcement and the concrete#ngfrix measured over the length between
section x and the center of the segment. The total erack width, wy will be equaled to
2Sx.

L/2

Sy = ‘[ (gsx _8cx)dx ..... (5.16)

By differentiation Eq. (5.16)'with respect4o x and substituting Eq. (5.15) into
this equation, then.differentiation again, the basic gaverning differential equation of
the bond'stress and slip will be obtained as Eq. (5.17).

d%s, @+np)) .
o AE fr=0 . (5.17)

Where, 3, is the steel bar perimeter. Eq. (5.17) is the basic relationship

between second derivative of local slip Sy and local bond stress fux. The analytical
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model of bond slip, stress, crack width and crack spacing can be derived by solving

this equation. Different investigators may solve this equation in different ways.

L/2 L/2

x

Strain differg

BJ , x
ﬂﬂﬂ’mﬂﬂ‘ﬁw\f{‘ﬁ

4 Figure 5.8 Dlstrlbutlon of stress strain at crack face

%1@% WAL,

=Ae*+Be”*+C
dx ...(5.18)

Solving Eqg. (5.18) and solution of bond slip is in the form

2

5, = A¢" +|3e-*+cx7 Dx+E ...(5.19)
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Where A, B, C, D, E are constant determine from boundary conditions (see

Somayaji, 1983).
And the transfer length is

Ptran
..... (5.20)

l, = K, &2
p
2
Where, Pyan is the transfer load at the concrete and steel interface. Kp is
constant determine from the testing, (Somayaji defined as 0.0055 mm?N). The crack
spacing is vary between 2l;to l;, and the craekwidth is equal to two time of the slip at

crack face, Sy=o (Sx=o defined by Eq. 5.19) as below. equation.

W, =728 5 ....(5.21)

a

5.4 Cracking Model of Concrete for NLFEM

There are two approaches that present cracking in the finite element analysis
of RC structure, the disgrete crack approach and the smear crack approach. The
concept of smeared model was_ first intronC'eq by Rashid (1968), and discrete crack
model by Ngo and Schordelis (1967) (Kwak,“i991). In the discrete crack model, a
crack is introduced as a geometric entity and féQmeshing is required. In contrast, the
smear crack model, topology of the original finite element mesh remains preserved.

The discrete crack approach introduces an actual gap in the finite element
mesh at the location of a crack by using an interface element. It achieves this by
doubling and separating the nodal coordinates'lying alongindividual crack paths. This
implies continu@us change in mesh topology when crack propagation is considered. In
the past;these-meshing process has been a tedious.and-difficult job, (Figure 5.9a).

In the smear crack model; cracks'are modeled~by ' changing the average
constitutive relations of stress and strain over some tributary area within the finite
element (Figure 5.9b). This approach was introduced by Rashid in 1968, and becomes
the most popular using in the finite element analysis of reinforced concrete members.
However, there are some arguments that the smear crack model can not present the
reality line of crack, the finite element analysis using smear crack is dependent on the
size of the finite element mesh. Despite of these arguments, the smear crack approach
is the most widely used approach in practice. The size-dependency effect of smear
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crack approach has been investigated. As Bazant and Oh (1983) has introduced crack

band model (CBM) from the fracture mechanics theory, Kwak (1991) proposed model
of the mesh independent as given limit strain relating to the element mesh size. ACI
committee (1995) summarized that there are three major reasons for adopting this
approach, those are convenient in computation procedure, distributed damages in
general and densely distributed parallel cracks in concrete structures, crack in
concrete is not straight but highly tortuous which is closely to crack band.

Due to smear crack has many benefits over discrete crack, and in this study is
aiming to analyze to assess full scale bridge structure, therefore the smear crack
approach will be adopted in‘this study.
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Figure 5.9 Cracking ifi FEM model, a) Discrete crack, b) Smear crack
(Kwak, 1991)

5.5 NLFEM and Matérial Model in CAMUI
5.5.1 Program:Outline

In the present study, the 3D nonlinear finite element program “CAMUI”
developediat: the Labaratory-of<Engineering-for-Maintenance System of Hokkaido
University 1s used. Three dimensional 20 nodes iSo-parametric solid element, which
contains 8 Gauss points, can be used for represent of plain and reinforced concrete
elements. The nonlinear iterative procedure is controlled by the modified Newton-
Raphson method (Withit, 2004). In the procedure, the convergence is adjust by values
of JResidual force)?/ XInternal force)®> or {Residual displacement due to residual
force)?/ (Increment of displacement in all element)®. The limit value is set to 10°®

through a sensitivity analysis. Figure 5.10 shows location of nodes and Gauss point of
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elements. The smear crack concept and fixed crack model were adopted in the this 3D
NLFEM program.

| 4 3
lﬂ ()
Dl e
= 1 7] 3
I
5;:';’ -0

7

8 Gauss point

20 nodes

Figure 5.10 3D solid elements, 20-nodes and 8 Gauss points (Withit, 2004)

5.5.2 Material Constitutive Model in CAMUI
(1) The 3D Elasto-Plastic Fractute for Uncraecked Concrete

Concrete nonlinearity cannot be describéd simply by plasticity since the theory
of plasticity postulates no softening of the 't'o.tal stress<strain curve with constant
stiffness along the unloading path. Softening along loading and unloading paths is
usually observed even under higher confinement. Plasticity theory alone is not
sufficient to cover this leading and unloading behavior. Softening and reduction in
unloading stiffness are-thought to result from continuum fracturing damage though
dispersed micro=cracks, which degrades the energy absorption capacity. To take into
account bathiplasticitycandycontinuunt damage; the 3D Elasto:Plastic Fracture Model
is available to describe concrete in the pre-cracking range. The uncracked concrete is
conceptually modeled as an assembly of infinitesimal elasto-plastic components.
Concrete elasticity is modeled as a spring while plasticity is modeled as a slider. The
fracturing damage is conceptually modeled as a broken spring. The total stress is
integrated from the internal stresses of all undamaged spring components. Since
elastic strain is directly proportional to interval stress developed in the undamaged

components, it is adopted to describe the evolution of plasticity and damage. The
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Elasto-Plastic Fracture Model divides concrete nonlinearity into continuum damage

and plasticity.

The adopted failure criteria that acted in agreement with Niwa’s model in
tension-compression zone and Aoyanagi and Yamada’s model in tension-tension
region were extended to three-dimensional criteria by satisfying boundary conditions
(Okamura, 1991).

When the first crack occurred, the stress of concrete element in the global
coordinate system will be considered. in the local coordinate system based on crack
plane for calculation. The uni-axial stress in _perpendicular direction to crack plane
within the local coordinate system was caleulated by Reinhardt’s tension-softening
model. Besides, in other two directions, which were parallel to crack plane, the model
proposed by Vecchio & Collins(1983) was used for the local stress-strain relationship
(Withit, 2004). Shear stress acted on the plane intersecting perpendicularly with a
crack, was computed by uSing the average shear stiffness between shear stiffness of
crack plane and shear'stiffness from the concrete, which did not contain any cracks.
Also, a simplified model of shear transfer“ model developed by Li and Maekawa et al
was used in the present program (Withit, 20()45.

(2) Tension Stiffening Model for Crackedﬁéiqforced Concrete Element

Once cracks are generated i concrete, -fhe anisotropy becomes significant so
that the stress-strainrelationship takes on'éh- bfthogonal anisotropy in the direction
normal to cracks. This means that the stress-strain relationship has to be modelled
respectively in the directions parallel as well as normal to cracks and in shear
direction.

Owing'to bond of ‘cancrete-to the reinfarcing bars, the concrete continues to
support a part of the tensile force even after cracking has taken place in the reinforced
concretey Eventhotghithe concrete [ceases tossupport thestensile-force: at the plane of
cracking; in between the ‘cracks the concrete continues to bear the part of the tensile
force transmitted from the reinforcing bars through the bond action.

This makes the stiffness of reinforced concrete remain higher than that of the
reinforcing bars alone. This phenomenon can be expressed by making the concrete to
carry the tensile force after the generation of cracks. In the modeling of the cracked
concrete, it is convenient if it is unrelated to the spacing of cracks, the direction of

reinforcing bars and the reinforcement ratio.
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It is for this reason that the model is expressed by the relation between the
average stress and the average strain of concrete as shown in Figure 5.11.

Okamura et al.’s model

Where c: Coefficient defined by bond property (=0.4 for deformed bar, =0.2
for welded bar)

0 o =fi E, : Unloading and Reloading stiffness
£0q.5.222
| / y g 6
£ max
(e i, 0 timax) Eo : Young's modulus of concrete

e Strain of crack starting to open
¢ o lTensile plastic strain
R P ™ &'s Compressive plastic strain
& tmax . Maximum strain
0 tmax - Maximum stress at ¢ tmax
f  : Tensile strength

e

Figure 5.11 Tension stiffening model (Withit, 2004)

(3) Tension Softening Model for Cracked Concrete Element

On inspecting the stress-elongation diagram of deformation controlled uni-
axial tensile testi of, concrete;a few features can‘be distinguished; the stress increase
linearly with deformation up to about 60% of the maximum attainable stress; then
deformation increases more than proportionally with respect to the stress; the stress
reaches the maximum, for example, the tensile strength; and finally, a steep fall in
stress occurs with increasing deformation until a certain deformation is reached where
the two parts of the specimen are separated. This behavior means that after the tensile
strength is reached, a large deformation can occur where stress transfer is still possible.
Tension test of concrete had been conducted. The function, which is a product of an
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algebraic and exponential term, was used for fitting of the test result. Figure 5.12
shows the outline of the model.

%{H(cli] }exp[—c2 ?]—?(H cf)exp(—cz) ..... (5.23)

Wherec, : 3, ¢, :6.93 as normal concrete

o (7/
fi fi
W=l Eq. 5.23
Caf 7770 /
WQ 6 : € t 80 &

w : Crack opening fi.  : Tensile strength

W, : Limitation of€rack opening o  :Stressat ¢

ler : Crack spacing

et Strain at f;
€ o : Limitcrack strain

Figure5.12 Tension softening model (Withit, 2004)

(4) Compression. Modelfor Cracked Element

The directions of principle strains in the ecéncrete deviated‘somewhat from the
directions ©of principle stresses) in concrete.. However, it [remains a reasonable
simplification to assume that the principle strain axes and the principle stress axes for
the concrete coincide. The principle compressive stress in the concrete (0') was found
to be a function not only of the principle compressive strain (g) but also of the co-

existing principle tensile strain(g, ). Thus, cracked concrete subjected to high tensile

strains in direction normal to the compression is softer and weaker than concrete in a
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standard cylinder test. The relationship is shown below. The Vacchio & Collins’s

model is shown in Figure 5.13.

2
S 1) [ B L ) p— Eq.5.24
o 4 non-cracked Cl (80] («90]] (Fa524)

eple=2¢g

. 2
—ji _ E—8p _____
647 {1 [250—%} ] (Eq.5.25)

¢ =&l

B =0.85+0:27- ¢ ¢ ¢

¢ ¢+ Tensilesstrain in orthogonal to crack
¢ p : Strainat compressive
strength(2f/Ec)

¢ .» Compressive strain

Figure 5.43 Vecchio & Collins's Model (Withit, 2004)

(5) Shear Transfer Model (Averaged ShearJS_ti%fness Model)

The shear transfer behaviors have 'bééﬁ-reported as complicated phenomena
and complex formulations have been utilized. It 1s possible to explain the complicated
phenomena in appearance by some assumptions, which are verified by the
experimental procedures, In the simplified_equation, it was found that the shear and
compressive stresses transfer ‘across a ‘crack are govermned not by the magnitude of
crack displacements but by the direction or the ratio of the crack displacements. The
compressivestrength . is the «onlyparameter to, influence this, relationship. And, the
effect of, concrete strength iS implicitly taken into account If the shear stress is
normalized by the shear capacity. The relationship between the normalized shear
stress and the direction of crack displacement is shown in Figure 5.14

In the case of second and third cracks occurred, the active crack model that
considers the change of concrete element by focusing on the crack width was adopted.
However, since this method cannot apply when 2 non-interesting cracks occur at the
same time, the concrete model for the crack in parallel direction and averaged shear

stiffness model had to be applied.
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Tt - Shear transferred stress at crack
Yor : Shear strain by relative shear
displacement along to crack

Tst ¢ ¢ : Strain in orthogonal direction to crack
N Eq.5.26
fy N plane
fs« : Shear transferred strength at crack
- fy = 3.8f."*° (MPa)
fc” : 1d compressive strength of concrete
Ger : Shear stiffness at crack plane
G, & Shear stiffness of concrete between
cracks
Gt L Average shear stiffness of cracked
™ B cencrete
0 : = v . Average shear strain in cracked
/ T - concrete (yer)
0.85 B3 max 0.9 8Max T\ : Average shear stress in cracked
concrete
182 Gcr:Tst/7cr
fot = fSt + ,32 (Eq 526) Gt =1/(1/Gcr + ]/Gc)
Where 8 =y ¢/ &4 =G vy

Figure 5.14 —Sheartranster model-(-Averaged-shear stiffness model)
(Withit, 2004)

In terms of average shear stiffness_.model, stress calculated in the sub crack
coordinate system’ was-converted ‘to the active crack coordinate system. And, from
this shear stressiand shear strain in the active crack coordinate system, the stiffness of
the whole region couldibe obtained.| The compression-tensiommodebwas the same as
already stated above. Moreover, in the case of Several sub cracked occurred, this
method was adopted to only the sub crack that had a largest strain component in the
perpendicular direction to dominant crack (direction 2) after strains within the global
coordinate system were converted to each sub crack coordinate system.

(6) Model for Steel Reinforcement
The constitutive model for reinforcing bar in concrete was modelled based

both on the properties of bare bars and on the effect of the bond to concrete, at this
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point, tri-linear model presented by Maekawa et al (1991) expressing the strain

hardening was adopted as shown in Figure 5.15.

fy : bare bar yield strength

. fy1 : 1st average yield strength
Bi-liner

o Bare bar fy2 : 2nd average yield strength
fol 7 X - Es : Elastic stiffness of re.-bar
fy . : (12 ¢y, 11f) E; : Average stiffness after 1st

yielding

fy| L
| = Tri liner ~(L1f, - fyl)/[12 f% -gyj

| Ep : Average stiffness after 2nd
Es: yielding

= =151, —1.1fy)/(50 f%s ~12 f%s)

Figure 5.15 TJri-linear reinforeement bar model (Withit, 2004)

5.6 Tension Softening Model for Existing;;flra\‘/ﬂ\_//Cracks in Concrete Element
5.6.1 Concept and Development of Tension Sbftening Model

The development of the concrete soft.e’n.ing model has been raised from the
fracture mechanics theory as indicating in the section 5.3.1: After post cracking state,
the softening descending will be occurred, the area under the softening curve are the
fracture energy G: for discrete crack model, and fracture energy density gr for smear
crack model (Figure 5.16 ) (Kwak, 1991).

The fracture energy, G is amount of energy required to crack in one unit of
area of"a continuous craek; and«this value ds-considered-as-aymaterial property. The
definition of the fracture energy Is as in the section’5.3.1.

G :nga(w)dw .....(5.27)

0

Where w is crack opening displacement at the process zone as explain in FCM

theory in the above section.
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O

Figure 5.16 Strain'softe ear crack, b) Discrete crack

As explaining in the SE_‘JH G crack band theory, the fracture energy,

Gt can be smeared ove I as fracture energy density, g

and can be calculat By the belov T iy ]

J {
ﬁ*ﬂfﬁﬁ’mmwmmm’

B RGO 5 A b i

acts over a certain width within the finite element called the crack band width h. If
crack is perpendicular to the element side, the value h will equal to that element size,
I.. Since w is the accumulated crack strain within element, this is represented by the
following relation, Eq. (5.29).

II'
W= Igdl ....(5.29)
0
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Assuming that the microcracks are uniformly distributed over the element, the

total crack opening within element can be written as

w= ¢l (5.30)

ro

Where ¢ is total strain (e = g, + &)
And the fracture energy density, gr can be written also as
Gf

9y =]90(«9)d5=|— ..... (5.31)

r

o A Area=Fracture Energy

Figure 5.17 Safiening behavior FEM of concrete (Maekawa, et al, 2003)

Observing '0f [EQ. 5:31, the ‘€rack characteristic depends on the selection of the
element size, the element type, the element shape, the integration scheme and the
problem, type to-be-solved- Many-research, have been, investigated, the accuracy of the
FEM result when the element Size 1s'varied.

Bazant and Oh has proposed CBM, and assumed softening curve as linear
function (Figure 5.18) (Kwak, 1991). The two basic assumptions of the model are
that the band width of the fracture zone, h is about to three times of the maximum
aggregate size and that the concrete strains are uniform within the band width. For
FEM, h is the element size, I;. The limit crack strain, & is related to limit crack
opening, w, through element size I,. As explaining in the above, the fracture energy

and limit crack opening are material parameters and w,=aG#/l;. The o is constant
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coefficient, and alters among investigators. Bazant and Oh (1983) has given a=2,

therefore limit cracking strain can be written as:

..(5.32)

Figure 5.18 Softe \ 1983 (Kwak, 1991)

Other popular softe e strain softening behavior of
concrete is as Hillerborge, @a';ia.- (K 996), a bilinear descending function
(Figure 5.19). The limit crack 'u;%;, g iS W I, with &=18/5, similar to Eq. 3.52,

limit cracking strai w_,d n't

=3

7
16, Iy
5fls

ﬂUU?ﬂﬂWiWﬂﬂﬂﬁ

..(5.33)

&y =

AR INUARIINE A

Figure 5.19 Bilinear softening model by Hillerborg 1976
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Maekawa et al, 2003 proposed strain softening curve in the power function as
Eq. (5.34). The coefficient c varies with element size as following formula.

o=1 [‘ij ..... (5.34)

&

From the experimental investigation, the value c is related to element size, I,

as below:
I (mm) ¢
70 0.6 = ‘ c1<c2<c3 ...
140 0.9
170 1.6

230 2.5

I | \ \
500 5.5 s EF N —

Figure 5.20 Softeninig model by Maekawa et al (2003)

Hordjik (1991) proposed the softenifnv_g;model in exponential function as Eq.
(5.35) (Cervenka, 2001). This model is also using in the. original CAMUI program
(see Eq. (5.23)).

o el o) gy o

t [0} 80 0

The FEM element sizeiis controlled by the limit crackingsstrain which can be
written as (Cervenka, 2001):

Where, | is the relative length of element size that related to orthogonal crack

direction (see Figure 5.21). In Eq. (5.36), it mean that coefficient o = 5.14.
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finite element ’

W0=80|C

Figure 5.21 Softening model ( Cervenka, et al 2001)

5.6.2 Tension Softening Model for Existing Elaw/Crack Element

As explaining in the ahove, the limit cracking strain is related to the element
size. Consequently, the sgitening law In terms of strains for the smeared model is
calculated for each element individually, while the crack-opening law is preserved. To
account for crack in the existing concrete structure, exponential softening model and
limit crack opening as Hord)jik (Eg. (5.33) and 5.36) will be adopted. It is the same
concept of crack band theory by Bazant énd Oh; however, linear and bilinear model
of softening is most appropriated for smali:e"l“-ement of FEM (Kwak, 1996). In the
large scale analysis as concrete bridge struff't-.flfreji_.it may be inconvenient to mesh small
element size. Therefore for large scale analf(é_is?and large element size are needed, the
model as Maekawa (Eq.(3.54)) and Hordjik .(Iéq_.v-(3.55)) are appropriated.

In this study, te account for existing crack In concrete member, it is assumed
that the existing crack (or flexural crack) width w; is known from the crack inspection
(Crack mapping). From the concept of smear crack, the crack width can be converted
to be smear crack strain-over defined element as' Figure 5.22, and defined as below:

i = ZI"_Wi ..... (5378.)

&t

Where wi;: the total crack width measured at the crack vicinity.

L. equals to size of element at the crack vicinity for FEM. This element size
can be selected independently due to Maekawa and Hordjik softening models. For
Hordjik model, L is the same as |; (relative length of element size that related to
orthogonal crack direction)

&ri: The crack stain that smeared over the element size, L. This value is also

defined as damage level of element that cracks existed.
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Due to elastic recovery, the total strain of crack element normal to L is equal

to summation of cracking strain (&) and elastic recovering strain (&r). Assuming that
elastic recovery stiffness (Eer) is approximately equal to or less than initial elastic
strain of concrete (Ec). Therefore, the elastic recovery strain can be approximately
defined as Eq.(5.37b) below:

3
f gcri gcri gcri
e, :E_t{l{cl : ] }exp[cz . J—g—(1+cf)exlo(—cz) ....(5.37h)

C [} 0 0

And the total strain of crack element; g can be calculate by below question

&,

i = Cori T g L (5.37c)
The remaining tensile sirength capacity of the damaged element, than can be

calculated by substituting ge'backto Eq: (3.35).

3 N
&={1+(01@) }exp(c2 iJ—@(Hcf)exp(—cz) ----- (5.38)
f & v &

t 0 Q 0

o IS remaining tensile strength of the conerete for damage element (Figure
5.22). It is mean that the vicinity-of the exiéﬁné crack, the capacity of the concrete in
tension will be reduced proportional to the crack width which is implied as . It is
seen that if & reaches timit cracking strain &, the tensile strength of damaged

element will be vanished.

W BN

Existing crack Lot

Flaw/Crack smeared to damaged element (COD element)

Figure 5.22 Concept of smeared existing crack

The way to apply Eq. (5.38) to the NLFEM, it is needed to define the
remaining material stiffness of the damaged element. In the concept of the mechanics
of the material, the model of material stiffness can be either or combined of damaged
model, and plastic model (Figure 5.23a and 5.23Db).
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/

damage plastic behavior

Figure 5.23a Concept of damage and plasticity model

Or combined models

/ I/

plastic behavior damage plastic-damage

Figure5.23b Caonecept combination model (Tao, 2005)

A4

Ot

Figure 5.24 Tension softening for damaged concrete element (COD element)

For simplicity, in this study the stiffness of the damaged element has been
assumed as the concept of the damaged model. Therefore, the remaining tensile
strength of the concrete and the material stiffness of the existing flaw/crack element

will be reduced in the direction orthogonal to the existing crack in the same manner as
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damage model (Figure 23(a) left). The remaining material stiffness of existing crack
element (damaged element), Ei can be simply calculated as below equation and the

stress-strain path of constitutive law will be followed as thick dash line in Figure 5.24.

5.7 Tension Stiffening Model for Existing Cracking in RC Element
5.7.1 Tension Stiffening Model, Concept and.Development

Once the crack generated in the reinforeed concrete structure, the anisotropy
becomes significant so that the stress-straifl relationship takes on the orthogonal
anisotropy in direction normal te cracks. The conerete continues to support a part the
tensile force even cracking'has'been generated. The stiffness of RC is higher than that
of the reinforcing bar alone. This effect is called Tension Stiffening for smear RC
element. This effect’is Wery significant to behavior of the reinforced concrete
structures. As shown in‘the Figure 5.25,“":c_dncrete is assumed to behave like elastic
material until its tensile strength is reacheij (fhe applied load equals to Pg), so the
straight line defines initially the stress—stféiiﬁ;_}qurve called the state I. In the post-
cracking range of decay curve is adoptedfan;j called state Il (the applied load is
between P, to Pn). After this point, itis célli'éa étate I or stabilized crack state. The

characters of the curvé in the state Il and Il Is depended oh effect of stiffening model.

P
S/TATE I " STATE'IN
/ %
F)m 7777777 7( 777777777 ”7‘/
| “ /\
/ / RC element
Pcr | } 6;:_,:_
V.
| Bear bar alone
A
3 Stress

Figure 5. 25 Tension stiffening effect on RC element (Kwak, 2001)
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The tension stiffening effect is accounted by increasing the average stiffness

of an element which has relatively large dimension when compared with the size of
the cracked region. The tension stiffness is increased by using an average stress-strain
relation which includes a descending branch in a tension region. While defining the
strain softening branch of the tension stiffening model, several analytical models have
been developed, and these models can be classified into three groups: (1) the models
defined with the function of the tensile strength of concrete such as the Collins model
(1986) (see Figure 5.26 (a)), and the Maekawa model (2003) (see Figure 5.26 (b));
(2) the models based on the assumed bond siress—slip relation as model of Kwak
(2001) (see Figure 5.26 (d)); and (3) the models‘€onstructed from the average strains
of steel such as model of Renata (2008) (see Figure 5.26 (c)).

o.f;
127 |
N | i
gl | e=02
20844 .f
oy N RO N S
44 g N SRR
, Hoat S
dba & ,)' ]
| | J-V‘O— 0.2 !
2 i c=04
€. 2E. €, — 0
; 0.1 0.2 03 04
e Tensile strain £, (%)
a), Tension stiffenuag, Collin (1986) ), Tension stiffening, Maekawa (2003)
ol ."I
."llll - ]
£ B 4 ,.l . |
ea | ?-\ ,n', ] Il,l J _ |
i " ."I
", ) I.I'I
i
0.0 &
— =S » 0.0 0.2 4 0.6 0.8 1.0
o Ey £ Eoal By
c), Tension stiffening, Renata (2008) d), Tension stiffening, Kwak (2001)

Figure 5.26 Tension stiffening model from different developers
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In Figure 5.26, it can be observed that models of Collin (1986) and Maekawa

(2003) have similar characteristic, the tension stiffening effect still remains in a small

portion even member strain reached yielding strain of the steel. While other models,

tensile stiffening effect will be vanished when member strain reached yielding strain

of the steel reinforcement. However, all of the models are acceptable and used world

wide. The model of group one is popular used in the Unite State, Canada, and Japan;
while model of group two and three are popular used in Australia and Europe.

The model of Maekawa (2003) is element size independent, and not

complicated. Therefore, this model will besadopted in this study for existing crack

reinforced concrete element.

5.7.2 Tension Stiffening Medekfor Analysis Existing Flaw/Crack in RC Element
Even though many tension stiffening model have been developed for analysis
RC structure; however, the model accounting for existing crack in RC element is not
seen yet. In this section, medel of Maekawa (2003) will'be adopted for existing crack
RC element. As similar concept of.smear crack approach in concrete, the existing
crack will be smeared in the crack vicinity. a'nc"l- this vicinity will be defined as damage
RC element (RED) (Figure/5.27). The tenévi;oh‘ﬂs_tiffening effect and material stiffness
of RED element will be reduced correspondingﬁto total crack width at element region.
Other elements which are out off crack vi‘c.ihi.ty will be still defended as normal

elements and using ndrmal tension stiffening constitutivelaw.

Ay
A/

= CON elements zones

T

N~ Re-bar \— Crack

4= .RC elements zone

Damaged RC element' (RED-element)

Figure 5.27 Smear of existing crack for RED element

The behavior of crack in RC element is more different and complex than those
of crack in concrete element; therefore, the method to account for crack in RC
element is also different from concrete element. The detail accounting for existing

crack in RC element will be presented in the following section.
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Existing crack strain distribution in crack RC element:

When crack occurred in RC elements, the strain of concrete at the crack face
will be zero and gradually increases until at x equal to transfer length, l.. At x=I;, the
strain of the concrete will equal to strain of the steel (Figure 5.28). In contrast, the
strain of reinforcing steel will be highest at the crack face and gradually decreases
until at section x equal to transfer length, then it will be constant and equal to strain of
concrete (Kwak, 2001). If the element size in the reinforcement direction has length L,
and assumes that the initial crack happened at L/2, then the elongation of RC element

for L/2 will can be calculated as below equation:

72

AL = j.(gS =2_(x))dx + I egdX . ... (5.40)
0 I

, ICrack

¢
!

L/2

IS

£ € egr(X)= ¢
o) |

!

& c=0

X X

L/2

Figure 5.28 Strain distribution-of crack in RC

Where,
L: Element length (FEM length) along reinforcement direction
I;: Transfer length (The length that occur slip between steel and concrete)

&o: Strain of the steel at crack face
&sx. Strain of the steel at location x

&ex. Strain of the concrete at location x
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&1: Strain of the steel at un-slip length at |; < x <= L/2 (the same as concrete )

The slip of element, s will be occurred at along the transfer length and can be

calculated as the following equation.

It
W.
5= j(gs(x) e (k=T (5.41)
Where, 0
Win: existing crack width

s: bond slip, and it is also equalled to erack width divided by 2.

