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ABSTRACT

Corrosion is a primary factor compromising the safety and service life of steel structures.
Corrosion protection coatings are generally employed for protection of the steel structures that are
exposed to different aggressive environments. This research evaluated the use of biobased ion
exchangers as a sustainable means of improving corrosion protection coatings.

Two base polymer coatings (vinyl and coal-tar epoxy) were considered. The following types
and dosages of biobased ion exchangers were evaluated in these coatings: (i) strong-base ion
exchange cellulose in OH, PO4, SiO3, BO3, NO2, SO4 and NOs forms at 1% by weight of resin; (ii)
weak-acid starch citrate ion exchanger in H form at 1 wt.%; and (iii) strong-base ion exchange
cellulose in OH form at 2 wt.%. In addition, a strong-base ion exchange resin in OH form was
considered at 1 and 2 wt.% as control. Different coating formulations were evaluated based on the
outcomes of salt-fog corrosion, moisture resistance, pull-off strength, and abrasion resistance tests.
The introduction of certain biobased ion exchangers in protective coatings was found to be an
effective means of achieving improved levels of corrosion resistance, adhesion capacity, moisture
stability and abrasion resistance.

KEYWORDS

Biobased ion exchanger, Protective coatings, Corrosion resistance, Sustainability, Moisture
stability, Adhesion capacity, Abrasion resistance

INTRODUCTION
Preface

The cost burden associated with corrosion of metals is ~3.4% of the global GDP.! Use of
protective coatings is a common approach to mitigating corrosion of steel structures. The global
markets for protective coatings are approaching $50 billion.? There are, however, limits on the extent
of protection against corrosion provided by coatings. Their effectiveness can diminish over time due
to a host of factors, including deterioration of coatings under environmental, erosive and other

! http://impact.nace.org/economic-impact.aspx
2 https://www.grandviewresearch.com/press-release/global-protective-coatings-market
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damaging effects. The work presented here seeks to develop an economical and sustainable
approach to improvement of corrosion protection coatings. This approach employs biobased ion
exchangers derived from different sources, emphasizing agricultural residues which are abundantly
available (320 million tons/yr in the United States) and are generally of limited monetary value.
Applications in protective coatings can consume close to 300,000 tons/yr of biobased ion exchangers
[1-3]. The corrosion inhibitors currently used in protective coatings could pose environmental
hazards; they are costly (few thousand dollars per ton) and are made using exhaustible raw
materials.

Many byproducts of agricultural crop processing have native ion-exchange attributes
provided by their constituent polymers (especially cellulose). Cost-effective strategies involving
chemical modification and crosslinking have been developed to enhance the ion-exchange capacity
and physical stability of ion exchangers derived from crop residues [1]. These biobased ion
exchangers provide a desired balance of performance, cost and sustainability attributes. They could
be used in polymer-based protective coatings to remove aggressive ions from corrosive solutions as
they diffuse through coatings towards metallic surfaces.

Corrosion, as an electrochemical reaction, requires the presence of an electrolyte. Pure
water, unlike solutions (which incorporate ions), is a poor electrolyte. Certainions (e.g., Cl-and SO4*
) not only form electrolytes but also stimulate corrosion reactions [4]. This investigation used
biobased ion exchangers in protective coatings with the objective of removing such aggressive ions
as well as their counter-ions from the solutions diffusing through the coating towards steel surfaces,
thereby abating both the electrolyte and the corrosion stimulants.

lon exchangers are insoluble solid materials which carry exchangeable cations or anions
[5,6]. These ions can be exchanged for a stoichiometrically equivalent amount of other ions of the
same sign when the ion exchanger is in contact with an electrolyte solution. lon exchangers comprise
a framework with electric surplus charge together with mobile counter-ions. Carriers of exchangeable
cations and anions are called cation exchangers and anion exchangers, respectively. A typical anion
exchange is:

XOH + NaCl (aq) — XCI + NaOH (aq) D
The resulting NaOH can be removed from the solution through a typical cation exchange:

XH + NaOH (aq) > XNa + H,0 2

where, X is a structural unit of the anion and cation exchangers (XOH and XH, respectively),
(aq) indicates that the electrolyte is in aqueous solution, and solid phases are underlined.

Insoluble cation and anion exchangers of particular forms are used commonly to substantially
deionize salt solutions. lon exchangers of petrochemical, mineral and plant origins are used in water
purification.

Basic Principles

Fine anion and cation exchangers (XOH and XH) were incorporated into protective coatings
in order to remove soluble corrosive salts (anions and cations) from the diffusing solutions (Fig. 1).
The ion-exchange process was used in this approach to diminish the electrolyte, and to render the
corrosive solutions innocuous as they diffuse into the coating towards the metal surfaces. The
example of Fig. 1 depicts the ion-exchange effects which essentially remove NaCl from the salt
solution as it diffuses through the coating (by converting NaCl to H.O). Removal of Na* and CI- ions
from the solution diminishes the electrolyte, and mitigates the corrosive effects of chloride ions.

@ DOI 10.14311/CEJ.2022.01.0001 2
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Fig. 1 - Schematic depiction of the approach.

lon exchange occurs because the ion exchanger prefers one species to the other. The
preference for one species may have several reasons. The most important are [5-8]: (i) electrostatic
interactions between the charged framework and counter-ions depend on the size and, in particular,
the valence of the counter-ion; and (ii) large counter-ions may be sterically excluded from the narrow
pores of ion exchanger. These and other factors lead to preferential uptake of certain species by
the ion exchanger. The ability of ion exchanger to distinguish between various counter-ion species
is called selectivity. In the case of a cation exchanger, for example, the selectivity sequence K* >
NH4* > Na* > H* implies that the cation exchanger in hydrogen (H*) form can exchange the K*, NH,*
and Na* cations.

Different Types of lon Exchangers

lon exchangers are available in resin, plant (cellulose, starch, etc.) and mineral forms. The
general structural principle (i.e., a framework with electric surplus charge and mobile counter-ions)
is common to all ion exchangers. Nevertheless, various types of ion exchanger show marked
differences in behavior.

lon exchange resins in the form of crosslinked polyelectrolytes are in common use [5-9]. The
matrix of these polymers is hydrophobic; hydrophilic components are introduced by the incorporation
of ionic groups such as —SOszH*. lon-exchange resins are made insoluble by introduction of
crosslinks which interconnect the various hydrocarbon chains; an ion-exchange resin particle is
practically one single macromolecule. The ion-exchange behavior as well as the chemical, thermal
and mechanical stability of different ion-exchange resins depend mainly on the structure and the
degree of crosslinking of matrix, and also on the nature and number of fixed ionic groups. The most
common polymer matrix used today is based on crosslinked polystyrene. Sulfonated copolymers of
styrene and divinylbenzene are some commonly used ion exchangers. Cation-exchange resins are
subdivided into strong-acid and weak-acid groups; similarly, anion-exchange resins are divided into
strong-base and weak-base materials. Different ion-exchange resins generally provide 1-10 meg/g
capacity for ion exchange.

@ DOI 10.14311/CEJ.2022.01.0001 3
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Biobased ion exchangers are produced by attaching substitute groups with basic or acidic
properties to plant-based (cellulose, starch, etc.) molecules [10]. Their ion-exchange properties are
similar to those of ion-exchange resins. Biobased ion exchangers, however, are generally finer with
greater specific surface area. Their porous structure provides for a higher rate of exchange, and
allows for entrance and attachment of large molecules that are not readily adsorbed in ion-exchange
resins [7-9]. The cellulose used for production of biobased ion exchangers is commonly derived from
wood and cotton. Biobased ion exchangers can also be produced via chemical modification and
crosslinking of agricultural residues such as corn stalk, sugar beet pulp, soybean hull and wheat
straw [11,12].

The following considerations provide the rationale for use of biobased ion exchangers in lieu
of ion-exchange resin in corrosion protection coatings: (i) many biobased ion exchangers, when
compared with ion-exchange resins, offer higher rates of exchange and greater accessibility for
diverse categories of ions; (ii) the commonly higher fineness of biobased ion exchangers favors their
use as filler in polymer coatings; (iii) application in protective coatings does not involve regeneration;
the favorable regeneration qualities of ion-exchange resins are thus irrelevant in this application; (iv)
the cost of biobased ion exchangers is an order of magnitude less than that of ion-exchange resins;
and (v) agricultural residues, which are available in tremendous quantities and are generally of
limited monetary value, can be used as raw materials for production of biobased ion exchangers.

lon-Exchange Celluloses

The biobased ion exchangers used in this investigation were: (i) a strong-base anion
exchange cellulose (Whatman® from Millipore Sigma) in OH", PO, SiOs, BO3s, NO2, SO4, NOs’
forms; (ii) a weak-acid cation exchange starch (starch citrate in H* form); and (iii) a strong-base anion
exchange cellulose (Whatman® from Millipore Sigma). In addition, a strong-base anion exchange
resin in OH" form (Dowex Marathon MSA from DOW Chemical) was used as control.

The biobased anion exchangers were received in CI- form, and were converted into other
ionic forms to provide them with the capability to render corrosion protection effect by exchanging
the diffusing CI" ions with innocuous anions. All biobased ion exchangers were dried in an oven at
55°C for 18 hours, and then subjected to size reduction via ball-milling. For this purpose, a ceramic
jar was used together with ceramic balls, and the biobased ion exchangers were milled to 6-9 pym

particle size.
Fig. 2 shows an example biobased ion exchanger used in protective coatings.

@ DOI 10.14311/CEJ.2022.01.0001 4
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Fig. 2 - An example biobased ion exchanger (anion-exchange cellulse in SO3™ form) after ball
milling.

Formulation of Protective Coatings

Two different coating formulations based on vinyl and coal-tar epoxy were used in this
investigation. Strong-base and weak-acid biobased ion exchangers of different ionic forms were
incorporated into these polymer matrices as corrosion inhibitors.

Vinyl resins are used to formulate high-efficiency anti-corrosion coatings due to their good
physicochemical characteristics (chemical resistance, and desired barrier qualities against water and
oxygen). Vinyl resins modified with maleic acid can be applied directly on steel surfaces because
acid groups improve adhesion. Tricresyl phosphate was employed as a plasticizer at a resin:
plasticizer weight ratio of 4:1. The long-chain copolymer of vinyl consolidates into a film which is
resistant to water, weathering, immersion, acids, alkalis, and many other chemicals. The vinyl-based
resin used in this investigation (Trade Name: UCAR-Solution Vinyl Resin supplied by Union Carbide)
can be applied without a primer. Tricresyl Phosphate (Trade Name: Tritolyl Phosphate, Tec 90%
mixture of isomers - Sigma Aldrich) was used as plasticizer at 25% by weight of resin to make the
vinyl resin flexible.

Coal-tar epoxies, with coal tar used as filler, rely upon barrier qualities against moisture
movement for protection of steel against corrosion. They provide desired adhesion capacity, and
can be applied directly on roughened (e.g., sandblasted) steel surfaces. The coal tar filler provides
for improved moisture resistance without undermining the toughness, adhesion capacity, UV
resistance and thermal stability of epoxy. The desired alkali resistance of epoxies benefits their
performance under seawater exposure. Cathodic protection is another favorable attribute of epoxy
resin; the high dielectric strength of these coatings contributes insulating qualities which prevent the
electrochemical flow that drives the corrosion process.

The biobased ion exchangers and the control ion-exchange resin introduced earlier were
used as corrosion inhibitors. Ferric (Iron Ill) oxide (<5 micron particle size, 99+% supplied by Sigma
Aldrich) and barium sulfate (98% supplied by Sigma Aldrich) were also used in the coating
composition. Isobutylketone (4-methyl-2-pentanone, 99+%), xylene (xylene isomers plus
ethylbenzene), and butyl acetate (99.5+% A.C.S. reagent), supplied by Sigma Aldrich, were used as
solvent at 10:20:70 weight ratios.

