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SANTA MARIA DEL CAMPO AND SANTA MARIA DE RIOSECO: EVOLUTIVE
CONCORDANCES OF TWO OUTSTANDING CASTILLIAN BELL-TOWERS
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19TH CENTURY MERSIN COMMERCIAL BUILDINGS, PRESENT CONDITIONS, AND
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HERITAGE AREAS. CASE STUDY: MANIZALES, COLOMBIA

Escobar, Diego A.; Giraldo, Sofia; Moncada, Carlos A.

FENCE WALLS IN THE BAIXO TAMEGA VALLEY

Pinto, Jorge; Reis, Cristina; Bento, Ricardo; Bentes, Isabel; Pereira, Sandra
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SCENARIOS

D’Andria, Emanuela; Fiore, Pierfrancesco; Falce, Carmelo

TRANSFERENCE FROM INDUSTRIAL ARCHITECTURE TO RESIDENTIAL BUILDINGS:
REYES CATOLICOS STREET DURING THE EXPANSION OF THE SUGAR INDUSTRY IN
GRANADA AS A CASE STUDY.

Martinez-Ramos e Iruela, Roser; Cervera Fuentes, Maria Teresa; Adelaida Martin Martin; Garcia
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Sari, Fatma Zehra;, Umar, Nur
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Uranga, Eneko J.; Arraztio, Xabier; Uranga, Juan José

1.3.- Urban regeneration.
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REHABEND 2022 Congress



r
"

jr‘_q AEHABCN-D PAPERS OF THE CONGRESS

77 SOCIO-TERRITORIAL CONTEXTUALIZATION OF HERITAGE ON INTRA-URBAN
SCALE. THE CURRENT HORIZON OF THE MOST RELEVANT OFFICIAL SOURCES

Usobiaga, Elena; De Cos,Olga 426
106 GLOBAL ARCHITECTURE: REHABILITATION AND REGENERATION
Vitrano, Rosa Maria 434
299 MANAGEMENT MODELS FOR ENERGY REGENERATION IN URBAN AND RURAL
AREAS OF NAVARRA
Izcue, Isabel; Garcia Madruga, Carolina .. 443
369 THE HOUSING HARDSHIP IN ROME. PUBLIC RESIDENTIAL BUILDING VS SOCIAL
HOUSING?
Crupi, Francesco 454
370 AUGMENTED ARCHITECTURE AND MULTIFUNCTIONAL BUILDING
EXOSKELETONS, A LOOK AT THE FUTURE OF EXISTING BUILDINGS IN URBAN
AREAS
De Vita, Mariangela; Fabbrocino, Giovanni; Mannella, Antonio; Panunzi, Stefano ... 466
373 URBAN REGENERATION OF VILLAGES AS AN OPPORTUNITY. TOOLS AND METHODS
IN THE CASE STUDY OF MOGORO IN SARDINIA
Atzeni, Carlo; Cadoni, Stefano; Marras, Francesco .. 474
1.5.- Social participation processes and socio-cultural aspects in rehabilitation projects.
13 RECOGNITION AND IMPROVEMENT OF LOCAL TECHNIQUES, CONTRIBUTION TO
THE RE-ROOTING AND EMPOWERMENT OF COLOMBIAN COMMUNITIES IN POST-
CONFLICT
Chica Segovia, Angélica; Ramos Zapata, Maria Camila; Fuya Chontal, Néstor; Mosquera Posso,
JohnKeddy 485
169 THE SOCIAL PARTICIPATION IN THE CASE OF MANGUINHOS HISTORIC
ARCHITECTURAL NUCLEUS (NAHM)
Almeida, Roberta dos Santos; Pinheiro, Marcos José de Aradjo ... 497
327 CITIZEN PARTICIPATION FOR HERITAGE INTERVENTION. AN EXPERIENCE IN
LUCENA (CORDOBA)
Navas-Carrillo, Daniel; Mosquera-Adell, Eduardo; Pérez-Cano, Teresa .. 505
1.6.- Construction pathology.
5 COLLAPSES IN GLUED LAMINATED TIMBER STRUCTURES OF COVERED POOLS, DUE
TO MISTAKES IN ASSIGNMENT OF USE CLASES
Lozano, Alfonso; Lorenzo, David; Martinez, J. Enrique; Alonso, Mar; Alvarez, Felipe ... 514
8 PERFORMANCE OF POZZOLANIC ADDITIONS TO CONTROL ALKALI-SILICA
REACTION (ASR) PROMOTED BY AGGREGATES WITH DIFFERENT REACTION RATES
Menéndez, Esperanza; Sanjuan, Miguel Angel; Garcia-Roves, Ricardo; Argiz, Cristina; Recino,
Hairon 522
9 PATHOLOGICAL MANIFESTATIONS IN SANDWICH VERTICAL PANELS: CASE STUDY
Lordsleem Jr., Alberto Casado; Lira, Virginia Queiroz ... 531
23 ANALYSIS OF RECURRENCE OF PATHOLOGICAL LESIONS IN LOW-RISE
RESIDENTIAL BUILDINGS IN THE CITY OF MEDELLIN
Cafiola, Hernan-Dario; Urrego, Andrés; Granda-Ramirez Fidel; Venegas, Karen ; Arroyave, Joan ............ 539
30 PARAMETERISATION OF THE DEGRADATION PROCESSES IN COATED FACADES
WITH ONE COAT MORTAR RENDERS
Carretero-Ayuso, Manuel J.; Pinheiro-Alves, M? Teresa; Saez-Pérez, M@Paz ... 548
53 THE USE OF MACROPOROUS MORTAR IN THE REHABILITATION OF HANDMADE
BRICK WALLS WITH RISING DAMP
Camino-Olea, M? Soledad; Llorente-Alvarez, Alfredo; Cabeza-Prieto, Alejandro; Martin-Aldudo,
Ernesto; M? Paz Saez-Pérez; Rodriguez-Esteban, M? Ascension ... 556
59 INFRARED THERMOGRAPHY AS A TOOL FOR INSPECTION OF BUILDING DEFECTS IN
COATINGS - ASYSTEMATIC REVIEW
Lima, Wanessa; Cavalcanti, Lucas, Arruda, Vaness, Figueira, Amanda, Bentzen, Mariana, Pévoas,
Yéda, Lordsleem Jr., Alberto 564
62 CONSTRUCTIVE STUDY OF THE SHIPWRECKED HOUSE IN THE PORT OF BILBAO
Marcos, Ignacio; Diez, JesUs; Pifiero, Ignacio; Egiluz, Ziortza ... 577
84 MONTEVIDEO MUNICIPAL OSSUARY. INTEGRAL STUDY AND MANAGEMENT PLAN
Fontana, Juan José; Gambini, Jorge; Méndez, Mary; Tomeo, Fernando; Romay, Carola ~ ............ 587
107 ASSESSING AESTHETIC AND STRUCTURAL DETERIORATION IN HISTORIC
BUILDINGS - A CONTRIBUTION
Dias, L.; Rosado, T.; Bhattacharya, S.; Candeias, A.; Caldeira, A.T.; Mirdo,J. ... 596
128 ANALYSIS OF DOCUMENTAL AND EXECUTIVE PROCESSES OF CONSERVATION OF
BUILDINGS TAKEN AS HISTORICAL HERITAGE
Andrade, Ana Paula Cintra 606
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132 STUDY OF THE HERITAGE BUILDING COMPLEX OF THE NATIONAL MUSEUM OF
COSTA RICA FROM A HISTORICAL, ARCHITECTURAL AND PATHOLOGICAL
PERSPECTIVE
Porras-Alfaro, David; Garcia-Baltodano, Kenia; Méndez-Alvarez, Dawa