The elongation of.steel sirain at x for ly<x <= L/2 is constant and can be
calculated by below formula;

L pr
Jea(Qd el ©<1) e (5.2

Substituting Eq. (5.41) and (5.42) into Eqg. (5.40), the elongation of RED
element due to existing crack for segment d’f £/2 will be:

AL:V‘;” il . (5.43)

The average crack strain (smear crack strain) over RED element due to
existing crack can be calculated as

AL (W CL Y[k
Eri :L—/2:(2+851(2 ltJ/(z) ..... (544)

At this state, there are unknown parameter such as |, and &, these values will
be defined by the following assumption. For the reinforced concrete member
subjected to axial tension load, P; at the sections x>I;, which the strain of steel bar
equals to strain of concrete, the equilibrium relationship of applied load can be written

as:

(AE,+AE)s, =P ..... (5.45)
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And strain of both steel and concrete can be calculated as:
P

Eq =6y = ... (5.46)
(AE +AE.)

Where A, A are area of reinforcing steel and concrete matrix, respectively. Es, E. are
modulus of elastic of reinforcing steel and concrete, respectively.

For the transfer length in this study will be taken as in the section 5.3.2 in this
chapter which proposed by Somayaji (1983), and Kwak ( 2001 ).

N
=k, == s (5.47)
Y e
Where N, is transfer loadyand«€an be calculated as:
N, = AE &, ¢ ..... (5.48)

¢o: Steel perimeter

p- Ratio of steel reinfarcement and concrete section, As/Ac

ko: Constant parameter, - which used as Kwak (2001) has valued of 3.69
mm?/kg

The above eguations are derived from the crack of the RC bar subjected to
uni-axial tension. For extension this concept to the bending member, slab or beam,
the effective tension region of the flexural member can be used (CEB-FIP 1990),
(Kwak, 2001)..The tension region. of the flexural member can be implied as axial
tension and has thetarea as-Figure.5.29, which'given by CEB code. As it has been
known that when the stress reached tension strength of the congrete, crack will be
formedyiit means that the 'stress of the concrete matrix in RC member will be between
or less than the concrete strength, fi. Therefore, for the maximum case of stress at un-
slip region, it can assume that the tension stress is equal to tensile strength of concrete
fi (Kwak, 2001). The tension force acting on this effective area can be implied as

P = f.A . (L+np, ), where Py is tension force at effective tension area (Acer), Pet IS

steel ratio at effective tension area (per=As/Acrf), and n is ratio of elastic modulus of
steel and concrete. Then transfer length and element strain at un-slip section, &; can

be calculated as following formulations.
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The strain at un-slip zone:

ftAc,ef (1+ npef )
gsl = gcl =
(&Es + A:,ef Ec)

And the enveloped length (slip length):

f
| =k At (5.50)

" (¢)

Where, f; is the tensile strength of the concrete. Ac ¢ Is an effective area of the concrete
in tension zone which defined by CEB-FIP (1990) and can be calculated as shown in
Figure 5.29.

4
a) 2 obo 7 [_0.1n b) L ¢
Aoy = 25b(h—~d)y=1/abh B A, =25(c+p/2)

Figure 5.29 Effective area, a) for beam and.b) for slab, CIB-FIP1990

Independent of element mesh size for RED element:

As indicated at thewabove, the affeet of crack for the tension stiffening is
related to transfer length, I; and element size, the effect of single existing crack will be
in vicinity of about 2I;.. However, semetime size for RED element,needs to be small
and much less than two times of transfer length, the crack vicimity- 2l; can be also

divided more than one RED element as the following reasons (Figure 5.30).

L L~2l;

Figure 5.30 Damaged element size equal to 2l;
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1. As in the above procedure, the width of damaged reinforce concrete

element (RED) in orthogonal crack direction will be about 2I; (Figure 5.30).

And the cracking strain within element will be

Ep=—R=—0 . (5.51)
2 L

2. If the length of 2I; is divided into more than one element as shown in Figure

5.31, each elements within dimension of 2I; will be influenced by the same cracking

strain, &ri which is calculated by Eq. (5.51):

WO T2 I AN
AT LWL LALS

L1 L2 L3

L=L1+ 12413

Figure 5.31'Damaged RC vici_;r~_1i_ty divided more than one element

S

Therefore, the:damaged vicinity due the existing crack can be divided more
than one element and‘each element within the same crack vicinity will has the same
the existing crack strain.

Note:

1.) From the eguation In'the above, it is observed that the appropriated size of RED in
the direction of the existing cragk should be approximately less than or equal to
two,time of the-envelope Tength.

2.) If thélelement size corresponding to the crack is very much larger than two time of
the I, the result of the existing cracking strain calculated by Eq. (5.44) will be
higher than element size equalled to 2l;. However this is acceptable, because the
analysis results will be still in conservative.

3.) In case of RED element contains of many parallel cracks, the existing cracking
strain can be calculated as average cracking strain, &= ZWcrilLacri - Where Wi IS

the individual crack width, and L is the average cracks spacing.
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Tension stiffening model for RED element:

In this section the tension stiffening model for RED element will be defined
by using existing crack strain derived in the above. For the smeared concept of
NLFEM, when RC element is cracking, the tension stiffening effect of that RC
element will be reduced, and the material stiffness of corresponding to element will be
reduced as well. Therefore, in the same way for the COD element, the tension
stiffening effect and its stiffness will be reduced corresponding to existing crack width.
The method to reduce the tension stiffening effect for RED element is that the existing
crack width can be implied to cracking strain'smeared over the RED element (at crack
vicinity) by using Eq. (5.44) or (5.51). Afeer.that the remaining tension stiffening
effect for RED element (oi.;) Canbe calculated by substituting the total strain of RED
which equals to sum of average existing crack strain and elastic recovery strain into

the original tension stiffening.mocdel of Maekawa, then ei; can be defined as below:

O = i ( —y ] AN . . (5.52)

8tci

Where, ot : Remaining tensile strength of concrete for tension stiffing effect
c: Coefficient of bond property (0.4 for deformed bar, 0.2 for welded bar)
¢ w: Strain of crack starting to open, givenin section 5.6
€ i - Total strain at crack RED element which <= ¢rit < er

&r. Elastic recovery strain Is defined the same -concept for concrete damage

element, therefore it can estimate by below equation.

Eur =L(&j .. (5.53)
E.\ &

C cr

Fer simiplicity. the reaming material stiffness in' normal crack direction will be
adopted as the concept of damaged model (see Figure 5.23) and can be defined as:
O. ..
E,=—"% . (5.54)

tei

The full stress-strain path (tension stiffening model) for RED element will be
reduced less than original model as thick dot line shown in the Figure 5.32. This will
be called tension stiffening model for existing flaw/crack of RED element in this

study. However, using this model, some of the assumptions are noted such as the
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crack is assumed to have the same width as at the surface though effective tension

zone (Through the depth of RED element), the effect of the reinforcement due to
existing crack is not considered, because these effects are too small to consider.

Gt

Gici

'.4

ncrete and RC Beam
j,u-u d

e ana]ySIs qf concrete and RC notch beams in order to

This section presents

verify the proposed mode softenmg m&ae} for existing flaw/crack in concrete

element (COD) and tension Stlff_' ening m@ for existing flaw/crack in reinforced

Lyl S
concrete element (REiD) WhICh derlved in the section 5/6.2 and 5.7.2, respectively.
——

The concrete notch,ﬁeam which tested by Karihaloo 11}995) has been chosen to

assume to contain COQ element. The reinforced concEete notch beams which tested
by Prasad (2002) and Sumarac (2003) have, been chosen to verify RED element. The
detail of the analysis model and result will be presented inthe following section.

REC elements

RED elements

CON element

COD elements

Flaw/crack vicinity

Figure 5.33 Solid elements of existing structure with flaw/crack
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The 3D NLFEM, CAMUI program will be used to install the proposed models.

For original program, two material element types such as concrete element type
(CON), and reinforced concrete element type (REC) are used for analysis RC
structure, and concrete structure. To adopt this program for analysis existing
flaw/crack in concrete and RC structures, the author added two new material
subroutines in the program. The first new material subroutine is for existing crack
concrete element namely “COD”, which is using constitutive law as tension softening
model of COD element which derived in section 5.6.2. The second material
subroutine is for existing crack reinforced /conerete element namely “RED”, which is
using constitutive law as tension stitfening medel for exiting flaw/crack of RED
element which derived in section 5.7.2. The existing damaged RC structures can be
now analyzed by this program..The material elements type in damaged RC structures
can be modeled by four_material types such as concrete element (CON) for normal
(undamaged) region of .€oncrete ~zone, “reinforced concrete element (REC) for
undamaged region «of RC: zone, flaw/crack concrete element (COD) for
damaged/crack vicinity"in concrete, and flaw/crack reinforced concrete element
(RED) for damaged/crackvicinity in reinfor_ééd concrete zone (see Figure 5.33).

5.8.1 Analysis Existing Noich Conerete Bréa‘rq_

To verify the tension softening model“' for COD element which derived in
section 5.6.2, the conerete notch beam tested by Karihaloo (1995) is chosen to analyze
by CAMUI program. General method for analysis the Concrete notch beam is that
FEM element at the notch position is cut off, and the FE mesh size at near notch
vicinity or the process zone are modeled in small element size or the same size of
notch. For CBM isimodeled element mesh Size at the process zone as crack band with
element as proposed Bazant and Oh (approximately three time of the maximum
aggregate)a(WVan Mier,c1997)< lnnthisi study, smear erack model cancept is used the
element Size at the crack zone is about three time of maximum aggregates or higher
can be used as explain in section 5.6. However, in this study, element at notch will
not be cut off, and it is modeled by COD element (assumed as flaw/crack vicinity),
and other zone are modeled by normal concrete element (CON). Both CON and COD
are 3D solid elements, 20 nodes, and 8 Gauss points. Three major cases will be
analyzed for comparison, case one is full beam without notch (no damaged assumed),
case two is notch beam and element at notch position is cut off as conventional

method for analysis notch beam, case three is beam with including damage presented
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by COD element. The case three is also analyzed for two more cases, case 3.1 is

assumed small crack (0.05mm) occurred at notch position by COD element. Case 3.2
is assumed large crack (2.5mm) at COD element to represent notch (this large crack
will neglect concrete tensile strength of element at notch position). Case 3.2 also will
represent that notch can be modeled by COD element. All of the results are compared
to each other, and test result. The detail of analysis and results are presented in the
below.

(1) Beam parameters

The dimensions of the beam are '& m, total length 900 mm, notch size
60x6 mm, (Figure 5.34). The&_@:al para&e fc’= 268 ksc, Ec= 245,073 ksc.
ft'=25.8 ksc, GF_007kgnm; b

(2) FEM model

Q%’”i%]u\‘m NURIN T =

Applied load elements
(Steel plate element)

Elements at support

o (Steel plate element)

Element
cut off at notch

c) 3D FE mesh, case2 d) 3D FE mesh, case3.1 and case3.2
Figure 5.35 FE mesh of notch beam

COD element
for notch
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Case 1: Full beam (No notch)

Case 2: Notch beam and notch element has cutting off

Case 3.1: Notch beam and notch element assumes as COD element
contained small crack (0. 05 mm)

Case 3.2: Notch beam and notch element assumes as COD element

contained large crack (0.25 mm)

3D solid element has been modeled for both CON, and COD elements. Due to
symmetry, only half of beam in longitudinal direction has modeled. The steel
elements have been added for applied load and supported to prevent local stress
concentration. The model geometry is Hlustrated as below, Figures 5.35. The element
size at notch is 5 cm in widih and 6 cm in height; this width is appropriated for crack

band theory or smear cragk'element as explaining in the above.

(3) Analysis and results _

All cases have been analyzed using_load displacement control method, and the
analysis result of each case has been compar;ed' to tested result. To compare the results
of analysis cases, load and deflection cqu}a" at midspan of all analysis results, and
tested result of notch beam have been ploﬁted' in Figure 5.36. In this figure, fives
curves have been plotted to compare. Thé .f'i-rs:t- curve.issthick dash line represented
analysis case 1 whi¢lis full beam model (no damage), the second curve is thick line
represented analysis case 2 (notch beam with cutting element at not position as Figure
5.35 (b)), the third curve-is_thin dot line represented analysis case 3.1 (COD element
occurred smallccrack of 0.05 mm);. the fourth'is thin dash line represented analysis
case 3.2 (COD ‘element occurred large crack of 0.25 mm for representing notch), and
the fifthrcurve is, thin continues line/represented test result by Karihaloo (1995).

Casel is'indicated that when beam has no any flaw, the peak1oad is up to 900
kg. If existing flaw/crack has occurred, even a small crack the peak load will be
reduced significantly as case 3.1. For case 3.2, COD element at notch position is
assumed to occurred large crack (0.25 mm), it is seen that the result is very close to
test result (thin continues line) and analysis result of case 2 which is cutting element
at notch position, results of case 3.2, case 2 and testing are very closed to each other,
especially at the beginning of load. This is evident that notch can be presented well by

COD element which is implied that the existing flaw/crack in concrete structure can
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be represented by COD element. As proposed in this study using this method, the
mesh topology is not changed during the flaw/crack presented. The number of FE

mesh can be reduced which will be convenient to analyze large scale structure.

1,000

900 - -\

800 - ’/ . — -=1-Case l

200 4 J \ 2- Case 2
2 60 - /' Wds || 3- Case 3.1
§ 588 ] _ ————4-Case 3.2
L 4 7 / ‘." ”"‘*\ .

300 - O < S-Testing

200 1 /S A

100 1 ¢

0 I I | ! I

0.00 0.03 005/ 008" 0.10" 0.13 . 0.15
deflection(mm)

Figure 5.36 Results of l0ad vs deflection curve for analysis cases and testing

¥

Figure 5.37 represented the stress-straih .path at efement of notch position for
case 1 (full beam without damage), case 3.1 (small crack in element at notch position),
and case 3.2 (large crack in element at notch position). The case 1 is represented the
tress-strain of concrete element without existing damage; the full stress-strain path
can be obtained:which peak stress is reached tensile strength of concrete. For case 3.1,
when small crack occurred in concrete element (COD element) some tensile strength
is still.remain’ imCOD, element; Case 8.2 representedithatwhen erack width is high up
to 0.25 mm, the tensile strength of concrete is mostly vanished, and this case is also
can be represented as real notch beam. These curves also show the manner of
softening model for non damaged element (case 1), and softening model of damaged
element or COD element (case 3.1 and 3.2). The softening behavior of COD element
is depended on crack opening displacement as explained in section 5.3.

From this result, it is also implied that the proposed concept by using COD
element at crack vicinity could be applied to assess exiting flaw/crack for old

damaged concrete structure.
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—x—1-Case 1
——2-Case 3.1
—= 3-Case 3.2

Stress(ksc)

0.0000 0.0005 0.0010 0.0015..0.0020. 0.0025
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Figure 5.37 Stresssstraipat.notch position for case 1, case 3.1 and case 3.2
!

5.8.2 Analysis Existing/Notch RC Beam“'lz._ |

In this section, to verify the tension':;sfi-ffening model for RED element which
is derived in section 5.7.2, two_ notched reiﬁfbr_ged concrete beams which were tested
by Prasad (2002) and Sumarac (20603) will b_é_ar?alyzed by 3D NLFEM.

(1.1) Reinforced corierete notch beam tested'bS; éumarac (2003).

” 2648
:g) 7
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Figure 5.38 Notched reinforced concrete beam by Sumarac (2003)

The simply-supported notched reinforced concrete beam specimen which was
tested by Sumarac as shown in Figure 5.38 was chosen. The beam parameters are
length of 1.5 m, width of 15 cm and height of 20 cm. The notch is a edged notch
located at the bottom of the cross section at the midspan with depth of 2 cm and width

(at bottom surface of beam) of 2 cm. The concrete parameters are 330 ksc, 27.7 ksc,
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and 272,488.53 ksc for compressive strength, tensile strength, and modulus of

elasticity, respectively. The yield strength and modulus of elasticity of the steel
reinforcement are 4,300 ksc, and 2,000,000 ksc, respectively.
(1.2) FEM analysis models

The beam will be analyzed in three difference cases. Case 1 is the model of
full RC beam (no any damaged), case 2 is model of real notch which notch at the mid-
span is represented by neglected element (2x2cm) at notch position, and case 3 is that
notch is modeled by RED element (this, case is the proposed approach for this study).
The analysis results of all cases will be coﬁpp}r;d to test result of notched reinforced
concrete beam tested by Sumarac (2003). As explaining in the above, the flaw/crack
in RC is unlike crack in plain conerete 's‘![ructure the crack in the RC will be influence
to tension stiffening efgct/fr the \prack face up to enveloped length, I.. This
enveloped length can b‘e,wf/a}t:d 0)% E\1 (5.47). Therefore, RED elements for case 3
will be the elements within'the !,ength_ofﬁh at the bottom middle of beam as shows in
the Figure 5.41(c), 2k = |

elements for representing affe

f\'._jl'h_e i'ftial crack of 0.4 mm is assumed at RED

of n’étcffﬂl’ he way to select this crack width is done
the same way as concretg n ch beam thaf analyzed for different crack width, then
select one that result is maj hed to test resuit 7 The effective area of the RC zone is

defined by CEB-FIB recommend_Bn (see%@ure 5.29). In this example the height of

J
RC zone is 6 cm formjbottom face of beam. Due to the dqpth of the existing notch is 2

cm from concrete bpﬂom face of beam, the RC zone |s djwded in two layers, layer
one is 2 cm from bottqr_n face of beam, and layer two is 4 cm. The RED elements are
at the layer one as srdmws in Figure 5.39. The tensian stiffening model of RED
element is using EQ. (5:52). The element types for case 3 are consisted of CON, REC,
and RED, whilelother cases are consisted of only CON, REC element types.

a) 3D FE mesh, case 1 b) 3D FE mesh, case 2
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c) FE mesh sizefcase 3

. Assume crack
2 RED elements

- )
A TN

d) 3D FE mesh size, case 3

-

Figure'5.39 FE mesh of the reinforced concrete beams

(1.3) Analysis and resQ_Its

Three cases hz;ve been analyzed. Tao compare_the analysis results and test
result, load deflection curves at the-midspan of analysis and test results are plotted in
the same figureias shows in the Figure 5.40. The test result is represented by thick
line; thevanalysis resultiof case L (full:beam withoutianyodamaged)dsirepresented by
thick dash line; the result of the case 2 (element at notch position s neglected) is
represented by thin dot line; and the result of beam which notch assumed as RED
elements, case 3 is represented by thin continues line. It can be seen that the result of
case 3 is very closed to the test result; while notch beam which is cutting off element
at notch position, case 2 is closed to test result at the only begin of the load, but after
the applied load higher than about 2,000 kg, it is lower than test result. This implies
that the RC zone could not omitted for representing notch for smear crack NLFEM

concept, because the ultimate load is depended on steel ratio and effective depth of
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beam. At the beginning and up to about 3,000 kg of the applied load, the results of

case 3 (RED element for notch) and test result are not closed to the result of case 1
(full beam without damaged element). This is due to the affect of notch at the bottom
of midspan beam for test result and affect of RED element for analysis result case 3.
This is evident that the proposed model (case3) can be used for presenting notch or
flaw/crack in RC structure. Tension stiffening effect is reduced when flaw/crack
existed in RC structure. At the applied load higher than 3,000 kg, the result of case 3
and test are closed to case 1. This is due to that the beam is already in full crack state,

tension stiffening effect is vanished.

3500 -
3000 - \
= 2500 - e T AR — - -1-Case 1
= 2000 - AET ——= VNN 2-Case 2
S 1500 | 47 ' ——3-Case 3
1000 | v — 4-Testing
500 -
0 ‘ -

0.00 0.50 1.00 1.50 2.00 2.50.3.00 3.50

Deflection (mm)

Figure 5.40 Comparison of load-deflection at midspan fer analyses and test results

The strain of the element at steel reinforcement” level at notch position of
analysis results‘casel, case 2, and 3 are plotted versus applied load as shown in Figure
5.41. The characteristic afythe’ load and straimcurves atisteel reinforcement level at
notch pasition is also the same manner as load deflection curves. It'is seen that the
strain at the steel level of results case 2 is higher than that result of case 3 at the same
applied load, and the strain result of case 3 is also higher than case 1 at the applied
load lower than about 3,000 kg. This is due that element at notch position is neglected
for case 2, the effective depth at midspan of the beam is less than full beam. While
case 3 is that only tension stiffening effect is reduced, the stiffness of element at the
existing crack is also less than beam without any flaw/crack (case 1). The analysis

result from the case 3 is also indicated that the tension stiffening effect is very
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important especially at the beginning of applied load up to load that induced strain of

the steel closing to yield point (this example yield strain is 0.0021). Beyond yield
point, the strain results of both cases (case 1 and 3) are closed to each other, as the
beam is already in full crack state, and the tension stiffening effect is vanished, strain
of element for both cases are reach yielding strain reinforced steel.

For this example, as shown in the Figure 5.40 and 5.41, it is indicated that the
tension stiffening effect is one of important factor for NLFEM analysis of existing
flaw/cark in RC structure. While normal model for NLFEM are not account for this
effect, the full behavior of old RC structure with flaw/crack existed could not be
presented closed to actual behavior. Therefore;the proposed model is one method
that can analyze for assessment of old reinforced concrete structure with flaw/crack

occurred.

4000
3500 =
3000 -
2500 - Sz A\ — - -1-Casel
2000 - - dR70 N - 2-Case 2
1500 | T —— 3-Case 3.2
1000 - §/-*
500, -
0 ‘ ‘

0 0.001 0.002 0.003

Load (kg).

Strain at the steel level

Figure 5.41"Applied load vs element strain at the steel level at notch position

(2.1) Reinforced concrete notch beam tested by Prasad (2002)

Second example is notched reinforced concrete beam which tested by Prasad,
et al. (2002) for study RED model. The beam is a simply supported beam with initial
notch at midspan as shown in Figure 5.42. The beam parameters are such as length of
150 cm, width of 15 cm and height of 20 cm. The edged notch is located at the bottom
of the cross section at the midspan with depth of 60 mm. The concrete parameters are
301 ksc, 41.1 ksc, 292,700 ksc for compressive strength, tensile strength, and modulus

of elasticity of the concrete, respectively. The yield strength and modulus of elasticity
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of the steel reinforcement are 3,950 ksc, and 2,000,000 ksc, respectively. There are

two reinforcement bar with 8 mm in diameter as shown in the Figure 5.42.
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Figure 5.42 Notchet\ri{\:i\\y % beam by Prasad (2002)
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Figure 5.43 FE mesh of the reinforced concrete beams

In this example, the beam has been analyzed for two cases, case 1 is full beam
(no any damaged element), case 2 is using RED element at notch position for
representing the notch. As explained in the last example, the RED elements are

distributed at the vicinity of 2lI.. In this example the depth of notch is up to 6 cm from
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the bottom face of beam, therefore the height of RED element is also the same as

notch depth. The I; is 140 mm as shown in Figure 5.42. For presenting initial flaw,
crack width 0.1 mm has been assumed for RED elements. The way to select this crack
width is that analyzed for different crack width, then select one that result is close to
test result. This example is differ from the last example is that the depth of notch is
through the reinforcement bar. Similar to the previous example there are mainly two
material element types for case 1, CON element for concrete zone, REC with 6¢cm of
depth for RC zone. There are three material element type for case 2 which RED
elements are added at damaged vicinity as /shown in Figure 5.43. Additional steel
elements are added at supports and applied lead position for both cases. Full 3D

models of beam are shown In Figure 5.43 below.

(2.3) Analysis and results

The results of the analysis are_compared to test result with similar manner as
last example. The analysisiand test results for load and deflection curves at midspan
beam are shows in the Figure 5.44. The test result is represented by thick line, thick
grey color line L1 and thick black color Iin_é L2 (there are two lines from test, this is
due to the upper bound and lower bound"df‘ test result data). The analysis result of
case 1 (full beam with no any damaged) Vis rébresented by thick dash line, and the
analysis result of case 2 (RED elements rep‘ré’sénted initial notch) is represented by
thin continue line. THe results of analysis in this example are also the same manner as
previous example. Analysis result; case 2 is fall'in to test results (curve, L1 and L2),
while analysis result case 1 is higher than test results. This is due to that there is the
initial notch for tested beam, and tension stiffening effectifor RED elements is
reduced. At theapplied load higher than 3,000 kg, the analysis results of case 1 and
case 2-is closed to each other; this jisias explainin the above example, the concrete
beam is in Tull crack state. This example is also evident that crack in'RC structure can
be presented by reduction of the tension stiffening effect. Therefore the proposed
RED element can be presented for exiting flaw/crack in RC structure.

The analysis result of the applied load and element strain at the steel level at
the element of the notch position for case 1, and case 2 are shown in Figure 5.45.
These analysis results are also similar to load and displacement curve. When the
applied load lower than about 2,500 kg, the strain of element at the steel level at notch

position for analysis result case 1 is less than analysis result case 2. This is due to the
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flaw/crack, the tension stiffening effect is reduced, and beam stiffness is also reduced.

After the applied load higher than about 2,500 kg, as it is explain in the above, the
beam for both cases are in the full crack state, the strain results are reach yielding
strain of the steel (this example yield strain is 0.0020), than strain results from both

analysis cases are closed to each other.
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Figure 5.44 Comparison of load-defleetion for analyses and testing results
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Figure 5.45 Results of load vs element strain at steel level at notch position

From both examples, it is found that the analysis models which are used RED
elements for representing initial notch given the deflection results closed to test results
of notched RC beams. The RED elements can be also represented the strain at steel
reinforcement level, when existing flaw/crack occurred in RC element, the tension

stiffening effect in vicinity of this flaw/crack will be reduced leading to strain at the
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steel level is higher than no existing flaw/crack existed. It is implied that the steel

stress at flaw/crack element will be higher than no flaw/crack element.

The analysis results from three examples in this section it could be evident that
the proposed model in this study could be one method that can use for analysis to
assess old concrete and RC structures with existed flaw/crack. In the next chapter,

this models will be applied for analysis assessment full concrete slab bridges.

5.9 Summary

In this chapter, the properties and .mechanics behavior of concrete are
summarized. The general properties, mechaniCsdeehayior and NLFEM of concrete and
RC structure are presented. The model for tension softening and tension stiffening for
analysis exist flaw/crack ai-tension region in concrete and reinforced structure are
also derived. The example‘of noiched concrete and RC beams using proposed models
in this study are also presented which notch is assumed as existing crack (small
flexural crack). ,

Concrete is veryhigh capacity in.compression but very low in tension. In the
conventional concrete design methods, the tériéion strength of concrete is neglected in
both concrete and RC structtire. However at fhp_ recent decades the effect of concrete
in tension has been studied, and found that it |s very important to structure behavior
and NLFEM. Especially when crack occur‘r.ebl. in RC structure, concrete will still
further to carry some tension load. To account for tension strength behavior in the
concrete structure, Fictitious crack model (FCM) by Hillerberg, and Crack Band
Model (CBM) by Bazant-can be used which known as tension softening model. CBM
or smear crack concept is popular ‘used"for  NLFEM "analysis concrete and RC
structure, especially for analysis large scale of concrete structure. For crack in the RC
structure, the most important-is<envelopment-tengthufor first singlescrack, and crack
spacing for multi crack. The tension stiffening affect plays important factor for crack
in RC structure. Many models for NLFEM have been developed in previous
researches; however, most of these models are not account for the existing flaw/crack
in analysis concrete and RC structure. In this study, the softening and tension
stiffening models for COD element and RED element, respectively are proposed for
analysis existing flaw/crack in concrete and RC structures. These material subroutines
are added in the NLFEM, CAMUI Program.
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Three examples for verification the proposed models are analyzed. One
example of notched concrete beam has been analyzed for checking softening of COD
element, and two examples of notched reinforced concrete beams have been analyzed
for checking tension stiffening models of RED element. Many cases are analyzed to
compare the results and test result. From the analysis results of these examples using
the proposed models (the softening and tension stiffening models for existing
flaw/crack) for analysis flaw/crack concrete and RC beams, the results are well closed
to the test results. The peak load of the concrete structure is strongly effect by
flaw/crack; while RC structure is mainly effect:by existing flaw/crack at beginning of
applied load up to full crack state. From the analysis results of these examples, it is
evident that the proposed models.can be used to assess old concrete and RC structures
with flaw/crack existed. _Fherefore, these models will be applied to analyzed full

scale of concrete slab bridges in next chapter.



CHAPTER VI

ASSESSMENT EXISTING CONCRETE BRIDGE

6.1 General

The assessment of the existing bridge structures is still difficult to the bridge
engineers at the present time, because many data and information are needed to
complete this works, i.e. actual truck loading, actual bridge conditions, accuracy of
the modelling for structural analysis etc. Figure 6.1 shows the procedure for
evaluation of existing bridge structures. In this figure, the first and third steps are very
difficult steps, because thesactual truck load data is mostly not available, and general
model for analysis of the bridge structure is still difficult to account actual bridge
conditions (damaged condition, composite of secondary structures etc.). Especially,
the aged concrete bridges/are the mast d“iff..icult than other type of bridges, because
existing flaw/crack generally existed in old concrete structure. Therefore, this chapter
is extended from last €hapter that the ;,'d;é-lmaged element represented existing
flaw/crack will be applied to anatyze diagnééi“szngld concrete bridge structure.

