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Self-Compacting Concrete (SCC) has become one of the most important materials in today’s
construction industry. It is not an easy but important task to estimate the workability of a
designed SCC. Several types of laboratory tests have been proposed to help understand the
workability of it. However, these tests are often time consuming and costly. Therefore, computer
simulations become a potential alternative to cope with this problem.

Due to the non-homogeneous and discontinuous properties of concrete materials plus large
translation and rotation of aggregates in fresh concrete flow, the Discrete Element Method (DEM)
becomes a better choice than the continuum mechanics based numerical approaches. By treating
materials as a set of discontinuous particles with simple interaction mechanisms among them, we
can then derive and simulate the macro behavior of the materials. For characterizing SCC, it is
necessary to establish the relationships between the virtual discrete elements and the physics
properties of SCC material.

In this research, through correlating the simulation results, in terms of workability, of SCC
behavior with the experimental results, a numerical DEM model for predicting SCC workability
is established. It is hoped that the outcomes of this research can enhance our understanding of
SCC material as well as numerical prediction of SCC behaviors.

Keywords: Discrete Element Method, Self-Compacting Concrete, Workability, Parallel
Computing, Object-Oriented Technology.
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Abstract

The paper addressed the lack of and the need to have domain-specific
reference collections for supporting text-based information retrieval
researches/applications in the domain. Different methods and examples that
aided the development of reference collections were overviewed and a collection
with 1182 documents and 11 information requests was generated. A task for
testing the reference collection was implemented to illustrate the uses and
potential applications of the collection. The precise testing task was to evaluate
the segmentation-translation strategy for the Chinese contents within the
collection for cross-language IR operations. The test results suggested positive
answers to the test task. It is expected that the research outcome will provide
standard, sharable, and reusable testing resources to support advanced text-
retrieval researches and applications in AEC/FM.

Introduction

Information technology (IT) has been widely adopted for its potential
applications within the construction and infrastructure industry. While a
significant amount of project information resides in the form of semi-structured
(e.g., texts loosely structured by markup languages) or un-structured data formats
(e.g., raw texts, pictures, audios, and videos) (Caldas et. al., 2003), adopting IT to
cope with these data becomes one of the most challenging and flouring research
areas in the Architecture, Engineering, Construction and Facility Management
(AEC/FM) sector. Caldas et. al. (2003) also observed that a great percentage of
AEC/FM information is exchanged using text data files. It is therefore not
surprising to see an increasing number of creative and rigorous applications of
text-based Information Retrieval (IR) approaches being developed in the AEC/FM
domain. The nature of IR-oriented researches requires the developed solutions to
be validated statistically on a significant number of data sets. Researchers in the



information science domain can test their latest IR approaches on standard
reference collections such as TREC’s (Text REtrieval Conference) data sets. For
the construction and infrastructure industry, these resources have not been
developed. While it is difficult to adopt the reference collections from TREC’s or
other areas because of the applicability and scale issues, past text-based IR
applications in AEC/FM had to spend a great amount of resources creating and
preparing their own reference collections. It is not only a time-consuming task but
also an elaborative process that demands manual inputs from data handlers and
experienced industry practitioners. This issue is currently being investigated by
the authors in an ongoing research project at National Taiwan University with the
goal to develop domain-specific reference collections for text-based IR researches
and applications in AEC/FM. This paper describes the overall collection
preparation process and discusses the preliminary results that have been
achieved so far. The paper first reviews past text-based IR researches in AEC/FM
to highlight the lack of domain-specific testing resources. The paper then
discusses lessons learned from the library and information science domain for
preparing reference collections. The actual preparation process and issues
encountered during the process are examined subsequently in the paper. In the
end, an example test of the generated reference collection is illustrated.