The composition of the vinyl-based corrosion protection coatings considered in this
investigation are presented in Tab. 1. The compositions of the coal-tar epoxy Parts A and B are
presented in

Tab. 2. The protective coating formulations with (or without) ion exchangers considered in
the experimental program are introduced in Tab. 3.

@ DOI 10.14311/CEJ.2022.01.0001 5
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Tab. 1 - Compositions of vinyl-based corrosion protection coatings.

Constituent Weight%
Ferric Oxide 19
Barium Sulfate 19
Vinyl Resin 50
Tricresyl phosphate 12

Tab. 2 - Composition of the corrosion protection coating based on coal-tar epoxy.

(a) Part A
Material Trade Name Manufacturer/Supplier Weight%
Coal-tar Coal-tar. Alpha Aesar 355
Versamid VERSAMID 100PMX60 Palmer Holland, 24.4
Nytal 300 Nytal 300 Industrial Talc R.T. Vandorbilt Company, Inc, 24.8
CAB-O Lite M-5 CAB-O SIL M-5 Cabot Corporation 5.90
Aluminum Stearate | Aluminum Stearate, Technical Grade | Alpha Aesar 0.80
Xylol 0-xylene, HPLC Grade, 96% Alpha Aesar 8.60
(b) Part B
Material Trade Name Manufacturer/Supplier | Weight%
Epoxy Araldite 471x75 | Araldite GZ 471X-75, Vantico, Inc 46.3
Xylene Solution
Butanol 1-Butanol, A.C.S., 99.4+% Alpha Aesar 11.5
Cellosolve Acetate 2-Ethoxyethyl acetate, 98% | Sigma Aldrich 7.70
Xylol o-xylene, HPLC Grade, 96% | Alpha Aesar 34.5

Tab. 3 - The protective coating formulations considered in the experimental program.

I 0,
Polymer lon Exchanger Specimen # lon Exch?;]gr?;)nght/o
None VR-0 0
Starch citrate cation exchanger (H* VRCAH-1 1 (HY
form)
VRCBOH-1 1 (OH)
VRCBOH-2 2 (OH)
\1/RCBSIO3- 1 (SiOs)
Vinyl Strong-base anion exchange cellulose | VRCBPO4-1 | 1 (POx)
VRCBBO3-1 | 1 (BOx3)
VRCBS04-1 | 1 (SOx4)
VRCBNO2-1 | 1 (in NOY)
VRCBNO3-1 | 1 (in NO3)
. . VRRBOH-1 1 (OH)
Strong-base anion exchange resin VRRBOH-2 2 (OH)
None CT-0 0
Starch citrate cation exchanger (H* CTCAH-1 1 (HY)
Coal-t form)
EO(";‘X' ar CTCBOH-1 | 1 (OH)
P Strong-base anion exchange cellulose CTCBOH-2 2 (OH)
CTCBSIO3-1 | 1 (SiO3)
CTCBPO4-1 | 1 (POy)
@ DOI 10.14311/CEJ.2022.01.0001 6
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CTCBBO3-1 | 1 (in BO3)
CTCBSO4-1 | 1 (SO4)
CTCBNO2-1 | 1 (in NO2)
CTCBNO3-1 | 1 (in NO3)
CTRBOH-1 | 1 (OH)
CTRBOH-2 | 2 (OH)

Strong-base anion exchange resin

Preparation of Protective Coatings

The viny-based coating was prepared in a laboratory-scale porcelain jar ball mill with 3 liters
volume, operated at 60 revolutions per minute with a ceramic ball-to-material weight ratio of 10: 1.
These conditions were selected to produce a homogenous end product. The vinyl resin (150 g) was
added to the ball mill, and milled for 2 hours. The remaining constituents of the formulation, except
for tricresyl phosphate, were then added to the ball mill, and milled for 24 hours. The product was
transferred to a laboratory-scale planetary mixer, the tricresyl phosphate constituent was added, and
mixed for 10 minutes. Solvents were then added as needed (150 ml initially, and more added if
required) to produce the required viscosity, and mixed for 20 minutes. The end product was left for
24 hours to ensure homogeneity, and then applied.

Coatings based on coal-tar epoxy were mixed for 20 minutes in a planetary mixer with
polyamide and the remaining constituents of Part A of the formulation. Part B of the formulation was
then added, and mixing was continued for 20 more minutes.

Selection, Preparation and Coating of Steel Substrates

ASTM A 1008-CS Type B steel (Cold Rolled) was obtained from Heidtman Steel Products,
Inc. This is a low-carbon matte finish steel that is suitable for application of paints and enamels. Its
yield and tensile strengths are 38,000, and 52,000 psi, respectively. The steel was cut into 76.2mm
x 127mm (3in x 5 in) pieces. Edges were rounded, and corners were made smooth. The steel
surfaces were vigorously rubbed using clean lint-less cloth wet with mineral spirits until all soluble
and loosely adhering particles removed. The surfaces were then flushed with clean solvent, and
dried at 52 to 93°C (125 to 200°F) before use or storage (ASTM D 609 Procedure D). Fig. 3a shows
examples of the resulting substrate that are ready for application of protective coatings.

Protective coatings were applied following ASTM C823 Procedure B, using a dip coater that
withdraws test specimens from a container of the coating material at a constant rate. The coating
thickness after withdrawal was measured per ASTM D1005 (Fig. 3b). The withdrawal rate was
adjusted to yield the targeted coating thickness (measured at three different locations).

(a) A substrate prepare for coating (b) Withdrawal of substrate from the coating mix

Fig. 3 - Example substrate and the coating process.

@ DOI 10.14311/CEJ.2022.01.0001 7
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Test Methods

The pull-off strength of protective coatings was measured following the ASTM D4541 and
ASTM B117procedures using the test setup shown in Fig. 4a. Abrasion resistance was evaluated
using the ASTM D968 procedures (Fig. 4b). Salt fog corrosion tests (Fig. 4c) were performed on
scribed (Fig. 4c) or non-scribed tests per ASTM D1654 (Fig. 4d). The exposure period was 1944
hours. Loss of adhesion at the scribe mark for scribed specimens, and blistering associated with
corrosion for non-scribed specimens (as well as other failure conditions) were evaluated per ASTM
D1654 and ASTM D714, respectively. In the case of the scribed specimens, corrosion rating was
based on the extension of paint loss from the scribe mark, with ratings of 10 and 0 assigned to cases
with 0 mm (0 in) and 13 mm (5/8 in) scribe extension, respectively. The non-scribed specimens were
dried with paper towel, and their surfaces were evaluated for detection of corrosion spots, blisters
and any other types of failure. When the character of failure permitted, photographic blister standards
(ASTM D714) were used to describe the results with respect to the size of blisters or corroded areas.
Moisture resistance tests were performed for evaluating the stability of protective coatings when
immersed in water (Fig. 4e). Specimens were immersed in water at 27°C, and were evaluated for
any indication of degradation, including color change, blistering and loss of adhesion.

(a) Pull-off (b) Abrasion (c) Salt fog spray (d) Scribing  (e) Immersion
Fig. 4 - Test setups.

RESULTS
Pull-Off Strength

Failure in pull-off tests generally occurred at the coating-substrate interface for vinyl coatings
(Fig. 5a), and through the coating thickness for coal-tar epoxy coatings (Fig. 5b). Four replicated
pull-off tests were performed with each coating formulation. The pull-off strength test results are
presented in Fig. 6. The pull-off strengths of coatings based on coal-tar epoxy are observed to be
smaller than those based on vinyl. Given the differences in failure modes of these two coating
systems (Fig. 5), however, the lower pull-off strength of coatings based on coal-tar epoxy does not
necessarily points at their lower adhesion capacity. The pull-off strength test results for vinyl coatings
indicate that different biobased ion exchangers can either decrease or increase the pull-off strength;
the effects are moderate to small. The highest pull-off strength of vinyl-based coatings was obtained
with the addition of 1 wt.% strong-base anion exchange cellulose in OH" form. The addition of strong-
base anion exchange resin at 2 wt.%, on the other hand, produced the lowest pull-off strength for
vinyl-based coatings. The effects of biobased ion exchangers on the pull-off strength of the coal-tar
epoxy coating were moderate to small. Addition of strong-base anion exchange cellulose in NOs’
form at 1 wt.% produced a slight rise in the pull-off strength of coal-tar epoxy. The lowest pull-off
strength for coatings based on coal-tar epoxy was obtained with the addition of strong-base anion
exchange resin in OH" form at 1 wt.%. This drop was the only statistically significant change (at 5%
level of significance) in pull-off strength of the coal-tar epoxy coatings resulting from the addition of
ion exchangers.

@ DOI 10.14311/CEJ.2022.01.0001 8
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(a) Vinyl (b) Coal-tar epoxy
Fig. 5 - Typical failure modes in pull-off tests.
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Fig. 6 - Pull-off strength test results (means & standard errors).

Abrasion Resistance

Four replicated abrasion tests performed for each coating; the test results are presented in
Fig. 7. Vinyl-based coatings are observed to provide relatively high levels of abrasion resistance
when compared with the coatings based on coal-tar epoxy. There was a statistically significant
improvement (at 5% level of significance) of the abrasion resistance of vinyl-based coatings with the
addition of 1 wt.% strong-base ion-exchange cellulose in NOz™ form. The effects of most biobased
ion exchangers on the abrasion resistance of the vinyl-based coating were not statistically significant.
Only the anion exchange resin (at 1 and 2 wt.%) and the cation exchange starch citrate (at 1 wt.%)
had statistically significant adverse effects (at 5% level of significance) on the abrasion resistance of
the vinyl-based coating. In the case of coatings based on coal-tar epoxy, addition of 1 wt.% strong-
base ion-exchange cellulose in NOs form or 1 wt.% anion exchange resin in OH" form produced
statistically significant (at 5% level of significance) improvements in abrasion resistance.
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Salt Fog Corrosion Resistance

Scribed Specimens

Examples of scribed specimens with modified coatings based on vinyl and coal tar epoxy
after exposure to salt fog are presented in Fig. 8. Results of three replicated salt fog corrosion tests
performed on scribed specimens with each coating formulation are presented in Fig. 9. In the case
of formulations based on vinyl, most ion-exchange celluloses at the dosages considered (1 or 2
wt.%) did not produce notable (statistically significant at 5% level of significance) changes in the salt
fog corrosion resistance rating. Introduction of the ion-exchange resin considered here (in OH" form
at 1 and 2 wt.%) as well as Starch citrate cation exchanger in H* form at 1 wt.%, on the other hand,
compromised the salt fog corrosion resistance rating of the vinyl-based coating. In the case of
coating formulations based on coal-tar epoxy, introduction of anion-exchange cellulose in NO3z form
at 1 wt.% and anion-exchange resin in OH form at 2 wt.% produced notable (statistically significant
at 5% level of significance) improvements in the salt fog corrosion resistance rating.

(a) Vinyl coating with 1 wt.% anion exchange

cellulose in PO4 form

(b) Vinyl coating with 1 wt.% anion exchange
cellulose in NO3 form
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il

(c) Coal tar epoxy coating with 1 wt.% anion  (d) Coal tar epoxy coating with 1 wt.% anion
exchange cellulose in SO, form exchange cellulose in NO3™ form

Fig. 8 - Examples of scribed specimens after salt fog exposure.
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Fig. 9 - Salt fog corrosion test results for scribed specimens (means and standard errors).