Several old existing concrete slab b_ri_dges with span length 7 m to 10 m, in
Thailand will be taken as cases study in this cmhapter. As explaining in chapter 3, in
Thailand, the legal limit trucks loads have been increased in recent years; whereas,
bridges are not changed, and some are deteriorated. Moreover in the actual situation
there are many trucks «that loaded higher ;than legal limited truck as shown in
monitored data“in chapter 4. Therefare, the precise  approach to evaluate the capacity
of the existing “bridges is very vital to bridge engineers. In this section, the 3D
NLFEM will bejused, for -analysisidiagnosis these concrete slab-britiges. The bridge
condition as step two in the Figure 6.1 has also conducted by visual inspection and
testing. Bridges information have been collected from bridges site such as crack
mapping and site dimension measurement (this works have been collected by author),
concrete material testing and load test (these works have done by the inspection
company). The flaw/crack in concrete and RC vicinity will be included in the analysis
model by COD and RED elements, respectively. Because damaged and cracks are

mostly occurred at the tension region or bottom surface of main slab, therefore the
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COD and RED elements will be used at flaw/crack vicinity in this region. The detail

and analysis procedure of the bridge will be presented in the following section.

2

[ Bridge condition

2 I .

p— angineering decision

7/ aintenance, Repair,
Rehabilitation,
~<Replacement, or

‘ /2 “ «Demolition
Figure 6.1 Procedurefo the gbmégtéd pridge assessment and evaluation
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6.2 Bridge Structures in Thailand~

There are many types-GLttE' bridgéi—ﬁ'rﬁtwcted in Thailand. According to the

construction materiatébridge can be classified into c%g{ej;e bridge, steel bridge and

wooden bridge. Th'é‘j concrete bridge is the most popular constructed in over the

country which arranged"'from small to long span bridges;for the steel bridge is mostly
using along the_rail ways, Wwhile the wooden‘bridge is.mostly_constructed at the rural
area. According tolthe superstructure, bridge can be classified into slab bridge, plank
girder, multi-beam, box beam, I-girder, T-girder;-and combinatienstypes (see Figure
6.2). Imwhich the slabbridge is most popular used, i.e. bridge data along highway No.
14 (at the southern part of Thailand), the amount of concrete slab bridge type is up to
64.3 % of the total bridges; Highway No. 5(at the Northeast part of Thailand), the
amount of concrete slab bridge is 53% of the total bridges (see report of Department
of Highways, Thailand, 2008). In the same report, most of the bridges constructed
more than 20 years are higher than 50% of all total bridges. All of these bridges have
been design by AASHTO specification, and the allowable stress design method and
HS20-44 design truck were used.
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a) Slab bridge b) Box Girder Bridge c) Plank Girder Bridge

d) Multl Girder Br'_ge_..-’f )I- wderB-nd.ge._ f) T-Girder Bridge
i @ of ridge for different type

-": 4TA 45\."" -
In this study, slab bri dg has been chosen to be case study. Due
to the slab bridge type i i'«':ﬁc’gﬁ_jt"_/es'? e slab brldge type is mostly used for

short span length whi ;,fr,oEﬁl 5mito 1l m. There are two different barrier
r s_]a,b"brl hat
types. The height of both b rriers ‘ty‘IaES IS @0 c¢m to 90 cm. The main structure is
solid concrete slab which the thickness }s @'@g-between 35 cm to 55 cm depending

nallel to the traffic direction

types popularly constructe ’allmg barrier and solid barrier

on the span length. iﬂie ‘main reinforceme

at the bottom IayeF“"ﬁther reinforcements ? rinkage and temperature

change purposed. The—Jecondary structures of slab brlég!e type are such as walkway

W s ot E“J ﬁ'd%’ﬂ ial % e
ARIANNSRIRINTINY 10 e

A ;

a) Slab bridge railing barrier b) Slab bridge railing barrier

Figure 6.3 Concrete slab bridge section



141

6.3 Method for Evaluation of Existing Bridge.

The conventional method for evaluation capacity of the exiting bridge is using
AASHTO Manual for bridge evaluation (1994), AASHTO Guide for Strength
Evaluation of Existing Bridge (1989). These conventional method is based on the
rating factor RF, when RF >1, the bridge is within safety limits, whereas when RF <
1, additional evaluation and analysis is required and precautionary strengthening
should be preformed (Chen 2007).

There are two levels for rating bridge using this manual namely inventory
level and operating level. The Inventory deveklis for as the design level, and the
operating level is used for overweight permits-echeck. There are also two methods that
can be used for checking-bridge.member that are Allowable Stress (AS) method, and
Load Factor (LF) method. Fhe Eq. (6.1) is representing for RF formula, and only
some factors in the fogmulasare ehanged when applies for different rating level and

method.

- (C_wj AN\ 6.1)
v EQ£1) i

Where, RF: Rating factor
C: The capagify-of-the-member/nominalstrength
D: The dead lead effect on the member
L: The live load effect on the member
I: The impact factorto-be usedswith-the live load
vq: Factor for dead load

vi..Factor for live load

For the AS rating method, the factors j, ¢ and 1 are equal to one. The
capacity of member, C is according to the allowable stress design. For the LF method,
1 isequal to 1.3, s is depend on rating level, 1.3 for operating level. The capacity of
the member can be calculated as C= ¢R,, where R, is the nominal strength of the
material, and ¢ is the strength reduction factor and this value should also
consideration the effect of deterioration from inspection, for example loss of concrete

or steel section area, loss of the composite, or consideration from deterioration factor
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that given from inspection. Normally, the conventional method of AASHTO for
strength evaluation of the existing bridge is mostly lower than actual bridge strength,
the NLFEM is the most reliable method comparing to conventional method of
AASHTO, and Linear FEM (Huria, 1994).

6.4 Concrete Bridge Inspection and Testing in This Study

Two concrete slab bridge at the Highway No. 5 at Northeast part of Thailand
(namely bridge CB7 and CB6), and one slab bridge at Highway No. 14 at Southern
part of Thailand (namely CB4S) have been chosen for analysis using NLFEM in this
study. The bridge CB7 and €B4S are railing barrier types with total length 8 m and 7
m, respectively. While. thebridge CB6 is the solid-barrier type. These bridges are
involved in part of the project of Bridge Investigation and Testing for Load Carrying
Capacity of Road Researgh Developmelnt Division (Department of Highways,
Thailand, 2008). Therefare many informaffon and testing have been conducted under
this project. '

The conditions™of the ‘bridge are collected by detail visual inspection, site
material testing, and nondestructive load test. The visual inspection was done by
author. Material testing and load-test were C"on‘dUcted by the inspection company. The
visual inspection works are- included such as section measurement, flaw/crack
mapping. The testing-works are included such as testing of material strength which
conducted by Rebound hammer method, coring test, rebar locator, tension test of
cutting bar; and nondestructive load test. The results of inspection and test data are
presented in the below.,

Inspection pracedure (by the author):

The inspection works is mainly detail visual inspection and:bridge dimension
measurement. The bridge measurements are included longitudinal bridge dimension,
main slab width, slab thickness, barrier dimension, number of lane, lane and walkway
width. The rebar diameter was also measured at the time installation of the steel strain
gauges. The honey comb, steel corrosion has been measured and skated on the
inspection note. The cracks width and its direction have been mapped.

The crack width is measured by oscilloscope for crack that less than 0.2 mm,
and crack card for crack that larger than 0.2 mm (Figure 6.4). The technique to map

the crack at the bottom sure face of the bridge is that draw the grid lines in the spacing
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about 50 cm on the both longitudinal and transverse direction of the bridge over the
crack patterns at bottom slab. The main grid lines are set up at the center longitudinal
and transverse directions. After grid line was drawn, the coordinates of each crack
line ware recorded at every 25cm corresponding to grid lines. And widths of cracks
were also measured at every 25 cm. Most of the cracks that observed in this
inspection are occurred at the bottom of the bridge, and only cracks that higher than
0.05 mm has been recorded. The difficulties to measure cracks have been found such

We crack (crack which less than 0.1 mm)

that some bridge have no working a
is difficult to be seen. In this a@ a&g&e crack and crack that occurred at
the tension zone has been ed $e mall none structure crack at the

other zone may less influence the stiffness

The details of crack on each

bridge are also presente is chapter.

ine 50 cm

i

sc ope for crack <0.1

I'

a) Draw grid

c) Oscilloscope for crack 0.1~0.2 mm  c) Crack card for crack >0.2 mm

Figure 6.4 Crack mapping
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and modulus of elastici

Material testing (by In i - ) \HND
The material testi i tim ncrete compressive strength
feins

ridge structure, after coring the
concrete structure has to be rep{ae;ég}, Therefore, only few sample that were taken. For
more other locations=for estimating concrete streng e done by the Rebound
Hammer. However, s‘:‘ Rebound Harr rate as coring test. The

results of the tests for eoncrete compressive strength fou;ach bridge are shown in the

Table 6.1. Inﬁ ﬁﬁ? rlggj ﬁ W gj se%| concrete compressive
strength of th ﬁ ﬁ %

a) Rebound hammer test c) Ultrasonic test
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d) Concrete corin@

=

é)ing diameter target 2”x4”
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;
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Figure 6.

Table 6.1 Concrete st

Bridge | Location f

CB6 Slab

CB7 Slab
CB4S Slab

Steel reinforeement of the existing also tested for its tension
strength. The steel strggth has tes at the thr@rebar samples with about 50
cm in length were cut off=from the bridge_site to test by direct tension test at the

laboratory. Th Me%s&} tegting|or e steel Strength are ih the Table 6.2 () and (b)

below: ¢

ARIANNIUUNIINYIA Y

Table 6.2a Steel strength from test using for bridge CB6 and CB7

) Yield strength | Maximum strength Elongation
No Size
ksc ksc
1 DB25 3,293 5,027 30%
2 DB25 3,171 4,874 32%
3 DB25 3,243 4,996 24%
Average 3,235 4,965
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Table 6.2b Steel strength from test using for bridge CB4S
. Yield strength Maximum strength Elongation
No Size
ksc ksc

1 DB25 4,010 6,380 31%

2 DB25 4,260 6,710 33%

3 DB25 4,070 6,080 29%

Average 4,113 6,390

Lane 1

7% L7 377

a) Concrete gauges on bridQé'tO’p surface
'fﬁ'.,'
o, :IJ‘—I

7 TD-2 %8S2" TD-1. SS-1
______________________________________ AN 1/, |

~—— Lane?2

b) Sensor installed on bridge bottom surface

Figure 6.7 Layout.of sensors

CS-1, CS-2: Strain gauges on the top surface of concrete bridge slab

SS-1, SS-2, SS-3, SS-4: Stain gauges on the main steel at bottom slab bridge
TD-1, TD-2: LVDT measurement bridge deflection at the bottom slab bridge
D-1, D-2: Dial gauges
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Load testing (by Inspection Company):

The static non-destructive load test was conducted for diagnosis bridge
behavior. These tests were also done by Inspection Company under project of Road
Research and Development Division. The installation of the equipments for load test
were conducted such that two embedded concrete stain gauges were installed at about
3 cm in depth on the concrete bridge top surface at position 3L/4 of lane 1 and L/2 of
lane 2; steel strain gauges, accelerometers, displacement transducers (LVDT) were
installed on the bottom surface of main slab bridge at 3L/4 lane 1, L/4 lane 2, and at
L/2 of both lanes as shown in the Figure 6.7..The concrete strain gauges were used for
providing concrete strain at-the top concrete surface, steel gauges were used for
providing strain at the reinforcement, transducer for displacement at corresponding
location. All of these semSorsawere connected to the data acquisition (DAQ, KYOWA
PCD 300A) for signalanterpretation and save by computer note book. The standard
ten wheels truck of Thaidruck with GVW'ébout 25 tons was used for tested truck. The
static test cases were done by placing the second axle on the line of location L/4, L/2
and 3L/4. The test results for each bridge are provided at the appendix B of this
manuscript.

In this study only static test results is needed to verify the proposed model, and
the tested truck at the position-1./2 i ‘more concentrated. Because the proposed model

is mainly focused on flaw/crack at tension region of the bridge structure members.

6.5 Procedure of NLFEM Analysis in This Study

The simplified method for evaluation‘of the bridge mastly gives the results far
from the actual 'load testing, because many actual bridge conditions could not be
included in the conventional method. The NLFEM is the most reliable method if the
bridge ©ean be modelled (geometry, material, and. boundary) properly (Huria, 1994,
Azizinamini et al 1994). However, there are still no any previous research that
accounted for existing flaw and crack in old RC structure using NLFEM. As in the
conventional method of AASHTO for strength evaluation, the data from bridge
inspection mostly interprets to be reduction factor of the material strength. In this
section, the existing flaw/crack will be accounted into the 3D model of bridge using
NLFEM. However, this study is limits that it will mainly consider the flaw/crack at

the tension region of the concrete and RC structure only.
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6.5.1 Method Applied the Defects (flaw/crack) to The Model
Definition using in this study:

Some definitions in this study are made such that theoretical crack mean crack
calculated from flexural theory representing unseen crack during inspection; visible
crack, or observed crack is crack that taken from crack mapping; observed
flaw/damage, or visible flaw/crack means that represents of any type of damage from
inspection such as crack, corrosion, etc; existing crack means included both visible
and theoretical cracks.

Theoretical Crack:

As it is known that erack could not-be-avoidable in the concrete and RC
structure. From the experience of inspection by the-author, the fine crack, about 0.1
mm or smaller is difficult to_ e observed during inspeection. However, even fine crack
it will be also influential'to behavior of concrete structure and NLFEM results as well.
Therefore for accounting'of unseen crack, fhe flexural crack due to traffic load will be
accounted and given name as theoretical erack for this study. The theoretical crack is
estimated as crack at tension region of main slab due to moving truck load. Standard
ten wheel truck of Thailand, Figurg 3.6 in chapter 3 is assumed as traffic load that will
induce the theoretical crack in'this study. The truck is assumed moving along the
bridge for calculating bending-moment at different sections. The equivalent width for
slab bridge of AASHTO is used for distribution of loading (See Eq. (6.2) and (6.3)).
From the equivalentwidth, then the total internal bending moment due to all loading
(Live load, impact factor of live load, and dead load)-for slab bridge in one meter
width can be defined,

After theoretical.bending moment is:defined, the crackawidth can be calculated
using Eq. (5.12) and (5.13), Gergely & Lutz equations in chapter 5. These equations
estimate, crack width“depending. on the stress at the reinforcement steel that also
depend on the moving truck load induced stress at reinforcement bar. Formula of
Gergely & Lutz is selected, because it is not complicated for applying and it is
acceptable by the ACI code for many years. Other important parameter for theoretical
crack is crack spacing. The crack spacing defines as explaining in the section 5.3.2,
the crack spacing is varied between I; and 2l.. I; is an enveloped length which can be
calculated by Eq. (5.20). To apply this theoretical crack to NLFEM for concrete slab

bridge in this study, the elements at the section occurred theoretical crack are defined
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and RED elements which their constitutive models will be altered corresponding to
crack width and crack spacing as explaining in the section 5.7.2.
Equivalence width for slab bridge by AASHTO, (Chen, 2000)

Single lane loaded, interior strip (Sl unit)

E,=250+042,LW, ... (6.2)

Multilanes loaded, interior strip (Sl unit)

E,=2100+0.12JLW, /4. ... (6.3)

Live load impact factors

| — 15.24
L+38

<068 (Linm) ™= ... (6.4)

where E is equivalent width (mm); Ly, Span length (mm), taken to be the lesser
of the actual span or 18,000 mm; and W, €dge-to-edge width (mm) of bridge, taken to
be the lesser of the actual width or 18,000 m_'m"for multilane loading, or 9,000 mm for
single lane loading. =
Crack from inspection (crack mapping):

The crack from inspection Is also ithUdéd to nonlinear finite element analysis
model of the slab bridge in this study which will be defined as visible crack, or
observed crack. The finite element meshes at the crack location can be meshed
appropriately corresponding to crack. As explaining in the section 5.7, the crack will
be influenced in the vicinity of abaut 2l perpendicular to crack direction, therefore at
the crack path the most appropriated elements width should be about 2I;. However, it
can berdessior higher than:this:size asiexplainingin the section 5:7. Therefore, in this
study the selection of element'size can be considered according to' parameters such as
cracks location, envelopment length, I;, bridge dimension, applied load location, and
measurement point. For this study, the element mesh size between 5 and 60 cm is
used.

Steel corrosion:

Many studies have indicated that the corrosion will reduce section area of

reinforcement bar (Shahrooz , 1994 Cabrera 1996,). For the smeared RC element for

NLFEM, the steel ratio, p is used; therefore, the steel ratio will be reduced together
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with tension stiffening effect at the element that corrosion exited. The reduction of

steel ratio can be defined corresponding to the actual remaining steel section

measured from site. For the tension stiffening, the corrosion will ruin bond strength
between steel bars and concrete; therefore, the corrosion will also reduce the tension
stiffening effect.

Honey comb, spalling, scalling (at tension zone):

If some defects such as honey comb, spalling, scalling are occurred at tension
zone of concrete bridge structure, theses defects may reduce the section area of the
concrete member. When conerete section iS.reduced, it means that the stiffness and
strength capacity of element will be reduced-as*well. To account these affects for
NLFEM, it may be done-day implicit way that these defects may reduce the element
stiffness at corresponding defeci location. Therefore reduction in softening effect or
tension stiffening effeciwof element at defect vicinity may also represent these affects.
6.5.2 Analysis procedures |

This section will summarize the procedure for using NLFEM in this study which

can be done carefully by the fallowing steps: .

1. Define the material properties data. In this study, these data are taken from test
results in section 6.3.2, there are compression strength of the concrete f’, yield
strength of the reinforcement steel, Fy. The tensile or rupture strength of concrete
fr, and young madulus of elasticity E. can defined fram.ic’ as equation 5.5 and 5.1
of ACI-318.

2. Define element layer or zoning. The effective tensioflayer is defined as CEB-FIP
formulas, as.Figure 5.29 in_chapter 5. For, RC layer_at the compression can be
determined as two times of distance from concrete surfaceito reinforcement center.

3. Calculate the rebar perimeter, p far the transferdength.

4. Calculate'theoretical, crack. This step. refers as section 6:4.1.

5. Define location of crack, and defects (scalling, spalling, corrosion) which inspected
from site.

6. Defined finite element (FE) mesh size. This section is referred to section 6.4.1. The
FE mesh size is considered from many parameters such as: crack and flaw
location, crack spacing for muilti-cracks and envelopment length for single crack,
location of applied wheel truck loads, measurement position (in case of results

need to compare with testing). Meshing model can be done by 3D sigma
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(Meshing program) or other meshing software that can mesh 20 nodes solid
element. The different properties of elements have to define in different material
type and number, i.e. CON elements for no damage concrete zone, REC elements
for RC with no damaged RC zone, COD for existing flaw/crack concrete vicinity,
and RED for flaw/crack in RC vicinity. The difference crack width or flaw
vicinities are also needed to define in different material number.

7. Prepare the input format file for CAMUI program.

8. Run program as FORTRAN language. This step is needed to include the input file
and source code file of the program in same directory.

9. View the results. After running completed, the results can be viewed. The results
information are deformation.ef nodes, stress-strain at the Gauss point, and crack

pattern.

6.6 Application of NLEEMfor Concrete'SIab Bridge due to Tested Truck

In this section, thiee goncrete slab bridges will be analyzed and compared the
analysis results to static load test results. The detail of each example will be presented
hereinafter. F/R
6.6.1 Analysis for bridge No. CB? vl
(1.1) Bridge information i

The CB7 bridge is located at Route No 2054, Khm 16+980.0, Xaiyaphome
province, Thailand. The bridge is reinforced concrete slab, railing barrier type with
total length 8 m, span-length (support to support) 7.6 m, slab thickness 0.45m, total
slab width 8.8 m, lane widih 7m, walk way-at both side 1.5 m (see Figure 6.8). The
material data are lcollected from..the testing "as.in ithe! table 6.1 with concrete
parameters are: fc’=195 ksc, ft= 28 ksc, Ec= 212,396.10 ksc; Steel parameter are: fy =
3,235 Kksc, Es= 2,000,000 ksc, and fy of RB = 2,400 ksc.” The mainreinforcement at
the bottom is parallel to the traffic direction which reinforced by DB 25 mm @ 11cm,
and at transverse direction is DB12 mm @14cm. The top reinforcement layer is RB9
mm @ 25 cm in both longitudinal and transverse directions.
(1.2) Bridge condition

From the inspection, this bridge is not in good condition. At the bottom bridge
surface, large and continues crack (0.2 to 0.4 mm) can be observed at the bridge

midspan started from left to right (see crack mapping and inspection picture in the
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appendix C). Some honey comb and corrosion have occurred at the bottom of the

bridge. The bridge top surface can not be observed, because it is paved by asphalt

concrete.
1500 7000 L1500
00, 300
""'L 1.6% i 1.658% | |
o | —t=
1
i 8800 L

Figure 6.8 Section.of bridge CB7

(1.3) Testing set up and.tiuek 1oaa
The testing equipments«have oeen installed as explaining on section 6.4 and shown in

Figure 6.9 below.

Lane 2

/4 BT £ =

a) Concrete strain-gauges on-top surface

D) Ste€l strain gauges and LVDT on bottom surface

Figure 6.9 Layout of sensor for CB7

CS-1, CS-2: Strain gauges on the top surface of concrete slab bridge

SS-1, SS-2, SS-3, SS-4: Stain gauges on the main steel at bottom slab bridge
TD-1, TD-2: LVDT at the bottom slab bridge

D-1, D-2: Dial gauges
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Standard ten wheels truck of Thai truck was used as tested truck, its
configuration and distribution load for testing of CB7 are show in the Figure 6.10a.
Two cases of position of the tested truck have done by stopping the second axle at the
line position L/4, and L/2 at lane one. The load test results for CB7 are shown at the

C B
>
5350 kg 2700 kg

appendix B.

5050 kg
Il - A=20m
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|- - B=4.1m
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4250 kg 4400 kg 2850 kg
Total tandem: 19050 kg GYW: 24600 kg

Figure 6/10a Configuraxtyion of tested truck
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Figure 6.10Db Position of truck load testing at L/2, CB7
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(1.4) Calculate theoretical crack

The theoretical crack at the bridge has been calculated as indicating in the
section 6.2.1. The applied loads for calculating theoretical crack are included dead
load of bridge slab and standard ten wheels truck with axle weights of 5 tons, 10 tons
and 10 tons for first, second, and third axles, respectively. The axle spacing between
these axles are 4.1 m and 1.3 m (see Figure 3.6). This truck type is one of heavy legal
limit truck load from Department of Highways and popularly used in Thailand. The
distribution of truck load on 1 m width for slab bridge is according to simplified
equivalence width slab bridge of AASHTO, Eg«(6.2). To calculate crack at different
bridge section, truck load is assumed moving-from left to right supports, and cracks
width are defined for everysection-according to craek spacing. Theoretical crack will
occurred when bending” moment is higher than rupture moment of concrete as
explaining in section 5.3.2 and Figure 57 The crack widths then can be calculated by
Eq. (5.13). The crack spacing is considxeﬂr“ed from envelopment length, l; which is
calculated by Eq. (5.20).4 The cracks width is calculated by this equation are at the
bottom concrete surface; however the brid_ge__. Is already old and serviced for many
years. Therefore, it is assumed that these eracks will affect through effective tension
zone of RC layer. ez

The results of theoretical-crack for CB7 are summarized below:

Rupture moment of the concrete Mcr="12,020.68'kg.m

Envelopmentiength 1=19.01 cm

Theoretical craek spicing vary between I; to 2l;, and decision crack spacing for
calculated crack.width_is 33*cm. This value-is about 1.75l; and it is appropriated FE
mesh model as explaining in'section.(1.5) below.

Theoretical crack widths at different section are for CB7:

From

support Wer
m mm
1.50 0.090
1.70 0.100
2.12 0.117
2.54 0.131
2.96 0.141
3.38 0.147
3.80 0.149
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(1.5) FE mesh model

FE mesh type, boundary condition and applied load step is the basic step for
FEM. In this example, full scale bridge is model in 3D solid elements, reinforcements
are smeared corresponding to effective zoning. Boundary is assumed as simple
supports, and the total applied load is the same as tested truck.

FE mesh:

As explaining in the section 6.4.1 and 6.4.2, the element sizes have to
consider from flaw and crack mapping, thearetical crack, location of applied load, and
bridge geometry. The FE meshes for this‘bridge are that the elements size in
longitudinal direction (Z direetion) at near the-middle span are about 33 cm, at near
the supported are 50 cm..Because steel plate elementis need to provide at applied load
elements for preventing-localstress effect, the elements at applied load are 5 cm in Z
direction. The dimensions of the element in the transverse direction (X direction) are
about 30 cm. In the vertical dirgction (Y-rdirection) from bottom to top surface of
bridge is 45 cm, and thisivestical direction is divided into three zones (three layers).
Firs layer is tension reinforced concrete layer which calculated by CIB-FIP formula
and has 13 cm depth from the bridge bottom surface, second layer is CON, and the
third is top layer which is compression RC"'zrdhe with 9 cm in depth. At the tension
RC zone, there are REC elements for non damaged vicinity; and RED elements at
vicinities that occur. theoretical crack, observed flawl/crack, and corrosion. The
difficulty for crackVvicinity is that the crack depth is"not known; therefore all
theoretical and visible-eracks at bottom surface are assuimed through out the thickness
of effective tension layer  The bridge curbs at both_sites are also included in the
model as solid REC elements. The different properties: of elements are defined in
different material names. The properties of smear REC elementsr are depended on
concrete properties,‘ratio of the reinforcement in X, and Z-direction. The properties of
RED are‘also the same as REC element, but this element type is included crack width
in each direction (see in put file format at appendix). The Figure 6.11 shows the
complete 3D FEM geometry model.

Reinforcement ratios for CB7 bridge after zoning divided are: at bottom layer
at Z direction (main reinforcement parallel to traffic direction), pz = 0.0340; at bottom
layer X direction (sub reinforcement perpendicular to traffic direction), px = 0.0061; at

the top layer, both direction Z and X direction, p = 0.0032. The envelopment length at
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of main reinforcement at the bottom layer is I; = 19.01 cm, and unit steel perimeter is
0.707 cm/cm.
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v . . " 1
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a) FEM and visible cra

‘\h) Complete 3D FEM
\ 1.2 and 1.3 test truck on L/2

c) Complete-3 , =

Fig_ure 6.11 Full scale 3D FEM moﬁl for CB7
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The brldge is simply supported bridge, therefore the supports are assumed as
hinge ﬂhﬁ?@%ﬂﬁﬁe%%@@oﬁ H&})@d&(}ller (restrained
Y direction at supported nodes) at the right supports. The supported nodes locate at 20
cm from bridge ends. The steel elements have been added at the support nodes as
conventional NLFEM for preventing local failure.

Applied load:

The wheel truck load has been assumed as line load in 50 cm in length, and

than divides to the corresponding nodes. At the wheel truck position, steel plate

elements are assumed to prevent local failure during interaction analysis. Therefore at
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the applied wheel truck load, the elements size in longitudinal of bridge is only 5cm
width. NLFEM analysis is using interactive method of Modified Newton-Raphson as
it is explained in section 5.5. Each wheel truck load is divided into load step, 15 load
steps have been used for each. The method to divided load into FE nodes is show in
the Figure 6.12, which P is total applied load to an element, 1/6P will be divided to
edge nodes, and 2/3P divided mid-nodes (Zienkiewicz. O. C, 2005, book).