Past Text-Based IR Researchers in AEC/FM

AEC/FM domain-specific researches that devoted to the retrieval of textual
information include classification-oriented researches (McKechnie et. al., 2001;
Chen and Amor, 2002; Turk and Cerovsek, 2003; Caldas et. al., 2003; Meziane
and Rezgui, 2004; Amor and Xu, 2005; Caldas et. al., 2005; Rezgui, 2006), non-
classification-oriented researches (Demian and Frutcher, 2005; Lin and
Soibelman, 2006), and resource-generating researches (Yang et. al., 1998;
Kosovac et. al., 2000; Dzeng and Chang, 2005).

Chen and Amor (2002) used 50 labeled websites and 101 mappings
between New Zealand Yellow Pages and CBI classification system to test their
automatic classification method. Turk and CerovSek (2003) intended to use 870
research papers mostly from CIB W79 digital library to test their topic mapping
strategy, although the actual topic assignment for each paper was not completed.
Amor and Wu (2005) tested their term-class matching method with 14000 web
pages drawn from an existing database of web sites known to be relevant to AEC.
They however only examined the first 20 web pages retrieved to evaluate the
performance. Demian and Frutcher (2005) converted 1018 product model
objects annotated with text strings into short documents and measured the
similarity between objects. Caldas and Soibelman (2003) divided 92 meeting
minutes into 845 documents to train and test their classification algorithm. Later
on, they used an average of 1200 documents per database for 20 project
databases to validate their unstructured-data-integration system (Caldas and et.
al.,, 2005). Lin and Soibelman (2006) tested their retrieval system using five



distinct construction products. Online product websites for each of the five
construction products were pooled and the first 100 web pages retrieved by their
system from the pool were examined. It can be observed from these past
researches that (1) no common testing resources were used and each of the past
reported researches had to prepare its own document collections, (2) important
properties associated with these collections would impact the test results but
were often deemphasized or ignored, and (3) the reported testing resources were
limited in sizes and had no more than 1200 documents per collection in average.
The lack of domain-specific reference collections for testing text-based IR
researches in AEC/FM makes research validation difficult. It is therefore an area
that requires more attention and devoted efforts.

Testing Resources in Library and Information Science

Before generating domain-specific reference collections for AEC/FM,
lessons learned from library and information science are reviewed. A reference
collection in library and information science usually contains a document
database, a set of information requests, and relevance assessments indicating
which documents are relevant in respect to the given information request.

Creating Text Reference Collections: Documents for the reference collections can
come from various sources. Utilizing existing and available document databases
can be a good solution for many of the collection and document properties might
have been well defined. Web contents can be harvested to prepare text corpuses
but irrelevant formatting, scripting, or other noisy texts are also introduced.
Compared to the web contents, subscriptions from news feeds companies
provide better quality of text documents but are often at a substantial cost.
Scanned text images with OCR technologies provide another opportunity if post-
processing and quality control for the OCR texts can be managed (Taghva et. al.,
2004). After the source is selected, documents are collected and then formatted.
In order to accommodate various testing environments, the document format
needs to preserve both the natural language characteristics and machine-
readable structures.

Defining the Information Requests: The well known Text REtrieval Conference
(TREC) defines an information request as a ‘topic’ to represent the ‘user needs’
(as opposed to the actual ‘system queries’). Using natural language statements
to describe topics allow different query formulation strategies to be tested. In a
topic, criteria which define the relevance standard are also stated. In fact, the
drafter of each topic is also the relevance assessor for that topic. Similar to the
TREC document, each TREC topic is tagged by markup languages such as SGML
or XML to give the topic a simple parsing structure.




Relevance Assessment: After an information request is defined, its corresponding
relevant documents from the collection are identified. For this purpose, the
pooling technique is frequently applied when it is impractical to manually assess
the relevance of all documents in the collection. The pooling technique combines
documents retrieved by participating runs (i.e., the result of an IR system
executing a search task on a collection) and therefore can handle large-scale
corpus. However, the most serious limitation about pooling is also related to its
dependency upon contributions from a moderately large number of different
systems (Oard et. al., 2004). Due to this reason, the manual method is preferred
when only a number of IR systems can be employed. In that case, the Kappa
measure which evaluates the inter-judge agreement can be calculated.