Non-Scribed Specimens

Examples of non-scribed specimens after completion of the salt fog corrosion exposure
period are presented in Fig. 10. In an effort to quantify the test data, the following ratings were
assigned to the density of blistering: Few = 1; Medium = 2; Medium Dense = 3; Dense = 4. The
blistering level was then defined as the multiplication of the degree and the density of blistering. Fig.
11 presents the blistering level of non-scribed test specimens after completion of the salt fog
corrosion period for non-scribed specimens with different coating formulations. As far as the vinyl
coatings applied to non-scribed specimens are concerned, the addition of 1 wt.% anion exchange
cellulose in SiOs form and 2% anion exchange cellulose in OH" form produced notable and
statistically significant reductions in blistering level. The effects of other ion exchange celluloses and
resin on the blistering level of non-scribed specimens with vinyl coating were not statistically
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significant. In the case of coal tar epoxy-based coatings, addition of 1 wt.% anion exchange cellulose
in PO4 form produced notable and statistically significant (at 5% level of significance) reduction in
blistering level. The effects of other ion exchange celluloses and ion exchange resin on the blistering
level of non-scribed specimens with coal tar epoxy coating were not statistically significant.

(a) Vinyl coating with 1 wt.% anion exchange (b) Vinyl coating with 1 wt.% anion exchange
cellulose in PO4 form cellulose in NOs form

- \ | w

_ud

(c) Coal tar epoxy coating without ion (d) Coal tar epoxy coating with anion
exchanger exchange cellulose in NO3z™ form

Fig. 10 - Examples of non-scribed specimens after conclusion of the salt fog corrosion exposure
period.
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Fig. 11 - Blistering levels (means and standard errors) of non-scribed specimens with different
coating formulations after completion of the salt fog corrosion exposure period.

Moisture Resistance

The extent of damage reflecting on moisture resistance is expressed as the change in color,
degree of blistering, or loss of adhesion of the coating. Figure 12 shows examples of vinyl-based
coating with different ion exchange celluloses after immersion in water for 81 days. The moisture

resistance test results are summarized in

Tab. 4. The moisture resistance of coatings based on vinyl and coal tar epoxy generally
benefited from the introduction of biobased ion exchangers. For example, 1 wt.% anion exchange
celluloses in NOsz and SiOs forms improved the moisture resistance of vinyl and coal-tar epoxy

coatings, respectively.

(a) 1% ion-exchange cellulose in SiO3 form

(b) 1% ion-exchange cellulose in NO3 form

Figure 12. Examples of specimens with vinyl-based coatings incorporating different ion-exchange
celluloses after 81 days of immersion.
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Tab. 4 - Moisture resistance test results.
Coatin Color . Degree of

Formulat?on Change Loss of adhesion Bligtering
VR-0 No ~25% of surface area lost adhesion 8-Medium Dense
VRCBOH-1 Yes No 6-Medium Dense
VRCBOH-2 Yes No 8-Medium
VRCBSIO3-1 | Yes ~10% of surface area lost adhesion 8-Medium
VRCBNO3-1 Yes No 8-Few
VRCBNO2-1 Yes No 6-Medium
VRRBOH-2 Yes No 6-Medium Dense
CT-0 Yes No 4-Dense
CTCBOH-1 Yes No 6-Medium Dense
CTCBSIO3-1 | Yes No 4-Medium Dense
CTCBNO2-1 Yes No 8-Few
CTCBNO3-1 Yes No 6- Medium
CTRBOH-2 Yes No 4-Dense

The effects of ion exchange celluloses on various aspects of the protective coating performance
strongly depends on their type. Statistically significant gains in the abrasion, salt fog corrosion and
moisture resistance were realized by the addition of ion exchange cellulose in NO3 form at 1 wt.%.
The pull-off strength of the coating was retained in the presence of this ion exchange cellulose.
These findings suggest that selective use of ion exchange cellulose in coatings can be a sustainable
means of enhancing their protective attributes.

CONCLUSION

Biobased ion exchangers, including those synthesized using agricultural residues, offer
promise as sustainable, environmentally friendly and cost-effective alternatives to the corrosion
inhibitors currently used in protective coatings. Biobased ion exchangers, when incorporated into
polymer-based protective coatings at 1 to 2 weight%, can remove corrosive ions from the solution
diffusing through the coating towards metallic surfaces, thus rendering the originally aggressive
solutions innocuous. In addition, biobased ion exchanges either retain or improve the key
engineering properties of protective costings, including their abrasion resistance, pull-off bond
strength and moisture resistance. These findings were based on the test data generated using
various types of biobased ion exchangers of different ionic forms, which were used in different
polymer-based protective coatings. Major distinctions were identified between the effects of different
biobased ion exchangers on the performance attributes of specific polymer-based protective
coatings. Further investigations are needed in order to explain the differences in the benefits realized
by introducing various types of biobased ion exchangers in different protective coatings.
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ABSTRACT

With the maturity and wide application of the bridge swivel construction technology, the
single-fulcrum balance swivel cannot meet the need of crossing over the high-speed railway catenary
and other obstacles, so the unbalanced swivel construction is often needed. In order to ensure the
stability and safety of the unbalanced swivel process, a multi-fulcrum swivel method is proposed. In
this paper, the railway cable-stayed bridge over Harbin West Avenue is taken as the research object,
and the multi-fulcrum swivel construction method over the metal contact network is adopted. The
abaqus finite element model is established to study the influence of different swivel angular velocity,
friction coefficient of slideway and position of support foot on the force of support system in the
course of swivel. The results show that, compared with the traditional single-fulcrum swivel, the
support foot of the multi-fulcrum swivel becomes the main force component, and the force on the
spherical hinge decreases. The swivel angular velocity is positively correlated with Mises stress of
the support foot and the spherical hinge. When the friction coefficient of the slideway changes in
order of 0.02, 0.04, 0.06, 0.08 and 0.1, the friction stress of the outer edge of the support foot
increases linearly. Considering the force of the spherical hinge and the support foot, the best position
of support foot is 7.3 m from the center of the spherical hinge. The research in this paper can be
used for reference multi-fulcrum unbalanced swivel construction in the future.

KEYWORDS

Unbalanced swivel construction, High-speed railway catenary, Multi-fulcrum swivel method,
Finite element model, Support system

INTRODUCTION
Current status of research

The swivel construction refers to a kind of construction method that the bridge structure is
first poured and formed outside the completed bridge position, and can reduce the influence of
construction on the traffic line to a large extent through turning into position. The commonly used
methods of swivel are vertical swivel, horizontal swivel, horizontal swivel and vertical swivel
combined method[1]~[4]. the length of the two sides of the main swivel bridge of Wuhan Changging
Road was doubled, and the difference between the bottom of the beam and the railway catenary
was 2.5 m, as shown in Figure 1. At this point, the traditional balanced swivel is no longer satisfied
with the complex construction conditions, and it is necessary to seek more advanced swivel
methods.
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beam

difference

2.5M

Fig. 1 — Wuhan Changqing Road main line swivel bridge

The traditional swivel is single-fulcrum support, that is, the bridge is supported by the
spherical hinge to complete the swivel. Although traditional horizontal swivel construction has many
advantages, the overall stability of the swivel structure is the worst at this time because the structure
is in a transient equilibrium state during the swivel process[6]~[7]. As for the swivel bridges, the stress
of the consolidation of the tower and beam, the maximum cantilever end, the turntable, the shaft and
the spherical hinge are complex in the swivel process, which is the focus of domestic and foreign
scholars. Sun[8] used finite element software to analyze and study the stress of the beam , the
turntable and the shaft during the swivel process of the Suifenhe cable-stayed bridge during the
acceleration and uniform processes. Liu[9] analyzed the stress of spherical hinge with different
velocities and acceleration by dynamic time history, and obtained the limit value of acceleration.
Furthermore, Che [10] conducted in-depth research on key mechanical problems in the process of
bridge horizontal swivel by means of theoretical analysis, numerical simulation and experimental
measurement.

There are more researches on traditional swivel construction monitoring, force analysis or
calculation theory, but less research on swivel bridges with extremely asymmetrical ends or
extremely unbalanced swivel across obstacles. At present, the methods adopted by Lv[10]~[11], and
others[11]~[15] are the additional front outrigger auxiliary support technology and the auxiliary
support walking power system technology. But Wuhan changing road swivel bridge construction
method and the method of Lv[11]~[15] have greatly increased the construction volume, construction
difficulty and swivel difficulty.

Because the overall stability of the traditional swivel is poor, and it cannot meet the needs of
extremely unbalanced swivels, the multi- fulcrum swivel with additional front outrigger support is
more complicated. Therefore, in order to provide a reasonable and simple swivel method for the
multi- fulcrum swivel in the future, this paper takes the Haxi Street cross-rail cable-stayed bridge
(hereinafter referred to as the Haxi cable-stayed bridge) as the research object, and puts forward
the method of multi- fulcrum unbalanced swivel of support foot auxiliary spherical hinge. In fact, the
support foot of the swivel system, as an auxiliary support component to prevent the roll, can be
completely combined with the spherical hinge to form a multi-fulcrum swivel support system. Based
on the analysis of the influencing factors of the force of the support foot and the spherical hinge in
the process of swivel, the unbalanced swivel construction of the bridge was successfully completed
by using the fine finite element analysis, inclined counterweight and unbalanced weighing[16]~[18],
which can provide reference for the unbalanced multi-fulcrum swivel construction in the future.

Engineering situation

Harbin West Avenue Cable-stayed Bridge is located in Harbin West Marshalling Station,
across more than 20 railway lines, whose span arrangement is (118+198+118) m, and the
intersection angle with the railway line is 80.4°. The total length of the bridge is 434 m. The layout
and swivel of the bridge are shown in Figures 2 and 3. The swivel span of the Tower 9 is (97+101)
m, and the span of the Tower 10 is (90+107) m. The swivel weight of the two towers both are about
28000 t.
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Due to the limitation of the railway line, the bridge side span is larger than that of the
conventional cable-stayed bridge (generally 0.45-0.5:1). Since the side span of tower 10 of the bridge
crosses the metal catenary of high-speed railway during swivel, the distance between the bottom of
the beam and the metal catenary is only 151 mm. Considering the safety of the swivel process, the
swivel method of multi-fulcrum unbalanced swivel is adopted to avoid the collision between the
bottom of bottom and the catenary during the swivel process. The multi-fulcrum swivel needs to be
counterweighted in the middle span to make the mid-span side support foot landing and the side
span lifting, so as to increase the spacing between the bottom of the beam and the catenary, which
constitutes a multi-fulcrum swivel system with the joint force of the support foot and the spherical
hinge, and ensures the smooth and safe swivel process.

118 198 | 118 | 31.4
I | ﬂ

eu_mm_n

- (- | |
Tower nine Tower ten

79.5

Fig.2 - Bridge type layout(Unit: m)

Fig.3 - Swivel orientation diagram

The difference between multi-fulcrum swivel and traditional swivel system is mainly the support
system. The support structure of traditional swivel system is mainly the spherical hinge, while the
support system of multi-fulcrum swivel system is composed of the spherical hinge and the support
foot. The diameter of the spherical hinge is 4500mm and the total height is 890mm. It is one of the
stress components of the support system. The upper turntable is equipped with six support feet
symmetrically distributed on both sides of the longitudinal axis of the beam. The structure diagram
of the swivel system is shown in Figure 4, and the detailed structure of the support system is shown

in Figure 5.
'y th: -Zj—

reaction

Turntable
Spher;
Traction disc hin,

=1
=]

Cushion cap

Fig.4 - The structure diagram of the swivel system(Unit: mm)
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Fig.5 - Detail structure of support system(Unit: mm)
METHODS

Test determination of parameters
Determination of friction coefficient of the spherical hinge

Unbalanced weighing is needed before multi-fulcrum unbalanced swivel. Different from the
traditional balanced rotation, the unbalanced torque of the multi-support unbalanced rotation must
be greater than the friction torque, which is caused by the tilt counterweight. Figure 6 shows the
unbalanced weighing test process.

(a) Jack arrangement (b) The data collection
Fig.6 - Unbalanced weighing test process

According to the measured results of the unbalanced weighing test, the following calculations
are obtained: unbalance torque Mg=14200kN-m, friction torque Mz=13000kN-m, friction coefficient
Mo=0.0054, eccentricity e=0.051m.