1/6 P .
/ 238 195 P: total load applied to an element
Y ‘L Y d.and 3: nodes at Element edge
1 2 3

2: Node at mid element

Figure 6,421 0ad applied to FEM nodes

(1.6) Analysis case:
To compare the proposed approach, which existed flaw/crack is included in
model, five cases have been analyses for this bridge as below:

1. Truck on the middle span(1./2) =
Case 1.1 no damage elements
Case 1.2 Included visible flaw/crack elements
Case 1.3 Included visible flaw/crack and theoretical crack elements

2 Truck on the L4 span
Case 2.:4'no damage elements
Case 2.2 Included visible flaw/crack and theoretical crack elements

The group of case one is represented that tested truck: stopped at the middle
span (second axle on the L/2, Figure 6.10). To compare the influence of existed
flaw/crack’ model“lo. Original. model of \NLLFEM and (test results, 'three different
analysisgases (case 1.1, 1.2, 1.3) have been analyzed for this truck position. Case 1.1
is assumed for no flaw/crack model, this is also original NLFEM analysis. Case 1.2 is
included only crack and flaw that from inspection (from crack mapping) or call
observed damage. Case 1.3 is included both visible flaw/crack and theoretical crack
calculated in section (1.4). For truck on position L/4, two analysis cases are analyzed
(case 2.1 and 2.2) which material model of case 2.1 is similar to case 1.2 and case 2.2

is similar to case 1.3.
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For case 1.2, the visible flaw/crack from crack mapping is included in those
elements at the vicinity of crack path. The tension stiffening effect for exist flaw/crack
in the perpendicular of crack direction of these elements are reduced due to amount of
crack width as explaining in section 5.6 and 5.7. For bridge CB7, there is one large
crack on direction perpendicular to traffic at the bridge midspan (see Figure 6.11 (a)),
therefore the elements at region of crack path (with in I; of crack face) are modeled as
RED elements. This crack is structure flexural crack, by using RED elements, the
flexural bridge stiffness at this section will be reduced. Other observed defect in this
bridge is corrosion at bottom slab surface near the middle edge of lane one (see crack
mapping in appendix C). To aecount for this-defect, the steel ratio of elements at this
location is reduced by 30% of nermal steel ratio (this consider from measuring the
reaming steel section aithis lecation) and tension stiffening is reduced by given large
crack width, 0.5 mm.gFor thescase 1.3 is included both observed flaw/crack and
theoretical crack. The theoretical gracks a'ré calculated as flexural cracks at the bottom
layer with perpendicular i traffic-direction."RED elements are used in this region to
represent tension stiffeningfor flaw/crack model corresponding to those cracks width.
Therefore for case 1.3, RED elements of observed crack are at the middle vicinity,
and RED elements of theoretical cracks are at'the region from 150 the supports to
vicinity of observed crack.

(1.6.1) The analysis results of casel.1, 1.2 and 1.3:

The deflection and strain results of each analysis for tuck on L/2 (Case 1.1, 1.2,
1.3) are shown in the-Tables 6.3.1 to 6.3.6, and compared to each other and the test
results. Figure 6.13 to_6.22"are_plotted the data of the results in the tables. In each
table, the first column.is indicated.the ‘equipment.types conresponding position on
Figure 6.9 for tested information. D=1, D-2 are LMDT measurement deflection at L/2
and L/4of lane 1, TD=2, TD-1 are LVVDT measurement deflection at'L/2 and 3L/4 of
lane 2, respectively. SS-4, SS-3 are steel strain gauges at L/2 and L/4 of lane 1, and
SS-2, SS-1 are steel strain gauges at L/2 and 3L/4 of lane 2, respectively. CS-2 and
CS-1 are concrete gauges at top slab surface at L/2 of lane 1 and 3L/4 of lane 2,
respectively (See Figure 6.9). The test results are available from these devices at
corresponding position. Therefore, the analysis results shown in each tables are also

taken from the same positions for verification analysis results.
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The results of deflection from analysis comparing with the test results for case
1.1 (no any flaw/crack included), case 1.2 (Included visible flaw/crack case), and case
1.3 (Included visible flaw/crack and theoretical cracks case) are shown in the Tables
6.3.1, 6.3.2 and 6.3.3, and Figure 6.13 to 6.14, respectively. The important locations
to compare the results are at location of applied load. The location D-1 (X(280),
Z(400)) and D-2 (X(280), Z(200)) are at the position and lane that truck load applied
for this analysis. Therefore, the results of these locations are most critical.

The value D-2 and D-1 in Table 6.3.1 indicated that the original model of
NLFEM (case 1.1) is given deflection less«than that test result up to 20%, when
visible flaw/crack included (ease 1.2) in,Table 6:3:2, the deflection at D-1 is improved
which it is less than testwresult 15.65%. In Table 6.3.3, results of analysis case 1.3
with included both visible flaw/crack and theoretical erack, the deflection at D-1 is
more improved which_ differs to test resultlonly 0.80%. The results of case 1.3 is the
most closest to test result. The results o‘f' case 1.1 is using general NLFEM model
which have been developed'at the laboratory by calibration from new and good
concrete condition, when using these general model, it may mean that the concrete
structure is in good condition. This may be not correct for existing concrete structure,
especially old concrete bridge which usually existed flaw/crack. Therefore case 1.1 is
given results less than test results. The proposed RED model which reduces the
tension stiffening effects due to existing flaw/crack in old goncrete structures is close
to test results. It is implied that this concept Is more closed to real behaviour of old
concrete structure. For the case 1.2, only visible flaw/cracks are included, and the
deflection results are improved fairy good (riot much close to test results). This may
be the crack from ingpecting mostly.only: large crack can beenseen, while many small
crack that less than 0.10 mm may de difficult te.be seen and may be neglected by
inspector. Moreaver, the some structure crack is may closed when has no applied load
during inspection. However in realistic and NLFEM, small structure crack will be
influent to concrete and RC behaviour. Therefore if the more realistic results are
needed, the small crack could not be neglected. To account for this, it may difficult to
inspection all small structure crack and closed crack; therefore, the theoretical crack
in this study may one alternative that is reasonable to account for this affect.
Therefore, accounting small crack addition to the visible crack is more closed to

realistic behaviour of old RC structure.
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As compare to all results, it is indicated the analysis case 1.3 yield very good
results for deflection, and it is evident that our proposed RED model for existing
flaw/crack element can be reasonable and acceptable for assess full scale existing

structure as concrete bridge.

Table 6.3.1, Deflection Case 1.1 no damaged elements, CB7

Device Position Analysis | Test | % Differ
Z(m) | X(m) mm mm
D-2 L/4-Lane 1 2.00 2.80 -0.48 -0.57 16.39%
D-1 L/2-Lane 1 4.00 2.80 0478 -0.99 20.84%
TD-2 L/2-Lane 2 4.00 7.20 =045 -0.45 -0.16%
TD-1 | 3L/4-Lane2 | 600 7.20 =031 -0.30 -4.71%

Table 6.3.2, Deflection Case 1.2 included only visible flaw/crack, CB7

Dev Position . | Analysis | Test | % Differ
Z () X(m). . mm mm

D-2 L/4-Lane 1 2.00 2.80 =" -0.50 -0.57 12.67%

D-1 L/2-Lane 1 4,00 280 7| .-0.83 -0.99 15.65%

TD-2 | L/2-Lane 2 4.00 7.20 ) 0.49 -0.45 -8.61%

TD-1 | 3L/4-Lane 2 6.00 742044 -0.38 -0.30 | -10.97%

)
I

Table 6.3.3, Deflection Case 1.3 included theoretical and visible flaw/cracks, CB7

Dev Position Analysis | Test | % Differ
Z (M) =Xm) - | mm mm

D-2 L/4-Lane 1 2.00 2.80 -0.59 -0557 -3.24%

D-1 L/2-Lane 1| S=—4.00 2:80 =0:98 =0.99 0.80%

TD-2 L/2-Lane 2, 4.00 7.20 -0.60 -045 -32.72%

TD-1 | 3L/4-Lane 2 6.00 7.20 -041 -0.30 -35.99%

In the Figure 6.13 to 6.14 are the plotsithe data in the Table 6.CB7.1 to 7.3
respectively. Each case of analysis is plotted in graph, i.e. Casel.l L1 is analysis
result of\defiection from€ase-1:1 at positionOf device at lane 1,'and [so on for other
cases. It,can be observed from graphs and Tables that the deflection of the lane two
(value of TD-1 and TD-2) which is the opposite lane of truck load applied, are closed
to testing at the case 1.2, and higher than testing for case 1.3. This may be due to the
effect of distribution of transverse stiffness of the slab bridge. The transverse stiffness
from analysis model may stiffer than usual, there for the deflection results of case 1.3
at opposite lane (lane 2) are higher than that testing, and this effect are not consider in

this study. In the assessment works, the critical location is applied load location.
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Figure 6.24 Deflection case 1.3 compare to case 1.1 and testing

The results of strain from analyses comparing with the test results for case 1.1
(no any. flaw/crack.included),.case 1.2 (Included-visible.flaw/crack.crack case), and
case 1.3 are 'showan'in“the ' Tables6.3.4, 6.3.5'and 6.3.6,-and Figures 6.15 to 6.18,
respectively. Similarly as explaining in the above, the critical locations are applied
load locations which need to pay more attention. The location SS-3 (X(280), Z(400)
and SS-4 (X(280), Z(200), Z and X are longitudinal and transverse bridge direction
respectively) are at the position and lane that truck load applied for this analysis.
Therefore, the results of these locations are more critical. Observing results in all
tables, it is seen that the results of the strain at SS-3, and SS-4 of analysis given the

same manner of results of deflection. Especially the results for SS-3, strain at the steel
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level under location of the applied truck load. In the Table 6.3.4, result from analysis
case 1.1 is 31.8 micro strains, while test result is 71.31 micro strains, the analysis
result is less than test result up to 55.41 %. When visible flaw/crack is added (case
1.2) as in Table 3.5, the result from analysis of case 1.2 is improved by less than test
result 15.72%. And case 1.3, theoretical cracks included together with visible
flaw/crack, the result is more closed to the test result as value of SS3 of case 1.3 in
Table 6.3.6 which only 8.29 % that differs from testing. Other value for SS4 is shown
the same manner differ from test result, case 1.1 about 16.99%, case 1.2 about 9.23%,
and case 1.3 about -12.49%. This indicaied that the strain of the steel is strongly
sensitive to cracking. The resulis from this analysis are agreed well with mechanical
theory of the interaction.between sieel and concrete-ihat has been explained in many
previous researches suchras Chen (1983), Manfred (1988), Kawak (1991). When there
are no cracks presenied, ihe siress from applied load in RC member will be
transferred to both conciete and steel sectibn. When cracks presented, concrete tensile
capacity is reduced, and the stress'will be transferred to steel section which infer that
stiffness of RC member 1s reduced as well. Therefore, when existing crack included in
the FEM model, the strain at crack section/is much more than uncrack section. This
evident that the proposed model in‘this study is reasonable and acceptable, the results
are matched well with testing from old conerete bridge with already existed cracks.
And other reason for.case 1.3 is that in the actual bridge, the crack may be occurred
much more as the same assumption (small cracks are existed in this slab bridge);
therefore case 1.3 is mere accurate to present actual bridge behaviour than other cases.

As it is_explained ift'the above for other location at opposite applied load lane
as in position SS-1ytand SS=2, the .analysis stresses.at the steel level are higher than
those test results. This may be due to the effect of.transverse stiffness in FEM model
is stiffer than that.in“the actual (this.effect is not yet studied in this study). Other
observing is strain at the concrete surface, the all analysis strain results at measuring
position at the concrete surface, CS-1, and CS-2 are differed from the test results. This
may be that the strains at the concrete from test are measured from new filled up
mortar. The concrete strains from measurement may be lower than the actual usual
values, because the way to measure concrete strain is such that pitting concrete
surfaces about 2.5 cm in depth, then embedding concrete the gauge at pit and

replacing by new mortar. New replacing mortar may not deform strictly with original
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existed concrete. However, the strains at the top surface of concrete from analysis are
also not high value i.e. analysis Case 1.3 is -12.8 micro strain. It is also seen that the
different values between analysis results and test results are less than 10 micro strain

which is still very low strain value.

Table 6.3.4, strain Case 1.1 no damage elements, CB7

Device Position Analysis Test | Differ | % Differ
Z(m) | X(m) | mstrain | mstrain
SS-4 L/4-Lane 1 2.00 2.80 10.7 12.89 2.19 16.99%

SS-3 L/2-Lane 1 4.00 2.80 31.8 71.31 39.51 55.41%
SS-2 L/2-Lane 2 4.00 7.20 14.3 23.47 8.67 36.94%
SS-1 3L/4-Lane 2 6.00 7.20 10:3 8.93 -1.37 -15.34%
Concrete strain

CS-1 3L/4-Lane 2 6.00 7120 ol e -2.97 8.13 -273.74%

\

Table 6.3.5, strain Case 1.24ncluded onlﬂ/ visible flaw/crack, CB7

Device Position Analysis /|~ ~Test | Differ % Differ
gastraind | ‘mstrain
SS-4 L/4-Lane 1 187 12.89 1.19 9.23%
SS-3 L/2-Lane 1 60.1 71:508 L1 15.72%
SS-2 L/2-Lane 2 2980 = W 234N 8,43 -27.40%
SS-1 3L/4-Lane 2 10.9 8.93;;“.-, -1.97 -22.06%
Concrete strain ; =31,
CS-1 3L/4-Lane 2 -11.5- L2075 s==8.53 -287.21%

Table 6.3.6, strain Case-1:3-inctuded-theoretical-and-visible flaw/cracks, CB7

Dev Loc ™ Analysis Test Differ 9% Differ
mstrain mstrain
SS-4 L/4-Lanel | 145 12.89 -1.61 | -12.49%
SS-3 L/2-Lane 1 65.4 71.31 5.91 8.29%
SS-2 L/2lzane 2 31.2 23.47 -7.73 -32.94%
SS-1 | 3L/4-Lane?2 16.1 8.93 -747 -80.29%
Concrete strain
.

CS-1 4y 3L/4-Lane2 -12.8 -2.97 9.83 -330.98%

Figure 6.15 and 6.16 show the strain distribution of analyses results and test
results through the depth of the slab at the measured location, SS-1, SS-2, SS-3, SS-4,
respectively. The results of strain are such explaining in the above, the case 1.3
(Figure 5.16) gives the result closed to test result than other cases. However, the
distribution of the analysis strain through out the depth of slab section may can not

compare to test results; because there are only one or two points collecting from test,
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and concrete strain from test results were measured from new filled up mortar which
may lesser than usual. Therefore, only the strain measurement from steel at the
bottom bridge surface can be observed. Therefore it is implied that the existing flaw/
crack model in this study can be observed the strain distribution in the bridge section
as well. The all cases of analyses results give strain at the concrete are higher than

test results.
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Figure 6.15 Strain comparisons among case 1.2, case 1.1 and testing
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(1.6.2) The analysis results of case 2.1, 2.2:

This section will present the results of the test and analyses for case 2.1, and
2.2 for truck test at position L/4 (lane 1) the FE mesh for this case is shown in Figure
6.11. Case 2.2 is model that included theoretical and visible flaw/crack which is
similar to case 1.3.

The results of deflection from testing comparing with the analyses for case 2.1
(no any flaw/crack included), case 2.2 (Included theoretical and visible flaw/crack)
are shown in the Tables 6.3.7 and 6.3.8, and Figure 6.17, respectively. The important
location to compare respond Is concentraied.at the applied load positions. The
location D-2 (X(280), Z(200)) and D-1 (X(280),Z(400)) are the positions at lane that
loads are applied. Therefore; the results of these locations are most critical and will
be paid more attention«The values D-2 and D-1 for case 2.1 in Table 6.3.7 are less
than that test results up'to 21%. \When ex.iting flaw/crack included, case 2.2, Table
6.3.8, the deflection at D-1 and D-2 from“énalysis results are improved which differ
from test results only -8.2 %¢and =5.9 %, respectively. The comparisons are also the
same manner as results'of previous case (truck on L/2). As explaining that the original
NLFEM (case 2.1) will give the results less than those from test results, because this
case does not consider for existing flaw/crack in old RC structure. Therefore the case
2.2 is reasonable to represent actual bridge conditions.

For the results TD1, and TD2 for case 2.1 in the_Table 6.3.7 that differ from
testing about 1.8%, and -3.6% , while theses values for case 2.2 (using proposed
model) in the Table 6:3:8 are higher as -42%, and -47%-This different may be due to
the distributions. of the transverse stiffness of the actual slab_bridge which is softer
than FEM model. Howeverthese are not critical values form testing, because they are
at other lane from applied tested truck, and on the,assessment condition, the case 2.2
give results' higher: than those! test .results. In this study, this effect is not yet
considered and can be neglected at this study. Therefore, when applied this model to
assessment concrete bridge structure, it is still in safe condition.

The Figure 6.17 plots to show the results in the tables comparing deflection at
different bridge location at bottom slab bridge. The dot thick line is plot for case 2.2,
and at the applied load lane, line Case 2.2_L1 is very closed to testing line Test_L1 at
both location L/4 and L/2 for lane 1. As explaining that line Case 2.2_L2 which is
plotted results at the lane 2 is higher than testing at the L/2.



Table 6.3.7, Deflection Case 2.1 no damage elements, CB7

Device Position Analysis | Test % Differ
Lane Z (m) | X(m) mm mm
D-2 L/4-Lane 1 2.00 2.80 -0.52 -0.63 17.21%
D-1 L/2-Lane 1 4.00 2.80 -0.67 -0.85 21.06%
TD-2 L/2-Lane 2 4.00 7.20 -0.39 -0.40 1.82%
TD-1 | 3L/4-Lane2 | 6.00 7.20 -0.25 -0.24 -3.65%

Table 6.3.8, Deflection Case 2.2 included theoretical and visible flaw/cracks, CB7
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. Position Analysis | Test .
[0)

Device Lane Z (M)Al — o Yo Differ
D-2 L/4-Lane 1 2.00 2.80 <0.68 -0.63 -8.10%
D-1 L/2-Lane 1 4.00 2.80, =090 -0.85 -5.99%

TD-2 L/2-Lane 2 4.00 7.20 -0:57 -0.40 -42.45%

TD-1 3L/4-Lane 2 6:00 7.20 -0.35 -0.24 -47.17%
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Figure 6.17 Deflection-case 2.2"'compare to case 2.1 and testing

Note: in the figure, Li means result at Lane 1
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Strain from test results comparing with the analyses results for case 2.1 (no

any flaw/crack included), case 2.2 (Included existing flaw/crack case), are shown in

the Tables 6.3.9, 6.3.10 respectively. The locations of applied load are at SS-4 and

SS-3, the results of the strains at these locations are similar manner to deflection that

case 2.2 gives results most closely to test results. The test results at SS-4 and SS-3 are

30.37 and 45.38 micro strain, respectively. The analysis result of case 2.1 are less than
test results which are different up to 55.58% (SS-3, Tables 6.3.9); when crack are
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included to the model (case 2.2), the results are closed to test results which is differ
only 7.43% (Tables 6.3.10). This is tension stiffening effect due to cracking, when
cracks present local steel stress at the crack will be increased. The results of case 2.2
are also agreed well with the case 1.3. Therefore, it is indicated that the proposed
approach using RED elements at the crack vicinities are possible to apply for analysis
diagnosis old concrete structures. Even though, the results from analysis at the
opposite applied load lane are higher than those testing, but this effect can be
neglected as explaining in the above. All analysis results for truck on L/4 are similar
manner for truck at L/2, therefore it may referasthe same reason as explaining in last
example. The values of the straifis at the concrete'surface CS-1, CS-2 from all cases

also have similar manner.aslast example for truck at-L./2.

Table 6.3.9, Strain Case 21 ne damage elements, CB7
Position i | Analysis | ™ Test

Lane Z )/ | X(m) | mstrain | mstrain
SS-4 L/4-Lane 1 200 2.80| 4 25.90 30.37 4.47 14.72%
SS-3 L/2-Lane 1 4.00 2.804 20.20 45.48 25.28 55.58%
SS-2 L/2-Lane 2 A0 5 = 7. 2058 1" 0 124 0 21.08 8.98 42.60%
SS-1 3L/4-Lane 2 6.00 (20040 6.15 3.77 -2.38 -63.13%

Concrete strain 222244
CS-2 L/2-Lanel 4.00 2.80 | =20.40 -7.70 12.7 | -164.94%
CS-1 | 3L/4-Lane2 | 600 | 720 '| 6.10..| ~1.38 | 472 | -342.03%

Device Differ | % Differ

Table 6.3.10, Strain Case 2.2 include theoretical and visible flaw/cracks, CB7
Position Analysis | Test
LLane Z (m) o X (m)=| “mstrain“ | mstrain
SS-4 L/4-Lane 1 2.00 2.80 35.80 30.37 -5.43 -17.88%
SS-3 L/2-Lane 1 4.00 2.80 420 45.48 8.38 7.43%
SS-2 L/2-Laie 2 4:00 1.20 27.80 21.08 -6.72 -31.88%
SS-1 3L/4-Lane 2 6.00 7.20 7.20 3.77 -343 -90.98%
Concrete strain
CS-2 L/2-Lane 1 4.00 2.80 -23.80 -7.70 16.1 -209.09%
CSs-1 3L/4-Lane 2 6.00 7.20 -6.07 -1.38 4.69 -339.86%

Device Differ | % Differ
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Figure 6.18 Strain comparisons among case 2.1, case 2.1 and testing
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Figure 6.18 shows the strain distribution for analysis and test results through
the depth of the slab at the measured locations, SS-1, SS-2, SS-3, SS-4, respectively.
The distribution from both analyses case 2.1 and case 2.2 are not explicitly compared
with test results, because the test results have only strain of the steel at the bottom
surface and strain of concrete at the top bridge surface, while the strain results in
between middle section points could not record. Moreover, there are few data for the
strain of the concrete at top surface from testing. However, it is can implicitly
observed strain at the reinforcement, I.e Figure 6.18 (a), strain at reinforcement level
case 2.2 are closed to strain of the steel from testing. Further more, the strain
distribution of analysis case 2.2, it is indicated that'when crack occurs, the neutral axis
of the section is higher than'those ne damaged case (ease 2.1).

Five analyzed cases for eoncrete slab bridge, CB7 due to tested truck on the
L/2 and L/4 are yielded satisfied results, and both pesition of truck give the same
characteristic of the results./No existing'damaged madel or using original NLFEM
give the results are much dess'than those testresults for both deflection and the strains
at the steel level. While the proposed medel which included existing flaw/crack
(theoretical and visible flaw/erack) have the results much closed to the test results. It
is evident that the method of analysis existing eoncrete structure in this study could be

applicable.

6.6.2 Analysis for Bridge No. CB6
(2.1) Bridge informatien:

The bridge No. CB6"is located at Route No 2096, km 43+887.0, Undonthani
province, Thailand.<The.bridge is typelof concrete.slab, solid barrier with total length
8 m, span length (support to support) 7.5 m, slab.thickness 0.52 m,total slab width 9
m, lane’width 7m, walk way at hoth side 1/m (see.Figure6.19). The material data are
collected'by the testing as shown in the Table 6.1 which concrete parameters are: f.’=
204 ksc, ft= 28.6 ksc, Ec= 217,242.25 ksc; Steel parameter for DB are: fy = 3,235 ksc,
Es= 2,000,000 ksc; and steel parameter for RB is fy = 2,400 ksc. The main
reinforcement at the bottom is parallel to the traffic direction which reinforced by DB
25 mm @ 12.5cm, and at transverse direction at the bottom layer is DB12 mm
@14cm. The top reinforcement layer are RB9 mm @ 25 cm in both longitudinal and

transverse bridge directions.
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Figure 6.19 Section of bridge CB6

(2.2) Bridge condition:

From the inspection, the main slab of bridge is still is in a good condition.
There are some medium cracks (0.2 to 0.3 mim)atthe bottom surface in the direction
of traffic and one small.grack (0.2 io 0.25 mm) at the middle perpendicular to traffic
lane (see Figure 6.20.and crack mapping in the appendix C). There is no asphalt

pavement at the top surface.

o e oL T/ 3wia

Bandung

Li4 172 Aid=

a) Concrete strain gauges on top surface

b)'Steel strain gauges-and'LVDT on‘bottom.surface

Figure 6.20 Layout of sensor for CB6

CS-1, CS-2: Strain gauges on the top surface of concrete bridge slab

SS-1, SS-2, SS-3, SS-4: Stain gauges on the main steel at bottom slab bridge
TD-1, TD-2: LVDT at the bottom slab bridge

D-1, D-2: Dial gauges
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(2.3) Testing set up and truck load

The testing equipments have been installed as explaining on section 6.4 above
and shown in Figure 6.20.

This bridge will be analyzed by applied load as tested truck position at the
midspan, lane one as shown in the Figure 6.21 in the below. For the analysis only
third and second axle were on the bridge, while first axle was at out the bridge

The configuration of applied truck load on this bridge is indicated as below:

C B
P
7600.kg 4100°kg

7400kg
T O _
i N = A A=20m
B=40m
D C=13m
N B v D=19m
' LS L\ |

6150kg+ 5850 kg 3800ikgs
Total tandem: 24,000kg"  G\VW: 34,900 kg

Figure 6.21a Configuration of tésted truck for CB6

, 1 ﬁ T , "’T 5
o
| N
|:>
Lane 1
clgo b
§ R 10
&
A Wheel Track |1
Lane 2 N

200 \200 LgQQ_,LQQQ‘$ Unit in cm

Figure 6.21b Position of truck load testing at midspan, CB6
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(2.4) Calculate theoretical crack:

Similar to the last example, theoretical crack are calculated due to dead load of
slab and standard Thai truck loading. The results are summarized in the below:

Rupture moment of the concrete Mcr = 14,526.40 kg.m

Enveloped length 1=21.81 cm

Theoretical crack spacing is assumed varying between I; to 2l;, therefore the
decision crack spacing is selected as 35 cm. Selecting this value, because it is
appropriated to bridge geometry and device;location.

Theoretical crack widths-at different sectionare:

From

support Wor
m mm
1.70 | 0.108
205 | 0.125
240 | 0.138
275 | 0.149
3.10 | 0.156
345 | 0.160
3.75 | 0.161

(2.5) FE mesh model

FE mesh type, boundary condition and applied load are referred to the same as
previous example. The detail will be summarized as following:

The bridge is-modeled in full scale 3D solid elements (the same way with
CB?7), all parts_of bridge barrier are also integrated to the FE geometry model (see
Figure 6.22). Total<bridge thickness is 52em, tension reinforcement zone is 13cm,
compression reinforcement zone at the top layer is 8 cm. The steel ratios for
reinforecement zoning are: at battom layer parallel to traffic ling, p\= 0.0302; at bottom
layer perpendicular to traffic line, p = 0.0061; at Top layer for both directions, p =
0.0032. and unit steel perimeter is 0.628 cm/cm.
(2.6) Analysis cases:

In this example, two cases have been analyzed which apply load as tested
truck on the middle span (L/2) as Figure 6.21b. The two cases are given as:

Case B6.1 no damage elements

Case B6.2 Included theoretical and visible flaw/crack
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The method to applied theoretical crack and visible crack for case B6.2 for this
bridge are similar to those the last example for CB7, case 1.3 by using RED elements
for representing theoretical and visible flaw/cracks. As it is explained that the depth of
the cracks are not known, therefore the effect existing cracks is considered through
the RED element thickness.

= L 2000 L 2000 L 2000

h) Complete 3D FEM

- ,,r |

F/N
Figure 6. 22—1=u|| scalﬁE’-ﬂEMlmodel for CB6

i)

P A e
_v.d"",.-"'j_'_ 7 o _:J_:':q;“u-

-
-

(2.6) The analysis resﬁlts I
The two case{_have been analyzed for CBe6, afrdJ results for deflection are
given in the Table 6.4.*59J to 6.4.2 for case B6.1 and case B6.2, respectively. The values

shown in each column of the table are devrce names, device_locations (Z in bridge
longitudinal, X iniridge transverse directions), .analysis results test results, and
percentage of analyses results to test results. The-results of the strain are given in the
table Table 6.4.3 t0\6'414 for Gase|B6.1 and case B612, réspécti\r"'é‘ly.‘The Figure 6.23
to 6.24 are represented the graphs Corresponding to data in the tables. In the graphs,
Test_L1 is representing for test results for devices that are on lane one, and Test_L2 is
representing for test results of devices that are on lane two. The analyses results are
also taken from the same position of measured devices for comparing.

The results in the Table 6.4.1 indicated that when there are no cracks included
to the model, the defection at loaded lane TD-1 and TD-2 are 13.16% and 4.36%

differed from test results. For case B6.2, both theoretical and visible cracks are
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included; the different for the same devices are reduced to -2.05%, and -5.28% (Table
6.4.2). As explaining in the previous example, the reduction tension stiffening effect
due to existing flaw/crack in old concrete structure will improve the analysis results of
NLFEM to more close to the test results. Analysis results between case B6.1 (original
NLFEM model) and case B6.2 (Included existing flaw/crack model) for this bridge
are not much different. It may due to that only small crack occurred in the bridge,
two cracks are parallel to the traffic lane, and only one small crack perpendicular to
traffic lane (see Figure 22 (a)); and the crack in the longitudinal bridge direction may
not much influence the bridge in main longitucinal flexural stiffness. And this bridge
may still very stiff, even apphed heavy load from-test, but maximum deflection only
0.66 mm (at device TD-2)«=Other-observing Is that the bridge is still in stiff condition,
the deflections of NLEEM at"opposite of loaded lane (D-1 and D-2) are not much
differed from test. It imay indicate thét bridge with stiff transverse stiffness may

distribute load in transverse direction more than bridge with soft transverse stiffness.