162 FACADE DAMAGE MAPS: A LITERATURE REVIEW
Lopes, Melissa L. F.; Silva, Maykon V.; Bauer, Elton

174 RADON EXHALATION FROM THE STRUCTURE OF HISTORIC BUILDINGS. APROBLEM
DETECTED AT THE TOWER OF HERCULES, CORUNA
Frutos, Borja; Alonso, Carmen; Martin-Consuegra, Fernando; Sicilia, Isabel; de Frutos,
Fernando; Perez, Gloria

183 CLASSIFICATION OF BUILDING FACADES BY MEANS OF THE LEVEL OF
PROTECTION CRITERIA
Souza, Ana Luiza Rocha de; Andrade, Daiane Teodoro de; Bauer, Elton;
Souza, Jéssica Siqueira de

196 PATHOLOGIES IN THE ORNAMENTATION OF FACADES IN THE ARCHITECTURE OF
HISTORICIST ECLECTICISM - THE CASE OF MANIZALES (COLOMBIA)

Sarmiento, Juan Manuel; Bedoya, Lina Clemencia; Betancur, Angélica; Ramirez, Esteban

203 THERMAL ANALYSIS OF SODIUM SULFATE CRYSTALLIZATION WITHIN POROUS
BUILDING MATERIALS
Bednarska, Dalia; Koniorczyk, Marcin

207 REALITY-BASED MODEL AND 3D INFORMATION SYSTEMS: A GIS 3D TO MAPPING
THE CRACK PANEL OF THE CHURCH OF SANTA MARIA DEGLI ANGELI IN
PIZZOFALCONE IN NAPLES
Acquaviva, Sabrina; Pulcrano, Margherita; Scandurra, Simona; Palomba, Daniela; di Luggo,
Antonella