Preparing AEC/FM Domain-Specific Reference Collections

Select Document Sources for the Collection: Existing document databases were
preferred over other alternative sources for creating the “start-up” reference
collection so that document quality can be controlled for lab experiments. For this
reason, three databases were selected as document sources. Considering the
maximum reported scale of past testing resources in AEC/FM which was around
1200 documents per collection, a total of 1,182 documents have been collected
in this project. These documents include 119 research reports from the National
Center for Research on Earthquake Engineering (NCREE) at Taiwan, 849
conference papers and research reports from the Chinese Institute of Civil and
Hydraulic Engineering (CICHE), and 214 research papers from the Construction
Knowledge Management Community at Taiwan. Most of the collected documents
have contents such as abstracts in both Chinese and English.

Preparing Collection Documents: Because some parsing structures were
desirable for advanced IR applications, contents from the 1,182 documents were
extracted and then organized using the simple Dublin Core expression in
RDF/XML (version 1.1). Dublin Core elements such as “rights”,
“contributor”, "format”, ’“relation”, “coverage” were excluded for contents
matching these elements rarely appear in domain documents.

Define Information Requests: Unlike how TREC participants first defined ‘topics’
and then assessed document relevancies through pooling, an arbitrary AEC/FM
information request might not have any relevant documents given the already
collected documents. The difference is that TREC’s collections are usually very
large with a significant number of IR systems contributing to the pooling task. To
address the lack of these resources when defining information requests in this
project, two strategies were used. The first strategy was implemented through
posting analysis across the collection so that frequent terms and the concepts
they represented could be gathered to assemble information requests. The
second strategy was implemented by domain experts manually assigning each




document with a number of concepts. Afterwards, closely related concepts were
aggregated to form an information request.

Assess Document Relevancies: Each information request was drafted by a
domain expert who was also the main relevance assessor. One to three more
domain experts other than the request drafter served as the secondary relevance
assessors. Therefore, each information request was evaluated by at least two and
at most four domain experts. The values of “overlap” (i.e., the number of
intersected relevant documents divided by the number of union of the relevant
documents) and “Cohen’s Kappa measure” were computed for each information
request to see if the request’s corresponding relevance assessments done by
human experts were consistent. For the information requests that did not pass
the relevance consistency check, they were re-examined for modifications or
abandonment.

Building Domain-Specific IR Instrument: As most document information was in
both Chinese and English, a domain-specific IR instrument for converting the
Chinese contents into matching English were developed to support the use of the
generated reference collection. Through an automated process that utilized
general segmentation/translation resources to handle Chinese textual
information, segmented phrases that could not be translated were identified. The
specific segmentation resource used was from the Academia SINICA at Taiwan
and the translation dictionaries utilized were CEDICT and Newton’s Engineering
Dictionary Series. In average, around 10% of the segmented Chinese phrases
could not be automatically translated. Domain experts then manually translated
these identified terms and compiled the translated results into a list. Unlike
linguistic dictionary resources, this list is particularly intended for translating
segmented Chinese terms for IR applications in AEC/FM.

Testing the Developed Reference Collection

While an in-depth look of a reference collection should further describe
the collection’s merits in terms of the collection’s capability to reflect the
effectiveness of different retrieval strategies (Voorhees, 1998), a testing scenario
was implemented in the project. The specific question to be answered in the test
was about the semantic completeness of a Chinese document in the AEC/FM
domain after the document was prepared into corresponding English terms. The
results of the test would shed light on cross-language IR (CLIR) developments in
the domain, and an example of such CLIR application is querying in Chinese but
retrieving both Chinese and English domain documents (e.g., research papers).
Two hypotheses were defined for the testing. The null hypothesis Hp stated that a
Chinese document would carry the same semantics after being prepared into
matching English terms. The alternative hypothesis H1 stated that a Chinese
document would carry less semantics after being prepared into matching English