Table 6.4.1, Deflection'Case B6.1 no damage glements, CB6

. Position .| Analysis | Test | % Differ
Device
Lane Z(m) XAm)=tts. Mmm mm
TD-1 | L/4-Lanel | 2.00 225 | 035 | -040 | 13.16%
TD-2 L/2-Lane 1 4.00 2.25 k0,57 -0.60 4.36%
D-1 L/2-Lane 2 4.00 6.75 -0.34 -0.28 -19.68%
D-2 3L/4-Lane2 6.00 6.75 -0.23 -0.24 3.56%

Table 6.4.2, Deflection"Case B6.2 included theoretical and visible flaw/cracks, CB6

Device Position Analysis | Test | % Differ
Lane Z(m) X (m) mm mm

TD-1 L/4-Lane 1 2.00 2.25 -0.41 -0.40 -2.05%

TD-2 L/2-Lane 1 4.00 2.25 -0:63 -0.60 -5.28%

D-1 L/2-Lane 2 4.00 6.75 -0.37 -0.28 -32.87%

D-2 3L/4-Lane 2 6.00 6.75 -0.27 -0.24 -14.24%

The Figure 6.23 plots to show the results of deflection in the Tables 6.4.1 and
6.4.2 versus bridge length. The curve case B6.1_L1 is shown the results of analysis
case B6.1 at devices position on lane 1 (result at position of TD-1 and TD2), and Case
B6.1 L2 is results of the same case at devices position on lane 2. And, it is similar
manner for other cases. At applied load lane (lane 1), it is seen that the curve case

B6.2 L1 is very close to test results, curve Test L1.
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Figure®,23 Load vs Deflectionfor CB6

The results of the strain at the steel level for each device location are shown in
the Table 6.4.3 and 6.4.4. For non damage included case (Case B6.1), the analysis
result of the steel strain under the toad point isless that testing about 9% (Table 4.3,
SS-3 value), when existing crack-are included (Case 6.2), the analysis strain result at
SS-3 is higher than the test result 24% which is lower bound value. This indicated that
crack induces more strain in the RC members. In term of assessment, it is acceptable,
while no crack included, NLFEM will given result-fess than usual which may
dangerous to consider the behavior of the bridge, Other reason for model included the
existing crack (Caset6.2) which the.results of strain.are higherihan test results, it may
be that the crack in slab bridge is#more complieated than normal flexural crack in
beam. In the good concrete slab bridge candition, the cracks may unlike as continue
line across from left edge to right edge of the bottom bridge. During measurement, the
strain gauges attached at section that existed crack may give strain value higher than
that strain gauges attached at non crack section. In this study, theoretical cracks are
assumed as the continue line at bridge bottom and averaged over element, hence the
strain results is the average strain of an element. This may be one reason that the
element strains at crack vicinity from analysis results are higher than testing results

which in term of bridge assessment would be acceptable.



Table 6.4.3, Strain Case B6.1 no damage elements, CB6

177

Device Position Analysis Test | % Differ
Lane Z (m) X (m) mcstrain | mcstrain
SS-4 L/4-Lane 1 2.00 2.25 7.10 5.07 -40.40%
SS-3 L/2-Lane 1 4.00 2.25 26.70 29.50 9.49%
SS-2 L/2-Lane 2 4.00 6.75 13.20 10.50 -25.71%
SS-1 3L/4-Lane 2 6.00 6.75 8.50 7.45 -14.09%
Concrete strain
CS-2 | 3L/4-Lane?2 6.00 6.75 -8.71 -5.74 -51.74%

Table 6.4.4, Strain Case B6.2, include theoretical.and visible flaw/cracks, CB6

Device Position l Analysis | Test | % Differ
Lane Z(m) Xi(m) mestrain | mcstrain
SS-4 L/4-Lane 1 200 2.25 7.14 5.07 -40.83%
SS-3 L/2-Lane 1 4.00 2125 36.70 29.50 -24.41%
SS-2 L/2-Lane 2 400 6.75 18.20 10.51 -73.33%
SS-1 | 3L/4-Lane2 & 600 675" 8.80 7.45 -18.12%
Concrete strain |
CS-2 | 3L/4-Lane 2 6.00 6.75 4 -8.80 -5.74 -53.31%

#

The Figure 6.24 are shown the plot of the strain distribution trough the slab
depth at the location of SS-3, (L/2, lane one_)_:v_SSf-_4, (L/4, lane one), S-2 (L/2, lane two),
and S-1, (3L/4, lane itwo) (see also Figure 6.20 for these devices location on the
bridge). All of the analysis results, strains distribution are-lower bound values, strain
from analyses are higher than test results. At the applied load point location can be
more clearly to observe the distribution strain through slab bridge depth. The I
ncluded existing crack model (case B6.2, Figure 6.24 (a)) is indicated that when crack
occurs, the neutral axis (from bottom face) of the bridge will to higher than non crack
section,, This Is reasonable that,when flaw/crack happens, the compression zone of the
concrete“will be reduced, as the strain of the steel reinforcement will be increased.
Observing strain distribution in other locations (Figure 6. 24 (b), (d)); the analyses
results of case B6.1 and B6.2, and test results are not much different, this may be due
to this bridge is still in a good condition. This is proved that the model accounting for
existing flaw/crack in this study is reasonable having the results closed to test than no
existing damage model when assesses existing bridge structure in the low applied load
condition. This model also can be represented diagnosis load testing.
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—a— Caze B3 2
+ Test

a) Strain at section SS-3 (L/2, lane 1)

---&---CazeBf.1
—x— Caze B2
+ Test

b) Strain at section SS-4 (L/4, lane 1)

---&---CazeBil
—4— Caze B2
& Test

C) Strain at section SS-2 (L/2, lane 2)

i--k---Caze Bl
—a—Caze B4 2

+ Test

d) Strain at section SS-1 (3L/4, lane 2)

Figure 6.24 Strain comparisons among case B6.2, case B6.1 and testing
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6.6.3 Analysis for bridge No. CB4S
(3.1) Bridge information

The bridge No. CB4S is located at Route No 14, km 38+684.0,
Nakornsithammarat province, Thailand. This bridge is of concrete slab bridge, railing
barrier type with total length 7 m, span length (support to support) 6.6 m, slab
thickness 0.40 m, total slab width 8.8 m, lane width 7m, walk way at both side 1.5 m
(see Figure 6.26). The material data are collected from the testing as in the table 6.1
with concrete parameters: f.’= 305 kse, fi= 34.92 ksc, Ec= 265,631.23 ksc; Steel
parameter for DB: fy = 4,000 kse, Es= 2,000,000 ksc; Steel parameter for RB: fy =
2,400 ksc, Es= 2,000,000 kse. The main reinforeement at the bottom is parallel to the
traffic direction which.remforced by DB 25 mm. @ 12.5cm, and at transverse
direction is DB12 mm.@14cm. The top reinforcement layer is RB 9 mm @ 25 cm in

both longitudinal and transverse directions.

L 10000 L
HREEH 7400 L 1500
EOO T ‘ =]
_T =
S p— 1.35% i _ 1.5% -
sa00 |
.1
Unit in mm

Figure 6.25 Cross section of the bridge CB4S

(3.2) Bridge conditien

The bridge data are taken from report of Bridge Inspectiansand Load Testing
(Nakornsithammarat) “of' Road | Research/ Development Division,” Department of
Highways, Thailand. This bridge was not inspected by the author; therefore crack
mapping is not available for this bridge. Therefore, only theoretical crack will be
included in analyses model of this bridge. However, from rating of inspection
company is indicating that this bridge is still in good condition by rating rate of 95%.
(3.3) Testing set up and truck load

Testing setup is also similar to previous examples, and will be summarized in

the below:
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L/4 L/2 3L/4

a) Concrete strain gaugeson top surface

Lane 2
—>

b) Steel strain gauges and LVDT on bottom surface

Figure 6.26 Layout of s'eﬁsor_ for CB4S

.

This bridge will be analyzed by applied load as tested, the position of applied
analysis loads are also_at the position of wheel truck test with at the midspan, lane one.
For the analysis only-third and second axles of truck were on the bridge, while first
axle was out off. the bridge.*Configuration and, load of tested truck are shown in the
Figure 6.27 (a) and(b).

(3.4) Calculate theoretical crack

The method of calculation theoretical crack is referred as explaining in
example CB7. The results are summarized in the below:

Rupture moment of the concrete  Mcr =11,255.16 kg.m

Envelopment length 1=24.61 cm

The spacing of theoretical crack can be determined between I; to 2l;, therefore,
in this example, crack spacing is about 35 cm. Selecting this value because it may

appropriate to FE mesh model for this bridge geometry.



Summarized theoretical crack width at different sections for CB4S are:

From

support Wer
m mm
1.25 0.000
2.05 0.114
2.40 0.128
2.75 0.139
3.10 0.145
3.50 0.151

C

4800kgr—>

A=20m

B=4.1m

b - | S C=13m

L s s 4 A D=1.9m
a 7 o .

1|

4200kg 4350.k0
Total tandem: 18200 kg
ALl

Figure 6.27a Con gu ---‘--f * " or CB4S
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700

Figure 6.27b Position of truck load testing at midspan, CB4S
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(3.5) FE mesh model

FE mesh type, boundary condition and applied load are also taken similar to
previous examples. Therefore only important information are given briefly as
following.

The bridge is modeled in full scale 3D solid elements, all parts of bridge
barrier are also integrated to the analysis model (see Figure 6.28). Total bridge
thickness is 40cm, tension reinforcement zone is 12cm, compression reinforcement
zone at the top layer is 8 cm. The st{e I]r! f s for reinforcement zoning are: at bottom
layer parallel to traffic line, p 0.0327; Iayer perpendicular to traffic line, p
= 0.0066; at Top layer fortmh-duectlgls p-=-0:0032 -—9-9%2 The FEM elements mesh size
etl al craER"and-.v15|ble crack in the direction

A% between I, to:2l, preferably. The full model

dimension in the vicini
perpendicular to crac

of this bridge is shown.

& £
jigure 6.28 Full scale ! M m@‘el for CB4S

(36)Ana.ys.sﬁliJEJ ANUNINYINT

In this example two cases have been analyzed in the same test truck position,
o S 0l A 527 Bt s o
Case B4.1 no flaw/crack elements
Case B4.2 Included theoretical crack elements

The analysis load is the same as axle load and position as shown in the Figure 6.27b.

(3.7) The analysis results
The deflection results are given in the Table 6.5.1 to 6.5.2 for case B4.1 and

case B4.2, respectively. Table 6.5.3 to 6.5.4 are represented the strain at measurement
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locations. The values in each column of the table are the same as that has been
explained in the previous example.

The value D-3 in the Table 6.5.1 is the deflection at applied load location. For
no any damage included model, case B4.1, the analysis result is 18.92% differed from
test result. For case B4.2, cracks (theoretical cracks) are included, the analysis result
at the same device location (D-3) is reduced to 8.14% differed from test result, Table
CB4.2. This is indicated that when the existing flaw/cracks are included in the model,
the results are improved and closed to truck test results; this is implied that the
proposed approach (case B4.2) can representemore realistic bridge behavior. As
explaining in last two examples; the effect of existing flaw/crack is very important for
NLFEM results, especially-at the low applied load (service load). The data of the
visible crack is not available_for ihis example, only the theoretical cracks are included,;
therefore, the results are stili'in higher \)alqe by 8.14% and 25.58 % differ from test.
However, this example imay be representgd that if the crack mapping is not available,
when using NLFEM analysis0ld concrete bridge, the theoretical crack should be used
for this proposed model. '

Table 6.5.1, Deflection Case B4/1 no damage eléments, CB4S

. Position | Analysis | Test | % Differ
Device =
Lane Z (m) X (m) mm mm
D-4 L/4-Lane & 175 2.80 -0.26 -0.39 32.59%
D-3 L/2-Lane1 3.50 2.80 -0.45 <0.55 18.92%
D-2 L/2-Lane 2 3.50 7.20 -0.24 -0.22 -7.04%
D-1 3L/4-Lane 2 5.25 7.20 -0.16 -0.15 -7.83%

Table 6.5.2, Deflection-Case B4.2 included ‘theoretieal crack, €B4S

. Position Analysis | Test |96 Differ
Device
Fane Z. (m) Xe(m) mm mm
D-4 L/4-Lane 1 1.75 2.80 -0.29 -0.39 25.58%
D-3 L/2-Lane 1 3.50 2.80 -0.51 -0.55 8.14%
D-2 L/2-Lane 2 3.50 7.20 -0.27 -0.22 -24.68%
D-1 3L/4-Lane2 | 5.25 7.20 -0.18 -0.15 -21.31%

Figure 6.30 is plotted the deflection versus span length of all analysis results
and test results, the subscript L1 is represented the deflection at lane one with data
point D-3 and D-4, and L2 is represented the deflection at lane two with data at point

D-1 and D-2 respectively. The curve Case 4.2 L1 (analysis results at applied load
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lane, lane 1) is more close to the test results (curve Test L1) than those results Case

4.1 L1.

Displ (mm)

Bridge' length(m)
)

--a--Case4.l L1
---a--- Case 4.1 L2
- -Case4d2 L1
——o--Case 42 L2

—e—Test L1
—o— Test L2

4 ¥

- =t

Figure 6.29 Loadss Deflection Case 4.2 compare to Case 4.1 and testing

L
d

Table 6.5.3, strain Case B4.1 no dﬂamaged"‘fejejnents, CB4S

Device Position,,_-:.r ‘ ;fb_,palysis Test Differ | % Differ
Lane Z(m) X {(m)  mcstrain | mcstrain
SS-4 L/4-Lane 1 1.75-"1= 225 U 46:77 6.00 -0.77 | -12.83%
SS-3 L/2-Lane & 3.50 225 21.07 |426.00 4.93 18.96%
SS-2 L/2-Lane 2 3.50 6.75 9.01 _T'_l-0.00 0.99 9.90%
SS-1 3L/4-Lane 2 | 5.20 6.75 6.77 - 7.00 0.23 3.29%
Concrete strain ; .
Cs-1 3L/4-Lane 2 5:20 6.75 -7.61 -7.00 0.61 -8.71%
Table 6.5.4,strain Case B4,.2.included.theoretical-Crack, CB4S
Pasition Analysis Test . .
Devce Lane Z (m) X (m) | mcst?/ain mcstrain Didter | %% Differ
SS-4 L/4-Lane 1 1.75 2.25 6.84 6.00 -0.84 | -14.00%
SS-3 L/2-Lane 1 3.50 2.25 32.10 26.00 -6.1 | -23.46%
SS-2 L/2-Lane 2 3.50 6.75 13.80 10.00 -3.8 | -38.00%
SS-1 3L/4-Lane 2 5.20 6.75 6.70 7.00 0.3 4.29%
Concrete strain
CS-1 3L/4-Lane 2 5.20 6.75 -8.15 -7.00 1.15 | -16.43%
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The results of the strain at the steel level at each device location are shown in
the Table 6.5.3 and 6.5.4. The analysis result at applied load point (SS-3) of case B4.1
(non crack included case, Table 6.5.3) is that less than the test result about 18.9%.
After included theoretical crack, case B4.2 (Table 6.5.4), the result of strain at the
same position is 32.1 micro strains, while testing is 26 micro strains, the different
about -23 %. Even though this percentage is higher than case CB4.1, but case CB4.2
gives the result higher than that test result. This is due to that this bridge is still in
good condition, therefore the strain results from included existing flaw/crack model
gives the results higher than the actual. This.may be that the cracks in the actual slab
bridge with in good conditionare distributed-uneertainly and may not continually like
theoretical assumption as-explaintng in the above. Therefore, the strain results at the
reinforcement level from analysis are higher than measurement, especially at the low
applied load. Howevergthe analysis resdlltsl from propoesed model which accounts for
existed flaw/crack gives‘the Strain distritiljntion Is reasonable, and can be represented
more accurate than general’ model  (no, included existing flaw/crack in old RC
structure) as shown inthe Figure 6,30, mds_t results of strain at steel level from case
B4.1 are less than those test results. \While the included existing crack model (case
B4.2), the stain distribution “Will-be higher'than those test results. The strain
distribution between these models can be obv_ionsly in the Figure 6.30 (a) and 6.30 (c)
for middle bridge span and applied load lane. Therefore it.can be concluded that the

strain distribution in”"the old concrete slab bridge structure is influence by crack

pattern.
40
£ Y
o N\
=30 [ i e &---Case B41
-+ ‘~\
=1 ‘*f\\ —s— Case B4
-220 ******** *”f:il ********* + Test
'% 10 p-———---- T : *Aij\*‘xt\ *****
& 0 X a) Strain at section SS-3 (L/2, lane 1)

-20 -10 0 10 20 30 40
Micro-strain



186

—~ 40
5 ‘\ ---4---CazeB41
< N0 f\i 77777777777777 —x— CaseB42
o
o S — B + Test
[ x\
S S
D \ b) Strain at section SS-4 (L/4, lane 1)
N ok

0 ‘

-20

--&---Caze B4.1
—x— Caze B42
- #  Test

10 -~ .
F at section SS-2 (L/2, lane 2)

Section depth (cm)
N
o

0
-20
40
5 Caze B4.1
< 30 Case B42
o
% 20 TEEt
c
210 f-- - 4/ d) Strain at section SS-1 (3L/4, lane 2)
3
0
-20 10« 20

q W'l m‘ﬂw UNIINYAY
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187

6.7.Evaluation of Rating Factor

The concrete slab bridges, CB7 and CB6 as presented in the section 6.1 and
6.2 respectively, in this chapter will be continued to analyze observing their
performance due to maximum truck load from monitored data in Chapter 4, and load
that induces bridges to fail. Their capacity will be also evaluated according the rating
equation of AASHTO Manual, 1994.
6.7.1 Analysis for CB7

The bridge dimension and. material parameters, the material model, the
geometry model, and boundary condition of €B7 are already given in the section 6.1.
Only analysis loads that are different from previous examples (section 6.1); therefore,
only the applied loads thatwill be explained in this section.
(1) Applied load

In the actual, the majors: load ‘Qn.the bridge are dead load and live load;
therefore, loads for analysis'the bridge ‘gFe included both dead load, and live load
which is truck load (TL) for this study. For studying bridge capacity, loads at the
truck wheels position will be furthered to ih__cre_ase to induce bridge up to ultimate load.

Dead load (DL): The dead load has, been assumed as the surface area load
applying at the elements areas that are at bri'glgé."-swface. The area loads than distribute
to corresponding nodes as generat FEM con'cep-t- (See Figure. 6.31). The material unit
weights for calculating the dead load are 2,400 kg/m® and 2,000 kg/m® for concrete
and pavement matefial, respectively. The dead load for this bridge are 1,180 kg/m?,
480 kg/m? and 60.29 kg/m applied at main slab;- bridge curbs, and railing,
respectively. The total dead*load (DL) after'multiplying to their corresponding areas
is 97,156.57 kg, andtotal factor load of 1.3DL 15'126,303.54 kg.

Figure 6.31 Area load divided to the nodes for FEM
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Truck load (TL): To evaluate performance of the bridge due to present truck
loading, the maximum truck, TR-05 from the monitoring data in the chapter 4 is
selected to represent actual truck effect to the bridge. The configuration and axle
weights of this truck type are shown as Figure 6.32. There are two lanes for this
bridge, therefore two trucks running parallel have been assumed to crossing the bridge.
Normally, truck effect to the bridge is moving load; therefore, the critical positions of
the truck on the bridge have been selected for presenting maximum responses. In this
bridge only second and third truck axles (P1 and P2) are on the bridge deck with the
total two truck weights on the bridge Is 52:4kg. In the bridge longitudinal direction,
position of truck is defined sueh that the,center gravities of the truck places at distance
LGp/2 form the bridge.mdspan-(see Figure 6.33(b)). Where LGp is the distance
between third axle to the'Cenier gravity of the truck. Inthe bridge transverse direction,
the right axle load of the Tirst truck is placed at distance 0.6 m from the bridge curb,
and right axle load of the second tuck plaées at 1.2 m apart from the first truck (see
Figure 6.33(a)). Each load of truck wheel'is assumed te have width as 0.5 m, and then
it is divided to corresponding nodes,

) ANRYRNONU M ANRRYNRYS

i N

57 42m 415#

" 485m " ———F
47tons  GvwW=13809tons 26:2tons

Figure'6.32 Configuration for maximumFR-05

==

’ 1800 [1200] 18I0 B0

Figure 6.33 (a) Transverse position of truck on the bridge, CB7
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Figure 6.33 (b) Bridge plan and position of truck on longitudinal of bridge

According to NLFEM;, the analysis procedure is conducted as interaction
manner and the applied analysis loads have to divide inta:many small load steps to
capture the nonlinear behavior of the material model. Therefore in this example, the
dead load factor 1.3Dk-is divided in to 50 load steps. Adter that the load from step of
51 are represented as axle truck loads and-further to_induce bridge up to fail. The
factor dead load (1:3DL) for each.analysis load step is12,526.07 kg applied on the
corresponding nodes at the bridge surface, and after load step 50,seach load step of
2,116.52 Kg. is ‘applied ‘at nodes_.correspanding. to positions. of ‘truck wheels to
represent axle truck load and load induced bridge to failure (see Figure 6.33Db).

(2) Analysis case

Two cases have been analyzed for comparison the model of no damage
element using original NLFEM model and including existing flaw/crack model which
is proposed in this study such as case7.1 no damage element model, and case7.2
including existing flaw/crack model (both theoretical and visible flaw/cracks are

included). The method to include crack in to the model is also refer to section 6.1.



190

(3) Geometry mesh model of bridge CB7

The bridge geometry model for analysis is also the same as explaining in the
above which considers from parameters such as material zone, crack location and
applied load location. Both geometry models for case7.1 and case7.2 are the same as

shown in Figure 6.34 below.

(4) Analysis results .
Because the aim of thi sectl,on |§,;o study the performance of old concrete
slab bridge, therefore theresults o_f case 7é&mcluded crack using models proposed in
this study) will be more attende'd—and compate;tﬁ case 7.1.
(4.1) Observe results case 7:2 to caS:éw?J-
lied load sg;ctmrg(see Figure 6.33b) for case

7.1 (no included crack/_model) and case 7.2 (included flaﬂv#crack model) are shown in
Figure 6.35 (a). The#heamng of subscripts -1, -2, -3-in name of each graph are

The deflectmrﬁ at sectlon C,a

represented applied load levels; i.e. Case7.2-1, Case7.2-2, and Case7.2-3 are analysis
results for model case.7.2 at applied loaddor DL, .DL+TL, and 1.3DL+1.3TL(1+l),
respectively. Where | is bridge impact factor whieh equals to 0.3;for this bridge. For
other cases are also\similar to_this ma‘hne‘r‘. At the same Joad level, the deflections of
case 7.2 are all higher than case 7.1. It is seen also that the transverse deflection at
right edge is higher than left edge, because the truck wheel is closer to the bridge right
edge than left edge (Figure 6.33). For the deflection at the longitudinal section of
case 7.2 is also higher than that case 7.1 as shown Figure 6.35 (b); in this figure shows
only case 7.2-2 and case 7.1-2, because other load levels also have the similar manner.
It is seen that the deflections of included crack model (case 7.2) are higher than that
original model (case 7.1). This different is as high as up to 23.53 %.
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Figure 6.35(a) Compare transverse deflection for case 7.2 and case 7.1
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Figure 6,35(h) Compare longitudinal.deflection for case-Z.2 and case 7.1

The ‘applied loading versus«deflection at the bridge center (at the coordinate
X=525 cm, Z=400 cm) for case 7.2 and case 7.1 are shown in Figure 6.36. The model
which included existing cracks (case 7.2) is occurred deflection higher than that no
crack model (case 7.1) through the applied loads. This different is about 20%. It is
implied that cracks at the bottom slab may reduce the stiffness of the bridge structure.
This is also identical to the beam theory of reinforced concrete member subjected to
flexural, when cracks present at the tension zone, the moment of inertial at crack

section will be decreased leading to increase deflection of the member.
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Figure 6.36 Load vs deflection for.case 7.2 and case 7.1

|
Similar to the deflection; the strain at the mid point of bottom surface for case

7.2 is higher than the strain of case 7‘.1 at Lh'e same applied load. As Figure 6.37 shows
the load and strain curves at the bottom ﬁnid’ point of the bridge (Z=431, X=495). At

the yield strain of the steel (sy:0.00'J:G,),,_.‘the total applied load for case 7.1
(Py_case7.1) is 395,615.50 kg while caséﬂ.z (Py_case7.2) is 292,519.50 kg. The
other load level are also given in theib’ﬁre with P1=1.3DL=126,303.50 kg,
P2=1.3DL+1.3TL(1+0.3)= 214,859.12 kg, -dndQPuI:250,797.69 kg. Where Pul is the

ultimate applied load-according to simplify beam theory (see appendix-D). It seen

that the ultimate load from conventional method (Pul) isless than Py from both cases.

Load(kg).

500,000.0
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1000000 f

0.0 ! ‘

" ley=0.0016'

Case 7.1
Case 7.2

0.0000 0.0010 0.0020 0.0030 0.0040 0.0050

Strain

Figure 6.37 Load vs strain at bottom mid point (Z=431, X=495)
for case 7.2 and case 7.1
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(4.2) Observe results case 7.2

The transverse deflection curve for case 7.2 at service load (DL+TL) at
different section such as at section C (Z=432.5, applied second axle load point, see
Figure 6.33), section D (Z= 400 cm, midspan section), and section E (Z=432.5,
applied second axle load point) are shown in the Figure 6.38. The maximum
deflections at these sections are -5.15 mm, -5.23 mm, -4.79 mm at section C, D, and E,
respectively. It is seen that the deflection is highest at the midspan section (point D).
The deflection at applied load section, point C is a little bit less than point D.

0 2007400 600 8001000

0.00
-1.00 .
Case7.2 section C
e -2.00 )
E | A A FEE R RN N - Case7.2 section D
£ -3.00 _
0 100 —o— Case7.2 section E
-5.00 :
-6_00 | | 1 A ]
X(em)
Figure 6.38 Transverse deflections at different sections
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-20.00 —— Case7.2-6
-25:00
-30.00

X(cm)

Figure 6.39 Transverse deflections at different load levels, case 7.2

Figure 6.39 needs to show the behavior of deflection at midspan section
(section D) for different applied loads. The subscripts of line names are represented
applied load levels: -1 =DL= 97,156.57 kg, -2 =(DL+TL)=149,556.57 kg, -3
=1.3(DL+TL(1+1)=214,671.54 kg, -4 = 256,751.50 kg, -5 = 292,519.50 kg, and -6 =
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326,183.50 kg. It is seen that at the load up to 292,519.50 kg (Line case7.2-5), the
deflections along transverse direction are smooth curves. After applied load is
increased at about 326,183.50 kg (Line case7.2-6), the transverse deflection curves
become sharp peak at the near bridge center and the deflections rate is increased as
well. This may be that the bridge becomes failure at the mid point of the slab.

The strain distributions along bridge longitudinal axis (Z axis) at different
section C, D, and E (see Figure 6.33 (b)) are also shown in Figure 6.40 at the applied
load is approximated to 1.3DL +1.3TL(d+]). It is seen that the strain at section C
(applied load point) is highest than other seetions. This is also identical to simplify
beam theory, the maximum internal force mostly-occurred at the applied load section,

while maximum deflectionsmay occur at midspan section.
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Figure 6.40 Strain distributions along Z axis at bridge bottom for different section
at load 1.3DL#2.3TL(1+1)

The strain distribution alongtransverse axis (X axis) at sections C, D, and E,
respectively are plotted in Figure 6.41. It is seen that the strain distribution along this
direction”at different bridge section are not much different. Maximum strain at all
section is occurred at bridge center under applied load point, and the slab bridge tends
to fail at the center.

Figure 6.42 presents the strain distribution through concrete slab depth at
midpoint of section C (at point X= 495, Z=432) for different applies load level. The
curves in this figure such as Case7.2-1, Case7.2-2, Case7.2-3, Case7.2-5 are
representing for dead load (DL), dead load and live load (DL+TL), factored load
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(1.3DL+1.3TL(1+l)), and yield point, respectively. It is seen that during service load
(DL+TL) the strain distribution through slab depth are straight line, but at applied
factored load strain distribution is not linear (Case7.2-3). At the applied load abourt
292,519.50 kg (Py), curve Case7.2-5, the strain is closed to yield strain of the
reinforcement steel which yield strain of steel for this bridge is 0.0016 strains (1600
micro-strain). This strain distribution is also indicated that the bridge will be fail due
to steel reinforcement, be cause the strain at top surface is still much less than that
concrete crushing strain with about -0.003 strain (300 micro-strain).
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Figure 6.41 Strain distributions along X axis at bridge bottom for different section
atload 1.3DL+1.3TL (1+1)
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Figure 6.42 Strain distributions through slab depth

Figure 6.43 shows the longitudinal strain and transverse strain at mid point,
Z(431) and X(495) at the bottom slab for case 7.2 (model included existing
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flaw/crack). It is seen that strain along transverse direction is less than that strain
along longitudinal directions of the slab bridge at the same applied load level. The
slope of transverse strain curve is quite steep at the beginning of the applied loads and
suddenly plateaus at higher load at about 380,000 kg. This due to that there is small
steel ratio at transverse bridge. When the area of the concrete surrounding a
reinforcing bar become large (small ratio of reinforcing bar volume to the concrete),
the bar will be yielded sooner after concrete cracking since larger stress previously
carried by concrete is immediately transferred to the bar (Maekawa et al., 2003).