Determination of swivel angular velocity

The angular velocity sensor is installed on the swivel structure and connected with the
acquisition module. The angular velocity collected during the swivel is transmitted to the online
monitoring platform through the wireless transmission module and recorded. The angular velocity
acquisition process is shown in Figure 7, and the measured angular velocity in the process of multi-
fulcrum unbalanced swivel is shown in Figure 8.
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Monitoring platform
Dynamic acquisition module and real-time monitoring .,
wireless transmission module

Fig.7 - Angular velocity acquisition process
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Fig.8 - Measured angular velocity during swivel

It can be seen from Figure 8 that the angular velocity is stable in the range of 0.016rad/min
~ 0.024rad/min in the process of uniform swivel.

Establishment of finite element model

The multi-fulcrum swivel system is different from the traditional single-fulcrum swivel. The
coordinated force of the entire swivel structure during the swivel is crucial. Therefore, Abaqus is used
to establish an accurate and simplified finite element model of the swivel structure. Compare the
multi-fulcrum swivel with the single-fulcrum swivel, and conduct in-depth research on the influence
of the swivel angular velocity, the friction coefficient of the slideway and the position of the support
foot on the force of the support system. The materials and parameters used in the main components
of the swivel structure are shown in Table 1.
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Tab.1 - Material of the main components of the swivel structure
Structural Detailed density | poj Young s
rupcatltra steruacltire material ka/m3 Orlzzgn modulus Unit
(kg/m*) (MP)
Upper / C40 concrete 2.5x103 03 3.25x10 | C3D8R
turntable
Turntable / C40 concrete 2.5x103 0.3 3.25x104 C3D8R
Spherical Uppe;iigge”ca' Q345 steel 7.85x10° | 0.28 2.06x105 | C3D8R
hinge
9 Spherical hinge Q345 steel 7.85x108 0.28 2.06x105 C3D8R
Stér;g;rgggt Q235b steel 7.85x10° | 0.274 | 2.06x10° | C3D8R
Support foot . _
Concrete in €40 micro- 2.5x103 0.3 3.25x10¢ | C3D8R
steel pipe expansion concrete

The element types and material parameters selected for each component of the Abaqus
partial model are shown in Table 1. Build the solid parts according to the size of the construction
drawings, and then assemble them through the combine in the assembly. For example, the support
feet are composed of steel plates, concrete cylinders and steel pipes, and the upper part of the
swivel structure is composed of a turntable, six support feet and an upper spherical hinge. The partial
model of the swivel structure is shown in Figures 8 and 9.

By calculating the unbalanced load, the uniform force and bending moment on the top surface
of the upper cap are obtained. The uniform force is applied to the top surface of the upper cap of the
Abaqus partial model, and a feature point is coupled on the top surface of the upper cap. The bending
moment and swivel speed are applied to the feature point, so that the mid-span side support foot
contacts with the top surface of the lower cap and swivels. The influence of various factors on the
force of the support system in the swivel process is studied.

The contact between the lower surface of the ground support foot and the upper surface of
the cushion cap, and the contact between the upper and lower spherical hinges is surface-surface
contact. The tangential behavior of the contact is a nonlinear algorithm of the penalty function
algorithm[19], and the normal behavior uses "hard" contact, and allows separation after contact. The
friction coefficient of the upper and lower spherical hinges is 0.0054 measured by weighing test.

Fig.9 - Overall model of swivel system
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Beam centerline

Traction >

Spherical
hinge

Fig.10 - Finite element model of up-and-down turntable

The layout of the support foot nodes is shown in Figure 11, and the layout of the spherical
hinge nodes is shown in Figure 12. Strain gauges are arranged on the side of the foot, and when the
counterweight is tilted, the strain data when the foot hits the ground will be collected, and the entire
rotation process will be monitored through monitoring. The arrangement of the strain gauges is
consistent with the side node of support foot layout, as shown in Figure 13.

Beam centerline

Kickstand support side

|
Beam It:en.terline Bottom view

Outside ~ Outside

No kickstand support side

Fig.11 - Support foot node layout Fig.12 - Spherical joint node layout

Side view

Beam (#emerline
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|
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|
|
|
|
|
|

Fig.13 - Side node of support foot layout

RESULTS
Comparative Analysis of Multi-Fulcrum Swivel and Traditional Single-Fulcrum Swivel

The traditional swivel method is single fulcrum balanced swivel, and its support system only
has spherical hinge single support. The multi-fulcrum swivel is that the support foot and the spherical
hinge participate in the force together, forming a multi-fulcrum support system. By comparing the
force of the support system of multi-fulcrum swivel and traditional swivel in the process of swivel by
finite element method, the force changes of the support foot and spherical hinge of multi-fulcrum
swivel and traditional swivel are analyzed. The Mises stress nephograms of the traditional single-
fulcrum swivel and multi-fulcrum swivel support systems are shown in Figure 14 and 15, respectively.
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Fig.14 - Mises stress nephogram of single- Fig.15 - Mises stress nephogram of multi-
fulcrum balanced swivel support system(Unit: fulcrum swivel support system(Unit: P,)

P)

As shown in Figure 14 and 15, the spherical hinge in the traditional single-fulcrum swivel is
the main force component, and the Mises stress at the maximum force is 157.8MP.. Besides the
Mises stress at the maximum stress of the support foot is 1.4MP,, which is mainly caused by
centrifugal force. Since the inclined counterweight of the bridge increases the unbalanced moment,
the inclination of the bridge body makes the counterweight side support foot land, and the support
foot of the multi-fulcrum swivel becomes the main force-bearing member. The Mises stress value at
the maximum force of the support foot is 181.0MP,, and the Mises stress value at the maximum
force of the spherical joint is 106.9MP.. Compared with single-fulcrum swivel, the force of the
spherical hinge is reduced by 32.3%, and the maximum Mises stress is far less than its yield strength
of 345MP.. Besides the force of the support foot increases by 128 times, and the maximum Mises
stress had a strength reserve of 0.77 compared with its yield strength of 235MP..

Study on the force influence of support system swivel process
The influence of the angular velocity of swivel on the force of the support system

The whole swivel process of cable-stayed bridge is divided into four stages: accelerated
swivel, uniform swivel, deceleration braking and inching adjustment posture. The acceleration and
deceleration process is relatively short, and the uniform swivel process will last for several tens of
minutes, which is the longest period[20]. In the process of swivel, due to the existence of centrifugal
force, it will inevitably produce a "centrifugal” tendency to the swivel structure, that is, tensile stress
will be generated. At the same time, the size of the centrifugal force is closely related to the swivel
speed, and the centrifugal force is proportional to the square of the swivel angular velocity. As the
swivel speed increases, the centrifugal force also increases significantly[21]. Therefore, the angular
velocity of swivel is an important factor in the swivel of the swivel bridge. This paper studies and
analyzes the angular velocity of the angular velocity on the force of the support system in the process
of multi-fulcrum swivel.

By collecting the angular velocity in the process of multi-fulcrum swivel, the angular velocity
in the process of uniform swivel is obtained to be 0.016rad/min~0.024rad/min. Therefore, the angular
velocity of 0.016rad/min is used as the benchmark to study the force of the multi-fulcrum swivel
support system at the angular velocities of 0.016rad/min, 0.032rad/min, 0.048rad/min, 0.064rad/min,
and 0.080rad/min. The Mises stress nephograms of the support system are shown in Figure 16 and
Figure 17.
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(a) Bottom view

(b) Side view

Fig.16 - Mises stress nephograms of the support foot and the spherical hinge at speed
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velocities are shown in Figure 18.

(a) Bottom view

0.016rad/min (Unit: P,)
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(b) Side view

Fig.17 - Mises stress nephograms of the support foot and the spherical hinge at speed

0.032rad/min (Unit: P,)

As shown in Figures 16 and 17, in the multi-fulcrum system, the stress on the side of the
spherical hinge near the ground support foot is larger, and the Mises stress at the edge R is the
maximum, and the stress at the center O of the spherical hinge is about 12.3 % of the stress at the
edge R.
The Mises stress curves at support foot Z1 and the spherical joint R of five swivel angular
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Fig.18 - Mises stress of five angular velocities at the support foot Z1 and the spherical hinge R

©

As shown in Figure 18, the Mises stress at the bottom of the support foot Z1 and the spherical
hinge R is positively correlated with the angular velocity, which is the result of the centrifugal force
generated by the swivel angular velocity. With every increase of the angular velocity of 0.016rad/min,
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the Mises stress at the support foot Z1 only increases by 0.18%, and the Mises stress at the spherical
hinge R only increases by 0.33%.

The model data using the actual rotational angular velocity is compared with the measured
data, that is, the force comparison of the support foot, which is divided into the vertical H-axis and
the horizontal N-axis. The data comparison diagram is shown in Figure 19.

—=— The theoretical value
1801 —o— The measured value

—=— The theoretical value
1807 —o— The measured value

160

160 —
140 140
120 120 .~
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Support foot lateral N-axis node Support foot vertical H-axis node

(a) N-axis nodal stress comparison (b)) H-axis nodal stress comparison

Fig.19 - Comparison between the measured stress on the side of the support foot and the
stress calculated by the model

It can be seen from Figure 19 that the measured values of the lateral and vertical node
stresses on the side of the support foot are roughly the same as the theoretical values calculated by
the model. The measured value is up to 82.67% of the calculated value of the model, and the
smallest is 73.09%. By comparing with the measured values, it can be seen that the model simulation
is more accurate.

The influence of friction coefficient on the force of support system

The traditional swivel support system only produces friction between the upper and lower
spherical hinges. However, the friction between the support feet and the slideway and the upper and
lower spherical hinges is both produced in the multi-fulcrum swivel system. Through the field
unbalanced weighing test, the friction coefficient of the spherical hinge in the multi-fulcrum support
system is 0.054. Here, only the influence of the friction coefficient between the support foot and the
slideway on the force of the support system is studied. In order to reduce the friction between the
support foot and the slideway to minish the tonnage of the tension traction equipment, the method
of brushing lubricating materials on the slide is selected. The friction coefficient of butter method is
0.06, and the friction coefficient of butter adding poly tetra fluoroethylene(PTFE) powder is
0.03~0.06[22]~[24]. In order to simulate the different friction coefficients of the slideway, at a constant
angular velocity of 0.016 rad/min, it is assumed that the friction coefficients between the support foot
and the slideway are 0.001, 0.02, 0.04, 0.06, 0.08 and 0.1. In the absence of friction, the friction
coefficient is selected to be 0.001.
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Fig.20 - Friction stress nephogram of the Fig.21 - Friction stress nephogram of the
support foot and the spherical hinge when the  support foot and the spherical hinge when the
friction coefficient is 0.001 (Unit: Ps) friction coefficient is 0.02 (Unit: P;)

The friction stress nephograms of the support foot and the bottom surface of the spherical
hinge are shown in Figures 20 and 21. The friction stress values of each node on the Z-axis of the
support foot bottom surface with the friction coefficients of 0.001, 0.02, 0.04, 0.06, 0.08 and 0.1 are
extracted, sorted and drawn as shown in Figure 22.
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Fig.22 - Friction stress at various positions on the Z-axis of the bottom surface of the support foot
with different friction coefficients

It can be seen from Figures 20~22 that: at a constant angular velocity of 0.016 rad/min, the
friction stress at each point on the Z-axis of the foot bottom surface is proportional to the friction
coefficient. As the friction coefficient increases by 0.02, the friction stress at the support foot Z1
increases by 112.7%, 186.0%, 309.5% and 430.0%. The increase in stress value is linearly related
to the friction coefficient, which conforms to the Coulomb friction law. The friction stress on the
outside of the support foot is larger than that on the inside, that is, the greater the distance from the
center of the spherical hinge, the greater the friction stress. With a friction coefficient of 0.06, the
friction stress at Z1 is 4552.34KP,, and the friction stress at Z0 is 4.56KP.. Consequently, the friction
stress at Z1 on the outside is 998 times that at Z0 on the inside.