terms. To test the two hypotheses, the NCREE sub collection was further divided
into NCREE Chinese sub collection (e.g., research abstract in Chinese) and its
corresponding NCREE English sub collection (e.g., abstract in English for the
same research report). The intuition was that a retrieval strategy would perform
equally well on both NCREE Chinese and English sub collections in the case of
the null hypothesis. In the case of the alternative hypothesis, the same retrieval
strategy would perform better on the NCREE English sub collection. Three
different retrieval strategies (i.e., three different retrieval models including the
vector model, the probabilistic model, and the language model) were used along
with seven information requests to test the two hypotheses. The specific IR
system employed to run the test was Lemur, an open-source search engine with
rich documentation and known success. The retrieval performance was
measured by the average precision (AP) for each test run as displayed in Table 1
where the letter “U” stands for the union and “I” stands for the intersection of the
relevant documents assessed by different human experts.

Table 1. Average Precision for the 42 Test Runs

Different IR Strategies

The Vector Model The Probabilistic Model The Language Model
(TFIDF) (OKAPI) (KL Divergence)
Chinese C. English C. Chinese C. English C. Chinese C. English C.
U I U I U I U I U I U I

3 |0.670(0.194|0.791|0.241|0.706 |0.220|0.783|0.260 |0.683 [0.208|0.791|0.241
5 ]0.674|0.852|0.500(0.336|0.695|0.879|0.533|0.382|0.695|0.888|0.561|0.436
6 |0.578|0.693|0.730|0.882|0.582]0.647|0.714|0.877|0.437|0.337 |0.608|0.689
7
9

0.483|0.341|0.365[0.150|0.483|0.289 |0.365 |0.134|0.483|0.289 |0.365 |0.134
0.201|0.076|0.341|0.037|0.147|0.050|0.280|0.047 |0.259|0.081 |0.374 |0.043
10 {0.192|0.083(0.213]0.081|0.202|0.119|0.301|0.092|0.182|0.073 |0.211 |0.079
11 |0.298|0.132|0.307 |0.106|0.443|0.217|0.345|0.160|0.420|0.121|{0.307 |0.142
MAP 10.442|0.339|0.464 |0.262|0.465|0.346|0.474|0.279|0.451|0.285|0.460|0.252

Information Request

Judging by the mean average precisions (MAP), all three retrieval models
performed consistently better on the union set than on the intersection set.
However within the union set test runs, while the MAP values for the English
collection test runs were not significantly better than that for the Chinese
collection test runs. Because of this, the non-parametric and directional Wilcoxon
signed ranked test at the 0.05 significance level was conducted to compare the
AP values of the Chinese and English sub collections. The Wilcoxon sighed ranked
test was employed because it is non-parametric and is more powerful than other
pair tests such as the student t-test and ANOVA in the absence of a normal
distribution (Zobel, 1998). For all three different retrieval models, none of the test
statistics fell into the critical region which suggested the rejection of the
alternative hypothesis and that the retrieval performance on the Chinese sub



collection was comparable to that on the English sub collection. The authors are
currently investigating this encouraging finding to see if the generated reference
collection along with the established domain IR instrument could serve as the
domain knowledge in a knowledge-supported IR system. By conducting a test
task as such, this research project also demonstrated the role of the generated
reference collection for its uses in research validation and potential applications.

Conclusion

The paper reports an on going research project which aims to provide
domain-specific reference collections for the text-based IR experimentation in
AEC/FM. The generated collection currently contains 1182 domain documents
and 11 information requests that encompass earthquake engineering related
topics. A domain-specific IR instrument for translating segmented Chinese
phrases into English to support CLIR applications was also established in the
project. These reference collection resources are available on the project website
at http://IR4AEC.caece.net. In order to demonstrate the uses of the generated
collection, a test case was implemented and statistically validated. The test
results suggested that using the developed domain-specific IR instrument to
translate Chinese collection was a promising strategy. The research team is
investigating the adoption of this strategy in a knowledge-supported IR system.
The test case also illustrated the performance measures and validation
procedures involved as an attempt to emphasize the importance of validation in
IR-oriented researches. We believe that the presented research initiative will not
only facilitate a testing and validation environment for the text-based IR
researches in the domain, but also provide standard, sharable, and reusable
testing resources to support their advanced applications.
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ABSTRACT