500,000.0
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Figure 6.43 Load vs tongitudinal strain.and transverse strain

(5)Evaluation for rating factor (RF), CB7

According to Manual for condition evaluation of bridge of AASHTO, 1994,
there are two level of the‘bridge capacity evaluation, inventory level and operating
level. The Inventory: level is for as.designclevel, and the operating level is used for
over weight permits checks. The equation for caleulation rating factor is as Eq. (6.1).
There are different between two evaluation/level only the foad and material factor.
Evaluation equation for bridge capacity of AASHTO:
As Eq.(6.1) can rewrite as

RF, = ABL (6.5)
A RTL*(LA )

The condition is that if RF >=1, bridge will be safe
For the operating level:
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A; = 1.3, factor for dead loads

A, = 1.3, factor for live load

C = ¢*Rn, capacity of the bridge element

¢ = Strength reduction factor, 0.9 for bending moment, and 0.85 for shear
force

Rn= Nominal bridge strength. This value may included damaged condition

DL = Dead load effect

I = Impact factor

TL = Truck load effect
For the inventory level:

The inventory level'can.be ealculated as

3
RF(inv) = g R(Opr) ..... (6.6)
Where:
RF(opr): Rating factor for operating level using above factors

RF(ivn): Rating factor forinventory level

Using equation of AASHTO for NLFEM restilts

Using NLFEM -results in this analysis, the concrete slab bridge
capacity, C will be determined-from-the-analysis-resuits. The available results from
analysis are applied Iead and average element strain. - herefore, the way to define
value C is determined from total applied load that induces maximum strain at
reinforcement Jdacation; reached yielding strain of, reinforeing- bar. The total bridge
capacity is considered ‘to be‘the same as'total applied load by“C=Py, where Py is the
total applied load (see Figure 6.43 and 6.44).

Py

P1

ey
Figure 6.44 Results from NLFEM for evaluation bridge
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From the Figure 6.44, and to accommodate with AASHTO formula, the bridge rating
factor formula can be rewritten by.

Py -P1
= m ..... (6.7)
Where:
C=Py correspond to gy
1.3*DL =P1

1.3*DL + 1.3*TL(1+0.3) = P2

The results for calculation rating factor of.this bridge are summarized in the
Table 6.6.1 below. In the'table,the rating factor calculated by conventional method of
AASHTO is also given torobserve with proposed approach (see appendix-D for
calculation procedure<of conventional rhethod). The rating factors of both operating
level and inventory level fram ncluding :erack model (Case 7.2) are less than that no
any damage model (Casg'7.1), but higher than conventional method. The conventional
method is given inventory rating-level (RF‘-"(-:i'nv)) less ten one; however, this method is
could not realistic model of the bridge. Fréfﬁ_fthg results of case 7.2, RF (inv) is about
1.13; therefore it is still implied that bridge IS_—SfJill safe to the monitored truck.

d .l

Table 6.6.1 Rating factor-for-bridge-CB7
P1 P2 Py

kg kg kg™
Case 7.1 126,303:50 |  214,859.12'| 395,615.50 | 3.04 1.82
Case 7.2 126,303.50 | | 214,859.12 | 1292,519.50 |« 1.88 1.13

AASHTO 250,797.69 160 0.90

No RF(opr) | RF(inv)

7.2 Analysis for CB6

The bridge dimension and material parameters, the material model, the
geometry model, and boundary condition of CB6 are also given in the section 6.2.
The applied analysis load is also similar to bridge CB7. Therefore for the parameters
of the bridge using in this section are referred to 6.2, and applied analysis load is
referred to last example for CB7.
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(1) Applied load

Dead load (DL): The applied dead loads are included main slab, and bridge
curbs at the both edges of the bridge. The area dead load of main slab is 1,300 kg/m?
and curb at the each bridge edge is 778.4. kg/m?. Total dead load (DL) after
multiplying to area is 106,488.06 kg, and the total factor load, 1.3DL is 138,434.48 Kkg.
This dead load has than dived into 50 steps loads, with 2,768.69 kg for each step.

Truck load (TL): The applied truck load is also similar manner as previous
example. The locations of applied truck axle loads are shown in the Figure 6.45. The
load will be also further applied to ultimate foad.
(2) Analysis case

Two cases have. been analyzed for comparisen the models of including crack
and not including cracksnamely gase 6.1 for no including crack model and case 6.2 for

including existing cracks model:
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Figure 6.45 Bridge plan and position of truck axles for CB6

(3) Geometry mesh model of bridge CB7
The 3D bridge geometry model for analysis is also based on concept as
explaining in the previous section. Both geometry models for case6.1 and case6.2 are

the same as shown in Figure 6.46.



(4) Analysis results
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The results from analyses for case 6.2 (including existed cracks model) and
case 6.1 (no existing crack model) are observed in this section. The same manner as
CBY7 that the result of deflection of case 6.2 is higher than results of case 6.1 as shown
in the Figure 6.47 (a) and Figure 6.47 (b) for transverse and longitudinal deflections at
service load level (DL+TL). The results between these models are different about
17%. This is not much different, because due to that this bridge is still in the good
condition, the main slab bridge is still very stiff as explaining in the section 6.2. At the
transverse direction Figure 6.47 (a), the maximum values are obviously at the bridge
center, this may be due to that the bridge curbs at bridge both sides are solid and very
stiff. It is normally for longitudinal direction, Figure 6.47 (b), the maximum deflection
is at the midspan of the bridge.

The applied load*versus. deflection at the slab mid point (Z=400 cm and X=
380 cm) for case 6.2 and Case 6.1 are shown in the Figure 6.48. Similar explanation as
previous example, defleetion case 6.2 1s higher than case 6.1 about 17%. This is due
to that cracks at the botiomsslab may reduce the stiffness of the bridge structure.
Therefore, the existing cragk is vital for NLEEM for analysis old concrete structure.

This effect may influence since small applied load to failure load.
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Figure 6.48 Load vs deflection for case 6.2 and case 6.1

Figure 6.49 (a) and (b) show the applied load versus strain of element at mid
point of the bridge. Figure 6.49 (a) are plotted the applied load versus longitudinal
stains at bridge mid point (Z=431. X=370, using this point to present, because this is

critical point). The same as deflection, the analysis strain result from case 6.2 is
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higher than that the strain result from case 6.1 for the same applied load level. It is
seen that the longitudinal strain of both cases are not obviously yield, this may be due
to that the yield strain is occurred at the transverse direction as shown in the Figure
6.49 (b), load versus longitudinal strain and transverse strain of case 6.2 and case 6.1.
The curbs of transverse strain for both cases are plateau since the longitudinal strain
of case 6.2 are still increase. The curve of transverse stain for case 6.2 become plateau
suddenly when applied load is about 300,000 kg, while case 6.1 become plateau at
applied load bout 400,000 kg. The suddenly plateau of the curves for load versus
strain is due to that the reinforcement ratio to-the concrete area in the direction is very
small (Maekawa et al, 2003).
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Figure 6:49(a) Longitudinal strain for case-6.2 and case 6.1
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Figure 6.49(b) Load vs longitudinal strain of case 6.2, and transverse strain of
case 6.2 and case 6.1
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Figure 6.50 shows the different analysis load level for case 6.2. It is seen that
at the lower load applied load which applied load equal to LP1=1.3DL+1.3TL(1+l),
the transverse curve is very smooth (Line case 6.2-LP1). After applied is increase
(LP2 = 346,204.5 kg), the maximum transverse deflection is obviously at near the
bridge mid point (Line case 6.2-LP2). When applied load is continued to increase
(with LP3=414,584.5 Kkg), the transverse deflection become sharp peak at mid point of
the slab (Z=400 cm, X= 383 cm). From these figures (Figure 6.50 and Figure 6.49(b)),
it may evident that bridge is fail at transverse direction. This due to this direction has
small reinforcement ratio, and bridge curbs'is"very stiff, slab bridge behaves unlikely

one way RC slab.
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Figure 6.50Transverse deflections at different load levels, case 7.2

(5)Evaluation for rating factor (RF), CB6

Due to analysis.results of ithis bridge, the.yield strain is not obvious in the
longitudinal direction, but is seen in the transverse direction. Therefore the bridge
capacity, will be implied fram_transverse strain as shownin the Figure 6.51 below. In
this figure also shows the applied load level similar to applied load for CB7, with P1
(12.3DL), P2 (1.3DL+1.3TL(1+0.3)) and Pul (Ultimate load calculated by simplify
beam theory) (see these value in the Table 6.6.2)

After the load factor and bridge capacity have been determined, rating factors
are calculated similar to the previous example, the calculation results then are
summarized in the Table 6.6.2 below. The RF for case 6.1 are 2.94 and 1.76 for

operating and inventory levels, respectively. The RF for case 6.2 are 2.35 and 1.41
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for operating and inventory levels, respectively. It is seen that the model which
included cracks gives RF less than that no crack included model and higher than
conventional method. Even though the rating factor is calculated according to
transverse strain; however it still gives the results higher than that simplify analysis. It

is implied that the bridge is still safe for maximum monitoring truck data.
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Figure 6.51 Load vs transverse strain-of ¢ase 6.2 and case 6.1 for considering
bridge Ccapacity

Table 6.6.2 rating factor for bridge CB6

No 21 = = RF(opr) | RF(inv)
Kg kg kg
Case 6.1 | 13843448 | 22699048 | 398.80450 | 294 | 176
Case 6.2 | 13843448 | 22699048 | 34620450 | 235 | 1.41
AASHTO p1B2397 5 176 | 1.06

The full.analyses for bridge CB7 and, CB6-hayve.been conducted in this section,
the results from the proposed model (including exiting crack for-analysis old concrete
bridge), deflection and strain measurement are higher than those from general
NLFEM model. This is identical to structure theory that when cracks present in RC
member the moment inertia of section or stiffness of the member may be reduced.
The capacities of the bridges have been evaluated based on analysis results. Both
bridges have rating factor higher than one and higher than conventional method of
AASHTO, which RF(inv) are 1.13 and 1.4 for CB7 and CB6 respectively. The

conventional method could not model actual bridge. Therefore according to proposed
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approach, these bridges are safe for truck load from monitoring data. The response in
transverse direction is also important for failure behaviour of the bridge, especially
solid parapet type. The curbs or parapets at edges of the slab bridge may act as
supported beam for the slab leading to fail at direction of small reinforcement such as
bridge CB6.

6.8 Observing NLFEM results to beam theory results for different fc’

As known that the important parameters for mechanical property of the
concrete are compressive strength, f¢’, modulus.of elasticity, Ec, and tension strength
or rupture strength (ft or fr). However, many research accepted that Ec, and fr can be
interpreted by fc’ as shewn"in.-Eg. (5.1) and (5.5). Therefore in this section will
present the influence givdifferent value of fc’ for both NLFEM and simplify beam
theory method. .

6.8.1 Observing the results.of bridge CB%

In this section, the'bridge CB7 will be calculated due to beam theory method
to observe influence of fc’ value, and the beam theory results will be also observed to
NLFEM. Therefore all bridge parameters are the same as presented in the section
6.6.1; however only that some analysis casé"sr in this section will change fc’ value.

(1) Assumption ;

Due to two states of uncrack and crack sections from beam theory will be
calculated to observe'bridge behaviour; therefore the results of NLFEM as case 7.1 at
above will be brought-to compare with this beam theory method. The conventional
method for analysis concrete slab bridge behaviour is that slab bridge will be implied
as beam with ane meter.in width, which therapplied.loads!(DLsand TL) can be used as
equivalent width from of AASHTO: To observe the results to NFEM, therefore the
applied*load for beamstheory Is similar as load that applied to NLFEM model which
truck load (TL) is similar to TR-05 and further applied up to ultimate load.

Lap/2 Sp

P l— LF‘*I

Figure 6.52 Applied truck load for beam theory method
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(2) Analysis case

To observe the influence of fc’ value, two different values of fc” will be used
to compare the results. For beam theory method analysis cases are case BT.1 for fc’=
195 ksc, and case BT.2 for the fc’= 260.5 ksc. And NLFEM are case 7.1 for fc’= 195
ksc, and case 7.12 for fc’= 206.5 ksc, respectively. The model of case 7.12 is similar
to that case 7.1, but it is different only fc’ value. For the calculation detail using beam
theory is given in appendix-D.
(3) Analysis results for different value of f¢’ for beam theory method and NLFEM

The result of load and defection curve for the case BT.1 and case BT.2 are
shown in Figure 6.53. In thefigure, it is also-indieating the applied load level such as
P11 = DL+TL =149,556:54 kg P2 = 1.3DL+1:8TL(1+l) =214,856.50 kg, and
Pul=250,797.69 kg forsfc’=195kse. Where Pul is ultimate load calculated by beam
theory (see appendix-D); and the value of fc’ Is not influence to Pul because ultimate
capacity of beam section*depending on stie'él reinforcement. The deflection case BT.1
are higher than case BT.2'sugh as at beginning of applied load up to P11, about 12%);
at P2 about 10%, and"at Pul @bout 7.5%. This indicated that when applied load is

increased, the effect of fe¢™ is less important for beam theory method.
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Figure 6.53 Applied load vs deflection curves for case BT.1 and BT.2

Figure 6.54 shows the stain at the steel level for calculation case BT.1 and
BT.2. It is seen that at the uncrack state (the applied load induces moment less than
cracking moment) the strain case BT.1 are higher than case BT.2 about 11%, at the
crack state, the strain case BT.1 are differed case BT.2 only 0.75%. This due to that
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from the conventional beam theory, at crack section the concrete at tension zone is not

considered.
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Figure 6.54 Applied loadvs strain at steel level for case BT.1 and BT.2

The influence of f¢” for NEFEM are'shown in Figure 6.55 and 6.56 for load-
deflection and load-train curves, respectivé__l_y._._.The load and deflection for case 7.1 is
higher than case 7.12 about 8% through the applied load. This due to that NLFEM is
accounting for concrete as' tension-stiffening effect at crack section; therefore even
crack occurred, concrete strength-still influence to the stiffness of element at tension

Zone.
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Figure 6.55 Applied load vs deflection curves for case 7.1 and 7.12

The results of the strain at the steel reinforcement level of NLFEM also has

similar manner as deflection, the strain results from case 7.1 is higher than case 7.12
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(see Figure 6.56). At the applied load less than 149,556.54 (P11), results case 7.1 is
higher than case 7.12 about 8% ; after load higher than 214,856.50 (P2), results case
7.1 is higher than case 7.12 about 12%; and at the applied load about 350,000 kg,
results case 7.1 is higher than case 7.12 about 17%. It seen that results case 7.1 is still
differed than case 7.12 at higher load. The Py case 7.1 and Py case 7.12 are
395,615.50 kg, and 421,611.50 kg, respectively. This because the manner of the
NLFEM is that even crack occurred, the effect of tension stiffening due to tension
strength of concrete is still accounted ‘and. it will be gradually reduced. Unlike
conventional beam theory, once section is" crack, concrete at tension region is
neglected; therefore in crack section of beam theory, the strains at the steel level are

not influenced by value ofde™.
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Figure 6.56 Applied load vs strain at reinforcement level for case 7.1 and 7.12

(3) Observing result for beam theory method and NLEEM
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Figure 6.57 Applied load vs strain at reinforcement level for case 7.1 and BT.1
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Figure 6.57 shows the comparison of beam theory method and NLFEM for
strain at the reinforcement level. At the beginning of the load (uncrack section for
beam theory), the strain results from beam theory is higher than that results of
NLFEM about 35%; 80%, and 55% at applied load of P11, P2, and Pul, respectively.
This because after bending moment reached cracking moment, the crack section is
used for conventional beam theory; while tension stiffening effect is still accounted to
carry tensile force and gradually reduced for NLFEM. Other reason is the geometry
model which geometry model for NLEEM in this study is accounted all part of bridge
such as bridge curbs is assumed full composiie with main slab. Using this assumption,
because this bridge has been ehecked and met-the ACI requirement for composite

concrete beam section 17:5:8:
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Figure 6.58 Strain distribution at different load levels for case 7.1 and BT.1
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The strain distributions through the depth of the slab bridge for beam theory
method and NLFEM are shown in Figure 6.58. Figure 6.58 (a), (b), and (c) are strain
distribution due to different applied load level of P_DL (Dead load only and in
uncrack section), P2 (1.3DL+1.3TL(1+I), and at strain at steel reinforcement reached
yield strain, respectively. For the all applied load levels, the strain due to beam theory
method are higher than that NLFEM, i.e. strain at the steel level of case BT.1 (beam
theory method) is higher than case 7.1 (NLFEM) about 35%, and 80% at applied load
of P_DL (Figure 6.58 (a)) and P2 (Figure 6.58 (b)), respectively. In Figure 6.58 (a),
it is seen that the neutral axis depth from heth. cases are very closed to each other
with 23.8 cm and 24 cm forease BT.1 and case #:4; respectively. This may be that the
section is still in uncrack.siate. Hewever, when load-is increased up to P2 (Figure 6.58
(b)), the neutral axis depth gf*case BT.1 is much less than case 7.1 with about 14.72
cmand 21 cm for caseBT.land case 7.1, respectively.

At the strain reagh yield sirain of tﬁe steel (Figure 6.58 (c)), it is seen that the
distribution strain of casg BT.L Is linear and the neutral axis is reduced with about
10.14 cm, while strain‘distgibution of case 7. 1is nonlinear, and neutral axis is higher
than case BT.1. This is due t@ that concrete at tension zone of section still remains the
tension stiffening effect, concrete attension "rregi‘on still can carry small tension force.
6.8.2 Observing the results of bridge CB6
In this section, the fridge CB6 will be calculated due’to beam theory to observe
different value of fc*;_and the beam theory results will-be also observed to NLFEM
model. The detail and-procedure of calculation is similarto CB7. Two different values
of fc” will be used such as f¢* 1=204 ksc, and fc’ 2=367 ksc.

(1) Assumption

For beam theory method, slab bridge is assumed as simply supported beam
with one meter in.width; which. the applied loads (DL and TL) will be used from
equivalent width of AASHTO as explaining in the last example. For NLFEM is also
refer to section 6.7.2 as case 7.1; however two different value of fc’_1 and fc’_1 are
used to compare the results.

(2) Analysis case

Similar to last example of CB7, beam theory method analysis cases are case
BT6.1 for fc’= 204 ksc, and case BT6.2 for the fc’= 367 ksc. And NLFEM are case
6.1 for fc’= 204 ksc, and case 6.12 for fc’= 206.5 ksc, respectively.
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(3) Analysis results for different value of fc’ for beam theory method and NLFEM
The result of load and defection curve for the case BT6.1 and case BT6.2 are
shown in Figure 6.59. In the figure is also indicating the applied load level such as
P11 = DL+TL =158,888.06 kg, P2 = 1.3DL+1.3TL(1+0.3) =226,990.48 kg, and
Pul=271,323.97 kg (Pul is ultimate applied load calculated by beam theory, see
appendix-D). The deflection case BT6.1 are higher than case BT6.2 such as at
beginning of applied load up to P11, about 22%; at P2 about 19%, and at Pul about
13%. This indicated that when applied load is increased, the effect of fc’ is less

influence to the beam deflection.
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Figure 6.59 Applied load vs deflection curves for case BT6.1 and BT6.2
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Figure 6.60 Applied load vs strain at steel level for case BT6.1 and B6T.2
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Figure 6.60 shows the stain at the steel level for calculation case BT6.1 and
BT6.2. Similar to example of CB7 that results of case BT6.1 are higher than case
BT6.2 about 21% and 1.34% for uncrack section state and crack section state,
respectively. The fc’ less important to strain at still level when section occurs cracking.

The influence of fc’ for NLFEM are shown in Figure 6.61 and 6.62 for load-
deflection and load-train curves, respectively. The load and deflection for case 6.1 is
higher than case 6.12 about 17% at applied up to about P11, and about 20% at about
Pul. This is indicated that higher fc’ will be higher tension strength of concrete as well
which leading to increase tension stiffening;-therefore even crack occurred, concrete

strength still has influence to result of NLFEM.
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Figure 6.61-Applied load vs deflection curves for.ease 6.1 and 6.12

The results iof strainat the steel reinforcement level (Figure 6.62) for different
concrete strength of NLFEM also has similar manner to previaus example. At the
applied*load'less than*P11, results case 6.1 Is higher than case 6.12 about 15%; after
load higher than 226,990.48 (P2), results case 6.1 is higher than case 6.12 about 20%;
and at the applied load about 271,323.97 kg (Pul), results case 6.1 is higher than case
6.12 about 24%. As explaining that the NLFEM is accounting for tension strength of
concrete as tension stiffening effect, the concrete strength is still influence to strain of
element even cracking occurred. The yield state is not obvious in this figure, because
the bridge is fail due to reinforcement at transverse direction as explaining at section
6.7.2.
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Figure 6.62 Applied load vs strain at steel level for case 6.1 and 6.12

(3) Observing result forbeam theory method and NLFEM
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Figure 6.63 Applied load vs strain at reinforcement level for case 6.1 and BT6.1

Figure 6.63 shows the comparison of beam theory method and NLFEM for
strain at the reinforcement level. At the beginning of the load (uncrack section for
beam theory), the strain results from beam theory is higher than that results of
NLFEM about 55%; and 87%, at applied load of P11, and Pul, respectively. This
because after bending moment reached cracking moment, the crack section is used for
conventional beam theory and concrete part at tension region is neglected. The beam

theory method is also analyzed by 1D simple supported beam. While NLFEM is
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accounting to the concrete tension strength as tension stiffening effect, and geometry

model for 3D NLFEM in this study is included all parts of the bridge such as bridge

curbs. Therefore the results from NLFEM are much less than those the beam theory

method.
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Figure 6.64 Strain distribution at different load levels for case 7.1 and BT.1

The strain distributions through the depth of the slab bridge for beam theory
method and NLFEM are shown in Figure 6.64 which Figure 6.64 (a), (b), and (c) are
strain distribution due to different applied load level of P_DL (Dead load only and in
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uncrack section), at P2 (1.3DL+1.3TL(1+l), and at strain at steel reinforcement level
reached vyield strain, respectively. These results are similar to CB7 that strain
distribution due to beam theory is much differed from NLFEM, and only that at low
applied load (Figure 6.64 (a)) the neutral axis from beam theory is closed to neutral
axis from NLFEM results. For higher applied load, the neutral axes from beam theory
are higher from NLFEM.

It is seen that the different values of fc’ is also influence to deflection of
concrete structure. For beam theory, this effect is important at small applied load.
However, the value of fc’ is less importanifer erack section of beam theory method.
For NLFEM, the fc’ is important to behavior ofthe concrete structure since small to
higher applied loads, because the effect of tension stiffening depending mainly on
tension strength of the.eoncrete which interpreted from fc’. The NLFEM can present
concrete slab behaviopvery well, at ungrack section state the neutral axis from
NLFEM is very closed to meutral axis'from pbeam theory. However when crack
occurred, the neutral axis from both are different from each other, because beam
theory method neglect Congrete section at tension zone.

6.9 Conclusion bt

This chapter is applied from the chapter-5 by application the softening and
tension stiffening models with account for existing flaw/crack to apply analysis full
scale bridge structure.. The purpose Is to verify that the proposed model approach
which accounted for-existing flaw/crack In this study-can be used to assessment
performance of existing concrete structure.

The old existing.concrete bridge ‘are not'the. same as new concrete condition,
the flaw/crack are generally existeéd. This effect will be influence the concrete
structure performance,  especially .at. the 'service load.” There.‘are many NLFEM
program has been developed in the worldwide, but most of the models do not account
for existing flaw/crack in old RC structure. Therefore, the main purpose in this section
is that the existing flaw/cracks at tension region of old bridge structure are considered
using 3D NLFEM. The COD and RED element together with their constitutive
models, softening model and tension stiffening model for existing flaw/crack which
derived in chapter 5 are used for elements at flaw/crack vicinities in existing concrete

bridge. Using these models, the effect of softening and tension stiffening in the
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normal direction of crack will be reduced. The cracks consider in this study are visible
crack and theoretical crack. The visible crack is taken from crack mapping during
bridge inspection. Normally the small cracks are difficult to observe during inspection,
moreover some cracks may close when no applied load. If it is the structure crack,
even fine crack it will influence to concrete behavior. Therefore the theoretical crack
has been assumed for representing invisible crack during inspection.

Three concrete slab bridges, standard types in Thailand namely CB7, CB6,
CBA4S are taken to be example study. Many cases have been analyzed to compare to
each other and testing results. The analysis eases are included general NLFEM case
(no crack included) for all"bridge, visible crack included case for CB7, theoretical
and visible cracks included case for CB7 and €B6, and only theoretical crack
included case for CB4S"(beeause there iIs no crack mapping for this bridge). The
results of general NLEEM at the critical point (applied loaded point) are much less
than that testing results for heth/defiection '(differed up to 30 %, CB7) and strain at the
steel level (differed up t@ mere than 55%, CB7). While the proposed model which
included theoretical and visible crack case gives every satisfied results. At the same
poison (applied loaded point) the, deflection differs to testing only 5%, and strain at
the steel level is differed from testing result only 7%. This due to the cracks have been
occurred in old reinforced concrete bridge structures, the tension stiffening effect is
reduced promotional to flaw/crack, and the proposed magel can present more closely
to real behaviour of the actual bridge structure.

The propose madel can be proved that at service-load, the analysis results are
closed to testing results while_general NLFEM model are not, Even though there is
effect of transverse stiffness distribution that makes.some analysis results of proposed
NLFEM at opposite applied load«lane are not-matched that testing results. But
analysis, results of ‘prepased .model at 'this pasitions are higher than those testing
results. If this effect is neglected, it is still in safe condition for assessment of bridges.

Two type of the concrete slab bridge have been analyzed using maximum
truck load from monitored data in Chapter 4 and load further up to ultimate load. The
behaviour and capacity of the bridges can be obtained based on NLFEM results. Both
bridges have rating factor for inventory level higher than one and higher than
conventional method of AASHTO. Therefore, these bridges are safe for truck load

from monitoring data. The crack in concrete slab bridge is influent not only at the low
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applied load (service load) but also at the higher loads. The global stiffness of the
bridge structure may reduce due to existing crack leading to bridge being lower
capacity. The concrete slab bridge may not has behaviour like one way concrete slab,
especially when there are solid curbs or parapets at bridge edges. Such as bridge CB6,
the bridge may fail at the transverse reinforcement, while longitudinal reinforcement
does not yet reach yield point.

In this chapter, the effect of different values of fc’ is also study for the
concrete slab bridge using beam theory method (For applied load distribution is using
AASHTO equivalent width method), and NLLFEM. For beam theory method, fc’ value
is important at small applied-lead, but,less important at higher load or when crack
section is used, especially-strains.at the renforcement level are not much change
among difference of fe*values: For NLFEM, different values of fc’ has effect to
behavior of the concrete structure siricel small to higher applied load for both
deflection and strain ai'the’ steel reinfo;r,ﬂéement level. This effect is implied that
tension stiffening modelseffect is also influent from value of fc’, which fc’ is
increased leading to increase concrete terisio_.n strength as well. In this section, the
results from beam theory method are alse observed to NLFEM results. At the
beginning of applied load (assume uncrack §¢éﬁon), the results from beam theory are
higher the results from NLEEM- about 36%; however, when applied load increase
(crack section assumed for beam theory), the results of beam theory are very much
higher than those results of NLFEM. The NLFEM can présent more reality behavior
of concrete slab bridge very well. Therefore, if the ¥esult of beam theory is not
satisfied or more completet*behavior of concrete slab_bridge.is needed, the NLFEM
should be used.