The influence of the position of the support foot on the force of the support system

The support foot is the "fulcrum” in the "lever" of the support system, and the distance
between the support foot and the center of the spherical hinge is an important factor affecting the
force of the support system. For the sake of study the influence of support foot position on the force
of support system, it is proposed to choose 0.016rad/min angular velocity and 0.06 friction
coefficient. Under the premise of not increasing the superstructure, the distance between the support
foot position and the center radius of the spherical hinge is changed to: 7.1m, 7.3m and 7.5m.
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(b) Side view

Fig.23- Mises stress nephograms of the support foot and the spherical hinge and when the

radius from the spherical joint is 7.1m (Unit: P,)

(b) Side view

Fig.24 - Mises stress nephograms of the support foot and the spherical hinge when the radius
from the spherical joint is 7.5m (Unit: P,)

(a) Bottom view

The Mises stress nephograms of the support foot and the spherical joint are shown in Figures
23 and 24. When the radius of the spherical hinge is 7.1m, 7.3m and 7.5m, the Mises stress of each
node of the Z-axis at the bottom of the foot is plotted as Figure 25, and the Mises stress of each
node of the R-axis at the bottom of the spherical hinge is plotted as Figure 26.
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Fig.26 - Mises stress at each position of the R-axis on the bottom surface of the spherical joint at
different positions

It can be seen from Figures 23 -26 that: moving the support foot outward means increasing
the radius from the center of the spherical joint, which can effectively reduce the force on the support
foot. The position of the support foot moved from 7.1m away from the center of the spherical hinge
to 7.3m and 7.5m. The Mises stress at Z1 decreased by 28.1MP, and 19.4MP,, respectively,
accounting for 16.8% and 13.9%. At the same time, as the position of the support foot moves
outward, the center of force of the spherical hinge moves outward, the force of the spherical hinge
center O decreases, and the force of the edge R near the support foot increases. The position of the
support foot is moved from 7.1m away from the spherical hinge center to 7.3m and 7.5m. The Mises
stress values at O decreases by 2.69MP, and 4.2MP, respectively, and the Mises stress values at
R increases by 21.0MP, and 43.5MP;, respectively, accounting for 19.6% and 34.0%. Therefore, the
position of the support foot needs to be considered together according to the force of the support
foot and the spherical hinge. According to the above conclusions, the force of the support foot is
reduced by 16.8% and the force of the outer edge of the spherical hinge increases by 19.6% when
the position of the support foot is moved to 7.3m from the center of the spherical hinge. When the
support foot position moves to 7.5m away from the center of the spherical hinge, the force of the
support foot decreases by 13.9%, and the decrease amplitude decreases to 82.7%. The force of the
outer edge of the spherical hinge increases by 34.0%, and the increase amplitude doubles to
204.8%. In summary, the position of the support foot at a distance of 7.3m from the center of the
spherical hinge, which is 325% of the radius of the spherical hinge, is more suitable for Haxi Cable-
stayed Bridge.

SUCCESSFUL SWIVEL

Through the research on the mechanical behavior of the support system in the swivel process
to select each parameter, such as a swivel angular velocity of 0.016rad/min, a method of reducing
friction between the slide feet with butter and PTFE powder, and the position of the support feet 7.3m
away from the spherical joint, at 12:02 on November 12, 2020, Haxi cable-stayed bridge crossed the
high-speed rail catenary and successfully swiveled. This swivel refreshes the world 's swivel bridge
with the largest total weight in cold region, cross-railway operation railway tracks most, the most '
unbalanced ' bridge swivel weight and the most accurate (centimeter level ) swivel precision control.
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Fig.27 - Successful swivel
CONCLUSION

In order to study the support system of multi-fulcrum swivel, the unbalanced swivel is
simulated by abaqus finite element simulation. The traditional swivel and multi-fulcrum swivel are
compared and analyzed. In view of the influence of swivel angular velocity, friction coefficient and
support foot position on the force of the support system in the swivel process, the following
conclusions are drawn :

(1) Swivel bridges usually need to be swivelled across lines, but many obstacles such as high-
speed rail metal contact network prevent the swivel of the beam body and cannot be removed in the
process of swivel. In view of the swivel bridge in such cases, this paper puts forward a multi-fulcrum
swivel method under the joint force of the support foot and the spherical hinge. Through the
comparative analysis with the traditional single-fulcrum swivel, it can be seen that the force of the
spherical hinge of the multi-fulcrum swivel is reduced by 32.3%. The force of the support foot
increases by 128 times and becomes the main force component. Therefore, for multi-fulcrum swivel
bridges, steels with lower strength, such as Q235 steel, can be selected for the spherical hinge, and
steels with higher strength, such as Q355 steel, should be selected for the support foot to provide
higher strength reserves.

(2) This paper studies the force of the support system at angular velocities of 0.016rad/min,
0.032rad/min, 0.048rad/min, 0.064rad/min, and 0.080rad/min. For every 0.016 rad/min increase in
angular velocity, the Mises stress values at Z1 and R of the spherical hinge only increase by 0.18%
and 0.33%, which indicates that the angular velocity has a small effect on the support system.

(3) The swivel bridge usually discusses the influence of the friction coefficient at the spherical
hinge. In this paper, the friction coefficient between the support foot and the slideway is analyzed.
As the coefficient of friction increases, the frictional stress on the spacer foot increases, which
conforms to the Coulomb friction law. It can be seen from the stress clouds that the friction stress on
the outside of the support foot is larger than that on the inside, that is, the greater the distance from
the center of the spherical hinge, the greater the friction stress. It follows that a material with a lower
coefficient of friction can be used on the outer edge of the slideway.

(4) Although the position of the support foot can be moved out to effectively reduce the force of
the support foot, as the force of the support foot decreases, the force on the outer edge of the
spherical hinge increases. From the above analysis, the position of the support foot at a distance of
7.3m from the center of the spherical hinge, which is 325% of the radius of the spherical hinge, is
more suitable for Haxi Cable-stayed Bridge.

In this paper, the construction method of multi-fulcrum swivel is proposed for unbalanced
swivel unbalanced swivel bridges with excessive obstacles. The abaqus finite element model is
established. Meanwhile the multi-fulcrum swivel and the traditional swivel are compared and
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analyzed. Based on the traditional swivel, the force characteristics of multi-fulcrum swivel are
obtained. The influence of swivel angular velocity, friction coefficient and support foot position on the
force of support system is studied. The following work can change the contact form between the
support foot and the slideway according to the above research data, such as adding pulleys under
the support foot to optimize the multi-fulcrum swivel system, and provide reliable reference for the
future projects using multi-fulcrum swivel.
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ABSTRACT

The paper presents the blast furnace slag properties at different grinding times by the dry
grinding method. The process of fine grinding blast furnace slag is prepared at different times (10
minutes, 20 minutes, 30 minutes, 40 minutes). The results indicated that the main component in BFS
is the amorphous structure defined in about 25+35 degrees (with the appearance of Akermanite at
31.1, Calcite at 29.2 and Aragonite at 26.4). The results also showed that the compressive strength
and activity index of blast furnace slag increased significantly after extending the grinding time from
0-40 minutes (corresponding to compressive strength from 51.2 + 72.1 MPa at 28 days of age and
activity index of blast furnace slag from 91.92% -129.44%). The fine grinding process shows that the
particle size of blast furnace slag is significantly reduced.

In addition, the paper also presents the effect of finely ground blast furnace slag in 40 minutes
on foam concrete properties. Research results show that the use of finely crushed blast furnace slag
by the mechanical grinding method to replace sand in foam concrete not only improves the
mechanical properties such as compressive strength, flexural strength, the elastic modulus of foam
concrete but also protects the environment, reduces product costs.

KEYWORDS

Blast furnace slag, Mechanical properties, Mixtures, Concrete, Mechanical grinding

INTRODUCTION

Blast furnace slag (BFS) is a by-product formed during the production of pig iron. In the
process of smelting cast iron, when silicon and aluminium oxides react from barren rock of iron-
bearing ore with calcium oxide and magnesium oxide of the flux, a fiery liquid alloy is formed.

@ DOI 10.14311/CEJ.2022.01.0003 32


mailto:kimdienxdtb@gmail.com
mailto:lamvantang@gmail.com

Article no. 3

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

Due to the peculiarities of steel and pig iron smelting, since the 19th century, blast furnaces
have a by-product in the amount of up to 1 ton of slag per 1 ton of pig iron products, which contributed
to the accumulation of a large number of slag dumps, causing the need for their disposal. To date,
slags are also mainly taken to landfills, where they accumulate, which leads to a deterioration of the
ecological situation. At present, thanks to the development of iron ore beneficiation technology, the
yield of BFS is 200-500 kg per 1 ton of cast iron [1].

Currently, worldwide production of BFS is about 0.5 billion tons, while effective utilization
rates are still relatively low [2]. Therefore, the reuse of BFS is an urgent issue. The main application
area for waste, such as slag is the construction industry. The use of BFS brings excellent benefits
such as increasing the durability of concrete, reduce the heat of hydration and saving natural
resources [3-5].

The chemical composition of BFS depends on the type and properties of iron ores, coke
guality, and the type of cast iron. Blast furnace slags contain CaO, SiO2, Al,O3;, MgO, FeO and some
other oxides. The chemical composition of blast furnace slags, %, varies within wide limits: CaO 30-
49; Al,O3 4.5-20; Fe,03 0.3-0.8; SiO2 33-44; MgO 1.5-15; MnO 0.3-3.0. In recent decades, BFS used
as a partial substitute for Cement has increased [6,7]. In there, mechanical grinding improves the
blast furnace slag's chemical activation and is interested in many researchers [8,9]. There are two
mechanical grinding methods: dry grinding method and a wet grinding method. The wet grinding
method has been studied by many scientists [10,11].

Meanwhile, the dry grinding method has been used for traditional Cement. Many
experimental studies have been made about BFS performance with a different particle size as a raw
material for cement supplements. Norrarat et al. [12] studied the effect of BFS with varying sizes of
a particle on the hydration kinetics of Cement. They found that the Cement's water loss rate
increased as the BFS size decreased due to its reaction. Wang et al. [13] also studied the effect of
the fineness and particle size distribution of BFS on the performance of Cement. They found that the
BFS with a higher fineness react with more incredible speed and BFS fraction smaller than 5 microns
has an important role in hydration [9,14,15].

As you know, foam concrete is a lightweight concrete with a porous structure obtained by
hardening solutions, including binders, fine aggregates, water, additives and a foaming agent. Foam
concrete with a density of 400 kg/m? to 1700 kg/m?® is used to manufacture structures (walls, floors),
heat and sound insulation of buildings and structures [16,17].

Research on foam concrete using BFS has been interested in many researchers [18-20].
However, there has not been any research on the properties of BFS at different grinding times. Then,
using finely ground BFS obtained to produce foam concrete.

Based on the above analysis, the authors have studied the fine grinding blast furnace slag's
properties at different times (10, 20, 30, 40 minutes) and its effect on foam concrete properties.

MATERIALS AND METHODS
Materials

The main binder material used in this work was blast furnace slag (BFS). Ordinary Portland
Cement (OPC), which meets the requirements of GOST 31108-2016, was used as a binder. The
cement compressive strength at the age of 3 days is 27.2 MPa and at the period of 28 days is 46.1
MPa. The experiments are performed according to the standard GOST 310.4-81.

Quartz sand (QS) with a size modulus MK = 3.0 and [J = 2.64 g/cm?, the sand properties are
given in Table 1.

Tab. 1 - The sand properties

Sieve (hole size), mm 5 2.5 1.25 0.63 0.315 0.14
Residues on test sieves, % 0 0 0.83 14.23 73.2 6.28
Full balance, % 0 0 0.83 15.06 88.26 94.54
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In this study, superplasticizers (SR5000) were used to improve the performance of concrete
mixtures with p= 1.1 g/m® at a temperature of 25 + 5°C. Besides, Silica Fume SF-90 (SF90) "Vina
Pacific" was used as a binder. Table 2 presents the chemical and physical properties of Portland
cement, SF90 and BFS.