The flowability of Self-Compacting Concrete (SCC) mortar can be measured using the L-shaped box test in laboratory.
This research attempts to simulate the experiment using three dimensional Discrete Element Simulation (DES) with mortar
material modeled by sets of discrete elements. The contact model between these elements contains several mechanics-related
parameters, such as stiffness, damping, friction, and binding force. An in-house parallel discrete objects simulation system,
named Iris, is employed to carry out the simulations on a distributed-memory cluster system. It has been shown that the flow
behavior of SCC experiments can be successfully simulated if appropriate values for the parameters are set. It is hoped that,
after the simulation parameters are calibrated with the material parameters of SCC based on the experimental results, engineers
will be able to apply discrete element method to prediction of the SCC mortar behavior.

INTRODUCTION

It is not an easy but important task to estimate the workability of a designed Self-Compacting Concrete (SCC). Currently,
engineers use several types of laboratory tests, such as slump flow test, L-shaped box test, and V-funnel test (JSCE, 1999), to
help understand the workability of SCC. However, laboratory tests are often time consuming and costly. Therefore, computer
simulations become a potential alternative to cope with this problem. Due to the non-homogeneous and discontinuous
properties of SCC material, the particle mechanics based Discrete Element Method (DEM) becomes a better choice than
continuum mechanics based numerical approaches for simulation of SCC flow behavior.

This research performs parametric study on simulation of the L-shaped box test of SCC mortar using three dimensional
discrete element simulation. Mortar material is modeled by a set of single sized spherical discrete elements and the contact
model between them contains several mechanics-related parameters, such as stiffness, damping, friction, and binding force (as
shown in Fig. 1). Simulations with various sets of parameter values are carried out to study the effects of the parameters on
prediction of the flow behavior of SCC mortar.

SIMULATION TOOLS AND COMPUTING ENVIRONMENT

An in-house parallel discrete objects simulation system, named Iris (Lin, 2005; Chang and Hsieh, 2006), is employed to
carry out simulations of the L-shaped box tests of SCC mortar. Iris inherits the C++ object-oriented technology and design
patterns from an in-house C++ discrete objects simulation framework, named VEDO (VErsatile Discrete Objects framework)
(Yang and Hsieh, 2005) and supports MS-Windows 32bits and UNIX-like operational system, such as IBM AlX, FreeBSD,
and LINUX. The MPICH library, based on the MPI technology (Message Passing Interface Forum, 1994), is employed by Iris
to achieve message passing among processors in both distributed and shared memory computing environment. All of the
simulations of this research are performed on a distributed-memory cluster system with up to 154 nodes (each node has 2
64-bits processors and 2 gigabyte memory).
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PARAMETRIC STUDY

This research simulates the L-shape box test designed by Liu (2002). As shown in Fig. 2a, the test consists of an L-shape
container which is divided into two compartments by a gate. It is used for evaluating the one dimensional flowability of mortar
under directionally restrained condition. The flowability is indicated by the flow index B, defined as follows:

Bn=(L;-L)/L if the mortar flow does not reach the right end of the box (1a)
B.,=H,/H; if the mortar flow reaches the right end of the box (1b)

in which the definitions of Ly, L, H,, and H; are illustrated in Fig. 2.

B s
i K" : stiffness of normal spring
| ‘ K’ : stiffness of shear spring
: g ¢ : damping ratio in normal direction
' * - damping ratio in shear direction

iy | c
’ b": binding force in normal direction

A1 4{ Iﬁ b* : binding force in shear direction
’ - - \ f*: friction coefficient
k-l

Fig. 1. Mechanism between two discrete elements in the discrete element method

120 mm

B0 mm

mortar
yate |
gate o H
moriar

rjlmt‘l‘ 260 mm I 104 mm I | L, I L-Ly

() Setup of L-shaped box (b) Case I: B, =(Ls-L)/L (c) Case II: By=H,/ H,
Fig. 2. L-shaped box test of SCC mortar

e

The simulation uses single sized mortar elements with 3 mm in diameter. To reduce the complexity in the parametric study,
this research assumes the parameters have the same values in both normal and shear directions (as shown in Table 1). Besides,
because SCC mortar is modeled by a set of discrete particle elements that do not occupy the entire space of the container, the
density of the element should be higher than that of mortar by a factor to ensure that the total weight of SCC mortar in the
container remains unchanged for the simulation. This factor is called density factor, f;, in this work and is defined as

fa=r’/r @
in which r” and r are the specific gravity of discrete elements and SCC mortar, respectively.