216 BUILDINGS INVESTIGATION OF DEGRADATION VARIABILITY IN BRASILIA-BRAZIL
CITY
Rodrigues Neto, Eduardo; Bauer, Elton

226 THE WOOD MOISTURE FACTOR ON THE BIOLOGICAL DETERIORATION OF WOODEN
STRUCTURES
Lima, Daniel F.; Tendrio, Marina; Branco, Jorge M.; Nunes, Lina

241 DEEP LEARNING FOR DETECTING CRACKS IN PAINTED BUILDING FACADES
Pereira, Sandra; Pires, Jodo; Silva, Jodo; Ferreira, Tomas; Neto, Alexandre; Cunha, Anténio

265 IDENTIFICATION OF HERITAGE STONE BUILDING DEGRADATION PATTERNS BASED
ON DIGITAL PHOTOGRAMMETRY DATA
Jalén, Maria L.; Chiachio, Juan; Gil-Martin, Luisa Maria; Hernandez-Montes, Enrique

266 CASE OF STUDY: DIAGNOSIS OF 100 YEARS OLD ABANDONED MILL
Cetrangolo, Gonzalo; Romay, Carola; Mussio, Gianella; Spalvier, Agustin

274 RECURRING DAMAGES IN THE EXECUTION OF CONCRETE SLABS ON LARGE
SURFACES
Martinez Martinez, José Antonio; Manso Villalain, Juan Manuel; Garcia Castillo, Luis Maria;
Aragon Torre, Angel

324 PATOLOGY AND NUMERICAL MODEL OF THE TEMPLE OF SAN FRANCISCO
TZINTZUNTZAN
Marquez, Alberto; Olmos, Bertha ; Jara, José Manuel; Martinez, Guillermo

349 CONSOLIDATION OF A POROUS SANDSTONE USED IN ANCIENT CONSTRUCTIONS
Lamas, Pedro; Pinho, Fernando

............ 744

1.7.- Diagnostic techniques and structural assessment (no destructive testing, monitoring and numerical

modeling).

18 CHARACTERIZATION OF PIGMENTS USED AS PROTECTION AND DECORATION ON
EXTERIOR FACADES OF HISTORIC BUILDINGS
Martinez-Ramirez, Sagrario; Flores Sasso, Virginia; Ruiz-Valero, Letzai; Pérez, Gloria; Guerrero,
Ana; Prieto Vicioso, Esteban; Vuceti¢, Snezana

26 VALIDATION OF ULTRASONIC PULSE TO QUALITY CONTROL OF RECYCLED
AGGREGATE SELF-COMPACTING CONCRETE
Revilla-Cuesta, Victor; Santamaria, Amaia; Espinosa, Ana B.; Chica, José A.; Manso, Juan M.;
Ortega-Lo6pez, Vanesa

44 NUMERICAL APPROCHES FOR SOIL-STRUCTURE INTERACTION IN A HISTORICAL
INDUSTRIAL MASONRY BUILDING
Longarini, Nicola; Crespi, Pietro; Zucca, Marco; Scamardo, Manuela

46 ENGINEERING SKILLS AIDED BY THERMOGRAPHY AND BIM
Ribeiro Antunes, Maria Luisa; Cabaleiro Cortizo, Eduardo; Magalhaes Lenz César Junior, Kleos

60 SEISMIC VULNERABILITY AND RETROFITTING OF A HISTORICAL MASONRY
BUILDING
Scamardo, Manuela; Crespi, Pietro; Longarini, Nicola; Zucca, Marco
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THE FOURTH ARCH OF THE AUGUSTUS BRIDGE AT NARNI (ITALY): A CASE STUDY
OF ROMAN ARCH WITH RIBS

Custodi, Alberto; Scaia, Flora

ANALYSIS OF VARIABILITY AND RELIABILITY OF STRESS WAVE MEASUREMENTS
ON STRUCTURAL TIMBER ELEMENTS IN SITU

Osuna-Sequera, Carlos; Luengo, Emilio; Cabrero, Juan Carlos; Hermoso, Eva

A NEW METHODOLOGY BASED ON NON-DESTRUCTIVE TECHNIQUES FOR OLD
STRUCTURAL TIMBER

Pefialver Oltra, Manuel; Abian Pérez, Miguel Angel; Segura Orenga, Guillem; Martinez Ruiz,
Guillermo Vicente; Reddn Santafé, Miguel

STRUCTURAL ASSESSMENT UNDER LATERAL ACCELERATIONS OF A CONCRETE
VAULTED MAYA BUILDING OF BONAMPAK, CHIAPAS, MEXICO

Hamad, Omar; Sennyondo, Justin; Kimanya, Humfrey; Nguyen, Dung; Tezcan, Selman;
Perucchio, Renato