This section should describe in detail the study material, procedures and methods used.
Tab. 2 - Properties of OPC, BFS and SF90

Property SF90 BFS OPC

SiO2 90.78 36.01 21.98

Al2O3 2.23 13.77 5.31

Fe203 2.51 - 3.46

CaO 0.52 41.05 62.33

Chemical MgO - 7.36 2.01
SOs3 - 0.14 -

Na20 0.57 - 0.14

K20 - 0.28 0.62

Loss on ignition 3.39 1.39 4.15

Physical Specific gravity (g/m3) 2.15 2.29 3.12

Fineness (cm?/g) 10160 4540 3650

EABASSOC Foaming Agent (United Kingdom) is a highly concentrated, highly efficient liquid
used in Foamed Concrete production. Dosage Rate: (0.3 - 0.6) I/m? with p = 1.02 g/cm?®. Mixing water
(W) to obtain a concrete mixture, pH = 7.5.

Methods

The activity index of BFS in mortar mixtures was determined by the requirements of the TCVN
11586: 2016 standard;

Compressive and flexural strength of concrete was determined following the requirements of
GOST 10180-2012 and TCVN 10303: 2014;

The crystal phases of BFS and blast furnace cement-slag mortar sample were determined
by X-ray diffraction (MiniFlex x-ray diffractometer);

Particle shape is determined by device (QUANTA FEG 450);
The Matersizer 3000 laser particle analyzer determined patrticle size distribution;

The elasticity modulus of samples was determined using cylindrical samples of 150300 mm.
Samples were tested at the age of 28 days following GOST 24452-80 [21]. According to the formula,
the elasticity modulus (Es) of each sample is calculated in daN/cm?.

E = ﬁ — O,y — Oy

s
Ae &~ &

(1)

Where: €, - the strain under 0a; € - the strain under oy; 0= f'c/3 - the upper loading stress
(MPa); o - the basic stress (i.e. 0.5 MPa).

BFS used in work is received from the factory. A production process chart is shown in Figure
1. The BFS is dried in a laboratory oven at T = 100 + 10°C for 2 hours, then crushed the obtained
product in a mill (Model SM500x500, China) in 10, 20, 30 and 40 minutes to obtain BFS in fine
powder form (Figure 1).
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Blast furnace slag from the plant Dryingat T=100+£10°Cin Crushin 10, 20, 30 and 40 minutes ranular blast furnace slag in th
t=2 hours form of fine powder

Fig. 1 — Process finely ground BFS

RESULTS AND DISCUSSION
Finely ground blast furnace slag properties
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100 - - F e Gt e e e e
| |~ time=0 minutes 4 / i ‘} '
—O— time=10 minutes [/ ‘{l]/ﬂ/.j

- - /
g0 || time=20 minutes 4 f

s
—v— time=30 minutes 0 /“ {
—<{— time=40 minutes ¥ o

(=)
(=}

Cumulative (%)
5
T

20 %/‘
0 ottt st Vs A

0.1 1 10 100
Size (pum)
Fig. 2 — Patrticle size distribution of BFS

The average particle size of BFS, as well as particle size distribution without mechanical
activation and after mechanical activation for 10 to 40 minutes by grinding it in a vibrating mill. Which
determined using a laser particle analyzer "Coulter LS Particle Size Analyzer" are shown in Figure
2. Figure 2 shows that the obtained BFS is mainly distributed in the range of 1+100um. In which the
particles with size > 10 um are about 80%. In addition, fine grinding of BFS at different times (10,
20, 30, 40 minutes) showed a significant improvement in the particle size distribution. Figure 2 also
shows that the particle size decreased significantly after grinding for 10 minutes. This was also
reported in the study of M. Oner [23]. After 40 min grinding, the particle size did not change much,
which can be explained by their aggregation.
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XRD of BFS
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Fig. 3 — XRD samples of BFS at different grinding times

Comparing the finely ground BFS at 10, 20, 30, 40 minutes and BFS is shown in Figure 3. It
can be seen that the main component in BFS is the amorphous structure defined in about 25-35
degrees (with the appearance of Akermanite at 31.1, Calcite at 29.2 and Aragonite at 26.4).
According to Lei Gan, etc [24], Calcite Aragonite is the structural feature of BFS. In addition, [9] it
was reported that the XRD samples of BFS were also present in the presence of Hatruite.

SEM of BFS

pe - ‘ »
22/09/2020 HV  spot mag WD  det - 50pm
4:55:04 PM 5.00 KV 5.0 6 000 x13.5 mm CBS DH Mo - Dia chat

220092020 HV spotmag = WD  det e —
9:52:02 PM 5.00 KV 5.0 6 000 x/13.5 mm CBS DH Mo - Dia chat

Fig. 4 — SEM of BFS samples at different grinding times: a-0 minutes, b-10 minutes, c-20
minutes, d-30 minutes, e-40 minutes

@ DOI 10.14311/CEJ.2022.01.0003 36



Article no. 3
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

. 5 - ot * ¢ > - .
w r et N KL £ 3 e
22/09/2020 HV  spot mag WD  det - 10um - 22/09/2020 HV  spot mag WD  det - - 10pm
[3:32:52 PM 5,00 KV 5.0 6000 x/13.5 mm CBS DH Mo - Dia chat 6:55:56 PM 5.00 kV 5.0 6000 x/13.5 mm CBS DH Mo - Dia chat

1:16:39 PM 5.00 KV 5.0 6 000 x/13.5 mm CBS DH Mo - Dia chat
Fig. 4 — SEM of BFS samples at different grinding times: a-0 minutes, b-10 minutes, c-20
minutes, d-30 minutes, e-40 minutes

The change of BFS particle size at different grinding times is shown in Figure 4. It can be
seen that the resulting BFS has a dense structure and an uneven shape. The fine grinding process
shows that the particle size of BFS is significantly reduced. The impact of the grinding process results
leads to BFS particles to break and become smooth.

Mixture proportions

In the present study, the proportions and composition of the mixture are presented in Table
3. Water/binder = 0.5 (binder = Cement + BFS). Mixtures 2, 3, 4 use 50% of finely crushed BFS to
replace Cement [22].
Tab. 3 - Mix proportion of BFS -cement mortar

Mix BFS grinding time Cement Sand BFS Water
number
No-0 100% Cement 513 1539 - 256
No-1 0 minutes (50% Cement — 50%BFS) 256.5 1539 256.5 256
No-2 10 minutes (50% Cement — 50%BFS) 256.5 1539 256.5 256
No-3 20 minutes (50% Cement — 50%BFS) 256.5 1539 256.5 256
No-4 30 minutes (50% Cement — 50%BFS) 256.5 1539 256.5 256
No-5 40 minutes (50% Cement — 50%BFS) 256.5 1539 256.5 256
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XRD of blast furnace cement-slag mortar sample
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Fig. 5 — XRD of the samples uses BFS for different grinding times

Figure 5 presents XRD results of experimental samples after 28 days of age. This result is to
evaluate the effect of finely ground BFS on the reaction processes. Hydration products include C-S-
H gel and portlandite derived from Cement due to the carbonation of Ca(OH),, Hydrotalcite and
hydrocalumite due to the reaction of BFS. Therefore, it can be seen that the hydration products are
the same for all samples. This study's material composition is the same, only different at BFS
grinding time. The Ca(OH). content can reflect the blast furnace slag's reactive properties, as shown
in Figure 5. In addition, the intensity of Ca(OH). decreases significantly as the BFS grinding time

increases. This suggests that the BFS grinding process can substantially promote the reactivity of
BFS.

Compressive strength

Tab. 4 - Compressive strength of experimental samples

. Compressive strength (MPa)

Mix number 34 7d 58 4d
No-0 24.1 39.2 55.7
No-1 17.9 30.3 51.2
No-2 23.5 39.8 57.3
No-3 34.4 46.1 65.8
No-4 35.4 53.2 68.6
No-5 39.4 61.7 72.1

Table 4 shows that the compressive strength of the concrete sample (No-1) is 17.9, 30.3,
51.2 MPa after 3, 7, 28 days of age. It is lower than the compressive strength of concrete sample
(No-0), respectively 24.1, 39.2 and 55.7 MPa. Untreated BFS was shown to have a negative effect
on the compressive strength of the concrete at all testing ages. Meanwhile, the effect of increasing
concrete strength when extending BFS grinding time occurred in samples (No-2, No-3, No-4, No-5)
corresponding to grinding time of 10, 20, 30 and 40 minutes. The compressive strength of the
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experimental concrete samples has proven that the use of finely ground BFS significantly improves
the concrete's strength. This is also confirmed in the study of Dien Vu Kim and etc [17].

Activity index of BFS

The activity index of BFS (Ir,%) is the ratio of a sample's compressive strength made of a
cement-sand mortar, where part of the binder - Cement is replaced by BFS (R2). The compressive
strength of the sample control, no-additive cement-sand mortar (R1). The BFS activity index was
calculated using formula (2) given in the TCVN 11586: 2016 standard.

I :%.100% 2)

1

where: Ir - activity index of BFS, %; R1 - compressive strength of control samples made on
no additive cement-sand composition at the age of 28 days, MPa; Rz, - compressive strength of
samples from cement-sand-BFS mortars at the age of 28 days, MPa.

Figure 6 shows the activity index of the BFS. It can be seen that untreated BFS has a low
activity index (91.92%) whereas finely ground BFS has a high activity index (102.87%, 118.13%,
123.16% and 129.44%). This is explained that, due to the finely ground BFS with microparticles, it
fills the void and has an excellent pozzolanic effect. This helps to form more hydration products and
more compact structure.

140 T T T : T ! T ' T

120

60

Compressive strength activity index
at the age of 28 days,%
oS
(=]

[
(=]

No-1 No-2 No-3 No-4 No-5
Samples
Fig. 6 — Diagram of comparing activity index of BFS

Effect of BFS on foam concrete properties

Foam concrete mix compositions

The purpose of this section is to study two types of foam concrete, produced from QS and
BFS finely ground in 40 minutes. Type | with a wet density of 1700 kg/m3. Type Il with a wet density
of 900 kg/m3. The composition of the foam concrete mixture is given in Table 2. According to [25]
the amount of fixed cement with the mixture = 1700 kg/m? and cement = 350 kg/m? with mixes 900
kg/m3. For Series I-2, 11-2 used QS to replacement of 100% BFS [16]. Besides, SF90 and
SR5000 have been used to increase strength and reduce water with ratio SF90/OPC = 0.1,
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SR5000/0PC = 0.015, [26]. The composition of the foam concrete mixture is shown in Table
5.

Tab. 5 - Component foam concrete mixture

Series Mix Component foam concrete mixture, kg/m3
number OPC BFS QS SR5000 SF90 w Foam (I)
Series | 1 450 926 - 4,5 69 271.9 206.92
2 450 - 926 4,5 69 181.5 206.92
Series I 1 350 356 - 3,5 39 139.5 567.54
2 350 - 356 3,5 39 104.8 567.54

Mechanical properties of foam concrete

The experimental results of the mechanical properties of foam concrete are presented in
Table 6.