CHAPTER VII

CONCLUSION AND RECOMMENDATION

7.1 Discussion and Conclusions

Dealing with existing structure is more difficult than design new structures,
especially existing concrete structure such as bridges. The first difficulty is the
uncertainly of the applied loading, @nd the second is actual structure condition
(damage condition and material properties),1.e. presented truck loading may be higher
than previous truck; material-properties are attered-with time and environment of the
bridge location. This researehhas been studied into.two major parts, the first part is
about development of truek loading monitoring system based on B-WIM algorithm to
record actual truck configuration and foad, and the second part is studying about the
method for analysis diagnosis existing c;d'hcrete pbridge structure using 3D NLFEM
which actual existed damaged -such asflaw/cracks can be accounted. Many
advantages and difficulties have been found. The discussion and conclusion for these
study are summarized in the below. 3
7.1.1 Discussion A
Truck loading monitoring system ey

The system cah estimate truck parameters well for ene truck on the bridge, for
many trucks on the<bridge, the system may can not-estimate truck parameters
accurately. Therefore,-the case of more than one truck en the bridge is not considered
in this study.

The truck axle parameters estimated by the system in this study is only the
longitudinal axle spacing, while theswidth of the.axle truck can not be estimated by
the system. Hlowever the axle widths for different truck types are not different, and the
longitudinal axle spacing from system is one of the most important parameters for
developing of bridge truck load model.

It can be observed only 3% in each truck type that loaded higher than the legal
limit. This may be due to that there is a weight control station on this highway. For
other highway without weight control station, more data of overweight truck may be

found.
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NLFEM for existing flaw/crack in concrete structure and bridge

Only critical cracks at tension region observed in the bridges are considered in
this study. However, if the old concrete structures are found occurring serious
flaw/cracks at other critical location such as at compression or shear zones, other
models such as compression and shear models accounting for existing damage or
flaw/cracks may need to develop and apply at those damaged vicinities.

Even though there is effecting of transverse distribution that makes some
analysis results of proposed NLFEM at opposite applied load lane are higher than
those test results. For assessment of the bridge; if this effect is neglected, the results
may be still acceptable; because the bridgeis sinll in safe condition and the results at
these locations are not maximum value as the applied load locations. Therefore this
effect can be neglected for.ihis sttdy.

7.1.2 Conclusion
Truck loading monitoring system

The alternative'sysiem of truck load monitoring based on B-WIM is developed,
which consists devices Such as: strain gauges, photoelectric sensor and CCTV. The
system is uncomplicated, inexpensive, but gi\}és reliable truck load data. There is no
any equipment exposing to road way surfaéé io‘ﬂreflecting to truck drivers, and it is not
interrupted traffic during installation, which isulleading to convenient for installation,
maintenance and getting unbiased. From thé ’célibration truck, the system error in
estimation of axle spaeing is less than 2%, the error In estimation of axle weight and
axle group weight is less than 13%, and error in estimation of the GVW is within 6%
to 10%.

Bridge in the Bangkok Eastern'Ring'Road (BK-ERR) in Thailand was selected
for monitoring “actual truck configurations and loads. From the results of this test
about 10,624 numbersofitheactual| trucks data have:been jcollected; these truck data
can be classified to seven types. The configurations of trucks can be grouped such as
2-axle truck, 3-axle truck, semi-trailer truck, and full trailer truck. The varying of
truck configurations is given as standard deviation (SD) of axle spacing. The median
value of axle spacing for 2-axle truck is about 5 m, and the 3-axle truck are about 4.1
m, and 1.3 m, respectively. The axle spacing of semi-trailer truck groups are very
varied with SD higher than one; however, the individual axle spacing in axle groups
for each truck type are similar by median value is 1.30 m for heading truck, and 1.35

m for trailing truck. This individual axle spacing in axle groups is also agreed with
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data collected from truck manufactures in Thailand. The frequencies of GVW of each
truck type are also presented. Most of the truck was loaded less than the legal GVW
limit, as the mean value of GVW from monitored data are for 2-axle truck about 11
tons, 3-axle truck about 20 tons, 4-axle truck about 25 tons and 5-axle truck about 55
tons.

Based on the nominal analysis method for one lane short to medium span
bridge, it is observed that all heaviest monitored trucks (or actual Thai trucks)
generate force to the bridges higher than standard design truck. The heaviest truck
load can reach as high as high as 48% and 35% for bending moment and shear forces,
respectively above that of the HS20-44 design.iruck. The effect of truck load to the
bridge is not only axle weight but also axle spacing, which limit of axle spacing are
not yet defined in legal limieof iruck load in Thailand.

NLFEM for existing flaw/Crack in conerete structure and bridge

Most of the NLFEM model-for concrete structure have been developed from
the empirical model with using concrete experiment at the laboratory, therefore many
models do not consider‘existing flaw/craék which general exist in existing concrete
and reinforced concrete structure such as q'oﬁcrete bridges. Therefore, this research
have been studied and propesed the modellmé: fqr__ accounting for existing flaw/crack at
tension region of the old concrete and reinfor(;e& concrete structures.

In this study, the tension softening éhd'ténsion stiffening models for concrete
and reinforced conc¢réte members accounting for existing flaw/crack at the tension
region of concrete and reinforced concrete member are respectively proposed. The
characteristic of the maodel are such that the tension capacity and stiffness of the
damaged elements which are in the crack vicinities will be reduced corresponding to
amount or crack width of the existing flaw/crack. In concrete, the vicinity of the
existing“flaw/crack cam beysmeared avertan element and defined, as ‘COD’ element
which its characteristic'in tension is defined as tension softening model for existing
flaw/crack. In reinforced concrete member, the vicinity of the existing flaw/crack can
be smeared over an element and defined as ‘RED’ element which its characteristic in
tension is defined as tension stiffening model for existing flaw/crack. These elements
and models than have been installed into the 3D NLFEM, CAMUI program for
analysis old concrete and reinforced concrete structures.

To verify the proposed models, several notched concrete and reinforced

concrete beams which tested by other investigators have been analyzed in 3D and the
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results from the proposed models have been then compared with those general
NLFEM results and test results. For notched concrete beam, COD element is used at
notched vicinity; and for notched reinforced concrete beam, RED element is used at
notched vicinity. The analysis results of these example beams using proposed models
are very closed to those test results, while results from general NLFEM models are
not. The peak load of the concrete beam is strongly affected by amount of flaw/crack,
while in reinforced concrete beam the amount of flaw/crack is mainly affected at
beam under full crack state.

To apply the proposed models, three/€oncrete slab bridges have been taken to
be examples for application using COD and-RED"elements which existing flaw/crack
of the actual bridge can be accounted. Two types of flaws are used for existing
concrete bridge namely visible flaw/crack which is crack or other defects taken from
bridge inspection, and theoretical crack which is calculated by theory to represent
small or invisible crack during/inspection. The analysis results at the service load
(tested truck load) frem the proposed models have been compared to those results
from the general NLFEM (no any existing flaw/crack included in model) and from
test results. At the applied load location, thé results of the general NLFEM are much
less than those test results for both deflec't’i'ph.‘ﬂand strain at the steel level, while the
proposed model ( included existing ﬂaw/crrack”'as RED elements) gives satisfied for
both results, i.e. for'CB7, the results from‘gé.neral model are less than those test
results up to 20% and.55%, while results using proposed models are very close to the
test results with about 0.8% and 8% for defection and strain at the steel level,
respectively. These due to that the flaw/crack generally have been existed in the old
concrete and ‘reinforced ‘cancrete- structures. Therefare, 'the proposed model for
accounting for existing flaw/crack in this study can be close to realistic behaviour of
old concreteslab bridge:

Two types of the concrete slab bridge have been further analyzed to evaluate
their capacities. The bridge capacity evaluates from the proposed approach gives
reasonable results which rating factor for inventory level (RF(inv)) of both bridges are
less than those from original NLFEM results and higher than those results from
simplified method of AASHTO. Finally, both bridges are still safe for maximum
monitored truck which have RF(inv) values of 1.13 and 1.41 for bridge CB7 and CBS6,

respectively.
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The crack in concrete slab bridge is influent to the bridge behaviour not only
at the service load but also at the higher loads. The global stiffness of the bridge
structure may be reduced due to the existing flaw/crack leading bridge to lower
capacity. The concrete slab bridge may not has behaviour fully like one way concrete
slab, especially when there are solid curbs or parapets at bridge edges. This effect can
lead the bridge failure in transverse direction.

7.2 Recommendation for further study

1. Further employing this B-WIM: to monitor more actual truck data at
different highway network is recomimended, and furthering using the truck
load data from monitoring s'Jystem of this study to develop bridge design
truck load modelfor.-Thailand is also recommended.

2. The monitoring System /that ¢an estimate truck load even more than one
truck presentedion,the bridge is‘also recommended to research.

3. If the old eonciete structures fére__ found occurring serious flaw/cracks at
different critical location SUCFL_ as at compression or shear regions, the
constitutive models for compfé§si'bn and shear accounting for existing
damage or flaw/eracks are neé&é&; fo develop to apply at those damaged
vicinities. T

4. The effect of differr'e’h-(':e ratio ofthe _tfansverse reinforcement of concrete

slab bridge with composite curbs is also recomitiended to further study.
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Appendix A-1
Example Truck Monitored Data

This is the example of the trucks data that monitoring at the Bangkok Eastern
Bangkok Eastern Ring Road (BK-ERR) at the eastern part of Bangkok during April,
to May, 2007 using system developed in this study. There are may sheets of the data
that may could not presented all, therefore only some data example of each truck type

are presented.

The meanings of the head o 1 me are:
TR-n: Truck type number, i.e TR-02 - ; truck type TR-02

1 SA: Single a
1 AG: Axleg
GVW: Gross v
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Example data TR-02

]
or @
V f

1 SA 2_SA

TR n A 1 SA 2 SA GVW
m kg kg kg

2.00 3.37 2,496.32 | 5240.76 | 7,737.08
2.00 3.19 3,281.15 | |/ 4458.86 | 7,740.01
2.00 4.15 3,518.13 /7492640 | 7,744.24
2.00 5.50 390592 | 3.83884 | 7,744.26
2.00 5.53 2,893.81 | 4,846.60 | 7,745.50
2.00 496 _1.281403 | 493272 7,746.75
2.00 488 _#1/263941 | 5107.96(1.7,747.37
2.00 395 4|/ 340587 | 434314 | 7,749.00
2.00 %5550 41224326 ;| 576339 | 8,006.65
2.00 380/ | 214531 | 560867 | 7,753.98
200 | #5528 S 10276266 | 499222 | 7,754.88
2.00 8 & | 249643 | 525976 | 7,756.19
2.00 548 [|, 249643 | 525076 | 7,756.19
2.00 583 | | 261808.|, 513873 | 7,756.81
2.00 3350 | 288167 14487746 | 7,759.13
2.00 553 371527 | 4044.46 | 7,759.73
2.00 420 | 343262 | 482815 | 7,760.77
200 |+ 403 | 231840 | 544710, | 7765.49
200 |o2 548 231368 | 542640 | 7.770.08
2.00 |4/ 553 321478 | 4557.41 | 7,772.18
200 | 7329 267425 | 534849 [78,022.74
200 | 6.10 2591.32 | 518264 |~7,773.96
2.00 5.00 3,381.07 4532351 | 8,704.59
200 5.03 8)582.00 < @/10416 ) 7.176:16
2,00 5.04 3,280.77 | 449025 | 7780002
2.00 5.55 345245 | 562027 | 9,072.72
2,00 5,53 3,299.834 s 448524, | 7,785.07
2.00 549 2075.39 /|| 571085 | 7.785.74
2.00 4.35 3,063.11 | 472347 | 7,786.58
2.00 5.53 250544 | 528231 | 7,787.75
2.00 4.02 2,487.75 | 530394 | 7,791.69
2.00 3.11 2,597.93 | 519586 | 7,793.79
2.00 4.77 2,599.33 | 519866 | 7,798.00
2.00 4.03 115359 | 6,650.62 | 7,804.21
2.00 5.58 311824 | 4,686.29 | 7,804.54
2.00 4.93 4,090.75 | 3,718.41 | 7,809.16
2.00 5.53 3,262.02 | 454967 | 7,811.69
2.00 5.53 3,262.02 | 454967 | 7,811.69
2.00 5.00 3,118.36 | 4,697.97 | 7,816.34
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Example data TR-05

TR-n A B 1 SA 2 AG GVW
m m kg kg kg
5.00 4.13 1.31 5045.87 | 18,776.55 | 23,822.42
5.00 4.97 1.32 423798 | 19,591.01 | 23,828.98
5.00 4.12 1.30 442575 | 19,411.33 | 23,837.09
5.00 4.14 1.30 3,999:30 |.19,841.91 | 23,841.20
5.00 4.14 130 | 4,393:85"19,462.06 | 23,855.90
5.00 4.01 131 5,230.34 |18,802.40 | 24,032.75
5.00 4.15 120 4,665.15 | 19,375.53 | 24,040.68
5.00 4.02 130, |1 5972.81 | 18,070.10 | 24,042.91
5.00 3194 132 | 437274 |.19,677.56 | 24,050.30
5.00 5.04 131 | 4903.26 | 19,154.17 | 24,057.43
5.00 414 1,30~ | 4,140.81 | 20,516.88 | 24,657.69
5.00 3.93 133 514507 | 19,514.97 | 24,660.04
5.00 4006 1.34 4,420.50 | 20,248.04 | 24,668.55
5.00 4.17 1.29 4,779.69 | 20,297.46 | 25,077.15
5.00 4.18 1.33 5,087.40 | 20,046.31 | 25,083.71
5.00 403 4| L £30 351394 | 21,578.17 | 25,092.11
5.00 420" | 4430 5339.30 | 19,757.59 | 25,096.89
5.00 4.01 1713 4,878.68 | 20,223.94 | 25,102.61
5.00 |, 4.07 i 4,743.09 | 20,362,34 | 25,105.43
5.00 2415 1.30 5223.36 | 19,905:07 | 25,128.43
500 |..4.13 1.32 5,606.89 | 19,531.81 | 25,138.69
5.00 .16 1.31 3,628.61 | 21,543.67 | 25,172.29
5.00 3.93 1.30 4,585.55 | 20,580.53 | 25,176.08
5.00 4.13 1.32 5,691.51 | 19,503.16 | 25,194.68
5,00 4.14 1.33 3256113 M 21,998:46 +25,254.58
5.00 4.12 1.32 6,258.54 (| 19,018.66 |:25,277.20
5.00 3.73 1.18 5,123.15 | 20,164.13 | 25,287.28
5.00 4.15 1.30 3,097.6944.22,192.52 | 25,290.22
5.00 4,13 1.81 477092 | 20,522.45" | 25:293.37
5.00 412 1.34 5,809.29 '{ 19,487:56 | 25,296.85
5.00 411 1.32 5,260.73 | 20,063.51 | 25,324.23
5.00 4.12 1.34 5,734.95 | 19,591.54 | 25,326.50
5.00 3.94 1.30 5,873.50 | 19,454.25 | 25,327.75
5.00 4.07 1.30 5222.81 | 20,105.15 | 25,327.96
5.00 4.14 1.30 4,636.81 | 20,719.65 | 25,356.46
5.00 4.99 1.31 4,976.23 | 20,393.15 | 25,369.38
5.00 4.00 1.30 4,697.32 | 20,675.42 | 25,372.74
5.00 4.13 1.30 5,939.79 | 19,629.27 | 25,569.06
5.00 4.00 1.16 5,898.08 | 19,752.14 | 25,650.22
5.00 4.14 1.31 4,907.49 | 20,573.26 | 25,480.75
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Example data TR-07

/]

o @ [OXO)

A 4, C B

{ } i

1SA 25 3_AG
TRn | A C B 1 SA 2 SA 3 AG GVW

m m m kg kg kg kg

7.00 | 554 | 888 135 [.2672:78 | 9,460.20 | 7,883.08 | 20,016.06
7.00 |3.38| 8.36 135 | 2143.764 10,232.79 | 7,936.90 | 20,313.45
7.00 |[3.78| 7.96 138 | 3911944 #58531 | 9,589.74 | 21,086.99
7.00 |[3.78| 7.96 138 | 3,911.94 758531 | 9,589.74 | 21,086.99
7.00 |379| 7.96 138 | 3,210.95 1695467 | 11,045.14 | 21,210.76
7.00 | 740 | 5.76 134 1538.49 | 450493 | 1558359 | 21,627.00
7.00 |3.75| 7.79 1,36 /319183 | 969874 | 875461 | 21,645.18
7.00 |3.76| 7.90 137/ 1/8,655.82 | 674660 | 11,805.31 | 22,207.73
7.00 | 502 | 7.84 139 /| 4418.07 | 9,18563 | « 8,687.99 | 22,286.69
7.00 | 553 | 887 136 /|3,757.54 | 9,163.86 | 9,630.85 | 22,552.25
7.00 |553| 8.8% 136, | 875754 | 9,163.86 | = 9,630.85 | 22,552.25
7.00 [3.70| 9.62 134 | 270855 | 8,374.42 | 12,178.69 | 23,261.66
7.00 [3.70| 9.62 134 |.2,79665 | 834771 | 12,165.73 | 23,310.08
7.00 | 3.08| 864 1483+ «|7,165.64:{46,61029 | 9,534.70 | 23,310.63
7.00 |369| 963 136 47322654/ 916474 | 10,929.71 | 23,321.00
7.00 [3.98| 781 143 1453638 | 8,48546 | 10,664.23 | 23,686.07
7.00 |[3.71| 9.62 135 | 294473 | 8661.55 | 12,085.90 | 23,692.18
7.00 |3.68| 9.63 136 | 2,071.65 | 8596.73 | 12,372.51 | 23,940.89
7.00 |3.70 | 9.65 135 | 3,525.35 | 8,49174, | 42,044.35 | 24,061.41
7.00 |3.60| 963 1.36 | 3,498.70 | 8581.25 212030.97 | 24,110.92
7.00 | 554 | 885 135 | 3,90256 | 6,953.43 | 1345532 | 24,311.31
7.00 |[3.02| 7.80 149 |4,12294 | 813320 [ 12,172.12 | 24,428.26
7.00 | 554 | 8.84 1.35 | 3,389.58 | 11,206.57 - 11,316.98 | 25,913.13
7.00 | 553 | 883 1.36 | 2,911.78 |,11,433.26 | 12,412.61 | 26,757.64
7.00 | 3.774 957 137 o 4071.50- 19,512,894 13,179.96 | 26,764.35
7.00 |553| 8.5 1.35 (| 8,837.3% | 10,706.26 | [12,372.86 | 26,916.43
7.00 | 5541 8.85 1.36 | 3,609.16 | 9,725.22 | 13,633.69 | 26,968.07
7.00 |552| 885 1.37 |3,565.67 | 10,533.24 | 13,000.07."| 27,098.98
7.00 5,54 | ~3.85 135" | |13:250147|"10,615.63 | 1328431 |.27,159.42
7.00 553 V883 1:36" "1'41123.32"| 11,078.59 | “12,152.16 |+27,354.06
7.00 |3.67| 4.02 1.35 |3,927.42 | 11,086.46 | 12,435.72 | 27,449.60
7.00 |3.68| 4.02 1.36 | 4,151.36 | 12,555.50 | 10,970.35 | 27,677.21
7.00 [ 552 | 8.86 1.35 | 4,315.83 | 11,163.03 | 12,444.74 | 27,923.60
7.00 | 552 | 8.86 1.35 |3,171.82 | 10,387.68 | 14,423.74 | 27,983.24
7.00 |553| 885 1.34 | 3567.43 | 10,262.01 | 14,444.12 | 28,273.56
7.00 | 458 | 7.63 1.37 | 5,241.25 | 11,043.75 | 12,801.54 | 29,086.54
7.00 | 468 | 6.43 1.36 | 5,185.53 | 10,580.01 | 13,737.83 | 29,503.37
7.00 | 374 | 564 136 | 4,157.26 | 5,891.55 | 20,183.02 | 30,231.83
7.00 |375| 563 1.36 | 4,183.35 | 2,896.08 | 23,160.68 | 30,240.10
7.00 |553| 885 1.34 | 4,074.76 | 10,917.87 | 15,295.08 | 30,287.70
7.00 |3.78| 4.14 1.36 | 3,991.01 | 11,969.23 | 14,444.06 | 30,404.31
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Example data TR-09

238

o
P —

Ta DeP o Dol

} } '
1_SA 2_AG 3_AG
TR-n| A B C D 1_SA 2_AG 3_AG GVW
m m m m kg kg kg kg

9.00 | 3.07 1.32 7.25 1.30 3,608.04 | 9,946.50 | 12,361.62 |25,916.16
9.00 | 3.39 1.30 7.37 n3q 4,194.17 |10,961.53| 10,818.39 (25,974.09
9.00| 3.39 1.30 7.37 1.36 4,194.17 110,961.53 10,818.39 (25,974.09
9.00 | 4.16 1.31 7.59 1.36 5,978.65 (10,003.97| 10,059.59 |26,042.21
9.00| 3.8 1.29 sl 1.37 4,269.77.410,265.25 | 11,528.67 [26,063.69
9.00 | 3.38 1.31 o2’ 1.33 3,904:20 |10,351.54 | 12,790.01 (27,042.76
9.00| 3.30 131 #165 1.85 4,093.46 |10,683.19| 12,278.52 |27,055.18
9.00 | 3.28 1.32 #44 135 4,518.57 110,481.07 12,068.78 [27,068.43
9.00| 3.09 131 786 1.34 4,864.70 |11,449.60 11,736.01 |28,050.30
9.00 | 3.28 1.32 7.68 . 1.3% . | 4,581.50 |10,754.15| 12,749.60 (28,085.24
9.00| 3.32 1.30 #50 1.35 | 4,070.64 [12,499.94| 12,461.25 |29,031.83
9.00 | 3.39 1.32 7.44 1.36f 4,287.73 | 11,238.90 13,525.74 (29,052.37
9.00| 2.89 111 6443 113 |6,867.44 |12,433.72| 9,752.43 |29,053.59
9.00 | 3.39 1.30 7.69 1.37° | 4,253.60 |10,524.69 | 15,268.80 |30,047.08
9.00| 341 1.30 70 o 1.34" | 3,584.46 [12,685.81| 13,820.27 |30,090.54
9.00 | 3.67 1.41 791 | 139 | 4,466.28 | 9,011.80 | 16,689.10 |30,167.18
9.00 | 3.17 1.30 7.37 1.34 | 4,489.92 |12,872.01| 13,682.06 |31,044.00
9.00 | 3.39 1.37 7.39 1.35 | 6,582.60 [12,110.87 13,291.77 |31,985.25
9.00| 3.28 131 7.23 135 | 2,761.93 (12,717.11| 16,538.08 |32,017.13
9.00 | 3.24 1.30 8.21 1.86 | 5,168.87( 6,325.43 | 22,478.67 |33,972.97
9.00 | 3.35 1L3L 7.56 1.34 | 4,157.87 113,153.90 | 16,982.45 (34,294.22
9.00 | 3.08 187, 7.58 1.33 3,951.75 |14,167.48| 16,267.35 (34,386.58
9.00| 3.8 1.22— 5.84 1.26 4,942 .46 | 15,744.65 | 14,385.82 (35,072.93
9.00 | 3.39 1.36. 7.23 1.36 5,915.00 |12,078.11| 17,198.61 (35,191.72
9.00 | 3.28 1.29 3.41 1.31 4,089.23 | 8,234.05 | 23,649.19 (35,972.47
9.00 | 3.40 1.37 7.40 1.30 4,209,18 |15,723.19 16,050.60 (35,982.96
9.00 | 3.40 1.30 3.38 1.35 4,238.59 | 7,169.90 1| 24,942.71 |36,351.20
9.00 | 3.40 1.37 7.01 1.33 4,710.00 |13,611.40 18,035.55 (36,356.95
9.00| 3.34 131 6.27 1.38 4,118,81 |15,747.05| 17,146.57 |37,012.43
9.00,f=, 3:34 131 6:55 2,36 47499:245| A7 415,79 | 35,400.,05 |37,015.08
9.00%% 3.39 1.31 7.44 1.35 4,664,19 | 14,201.14 |/19,167.33 |38,032.66
9.00 | ©3.40 1.30 6.43 1.35 4,857.35 |16,643.47 | 16,960.33 (38,461.15
9.00 | 3.29 1.32 3.63 1.33 3,311.82 |15,168.03 | 19,988.74 (38,468.59
9.00 | 3.34 1.34 7.07 1.35 5,047.20 |16,412.78 | 17,913.94 (39,373.92
9.00 | 3.20 1.36 8.73 1.36 4,635.51 |14,858.26 | 19,894.22 (39,387.99
9.00 | 3.10 1.33 552 1.36 4,676.30 |16,401.79 19,181.02 (40,259.11
9.00 | 3.35 1.42 7.91 1.47 4,548.14 |17,361.20 18,379.91 (40,289.26
9.00 | 294 1.33 7.25 1.35 5,298.64 |14,855.51| 21,263.45 |41,417.60
9.00 | 3.38 1.29 6.28 1.36 4,278.98 |16,513.06 | 21,475.92 (42,267.95
9.00 | 3.27 1.31 6.16 1.33 4,454.83 |20,379.68 | 18,488.34 (43,322.86
9.00 | 3.25 1.30 7.37 1.34 7,023.71 [18,006.76| 19,374.21 |44,404.68
9.00 | 3.39 1.30 7.45 1.24 6,105.24 [19,089.62| 20,135.20 |45,330.06
9.00 | 3.38 1.30 7.31 1.36 5,838.54 |19,430.18 | 20,434.24 |45,702.96
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Example data TR-10

o
C @@ ©© @

A B, C D JE,
| }
1_SA 2_AG 3 AG

TR-n | A B C D Eaal, 1 SA 2 AG 3_AG GVW
m kg kg kg kg

10.00 | 3.09 | 1.34 | 659 | 1.36 | 1.34 16,634.00 | 9,490.25 | 20,352.56 | 36,476.82
10.00 | 3.37 | 130 | 482 | 138 | 135 448508 | 9,465.93 | 24,507.11 | 38,458.12
10.00 | 2.71 | 1.05| 7.83 | 110 | 1.30 | 760022 | 12,797.55 | 18,159.51 | 38,557.29
10.00 | 2.71 | 1.05| 7.83 | 140 | 130 | 7,600.22 | 12,797.55 | 18,159.51 | 38,557.29
10.00 | 2.71 | 1.05| 7.83 | 210~} 1.30 | 7,600.22 | 12,797.55 | 18,159.51 | 38,557.29
10.00 | 3.39 | 1.30 | 6.86 | 437 1.36 | 4,995.96 | 11,235.37 | 22,449.24 | 38,680.57
10.00 | 3.39 | 1.35 | 4.9Z¢| 185 | 137 |6,051.39 | 16,620.43 | 16,666.49 | 39,338.31
10.00 | 3.40 | 1.38 | 510 4+ 186 | 1.36 | 5359.07 | 14,843.16 | 19,220.73 | 39,422.96
10.00 [ 3.10 [ 1.33 | 637 | 437 /| 135 |3976.38 | 15,653.43 | 19,937.54 | 39,567.35
10.00 | 3.38 | 1.31 | 519 | 136 | .32 5,498.09 | 14,315.57 | 20,412.05 | 40,225.71
10.00 | 3.39 | 1.37 | 5.05 | 4.36 | 1.36 .]5239.82 | 13,928.64 | 21,812.47 | 40,980.93
10.00 [ 3.39 [ 1.31 | 655 | 185 | 1.37 | 5040.47 | 15,509.67 | 20,736.31 | 41,286.44
10.00 | 3.14 | 1.34 | 6.524| 1.29 ./ .1.30 | 5,490.36 | 9,078.47 | 28,043.97 | 42,612.79
10.00 | 3.40 [ 138 | 524 | 134 |+1.36 | 5511.12 | 15,242.63 | 24,291.47 | 45,045.22
10.00 | 3.96 | 1.31 | 6.83 | 1.36- | 136 |4452.89 | 13,470.75 | 27,667.78 | 45,291.42
10.00 | 3.29 | 1.31 | 7.23 | 135 | 136 | 867237 | 17,762.49 | 24,683.97 | 46,118.83
10.00 | 328 | 1.30 | 7.24 | 1.33 | 1.38 [4,316.06 | 18,771.07 | 23,071.50 | 46,158.63
10.00 | 3.24 | 1.31 | 6.76 | £33 | 1.42 | 4,769.40 | 18,788.39 | 23,474.90 | 47,032.69
10.00 | 3.30 | 1.31 [16.54 | 135 | 1.36 | 6,163.84 | 17,127.25 | 24,750.72 | 48,041.81
10.00 | 3.19 | 1.32 [=6:29 {187 | 1:38 | 4;723:22 | 117,856 23 | 25,477.15 | 48,056.60
10.00 | 3.37 | 1.311°330 | 132 | 1.32 |5561.96 | 18371.52 | 25,125.81 | 49,059.29
10.00 | 3.40 | 1.37 | 6,57 | 1.35 | 1.37 |5826.49 | 19,642.69 | 24,863.35 | 50,332.53
10.00 | 341 [ 136 | 317 | 1.34 | 139 |5,945.28 | 14,584.82 | 29,856.74 | 50,386.83
10.00 | 3.40 | 1.36 | 4.63. 138 | 1.36 |¢6,278.70 | 17,998.84 | 26,114.25 | 50,391.78
10.00 | 3.39/1.1.30 | 6.68/ |y 1:35 (| 1.85 #-4,940.08 | 19)456.89-| 26,214.97 | 50,611.89
10.00 | 3.117| 1.3+ 6.39 (| 1.37 || 135 |£8,507.17 | 18,618.34¢ 23,493.31 | 50,618.81
10.00 | 3.37 |"1.31 | 6.66 | 1.36 | 1.34 | 4,829.37 | 19,728.46 | 26,120.33 | 50,678.16
10.00 | 3.37 | 1.31 | 6.66 | 1.36 |“1.34 | 4,829.87.| 19,728.46 | 26,420.33 | 50,678.16
10.00. || 3.37 '] 1.3%1{+5.58 | "1.36 || 1.36 "|/5462.:02 |'18,960:41 | 26,258.61 | 50,681.04
10.007 3.40 | 1.357 456 | 1.36'"|" 1.35 1 8,476.14 | 15,8%7.38 | 26,777-72 | 51,071.24
10.00 1340 | 1.35| 466 | 135 | 135 | 6,370.53 | 16,732.74 | 28,082.69 | 51,185.96
10.00 | 341 | 135| 466 | 1.37 | 134 |6,762.48 | 16,973.93 | 27,529.60 | 51,266.01
10.00 | 3.37 | 1.30 | 561 | 136 | 1.35 | 5,756.32 | 19,539.16 | 26,026.84 | 51,322.32
10.00 | 3.29 | 131 | 649 | 133 | 135 | 7,878.96 | 19,387.74 | 24,079.35 | 51,346.04
10.00 | 3.36 | 1.31 | 560 | 135 | 1.36 | 6,100.42 | 17,923.65 | 27,429.07 | 51,453.14
10.00 | 3.38 | 1.30 | 485 | 136 | 1.34 | 6,396.46 | 18,142.52 | 27,634.38 | 52,173.36
10.00 | 3.39 | 136 | 461 | 139 | 136 | 6,146.46 | 17,118.60 | 28,917.71 | 52,182.76
10.00 | 3.39 | 135| 3.18 | 134 | 139 | 7,578.63 | 16,973.98 | 27,664.54 | 52,217.14
10.00 | 3.38 | 1.31 | 558 | 137 | 135 | 6,216.59 | 20,211.98 | 25,809.46 | 52,238.03
10.00 | 3.37 | 1.30 | 561 | 135 | 1.35 | 5,729.25 | 19,321.50 | 27,367.77 | 52,418.52
10.00 | 3.27 | 1.31 | 2.67 | 1.20 | 1.32 | 5,524.04 | 16,486.74 | 30,536.48 | 52,547.26
10.00 | 3.44 | 1.38 | 468 | 140 | 1.37 | 9,509.30 | 20,558.64 | 22,605.10 | 52,673.05