FUNICULAR ANALYSIS OF MASONRY VAULTS UNDER GENERAL LOADING
CONDITIONS THROUGH A CONSTRAINED FORCE DENSITY METHOD

Bruggi, Matteo; Taliercio, Alberto

EL HORREO, ARCHITECTURAL HERITAGE ELEMENT OF THE PRINCIPALITY OF
ASTURIAS. METHODOLOGY FOR THE INSPECTION AND DIAGNOSYS FOR ITS
CONSERVATION

Vega, Abel; Rodriguez, Soledad

SHAKING TABLE TEST DESIGN OF A TYPICAL CHURCH OF MORELOS STATE

Chéavez, Marcos M.; Duran, Daniel

DISPLACEMENT ANALYSIS OF WOODEN TRUSSES THROUGH DIGITAL SURVEY AND
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ABSTRACT

The conversion of various industrial by-products from Spanish factories into co-products used in
partial substitution of cement and concrete aggregate has been extensively studied since the 1990s.
Building on that research effort, the present investigation is focused on improving the packing
density of concrete aggregates, with special emphasis on two central objectives: firstly, the
reduction of cement and natural aggregate content within concrete; secondly, the validation of their
substitution by Electric Arc Furnace Slag (black-slag) aggregate. To do so, several experimental
campaigns were conducted, in which 4 compaction procedures were applied under dry conditions
to: 4 sieved fractions of natural limestone and 3 sieved fractions of black-slag aggregates. The
physical properties of the 7 sieved fractions had previously been characterized and compared with
theoretical models, in order to validate their dosing in the experimental tests: Fuller curve, Funk
and Dinger curve, Compressible Packing Model, and the 3-Parameter Packing model. The
aggregate-packing densities were experimentally and theoretically studied with dry methods. Our
findings showed that, unlike natural aggregates, other methods based on aggregate shape are
preferable for black-slag mixtures, due to the specific textures and their abrupt particle contours.
The conclusions from the investigations were that both the Compressible Packing Model and the 3-
Parameter Packing models produced valuable packing-density predictions for the binary mixes.

KEYWORDS: Compressible Packing Model (CPM); 3-Parameter Packing Density Model (3-PM);
Electric Arc Furnace Slag (ES); Natural (limestone) Aggregate (NA); Concrete design.

1. INTRODUCTION
Concrete is among the materials that humankind has processed in ever greater quantities and yet its

negative environmental effects have only recently raised great alarm: CO, emissions, high (non-
renewable) resource consumption, and raw-material extraction. Since the 1990s, the properties of
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various industrial by-products from Spanish factories have been studied for their partial substitution
of cement and concrete aggregates. Building on that research effort, the present investigation is
focused on improving the Packing Density (PD) of concrete aggregates, with emphasis on two
central objectives. Firstly, the reduction of cement (the more compact the aggregate structure, the
less the need for cement paste) and natural aggregate (NA, 70% by mass of concrete) content within
concrete. Secondly, the validation of Electric Arc Furnace Slag (ES, black-slag recovered from the
primary steel-making process) aggregate used in substitution of concrete aggregate (as an example,
0.4 Mt/year alone is produced in the Basque country), in order to reduce these wastes through their
reuse in the manufacture of sustainable concretes [1-2].

One of the earliest pioneers [3] recognized that concrete strength is affected by aggregate gradation.
Among others, there is the research work of Funk and Dinger on a set of ideal grading curves [4].
On the one hand, discrete methods were applied to concrete mixes that incorporated NA and
recycled concrete aggregates [5]; however, their applicability to ES aggregates and PD prediction
has still to be demonstrated. On the other hand, the Compressive Packing Model (CPM), of
demonstrated accuracy at predicting PD [7], was extensively used [6] and, the 3-parameter packing
model (3-PM) that first included the wedging effect over 8 years ago, has presented new theories
based, respectively, on the wall effect and the loosening effect [8].

Aggregate PD was experimentally and theoretically studied (with dry methodologies), after which
the NA and ES aggregates were compared with 4 theoretical models, in order to validate the
experimental results for their dosing: Fuller curve, Funk and Dinger curve, CPM, and 3-PM. Our
findings showed that, unlike NA aggregates, other methods based on aggregate contours should be
preferred for ES mixtures, due to the specific shape and textural variability of these co-products. In
conclusion, the investigations showed that both the CPM and the 3-PM models produced valuable
packing density predictions for binary mixes, although the superior performance of the 3-PM model
was evident in relation to both the ternary and the quaternary mixes.