The density factor depends on the stiffness of discrete elements. The higher the stiffness, the fewer the number of elements
can be held in the same container and the density factor becomes higher. The relationship between the element stiffness and the
density factor can be established after several simulations of SCC mortar packing. If the stiffness is large enough, the density
factor will tend to become a constant (as shown in Fig. 3). Furthermore, the result of SCC mortar packing simulation shows that
the total contact forces at the boundary caused by liquid pressure of mortar is close to the analytical solution (as shown in Table
1). To reduce the influence of the density factor in the following simulations of flow tests, this research uses 1x10* N for the
value of the element stiffness, k.

Appropriate binding force makes discrete elements different from a cluster of solid particles and close to viscous fluid. The
contact-and-bind mechanism allows elements to move together and resist certain degree of separating force between elements.
In the simulation of L-shaped box test, the value of the binding force has obvious influence on the velocity and deformability of
mortar flow. In this study, the simulated mortar flow can not reach the right end of the box if the binding force exceeds 2x102 N
(as shown in Fig. 4). Figure 5 illustrates the simulations of the L-shaped box tests for different values of the binding force.



CONCLUSIONS

Parametric study on the flow behavior of SCC mortar in the L-shaped box test has been carried out using three dimensional
discrete element method. With appropriate values of the simulation parameters, such as the element stiffness, damping, density
factor, and binding force, etc., it has been shown that the flow behavior of SCC mortar observed and measured in the
experiments of the L-shaped box test can be successfully simulated. However, more work is still underway to calibrate the
simulation parameters with the material parameters of SCC based on the experimental results so that engineers can further

apply the three dimensional discrete element method to prediction of self-compacting concrete behavior.

Table 1. Parameters of numerical models (parametric study of density factor f)

Model AnalyFicaI Simulation
Solution LBPO1 LBPO2 LBPO3 LBP0O4
Stiffness k "=k * (N/m) 5x10° 1x10° 5x10° 1x10*
Damping Ratio ¢ "=c * 0.02
. Ly Mortar - Container 0.10
Friction Coefficient f Mortar - Mortar 020
Binding Force B"=B° (Mortar - Mortar) (N) 5x10°
Diameter of Mortar Element (mm) 3.00
Specific Gravity of Mortar Element 3.120 3.280 3450 3480
Density Factor fy 1.560 1.640 1.725 1.740
Number of Mortar Elements 35,869 34,200 33,124 33,001
Average Specific Gravity 2.000 1.978 1.982 2.019 2.029
Total Mass (kg) 1.600 1.582 1.586 1.616 1.624
Each Side Plate 15.680 12.059 12.218 13.303 16.551
Cogad 'zorce a Bottom Plate 15,680 13.200 13135 14312 15,690
Uotgfgofgof Front Plate 14112 12712 12205 13481 20257
Liquid Pressure) Back Plate 39.200 31.859 31.624 34434 42558
(N) Gate 25.088 19.470 19.465 21.171 22.346
Sum 125.440 101.360 100.865 110.004 133.954
1.750
1725 |
1700 100
g 1675 050 27
% 1.650 '\‘%3"&‘\0.09
g

1625 |

1600 |

1575 |

1.550
0 1 2 3 4 5 6 7 8

Stiffness of Mortar Element (kN/m)

Fig. 3. Relationship between element’s stiffness k and

density factor f
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Fig. 5. Simulation of the L-shaped box test of SCC mortar for different values of the binding force