Tab. 6 - Results of flexural strength, compressive strength and elastic modulus of foam concrete

. Mix Compressive strength at different curing times (MPa) Flexural Elastic ;
Series number | 3-day 7-day | 14-day | 21-day 28 - day strengt(r':/lzla:t a2)8 days mog\t/llg:)lo
Series | 1 32.1 39.56 44.11 44.9 45.6 6.74 26.78
2 22.78 26.96 32.57 33.01 33.34 5.36 21.95
Series || 1 6.76 7.76 8.21 8.55 8.63 1.067 7.71
2 4.73 5.51 5.69 5.77 5.91 0.824 5.76

Compressive strength of foam concrete

As shown in Figure 7 the use of additives (Silica fume, Superplasticizer) and BFS significantly
improves the development of compressive strength in all test periods. This is due to the decrease in
water content due to the use of the Superplasticizer and pozzolanic characteristics of SF90 and BFS.
In addition, this leads to an improvement in the bonding of aggregates with the less porous
interphase formation and better adhesion between the mortar and aggregate mixture.
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Fig. 7 — Dependences of the strength of foam concrete on the age of the samples

It can be seen from Figure 7 that the compressive strength of Series I-1 and Series Il -1 is
higher than the strength of Series | -2 and Series Il -2. This is because using fine grinding BFS can
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help achieve a more even distribution of air voids, providing a uniform coating on each bubble,
thereby preventing the coalescence of bubbles, leading to an increase in strength. In addition,
replacing QS with BFS increases both compressive strength and flexural strength. This is because
BFS has high pozzolanic activity due to the average content of amorphous SIO; in them is 36.01%.

Basically, foam concrete with BFS as a filler material has a higher compressive strength than
foam concrete with QS as a filler material. This is also confirmed in the study of Dien Vu Kim, etc.
[16].

Flexural strength of foam concrete
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o o o
| | |
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Series I-1 Series 1-2 Series 11-1 Series 11-2
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Fig. 8 — Dependences of the strength of foam concrete on the age of the samples

Figure 8 shows the increase in compressive and flexural strength, respectively, depending
on the proportions of fine grinding BFS in the foam concrete mixture's compositions. In addition, from
Figure 8, it can be seen that with an increase in compressive strength, the flexural strength also
increases. This is entirely consistent with the law of the strength development of concrete.

Elastic modulus of foam concrete

The static modulus of elasticity (Es) of the mixtures (Series I-1, Series I-2, Series 1I-1, Series
[I-2) was determined using cylindrical samples 150 x 300 mm in size; two samples were tested for
each mixture at the age of 28 days following GOST 24452-80 [21][27]. Each sample was equipped
with four potentiometers in different quadrants to measure axial deformation, see Figure 9.
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- .
Fig. 9 — Samples for testing elasticity modulus

Figure 10 shows that the modulus of elasticity of the Series I-1and Series lI-1 is higher than
the Series I-2 and Series II-2. This is directly proportional to the compressive and flexural strength
of the foam concrete. Therefore, it can be concluded that when the compressive strength, the flexural
strength increases to lead the elastic modulus increases. Compared to the [28] study results, this
research result is completely consistent.
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Fig. 10 — Elasticity modulus of foam concrete

CONCLUSIONS
Based on the test results, the following conclusions are drawn:

e Finely ground BFS by mechanical grinding method obtained a minimum average particle size
of 5 um after 40 minutes of treatment. This proves that this method is an effective method for
obtaining finely ground BFS. In addition, the fine grinding of BFS after 40 minutes did not
affect the particle size much.
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e Finely ground BFS by mechanical grinding in 40 minutes with an activity index = 129% can
replace activated mineral additives to produce construction mortar and concrete, reducing
costs and improving friendly environmental situation.

e The mechanical grinding method can improve the reaction of BFS. The compressive strength
increases when the BFS grinding time is extended. Specifically, compressive strength at 28
days increased from 55.7 MPa to 72.1 MPa, corresponding to grinding time from 0-40
minutes.

e The mechanical grinding method results showed that the particle size of BFS decreased
significantly. The main constituents of BFS are amorphous structures (Akermanite, Calcite,
Aragonite).

e Research results show that the use of finely crushed BFS by the mechanical grinding method
to replace QS in foam concrete not only improves the mechanical properties such as
compressive strength, flexural strength and elastic modulus of foam concrete. Besides, it can
protect the environment, reduce product costs.
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ABSTRACT

The experimental investigation on the mechanical parameters compositions of glass-fiber
reinforced plastic mortar (GRPM) pipe is the basis of simulating and analyzing the mechanical
characteristics of the complete structure of GRPM pipe. Due to the anisotropic material properties
of GRPM pipe, the compressive property test is carried out, and the results show that the
circumferential compressive strength(CCS) is 49.93 MPa, the axial compressive strength(ACS) is
40.79 MPa, the circumferential elastic modulus(CEM) is 4.84 GPa, and the axial elastic
modulus(AEM) is 4.04 GPa. The difference between the CCS and ACS and EM is about 20%, as
well as the CCS and EM are greater than the ACS and modulus of elasticity. Conclusions drawn
from the tests provide an important basis for checking whether the materials meet the design
requirements.

KEYWORDS

GRPM pipe culvert, Mechanical behavior, Elastic modulus, Compressive strength

INTRODUCTION

Glass-fiber reinforced plastic mortar (GRPM) pipe has been developed and applied in many
industries, and its excellent properties such as high strength and stiffness, high corrosion
resistance and smooth internal surface et al. are widely considered as the most suitable pipe
material in culvert engineering [1]. As a buried GRPM pipe in highway engineering, in addition to
good drainage performance, it also needs to bear the impact of external load and surrounding
earth pressure on the pipe itself. Therefore, before studying the stress characteristics of the whole
structure of GRPM pipe, it is necessary to test and study the basic mechanical parameters of
GRPM pipe. In 2015, Rafiee et al. [2] and others investigated the failure mechanism of glass fiber
reinforced pipes, and established a failure assessment model including stress analysis, failure
assessment and material function degradation. The effects on the failure pressure for four different
fiber volume fractions: 52.5%, 55%, 57.5% and 60%, and three different winding angles: 52.5%,
57.5% and 60.19% were studied. The results show that the failure pressure of function and the first
ply decrease with the increase of fiber volume fraction, while an increase in winding angle
(measured from the axial axis) increases the failure pressure. Melo et al. [3] presented
experimental and numerical result of filament-wound E-glass/polyester pipes with nominal inside
diameter of 300 mm and wall thickness of 5.7 mm, which were produced with the incorporation of
quartz sand as filler and tested to failure under internal pressure. According to the results
presented, both failure criteria predicted values which are within one standard deviation of the
measured mean response. The average experimental leakage pressure (4.55 MPa) was about 2%
below the ficco-ply-failure numerical prediction, using the failure criterion of Hoffman (4.66 MPa)
and 4% below the prediction adopting the failure theory of Tsai—Hill (4.75 MPa). Schrock [4]
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studied the design method of GRPM pipe and pointed out that according to the structural
characteristics and bearing requirements of GRPM pipe, it is necessary to calculate the maximum
load, bending strength, shear strength and bearing capacity of each layer of the pipe in detail.

In this paper, the production technology, compressive strength and elastic modulus of
GRPM pipes are studied. The mechanical performance of such structural components, which are
normally subjected to external parallel load, depends on the manufacturing process and includes
aspects such as microstructure and volume fractions of the constituents, as well as distribution,
sizes and shapes of the reinforcing phases, voids and cracks [5]. These aspects as well as the
mechanical behavior of the pipes, are discussed in this study. The experimental analysis and
calculation results provide basic data for the evaluation of the mechanical properties and numerical
simulation of the GRPM pipe.

DESCRIPTION OF GRPM PIPE

The production process of GRPM pipe mainly includes filament winding and centrifugal
casting [6]. The GRPM pipe selected in this paper is GRPM pipe of flament winding type, and as
the highway buried pipe culvert, the performance of the winding pipe culvert is more suitable [7].

The wall structure of GRPM pipe can be generally divided into five layers, from the inside to
the outside are interior liner, inner structure layer, core, outer structure layer and exterior surface.
Figure 1 shows a GRPM pipe wall construction demonstrating laminated structure.

Exterior Surface

; /" Outer Structure

Inner Structure Layer

Layer N
Fig.1 - GRPM pipe wall construction

Interior liner

The inner liner directly contacts with the fluid conveyed in the pipeline, which should meet
the requirements of the conveyed fluid in the pipe, and has the functions of anti-seepage, wear-
resistant, corrosion-resistant, etc. The interior liner should be particularly smooth, without defects,
cracks or stratification. In order to obtain a smooth and dense inner surface, the process of first
gluing and then wrapping felt is adopted, and the secondary inner layer is directly formed by spray
method. It is usually produced on a cylindrical metallic mold composed of stitched glass fiber mat
(450 g/m?), surface mat (30 g/m?) shown in Figure 2 and unsaturated polyester resin with the
approximate thickness of 1.5 mm..

Inner structural layer

The inner structural layer, also known as the inner reinforcement layer, is mainly composed
of the tensile and compressive stresses caused by the internal pressure load and the axial bending
load on the circumferential and spiral fibers. The fiber consumption, resin composition, winding
thickness and wire arrangement of the layer are determined by the design and calculation of the
internal and external pressure load requirements of the pipeline.
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Core layer

The core layer, also known as resin mortar layer, is composed of structural resin and quartz
sand. Its thickness is determined according to the buried depth of the pipeline and the rigidity
design required by the ground load. The main function is to enhance the rigidity of the pipeline.

Outer structural layer

The outer structural layer, also known as the outer reinforcement layer, has the same
circular layer and spiral layer as the inner winding layer, which is the outer skin with sand layer
structure. Its thickness and layout design depend on internal pressure, external pressure and
bending load. In this way, the pipe wall of sandwich structure is composed of inner and outer
structural layers and core layers.

Exterior surface

The exterior surface, also known as anti-aging layer, is composed of anti-corrosion resin,
weather resistant resin and other auxiliary materials. Unsaturated polyester resin is one of the most
commonly used thermosetting resins. It is a linear polymer formed by condensation of saturated
dicarboxylic acid, unsaturated dicarboxylic acid and diol. It is a resin solution with certain viscosity
diluted by cross linking monomer or active solvent, which is called up for short. It can resist the
erosion of natural environment factors such as atmospheric aging, sunlight and water immersion.
In addition, its hardness is generally high, which can improve the anti-collision ability of pipeline.
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(a)Glass fiber roving ‘ (b)Surface ;%at
Fig.2 - Glass fiber

According to the analysis of the cross section structure of GRPM pipe wall as shown in
Figure 1, it is not difficult to discover that GRPM pipe is a reasonable pipe wall structure with clear
structure level and clear function division.

In the discontinuous winding process, first, the lining is made on the lining machine, and
then the winding and sanding operation is carried out on the basis of the completion of the anti-
seepage lining layer according to the structural design requirements of the pipe wall. The
continuous fiber is used in turn to move back and forth along the axis of the rotating core mold
through the dip groove. The placement of the fiber relative to the mandrel axis and the winding
angle are controlled by the ratio of the moving speed of the glue bath and the rotation speed of the
mandrel. The inner winding layer, the sand layer, the outer winding layer and the outer protective
layer are completed respectively. The whole process is controlled by the computer. The wrapped
pipe is placed on the curing machine and rotated, heated by far-infrared electric heating plate,
heated and solidified while rotating until the curing process is completed. After curing, it shall be
lifted to the correction machine for bearing and socket turning, and then it shall be lifted to the
demoulding machine for oil pressure demoulding. The production procedure is shown in Figure 3.
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(d) Solidification (e) m/(.JuIding
Fig.3 - Fabrication process of the filament-wound pipe

EXPERIMENTAL PROCEDURE
Materials and test specimens

The specimens for test of compressive strength and modulus of elasticity of the GRPM pipe
composite was fabricated according to the Standard ANSI/AWWA C950-01[8]. The length of pipe
is 6 m with 1.5 m diameter and 0.05 m wall thickness.The thickness of test specimen wall is taken
as the section with length a=50 mm, width b=47 mm, and the height of the specimen is taken as h
=150 mm. The fabrication and size of specimens are shown in Figure 4.

The compressive strength and elastic modulus of GRPM pipe can be tested in two
directions: circumferential direction and axial direction. A vernier callipers with an accuracy of 0.02
mm was used to measure the specific dimensions of each specimen. The length, width and height
of each specimen are respectively three different positions of the specimens. The detailed
dimension data of specimens are shown in Tablel.