2. MATERIALS AND METHODS
2.1 Materials: aggregates, cement and water

Two aggregate types from Northern Spain (Basgque Country) were mixed (see figure 1). Firstly, natural
aggregate (NA) from limestone quarries in 4 fraction sizes: 11/22, 4/11, 0/4, and 0/2 millimeters,
respectively. Secondly, Electric Arc Furnace Slag (ES) aggregate in 3 fraction sizes: 11/22, 4/11 and
0/5, after crushing and spontaneously weathered outdoors for three months, until their volumetric
stabilization (a process that creates surfaces with an angular morphology).

e b T el
EJEST AT T T L

NA@) NAWA) NA (0/2)
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"~ NA(11/22)
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Figure 1: Aggregates under study.
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Some physical properties from NA and ES aggregates are presented in Table 1. The average-size particle
aggregate fraction is a key point in the discrete packing model. However, there is no a clear agreement
on its calculation. Some authors [9] calculated the main aggregate diameter according to specific
distributions, others [6] defined it as a geometric mean, and yet others established that mean diameter
represented 50% of all retained particles, etc. In the present research, the mean size of each fraction was
calculated from the particle-size distribution [10].

Table 1: Properties of aggregates.

Saturated surface | Specificdry| Bulk . . Mean size
. . . Absorption | Fineness .
Aggregates dry gravity gravity density (%) modulus aggregate fraction
(kg/dm?) (kg/dm®) | (kg/dm?3) (mm)
NA (0/2) 2.7 2.7 1.6 1.8 2.8 1.0
NA (0/4) 2.7 2.7 1.6 0.9 3.0 1.2
NA (4/11) 2.6 2.6 1.4 1.1 6.2 7.6
NA (11/22) 2.7 2.7 1.3 0.4 7.7 18.1
ES (0/5) 3.6 3.5 2.1 1.8 4.0 2.3
ES (4/11) 3.5 3.4 1.8 2.2 6.2 7.4
ES (11/22) 3.57 3.4 1.7 1.7 7.5 16.8

The NA consisted of a commercial natural limestone (calcite fraction >95%) and, as detailed by the
authors [1], some limestone fine fraction (0/2) was added to improve concrete workability by avoiding
segregation and to compensate for the spontaneous presence of fewer fine particles within the smaller
size fraction (0-5) of ES (siderurgical aggregates).

ES aggregates are a by-product of steel processing where, in the primary steel-making process, ferrous
scrap is smelted in electric arc furnaces. These black slags are gravelling products (stony materials) with
a higher density than NA, and an interesting mechanical performance [1-2], but their superficial
roughness, in general, hinders adequate in-fresh workability. The main chemical components of the ES
were: Fe;03 (22.3%), CaO (33.0%), SiO: (20.2%), Al;O3 (12.2), MnO (5.0%), MgO (3.0%), Cr20s
(2.0%), TiO2 (0.8%), P20s (0.5%), SOs (0.4%), and others (0.6%); XRD analysis revealed Waustite,
Ghelenite, and Kirsteinite.

In the present research, a CEM II/A-M (V-L) 42.5R containing Portland clinker (80%) was mixed with
active additions: fly ash (9%), limestone (9%) and others (2%). This cement had a specific density of
2.99 kg/dm? and a specific Blaine surface of 4130 cm?/g.

The mix water source from the urban mains supply of the city of Derio (Spain) contained no compounds
with adverse effects on hydraulic mixes. Besides, no admixtures were added, in order to avoid
undesirable effects of the aggregate proportion on mix properties (the admixtures increased the
complexity of particle packing).

2.2  Testing the aggregates compactness

The maximum packing densities of NA and ES aggregate mixes were tested under dry methods (packing
density measure), which is highly sensitive to the compacting energy. This compacting energy was
measured with 4 methods: loose (L), compacted by tamping rod (C), compacted on a vibration table at
a frequency of 26 Hz under 10 kPa compression (C26) and, finally, compacted on a vibration table at
33 Hz and 10 kPa (C33), respectively. L and C methods follow UNE-EN 1097-3 (1999) and C26, while
C33 follows the [6] research indicated in Figure 2: a pre-set amount of 5.3 kg NA plus 7 kg of ES poured
into a cylindrical container and then pressurized at 10 kPa and vibrated for 3 min.
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Cylinder mould
® =150 mm
Height=300 mm

Piston

Mass =18 kg
Height=124 mm
@ =149 mm

Aggregates

Figure 2: C26 and C33 compaction device described in the procedure [2].
2.3 Particle packing models

The experimental results of dosing NA and ES aggregates were compared with the results of 4
theoretical models:

— Fuller curve (optimized curve). This method requires a particle-size distribution and its output is the
aggregate proportion according to the best fit with the curve.

- Funk and Dinger curve (optimized curve) [4]. This method requires a particle-size distribution and its
output is the aggregate proportion according to the best fit with the curve.

- CPM (discrete model). This method requires a characteristic diameter of each granular fraction, a
particle-size distribution of each granular size and a compaction index. Its output is a prediction of the
packing density at different proportions.