Example data TR-11
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/|
A OROMEO RO
LA LBy G 4, F
i } }
1_SA 2 AG 3 SA 4SA
TRn | A |B G F 1 SA 2 AG 3 SA 4 SA | GVW
m m m m kg kg kg kg kg

11.00 | 463 | 130 | 518 | 490 | 4380.00 | 13,100.71 | 6,962.10 | 6,650.22 | 31,102.03
11.00 | 3.99 | 1.30 | 508 | 469 | 2,836.244] 16,156.23 | 5,366.93 | 8,213.75 | 32,573.14
11.00 | 489 | 1.30 | 549 | 448 | 43965091 18)869.57 | 7,201.35 | 7,583.03 | 33,050.53
11.00 | 414 | 130 | 4.68.4 472 | 4520.86 41453607 | 6,610.55 | 7,398.36 | 33,065.84
11.00 | 412 | 131 | 489442 | 454221 11392704 | 7,989.02 | 6,623.25 | 33,081.52
11.00 | 415 | 1.30 | 465" 475 3,916.78 | 1465140 | 8,305.91 | 7,536.39 | 34,410.48
11.00 | 414 | 131 | 468" 383 | 2,61814 | 1598650 | 3.454.71 | 12,643.31 | 34,702.67
11.00 | 493 | 161 | 6224 576 | 202585 | 15575.08 | 7,520.18 | 9,776.47 | 34,897.59
11.00 | 338 | 1.09 |.841 4 366 /| 5059.38 | 17,152.47 | 6,25539 | 6,580.35 | 35,047.60
1100 | 401 | 131 | 435 | /480 | 4,5569.99 | 15278.99.| 7,356.08 | 8,087.50 | 35292.56
11.00 | 413 | 131 [ #4304 463 |-356542 | 20566.98 | 5,737.62 | 5779.49 | 35,649.50
1100 | 402 | 117 | 426 |/440 | 312419 | 16,180.00.| 7,400.34 | 9,121.76 | 35,826.38
11.00 | 400 | 125 | 451 4 431 | 445514 | 17,017.62 | 6,818.88 | 7.734.44 | 36,026.08
11.00 | 401 | 131 | 445 | 431+ /433108 [17,26168 | 6586.07 | 7,887.17 | 36,066.01
11.00 | 339 | 1.08 | 341 | 3.66 /| 436996 | 16968.21 | 8704.88 | 6,890.67 | 36,928.72
1100 | 490 | 1.29 | 550 448 | 468678 |116,046.36 | 9,350.61 | 6,997.14 | 37,080.88
1100 | 491 | 130 | 545 | 447 | 4687.41 | 16,788.19 | 9,486.71 | 7,089.30 | 38,051.62
11.00 | 400 | 1.31 | 445 | 432 | 526163 | 17,158.60 | 7,481.17 | 8354.18 | 38255.59
11.00 | 397 | 132+ 487 | 433 | 4496.00 | 1697406, 854534 | 8713.42 | 3872883
11.00 | 442 | 13504 460 | 430 | 557942 | 17.279.48 | 823096 | 814570 | 39,235.57
11.00 | 412 | 1.30. 4 453 | 436 | 4,010.15 | 17,378.20 | 10,259.60 | 8,579.49 | 40,227.44
11.00 | 414 | 131 [7455 | 459 | 4,927.31 | 18,407.42 |79,663.21 | 7,268.93 | 40,266.87
11.00 | 400 | 1.32 {435 | 443 | 493175 | 17,821.96 |-8,901.86 | 8,666.36 | 40,321.93
11.00 | 413 | 131 | 444 | 472 | 3,688.99 | 20,287.56 | 8,287.20 | 8,093.10 | 40,356.85
11.00 | 457 {140 § |n417+| 14407 |1 3:807.57 |116i476.68, 10:243:87 | 10,190.52 | 40,718.65
11.00 | 441 137 | 460, 431/ | 6/420.67 | 17,513.96 | 8,649.10 | 8,602.20 | 41,185.92
11.00 | 4.14 |9131 | 439 | 450 | 4,191.24 | 18,023.09 | 10,714.64 | 8,282.94 | 41,211.91
1100 | 3.99 | 131 | 478 | 459 | 346821 | 19,083.41 | 8,707.82 |99/985.02 | 41,244.47
11.00, 1| 400 | 131 {“451 [ 470 | 511356 | 18:392.07 | 8,999.56 4,/9,155.61 | 41,660.80
11.00 1| 413 | 130" | 430" | “4.44"" 569617 | 18,310.37 | 9:321.12 *{ '8,515.35 | 41,843.01
11.00 | 402 | 115 | 435 | 4.40 | 4,04050 | 18,986.98 | 9,440.42 | 9,629.13 | 42,097.03
1100 |3.39 | 130 | 472 | 445 | 6,161.40 | 18,623.56 | 8,361.17 | 8,976.68 | 42,122.81
11.00 | 410 | 132 | 480 | 461 | 3749.19 | 20,200.00 | 8,633.06 | 9,861.56 | 42443.81
11.00 | 411 | 130 | 418 | 4.42 | 3436.63 | 18,483.50 | 10,397.28 | 10,232.89 | 42,550.29
11.00 | 408 | 131 | 424 | 438 | 3,629.51 | 18,425.00 | 10,173.85 | 10,845.86 | 43,074.22
11.00 | 414 | 130 | 423 | 430 | 6,666.44 | 19,277.47 | 8,832.22 | 8352.65 | 43,128.78
1100 | 411 | 131 | 417 | 449 | 5360.71 | 18,892.63 | 9,480.07 | 10,227.71 | 43,961.12
11.00 | 413 | 130 | 415 | 436 | 3,086.40 | 18,525.10 | 11,884.75 | 10,532.46 | 44,028.70
11.00 | 403 | 131 | 455 | 430 | 5304.73 | 19,160.09 | 9,157.02 | 11,403.63 | 45,025.47
11.00 | 411 | 130 | 420 | 4.42 | 5010.16 | 18,398.09 | 10,661.92 | 11,158.65 | 45,228.83
11.00 | 414 | 131 | 415 | 437 | 5743.18 | 19,151.99 | 10,766.16 | 10,715.02 | 46,376.35




Example data TR-12
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]
Ho @—(@ (®© (oo
k A v B4 G L F L Dy
} } } {

1 SA 2_AG 3SA  4AG

TR-n A B G F D 1 SA 2 AG 3 SA 4 AG GVW
m m m m m kg kg kg kg kg

12.00 | 412 | 1.30 | 4.05 | 2.99 | 1.32 | 8,889.13 | 9,073.05 1,722.45 | 6,153.13 | 20,337.75
12.00 | 4.14 | 1.30 | 4.81 | 3.61 | 1.30 | 4,086:21 | 20,779.47 | 8,439.31 | 16,287.70 | 49,592.70
12.00 | 413 | 1.33 | 423 | 2.96 | 1.36 | 529495 4944548 | 13,743.52 | 16,142.01 | 54,625.95
12.00 | 410 | 1.29 | 4.03 |.2.93 | 1.40 | 4,873.71..4+7,198.59 | 4,184.25 | 4,963.14 | 21,219.67
12.00 | 409 | 1.30 | 430820 | 129 | 3598.84 | 6,837.07 | 2,261.10 | 4,126.28 | 16,823.28
12.00 | 415 | 1.32 | 5.104#854 | 1136 | 3,144.65 | 681878 | 2,249.62 | 4,107.73 | 16,320.79
12,00 | 410 | 1.32 | 517 +851 (#1.35 | 342154 | 8258.90 | 2,226.47 | 4,292.88 | 18,199.78
12.00 | 411 | 1.29 | 471 | 402 /135 5,(\31.25 21,379.77 | 11,759.66 | 13,265.11 | 51,435.80
12.00 | 414 | 1.30 | 4. 300 /187 | 5413.44 | 17,445.69 | 460042 | 433269 | 31,792.24
12.00 | 414 | 1.32 | 415 §42.99 | 41.30-| 4,085.47 | 6,340.67 | 347567 | 3,266.46 | 17,168.27
1200 | 497 | 129 | 408 | 304 | 129 |.596558 | 7,592.54 | 348047 | 6,398.64 | 23,437.24
12.00 | 4.16 | 1.31 | 4.64 (13.49 | 1.37 5,09‘9.0@ 10,307.68 | 4,592.63 | 5,729.94 | 25,729.25
12.00 | 416 | 1.31 | 4.40°| 386 | 1.32 | 3,83050 | 6,985.08 2,132.31 | 4,907.21 | 17,855.10
12.00 | 415 | 1.31 | 418 | B812/| 4.30 . 2,984.87 | 9,258.55 1,687.16 | 4,184.32 | 18,114.90
1200 | 416 | 1.29 | 4184378 | 1.40 | 3,847.67 | 7,869.02 | 4,567.26 | 5,295.25 | 21,579.20
12.00 | 412 | 1.32 | 5.03 | 356 | 135 3,724'.*5_8}{’6,705.59 2,291.72 | 4,089.56 | 16,811.85
12.00 | 399 | 1.32 | 4.47 | 294 134 | 5021.00 | 8,994.17 1,656.77 | 5,485.36 | 21,157.30
12.00 | 4.14 | 1.31 | 4.31 | 3.60 | 1.36 | 3,610.23 | 7,690.68 | 2,345.83 | 5012.70 | 18,659.44
12.00 | 416 | 1.30 |.4.38 [ 3.02 | 1.28 | 3,238.63 | 21,954:34 | 11,175.41 | 15,248.67 | 51,617.05
12.00 | 4.15 | 1.30 /507 | 351 | 1.35 | 3,725.42 | 6,847.92 | ©2,513.93 | 3,760.34 | 16,847.61
12.00 | 415 | 1.31 | 427 | 294 | 1.36 | 3,672.23 | 9,305.38 |  2667.67 | 5508.62 | 21,153.90
12.00 | 3.40 | 1.30 | 4749 | 2.83 | 1.38 | 4,360.82 | 13,001.89 |~ 3,901.56 | 21,923.61 | 43,187.87
12.00 | 3.40 | 1.07 | 3.70 | 3.15 | 1.14 | 5,497.18 | 7,711.05 | 4,715.72 | 2,404.43 | 20,328.38
12.00 | 416 | 1.28 | 4394 3.42 | 1.41 | 2,284.89 | 11,602.90 | 3,021.28 | 7,799.42 | 24,708.50
12.00 | 4.14 | 4431 [1487;| 3694 1.36 | 2,998:85 [ 16:315.89=| 2,040:93 | 3,616.35 | 14,972.03
12.00 | 415 |1181 | 447 | 3.01 | 1.34 | 4,087.44 | 7,746.14 | |4,43880 | 4,420.09 | 20,691.97
12.00 | 415 | @381 | 460 | 403 | 1.36 | 3,303.47 | 5993.65 | 2,703.09 | 3,007.89 | 15,008.10
12.00 | 417 | 1.31 | 438 | 3.57 | 1.36%| 3,710.33 | 5861.33 | 2,504.74 .|/ 2,918.30 | 14,494.70
12.00 ‘). 1426 | "129+] 471 | 3.09%| .36 | '4,813.07 ‘| 18:645.93 || -1,634.36+, | '4,968.51 | 20,061.87
12.00 | 4.16 "| 1.30-'| 4.40 | 3.21°| 1128"| 6,750.88 | 21,039.34 || “42,536.70' | 12,381.57 | 52,708.49
12.00 | 412 | 1.32 | 481 | 3.72 | 1.36 | 3,098.54 | 8,519.56 1,630.47 | 5,481.79 | 18,730.36
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Appendix A-2
Distribution diagram for axle spacing and axle weight from of
monitored truck data

1. Distribution of axle spacing and weight for TR-02
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4. Distribution of axle spacing and weight for TR-09
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6. Dlstrlbutlon of weépaC|ng and WEI&D for TR-11
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Note: For TR-12 is not enough data for plotting for axle spacing and axle weight
distribution graph.
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Appendix B
Truck Load Tested results for CB7, CB6, CB4S

B.1 Bridges and equipments installation for testing

o UMM SR e
2419 R

Truck test, CB7 DAQ of Kyowa PCD 300A, CB6
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B.2 Truck load test results
Truck Test result for Bridge CB7:

Tothe north -/, A /
To the south

4+—

L/4 L/2 3L/4

a) Concrete strain gauges on top surface

b) Steel straingauges and L VDT on bottom surface

=t

i
\ -

';l +

CS-1, CS-2: Strain gauges on the top surface of concrete bridge slab

SS-1, §5-2, S5-3, SS-4* Sair gauges on the main steel at bottom slab bridge
ald ¥ K

TD-1, TD-2: LVDT measurement bridge deflection at the bottom slab bridge

D-1, D-2: Dial gauges _ T2

gl

Test result for bridge CB7

Sensor =<' | Truckon L/2, Lane 1 Tru;ﬁk'on L/2, Lane 1
SS-1 8.93 - 3.77
SS-2 g 2347 21.08
SS-3 %; 71.31 45.48
SS-4 g 12.89 30.37
CS-1 § 92 O% -1.08
CS-2 -17.64 -7.70
TD-1 c -0.30 -0.24
TD-2 § -0.45 -0.40
D-1 E -0.99 -0.85
D-2 E -0.57 -0.63




Truck Test result for Bridge CB6:

3W/4

"""""""""" Bandung
—
W VR
a) Concrete strain gauges on top surface
""""""""" Lane 1
[ ey W ——
Lane 2
b) Steel om surface
CS-1, CS-2: Strain gauges or yme te bridge slab

SS-1, $8-2, 55-3, S8%4: o

TD-1, TD-2: LVDT méa eﬁ{nt.
Abd
D-1, D-2: Dial gauges

Test results foﬁmdgeLB
Sensor ' !
$S-1 : ) :
s ug-;l SHeng
$S-3 = | 29.50 |
ss-4. | 2 507 = o/
N | 6Nl N TdNg1ag
-
CS-2 -5.74
TD-1 g -0.40
TD-2 = -0.60
S
D-1 g -0.28
D-2 a -0.24

el at bottom slab bridge
ion at the bottom slab bridge

246
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Truck Test result for Bridge CB4S:

.............................

L/4 L/2 3L/4

a) Concrete strai s on top surface
- S
] A g Lane 2
, s 7
Lane 1 3 :
T\
b) Steel sti@in ‘%1 VD surface
», A M |
CS-1, CS-2: Strain gau t _topﬁs“f{ﬁ, 0 bridge slab
SS-1, SS-2, SS-3, SS-4: Stai aﬁj S | I:f. I at bottom slab bridge
. 41].‘2-':’:"31\-
D-1, D-2: Dial gauges P -
et
D-3, D-4: Dial gauges JW"'
Test results fo AS s
Sensor
N :
SS-1 W 7.00 m
552 5 G 0. ,]ﬂ‘j
SS-3 q) l&ls 26.00
ss:4., | 2 ? 6.00 al e/
—oN | Ne1aE
q
CS-2 -20.00
D-1 £ -0.15
E
D-2 E -0.22
D-3 g -0.55
D-4 a -0.39
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Appendix C
Crack Mapping for CB7, CB6

Crack mapping tool

a) Draw grid line 50 cm N b) Oscilloscope for crack <0.1 mm

¢) Oscilloscope for crack 0.2~02 mm— L C d for crack >0.2 mm

Crack mapping at the bc

, a
%uaﬁwﬂ§WHWﬂﬁ$
NN AN INE

40868
7oe8
f? =

0.40 Et
I O B -
i

0.2010.25 10,30 0,40 040
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CB7: Bridge picture, railing parapet type Corrosion at bottom slab, CB7

Crack mapping at the bottom slab fér‘(!éf//

CB6 : Bridge picture, solid parapet type



Appendix D-1
Example for evaluation bridge due to TR-05 CcB7
I. Bridge data and Information
Bridge dimension

Total length L'= 800.00 cm
Span length L= 760.00 cm
Total width B= 880.00 cm
Road way = 700.00 cm
Thickness h= 45.00 cm

Material information
Compressived strength @

Yeild strength of Def
Yeild strength of Roun

Reinforcement
Midle strip
Longitudial reinfor

Area for 1m
Ratio for 1m wid

R e
..Br.dgemawa\‘mmﬁmnwmaﬂ

1 Brldgefact r
Equilvalent strip by AASHTO

E=1.2+0.06S(m)<=2.1m
E= 1656 m

Select equilvalent width E 1.656 m

Impact factor of live load I=50/(L+125)<=0.3
I=50/(L+125)= 0.33 (L in feet)
Use I= 0.3

8.00
7.60
8.80
7.00
0.45
0.41

Kg/lcm2
Kg/cm2
Kg/cm2
Kg/lcm2
Kg/cm2
Kg/lcm2

250

333333



2 Analysis
Dead load

Truck load from monitored data, TR-05

Total load

DL=  1380.06 kg/m2

Axle 1=
Axle 2=
Axle 3=

Total=

4700 kg
13100 kg
13100 kg
30900 kg

P1=
pP2=

w AR

BAWWWW

O
@' 4.
—] 05— —

4.7-tons 26.2 tons
Truck TR-05

PLA S P2

LGp A2

Pzz"}

a-

y oy

Critical truck position

Dead load

>

The bridge due to dead load has beenasstmed as%aeam in 1m width

Moment due to Dead load for 1m width
Distant from support

B

m
0.80 =
100 =
1.20 =
1.50 =
1.70 =
2.20 =
2.40 =
25 -
340 =
3.48 =
3.80 =

BMin im
kgm
3,753.76
4,554.20
5,299.43
6,313.77
6,921.00
8,197.56
8,611.57
9;203728
9,625.92
9,891.15
9,964.03

Bending moment due to truck load (All truck load)

BM, when P2 is at the midspan of the bridge, the maximu BM will be at midspan

1.3DL

kgm
4,879.89
5,920.46
6,889.26
8120791
8,997.30
10,656.82
11,195.05
11,964.26
12,513.69
12,858.49
12,953.24

(Thai truck, ten whells truck)

GVW=30.9 tons

251

Pi Xi L X li LGp Pi*li
kg m m m kgm
13,100.00 3.80 7.60 3.80 1.90 0.65 [24,890.00
13,100.00 5.10 7.60 3.80 1.25 0.65 [16,375.00

41,265.00
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BM, when P2 is at LGp/2 from midspan, the maximu BM will be at under position P2

Total Bending moment DL and LL for 1m width

Pi Xi L X li LGp Pi*li
kg m m m kgm
13,100.00 3.48 7.60 3.48 1.89 0.65 [24,707.94
13,100.00f 4.78 7.60 3.48 1.29 0.65 [16,921.19

41,629.13

DL LL in1m DL+LL 1.3DL+LL(1+1)
kgm kgm kgm
Bm at midspan=| 9,964.03 | 12,459.24 22,423.27 29,150.25
Bm at section P2=( 9,891.15 | 12,569.18 22,460.33 29,198.43
v
Select maximum ultimate forces from-analysis result
DL LL

i

Select

4 ¥

Il. Bridge Capacity Evaluation (Load Factor methoﬂ)

Rating equation and parameteis b J
— C — Al o D i I:-_‘_}Jlt #*
A, *L*1+1) . "‘ff--
Where RF =Rating factor for live load capacny

Al = Factor for dead Ioads ;
A2 = Factor for live load™ = YIS
C = Capacity ofithe bridge
D = Dead load-effect Y]
| = Impact factor.
C = Capacity of the member
L = Live load effect

Parameters and factors for load factor method

Operating level

Al= 1.3
A2= 1.3
Capacity of the member
Operating level
For flexural €m=¢*Mn 0= 0:9

Flexural bridge capacity

Mmax=|} 9891 15" 12569.18|(kgm)

T, = As*f,

C,=085%f *a*b
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Checking maximium tension bar ratio 0.75Pb= 0.75*0.85*B1*(fc'/fy)*(6000/(6000+fy)

0.85 fc'<=280 ksc
Parameter B1=|0.85-0.05*%(fc'-280)/70 280<fc'<=560
0.65 fc'>561
0.75Pb= 0.028
p= 0.011

Atual reinforced less than balance condition, this is underreinforcement slab

Flexural capacity of the slab
a=p*fy*d/(0.85f'c)= 8.62 cm
Mn=p*b*d*fy*(d-a/2)= 52,058.12 kgm

C=¢*Mn=  46,852.34" kgm
Rating for Operating level J
Rating factor for flexural

o etz vl
" £ UFEMIE (1+0.3)

" [ P60\
Rating Factor for Inventory level ’ J

33

RFyi; = =RF,

o) = =F opr)

Ill. Bridge Ultimated load
Resistant moment of theslab bridge for one meter width

¢*Mn=46,852.31 kgm
Plum_tr: applied load of one axlestruck for one meter width (assuming truck load P1=P2)
Plum: tr= Mc*L/((2L-X1-X2)(L12:LGp/2))
Plum_tr=/ 10,697.29 (kg

Pue_tr: applied load of one axle truck for equivalent width
Pue_tr=E*Plun_tr= 17,714.72 kg

Pu_tr: Total applied axle truck for two lane bridge
Pu_tr=4*Pue_tr= 141,717.75 kg

Pmax=P1max=P2max: Maximum axle truck that can applied to bridge
Pmax=Pue_tr/(1.3*(1+0.3))= 20,964.16 kg

Total ultimate load 1.3DL+1.3TR(1+0.3)
Pul= 250,797.69 kg
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Appendix D-2
Example meam theory method for analysis concrete slab bridge cB7
1. General data
Bridge data
Total length = 8.00 m 8000 mm
Bridge span L= 7.60 m 7600 mm
Bridge lane road width Wi= 7.00 m 7000 mm
Walk way W2= 1.50 m 1500 mm
Slab structure width W= 8.80 m 8800 mm
Slab thickness t1= 0:45 m 450 mm
Walk way thickness t2= 0.20 m 200 mm
Asphalt surface t3= 0.05 m 50 mm
L1500 7000 , 1500
|soo 800 | '*i ]
S l—. - 1_'5_‘; h 1._&_;;“
] |
! L |

Material data
Concrete comp. strength
Modulus of the conceret
Yield strenght of thesstill
Modulus of the steel

Unit weigth of the concrete
Uniweigth of asphalt

Ruture concrete strength

Reinforcement data "+ =

i

Section-of bridge

i

fg'= 77195.00 ' ksc
Ec= 212,26645" ksc

fy= 44.3,285.00 ksc
Es=:2,000;000.00

n=, 9:42,

g2+ 2325100, kg/m3

‘ga="-1,800.00 /' kg/m3

27.93 . ksc

Reinforced steel.at the bottom pararell to traffic at midle Sfrjp

25 mm
115 cm
2. Calculate section properties
Moment interia (for.dAm of slab bridge)
H = 45.00 cm
B = 100.00 cm
As' = 0.00 cm2
As = 4418 cm?2
Transiorme “(ns1)As' = 0.00 cm2
(n-1)As = 372.10 cm2
Transforme nAs = 416.28 cm2
p = 0.011
p' = 0
Moment inertia of transform section beforce concrete crack Ig
Section A Y AY dt Ad"2 IXX lyy
cm2 cm cm3 cm cm4 cm4 cm4
1 4,500.00 22.50 101,250.00 -1.39 8,742.18 |759,375.00
2 372.10 4.25 1,581.41 16.86 105,724.48
4,872.10 21.11 102,831.41 114,466.66 [873,841.66
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Moment inertia of transform section after concrete crack lcr
effetive depth d = 40.75 cm
pn = 0.102
(Rec with comp steel) k = (2pn+(pn)*2)*0.5 -pn 0.361
Xc = k*d 14.72 cm
i = 1-k/3 0.88
Icr
Section A Y AY dt Ad"2 IXX lyy
cm2 cm cm3 cm cm4 cm4 cm4
1 1,472.09 37.64 55,408.88 -7.36 79,752.69 | 26,584.23
2 416.28 4.25 1,769.17 26.03 282,032.37
1,888.37 30.28 57,178.06 361,785.07 |388,369.30

Flectural cracking moment

Mcr= frlg/yt
fr
Gross moment inertia in 1m o]
yt
at con outer fiber Mcr
Effective moment of inertia
le

3. Bridge applied load
Bridge factor loads

I

I

7

27.93 ksc
873“,841.66 cm4
21.11 cm
‘ 11,562.99 kgm

(Mcr/l\)l@)"3*lg+(1-(Mcr/Ma)’\3)*Icr

The factor loads is according to AASHTO manual 'f@'i"b,ridge rating

1,156,299.15 kgcm

Dead load factor A= L3052
Live load factor = LI
Impact factor 0,804 "
Dead load Y
Total load DL=  1,380.06 ka/m2
Total .3DL 1.3DL=  1,708.96 kg/m2
Live load
Truck load from monitored data, TR-05 (Thai truck, ten whells truck)
Axle 1= 4,700000 kg
P1=" "Axle 2=' A 13,100.00 | kg
pP2= fAxle 3= 13,100:00 ‘kg
Total= 30,900.00 kg
0
A ANRURYRY A ANRARARARY
o= e
PL Y ‘
Jl.?,m $ P2

42 m

GVW-= 30.9 tons

F——485m —

4.7 tons

26.2 tons

Truck TR-05
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Equilvalent strip, AASHTO
E=1.2+0.06S(m)<=2.1m

E= 1.656 m
Select equilvalent width E= 1.656 m
Impact factor of live load
I=50/(L+125)= (note L in feet)

Use

For mula for deflection due to applied

5, =ﬂ(x3—2b&-q“" 3
24E| /

For mula for deflection due to TR-

A
[+]
L/2
0<x<a,§X=P—bX a(L_X)(ZLX a’-x%)
6EIL

For mula for Stress and strain d 'll 0

The linear section of beam is assumed

At the elestic state/ uncrack section M<Mcr
Stress at steel lavel os= n*M*y/Igt
At the crack section state M>=Mcr

Stress at steel lavel os= M/As*Jd
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