- 3-PM (discrete model). This method requires a characteristic diameter and a particle-size distribution
of each granular fraction. Its output is the prediction of packing density proportions.

OPTIMIZED CURVES: FULLER (1) AND FUNK & DINGER (2) METHODS

Both curve-equations were applied, to establish an optimal particle-size proportion of NL and ES
aggregate in the concrete mixes.

P(d)=(d/dmax)* 1)
P(d)=((d‘dmin)/(dmax'dmin))q (2)

These simple and practical procedures require three inputs: the maximum/minimum (dmax/dmin) particle
size and the particle-size distribution (P). The optimal packing density can be determined by varying the
“q” factor. A “q” value of 0.5 is the most widely used for the Fuller curve and 0.37 for the Funk and
Dinger curves (other researchers [11] recommended q=0.25+0.3 depending on concrete types). The
optimal NA/ES aggregate rate fractions were obtained by minimizing the residual sum of squares.

COMPRESSIBLE PACKING MODEL (CPM)

The CPM method was applied under 3 scenarios to calculate the virtual packing density (B) of each
fraction:

-Bm. Each aggregate fraction should be mono-size, neglecting the interaction effects between particle
sizes.

—B. The second scenario considers the interaction between different particles within the same aggregate
fraction. In the end, this procedure was excluded, because the virtual packing density was lower than
the real one in some fractions of NA (0/4, 4/11 and 0/2) and ES (0/5 and 4/11).
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—v. The virtual packing density was determined on the basis of the second scenario, except that § was
considered as the maximum virtual density (y), defined as the minimum packing density of an
aggregate class when the latter is the dominant one in a poly-sized mix.

Once the B factor had been determined in each aggregate fraction, the model was applied to binary
mixes. Initially, this method was applied to coarse and medium sizes, grading the volumetric fractions
from 0.0 to 1.0 (in 0.1-point increments). It was subsequently applied to the mixing of all NA and ES
fractions (in addition to the NA fine fractions).

3-PARAMETER PARTICLE PACKING MODEL (3-PM)

The 3-PM model was applied to binary mixes of coarse/medium aggregate sizes of NA plus ES,
following previous research [8]. Afterwards, informed of the developments at the University of Hong
Kong under Dr. Wong, based on the multi-component particle-mix model, applied to ternary and
guaternary mixtures, it was concluded that the loosening effect, the wall effect and the wedging effect
were dependent on the aggregate size-ratio and, additionally, that the former were dependent on both
the aggregate morphology (whether rounded or not) and the compaction energy.

3. RESULTS

3.1 Concrete mix design and properties

The 12 concrete mixes presented in Table 2 were prepared. The ES fractions were mixed as needed with
0/2 mm NA, to adjust the siderurgical aggregate grading curves. These mixtures respond to the optimum
combinations of aggregates based on experimental packing density results and the 4 theoretical models

previously presented.

Table 2: Concrete mixes and their properties.

Materials and properties Experimental Funk & Dinger CPM and 3P
NA1| NA2| ES1| ES2| NA3| NA4| ES3 |ES4 | NA5| NA6| ES5 | ES6
NA-0/4 (kg/md) 905 | 844 996 | 978 804 | 751
NA-4/11 (kg/mq) 436 | 407 579 | 542 594 | 555
NA-11/22 (kg/m3) 664 | 619 403 | 373 603 | 563
NA-0/2 (kg/md) 402 | 375 335 | 376 905 | 844
ES-0/5 (kg/m?®) 1065| 994 919 | 828 586 | 547
ES-4/11 (kg/m?®) 630 | 588 574 | 518 433 | 404
ES-11/22 (kg/md) 416 | 389 681 | 594 430 | 401
CEMII/A-M(V-L)42.5R (kg/m®) | 260 | 317 | 260 | 317 | 270 | 306 | 267 | 326 | 260 | 317 | 260 | 317
g-factor - 0.31| 0.29| 0.35| 0.33 -
WI/C 0.55 (Spanish Structural Concrete Instruction EHE-08)
Solids (%) 84.4| 82 |83.4|81.0|827|822|83.7|814|850]|828]|82.8]81.0
Slump (mm) 15| 8 | O |150| O | 40 | 15 | 160 | 15 | 150 | 15 | 40
Bulk density (kg/dm®) 24 | 24| 2929 | 24| 24|29 | 29| 24| 24| 27| 27
Packing density aggregates (%) | 71.6 | 71.5| 72 | 72.1|75.4|75.8|749| 743|714 |716| 74 | 74
P. density aggregates+CEM (%) | 75.2 | 75.8| 74.1| 75.0| 76.0 | 76.1 | 76.5| 76.3 | 75.5| 75.9| 75.4| 74.8

Some of the mixes were cast with a reduced % volume paste (23-24%) and others were dosed with a
typical content of 27+29%. Additionally, several g-parameters (more than initially mentioned) were
tested until a 260300 kg/m® cement content. These mixes had been designed regarding be comparable
with these three mixing aggregates methods.
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According to the ACI 211.1 code, the absolute volume method (2% of air content when the maximum
aggregate size is over 20 mm, in a total volume of 1 m®) should be applied to the mixes.

3.2 Factors that affect the packing density of aggregate fractions

The packing densities of both aggregate types (natural and siderurgical) differed, despite their similar
grain size distributions and despite having followed a similar compaction process, probably because of
the differences in their surface texture (roughness of ES vs plain NA) and shape (depending on whether
fractions were crushed or crushed/screened).

The packing density of both the NL and the ES aggregates under study decreased as their mean particle
size increased, contrary to the findings of other studies (practically mono-size, while wider fractions
were tested in this study), due very probably to a higher agglomeration effect between the finer particles
(inter-particular forces), which causes these finer particles to fill the voids left by the larger particles and
the agglomeration effect is less prevalent. In addition, the authors observed how both aggregate types
were sensitive to the compaction method and, specifically, the fine fractions, due to the above-mentioned
agglomeration effect.

3.3 Assessment of particle packing models: experimental vs predicted

EXPERIMENTAL PACKING DENSITY OF MIXING AGGREGATES

Two different approaches were analyzed close to the maximum packing value scenario. Firstly, a dosage
with the highest packing density computed with a 2" degree-polynomial curve in the packing model:
409%(11/22)+60%(4/11) of NA aggregates and 20%(11/22)+80%(4/11) of ES. Secondly, an optimum
aggregate packaging proportion for concrete mixes was designed, because coarse aggregates provide
the concrete strength and reduced aggregate surface areas will also reduce the water requirement. In this
second approach, the desired workability was obtained with a combination of: 60%(11/22)+40%(4/11)
of natural aggregates and 40%(11/22)+60%(4/11) of ES aggregates. The packing density of ES
aggregates was maximized when the 4/11 fraction was dominant and, as expected, the higher the packing
density, the higher the compaction energy.

It should be highlighted that the aggregate proportions with the maximum packing value were
independent of the applied compaction method. The fine fractions had a compaction sensitivity greater
than all others. Additionally, a maximum packing density will require siderurgical mixes with fewer
fillers (ES 0/5 plus NA 0/2) when the coarse aggregate contents are in lower proportions.

OPTIMUM MIX DESIGN BASED ON IDEAL CURVES

The comparison between Funk/Dinger and Fuller methods showed that the former required higher
amounts of fines and that when the Fuller method was applied, the crushed aggregates were in preferable
proportions. Besides, the Fuller method provided preferable NA proportioning of
50%(11/22)+50%(4/11), while, in the Funk/Dinger procedure, the preferred proportions were
40%(11/22)+60%(4/11).

In the present research, the medium aggregate fractions (40%(11/22)+60%(4/11)) dominated the
experimental ES combinations with maximum packing densities. Although, when fitted with the ideal
curves, the prediction was 60%(11/22)+40%(4/11). In conclusion, the ideal curves for the siderurgical
(crushed) aggregates were not in agreement with their experimental counterparts.

ASSESSMENT OF DISCRETE MODELS FOR AGGREGATE PACKING DENSITY

The predictions of the CPM and 3-PM models and their applicability were verified and compared with
the experimental packing densities throughout the 4-compaction procedures (L, C, C26 and C33):
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binary, ternary and quaternary mixtures, respectively. Firstly, we will present the results of the NA-
based mixtures.

It was concluded that, in both the binary and the ternary mixtures, the CPM overestimated the packing
density and its prediction of the most compacted combinations reached maximum values of aggregate
ratios close to 509%(11/22)+50%(4/11). In contrast, the 3-PM model fitted the experimental results of
the ternary mixtures better, especially in two compacting methods: C and C26. The 3-PM model
appeared to be suitable for predicting the packing density of these natural aggregates, regardless of the
compaction method, taking into account the mean diameter in each aggregate fraction.

The results of the siderurgical aggregate mixes are now presented. In ES binary mixtures, the CPM
model (coarse and fine sizes dominant) appears valid. On the other hand, the predictions of this model
overestimated the packing density when there was no dominant aggregate fraction. However, the 3-PM
fit for the intermediate mixes was better, especially for the two compacting methods: C26 and C33.

In the ternary ES mixtures, the CPM model fitted the experimental values and the 3-PM model clearly
showed a better fit when C and C26 compacting methods were applied. Besides, CPM overestimated
the packing density in the quaternary mixtures (added NA 0/2 fines), although it was underestimated in
the 3-PM model. These behaviors could be based on how the 3-PM model accounts for the welding
effect between particles or because of the reduction of the packing density when the fine particle layers
cannot be formed (gaps between coarse particles).

Model accuracy for ES materials based on the predicted CPM (binary mix) packing densities deviated
by around 6%. Furthermore, this error increased when ternary and gquaternary mixtures were assessed
(overestimation). On the contrary, the 3-PM model fitted a better agreement, showing itself to be a
suitable method for predicting the packing density of ES materials.

As an additional study, the CPM and 3-PM models were analyzed to validate aggregate proportioning
at the highest packing density (see Table 3). The table below presents 3 results: a wide range of aggregate
combinations were close to the maximum packing density when mixing three or more granular fractions,
and close enough therefore to the maximum experimental values.

Table 3: Optimal granular (in volume) proportioning and maximum Packing Densities (PD).

. Natural aggregates (NA) Siderurgical aggregates (ES)
Compacting | Model |5/ T4/11 [11/22] PD |NA-02] 0/5 | 4/11 | 11/22 | PD
CPM 0.68 0.5 0.2 0.2 0.2 ]0.75
L 3P 04 103 | 03 0.69 0.4 0.3 0.2 0.1 |0.66
CPM 0.76 0.5 0.2 0.2 0.2 1084
c 3P 05 | 03 03 0.75 0.6 0.2 0.1 0.0 |0.72
C26 CPM | 04 | 02 | 04 | 0383 0.5 0.2 0.2 0.2 091
3P 05 ] 03 ] 03 | 080 0.4 0.5 0.1 0.0 |0.76
c33 CPM | 04 | 02 | 04 | 084 0.5 0.2 0.2 0.2 ]0.92

3P 05 103 ] 03 ] 081 0.4 0.4 0.2 0.0 ]0.78

As can be seen in Table 3, there are differences in aggregate proportioning depending on the compacting
procedures. The 3-PM model predictions for the ES mixtures implied that the denser the mix the lower
the content of coarse aggregates (11/22), which suggests that the model is not useful for concrete
applications. Moreover, taking into account the same criteria in the experimental campaign, to identify
the optimum packed aggregate proportioning for concrete mixes, the optimal aggregate proportioning
will be: 0.17(11/22):0.25(4/11):0.28(0/5):0.30(0/2-NA), compacted with the C33 method; proportions
that were very close to the predictions.
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4. CONCLUSIONS

Numerous experimental test campaigns have been conducted, in which 4 compaction procedures
(dry conditions) have been applied to four sieved fractions of natural limestone and three others
from siderurgical aggregates. Different physical and chemical properties of these aggregates have
been characterized. Different aggregate proportioning studies have been compared and the
experimental results validated with four theoretical models (Fuller, Funk and Dinger, CPM and 3-
PM).

Regardless of the compaction method, the 3-PM model showed higher accuracy for the ternary and the
quaternary mixtures when determining the PD of individual fractions. Our conclusion is that, unlike
natural aggregates, other methods based on aggregate shape should be preferred for these ES
aggregates mixtures, due to the variability of these co-products, their specific textures and contours.
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RESUMEN

Nos venimos preguntando si es posible establecer modelos de gestion que permitan considerar
sostenibles los edificios singulares. Partimos de la base de que la concepcidn de una arquitectura singular
implica afrontar una inversion inicial superior a la que pudiera corresponder a cualquier otra de caracter
ordinaria.

Sin embargo, este tipo de arquitecturas han sido, es, y se prevé que siga siendo un patrimonio icénico
para la sociedad. Se han elaborado modelos a partir de datos reales de los que deduce que el mayor
importe del coste global se puede compensar con actitudes basadas en el valor simbélico del edificio y
en su propio mercadeo, todo ello contando con el compromiso de los lideres sociales, la difusion
adecuada y la explotacion comercial de la singularidad del edificio.

Nuestra ponencia pretende aportar un nuevo factor de reflexion que consideramos indispensable para
mitigar la diferencia de costes entre un edificio singular y otro carente de esta designacion, de forma
gue pueda alcanzar la maxima sostenibilidad a lo largo de su vida til: la polifuncionalidad o el multiuso
del edificio con la posibilidad de asumir cambios de uso en el tiempo, asi como disponer de un modelo
de gestidn que le permita interactuar con diversos factores sociales.

PALABRAS CLAVE: Arquitecturas singulares; Sostenibilidad; Polifuncionalidad; Multiuso del
edificio.

1. SOBRE LAS ARQUITECTURAS SINGULARES

Los edificios singulares son un ejemplo de construcciones no convencionales, y casi todas las

arquitecturas que hemos heredado han sido en su mayoria edificios singulares: templos, palacios y
castillos, destinadas a todos los usos que los avatares de la historia les ha deparado.
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