Where HY1-5 are representative of No.1-5 specimens in hoop direction, and ZY1-5 stand
for No.1-5 specimen in axial direction. The following three requirements should be met for sample
preparation:

(1) The samples should be prepared by machining method, and the positions without bubble
and crack defects should be selected for sampling, and the number of test pieces should not be
less than 5 effective test pieces;

2) The upper and lower, left and right, front and rear of the sample should be parallel to each
other,;

3) The error of length, width and height of the sample is within 5mm.
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Tab.1 - Size of specimens
Hoop specimen  Unit: mm Axial specimen Unit: mm

No. Length a Width b Height h No. Length a Width b Height h

HY1 50.60 46.78 150.20 ZY1 51.62 47.02 151.80

50.66 47.06 149.92 51.58 47.26 151.74

50.78 47.08 149.80 51.72 47.06 151.60

M-value 50.68 46.97 149.97 M-value 51.64 47.11 151.71

HY2 51.10 47.18 145.66 Y2 51.48 47.58 151.80

50.72 47.10 145.30 51.22 47.42 151.40

50.72 46.92 145.20 50.60 47.08 151.38

M-value 50.84 47.06 145.38 M-value 51.10 47.36 151.52

HY3 51.38 47.10 148.92 ZY3 51.60 47.10 151.40

51.18 46.78 148.78 51.98 47.28 151.38

51.36 47.30 149.10 52.20 47.48 151.36

M-value 51.30 47.06 148.93 M-value 51.92 47.28 151.38

HY4 51.20 47.10 147.46 Y4 52.10 47.10 150.98

51.48 47.08 147.80 51.60 47.12 151.10

51.12 47.14 147.10 51.36 47.20 151.18

M-value 51.26 47.11 147.45 M-value 51.68 47.14 151.08

HY5 50.78 47.10 148.44 ZY5 52.02 47.26 151.42

50.98 47.38 148.34 51.60 47.22 151.16

50.80 47.76 148.04 51.50 47.24 151.30

M-value 50.85 47.21 148.27 M-value 51.37 47.24 151.29

In this test, the samples are taken from the hoop and axial direction of GRPM pipe. Each
type includes two mechanical indexes of compressive strength and elastic modulus with 5
specimens respectively.
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Fig.4 - Pipe specimens

Test equipment

In this test, the dual space system of WAW-1000 universal testing machine controlled by
computer, which can be seen in Figure 5, is adopted. The test system is composed of main engine,
hydraulic power unit, dscc-5000 multi-channel electro-hydraulic servo closed-loop control system
and computer data processing system. It adopts the electro-hydraulic servo control technology,
which can meet the three closed-loop control requirements of load, deformation and displacement.
It has three control modes of load, deformation and displacement, and can realize smooth
switching according to the set control mode, and achieve constant speed Rate load control,
constant rate deformation control, constant rate displacement control and other programs to meet
the requirements of various material tests. The equipment can be used for tensile test and
compression test of bar, plate and other samples. Bending and shearing tests can be carried out
with bending and shearing clamps.

Fig. 5 - WAW-1000 universal testing machine

Experimental procedures

The test was conducted at (23 £+ 2) °C and relative humidity with (50 + 10)%. Before the
test, the sample shall be placed under the standard environmental conditions of the laboratory for
at least 24 hours. The basic procedures were carried out according to the Standard [8].
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QD Prepare the sample according to the requirements of the test standard, then number the
sample and measure the size of any three places and fill in the table;

(2) The loading head of the testing machine should be smooth and free of sundries. The
parallelism of the upper and lower pressboards should be adjusted before testing;

3) Adjust the position of the lower crossbheam of the testing machine, install and place the test
piece, make the center line of the test piece align with the center of the upper and lower pressing
plates of the testing machine, and put it in the state of load to be applied;

4) Load according to the set test loading speed. When the compressive strength is tested, the
loading speed is 3 mm/min, and the uniform and continuous load is applied to the specimen until
the specimen is damaged. The tester automatically records the maximum load and fills the value in
the corresponding table;

(5) The loading speed is 2 mm/min for the elastic modulus testing. The dial indicator is placed,
the initial load is applied, and the test piece and the dial indicator are checked and adjusted, so
that the whole system is in normal working state and the compression deformation of both sides of
the test piece is consistent. Then the load is applied at a certain loading speed, divided into six
levels of loading, the applied load should not exceed 50% of the maximum load, and the repeated
loading is three. The deformation size of each test piece is recorded and the average value is
taken. The test load application procedure is shown in Figure 6.

Fig.6 - Specimen loading

The compressive strength o. of GRPM pipe is calculated by the following equation.

P
axb (1)

Oc =

where o is compressive strength, kN/cm?;
P is the load at failure, kN;
axb is the loading section area, cm?;

The applied load of testing the elastic modulus of GRPM pipe should not exceed half of the
failure load, and then calculate the elastic modulus according to Equation 2.

L-AP

Ec=——"—
a-b-AL )

where, E. is elastic modulus;
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AP is the increment of applied load, kN,

AL is the increment of deformation corresponding to AP, mm;

RESULTS AND DISCUSSION

The typical curve of the compressive strength test results of DN1500 spiral wound GRPM
pipe material is shown in Figure 7. Figure 7 shows the failure mode of the samples. In Figure 6,
the vertical axis is the test load (kN), and the horizontal axis is the deformation (mm). According to
the test results, one can determine the compressive strength of the material and its corresponding
failure displacement, determine the maximum load according to the first peak of the test result
curve, take the maximum load as the ultimate compressive load to calculate the compressive
strength, and determine the final result according to the average strength of the five samples.
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Fig.7 - Compressive strength curve

Fig.8 - Failure modes of specimens

As shown in Fig.8, under the continuous loading, there will be small cracks between the
sand layer and the numerical layer. As the load increases continuously, the cracks increase, and
develop in longitudinal direction. Finally, the cracks connect with each other, and the sample fails.
Under the continuous loading of the circumferential sample, at first, there will be inclined small
cracks with an angle of about 45° with the horizontal in the sand layer. With the continuous
increase of the load, the inclined cracks will increase. Finally, the cracks will penetrate into each
other and form the main cracks with an angle of about 45° with the horizontal. The sample fails.

Based on the classical laminated plate theory, the stress-strain relationship of the middle
layer in the principal direction coordinate is expressed as follows by the stiffness component:
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According to the coordinate transformation relationship, the stress-strain relationship of
filament winding layer in off-axis coordinate system is:

o )((k) Q11 Q12 Q16 & S X
k ~ A 0
o § o= Qy Qu &y |+, ky (4)
(k) —-— 0
Ty |, | Sym. Qss 7xy Xy

k

Where, Q; is the stiffness modulus component in the off-axis coordinate system. Similarly,

for the core inclusion layer, first assume that its stress-strain formula in the off-axis coordinate
system is

0

Gx Qll,m le,m QlG,m gx X
0

Oyr= Qum Qum Qum &y | T2 ky ®)
0

z-xy QlG,m Q26,m Q66,m K 7xy Xy

Where, Q is the stiffness coefficient of sand inclusion layer.

ij,m

The core layer of GRPM pipe can be regarded as isotropic material, and its stress-strain
can be expressed as

o 1 sym.| | ¢
o, r=lv 1 0 £ (6)

Xy 00 1;\/ 7/xy

L -0

The stiffness coefficient of sand layer of FRP sand pipe is

E v E
Qll,m :sz,m :m’Qu,m = Eleee,m :m'Qle,m = Q26,m =0

Then, the stress of filament winding layer and sand inclusion layer is integrated in the

direction of pipe wall thickness
N A B
- £ (7)
M B DIk
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AH = Zf((ﬁ)k (hk - hk—l) + Zm: (Qij,m)l (h| - h|,1), i, J =1, 2, 6

Bii - % 2 (Ql_lf)k (hk2 o hkz—l) + zm(Qij,m)l (hl2 o h|2_1) A, J =1,2,6 (8)
Dij :% i(a)k(hf - hk3—1)+Zm(Qij,m)l (h|3 - h|3_1) ’i, J =12,6

According to the test results, sort out the test data of the annular and axial specimens of the
GRPM pipe, and get the average value of the compressive strength, as shown in Table 2 and 3.

Tab. 2 - Hoop compressive strength

) Lengtha Width b Heighth Ultimate load Compressive Failure displacement
Specimen (mm>  (mm)  (mm) (kN) strength (mm)
2(MPa)
HY1 50.68 46.97 149.97 120.98 50.82 3.06
HY2 50.84 47.06 145.38 121.94 50.97 2.96
HY3 51.30 47.06 148.93 118.65 49.14 3.08
HY4 51.26 47.11 147.45 119.18 49.35 3.00
HY5 50.85 47.21 148.27 118.54 49.38 3.04
Average value 50.99 47.08  148.00 119.86 49.93 3.13
Dispersion 054 019 117 1.47 1.77 3.96
coefficient
Tab. 3 - Axial compressive strength
. Lengtha Widthb Height h Ultimate load Compressive Failure displacement
Specimen strength
(mm) (mm) (mm) (kN) (mm)
o(MPa)
ZY1 51.64 47.11 151.71 100.71 41.10 3.01
Y2 51.10 47.36 151.52 98.23 40.59 3.00
ZY3 51.92 47.28 151.38 98.37 40.07 3.09
ZY4 51.68 47.14 151.08 99.02 40.64 2.92
ZY5 51.37 47.24 151.29 100.15 41.27 3.08
Average value 51.54 47.23 151.40 99.30 40.79 3.02
Dispersion 061 021  0.16 1.10 1.33 2.28
coefficient

As shown in Table 3, the average hoop compressive strength and the average axial
compressive strength of GRPM pipe are 49.93 MPa and 40.79 MPa respectively. The
circumferential compressive strength is slightly higher than the axial compressive strength.
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The ultimate compressive load of GRPM pipe material determined above, then the elastic
modulus test should be carried out. The maximum loading amount of the elastic modulus test is
50% of the ultimate compressive load. For the same sample, one need repeat loading for three
cycles, record the corresponding deformation and load, determine the elastic modulus according to
the load, deformation and sample size, and take the average value of three loading and unloading
cycle tests as the elastic modulus of each sample modulus.

The elastic modulus in the direction of hoop and axial are shown in Table 4 and 5.

Table 4 - Hoop modulus of elasticity

Modulus of elasticity

Specimen Experimental data E (GPa)

HY1 Load_(kN) 5 10 15 20 25 30 35 4.39
Deformation (mm) 0.095 0.171 0.244 0.314 0.385 0.450 0.532

HY?2 Load (kN) 5 10 15 20 25 30 35 5.96
Deformation (mm) 0.112 0.162 0.245 0.306 0.369 0.436 0.491

HY3 Load (kN) 5 10 15 20 25 30 35 4.64
Deformation (mm) 0.110 0.172 0.244 0.309 0.380 0.444 0.504

HY4 Load (kN) 5 10 15 20 25 30 35 450
Deformation (mm) 0.120 0.196 0.271 0.340 0.400 0.468 0.529

HYS Load (kN) 5 10 15 20 25 30 35 470
Deformation (mm) 0.083 0.151 0.217 0.279 0.350 0.415 0.476
Average (GPa) 4.84 Dlspgrglon 13.20

coefficient

As shown in Table 4, the average hoop modulus of elasticity measure from five specimens
was 4.84 GPa, with dispersion coefficient of 13.20. It can also be seen in Table 4, the stiffness
modulus at different degree of loads are much different in values, the comparative analysis can’t
be made directly using the stiffness modulus. In order to further explain the change rule between
load and displacement, linear regression analysis is carried out for the data in the table, and the
results are shown in the Figure 9.

Y=76.068X-1419 e

% R%=0.9950 Y=69.616X-1.790

R*=0.9988

Load (kN)
=

~ 07T YTaS0N420
R=0.9956

0 002 004 006 008 01 012 034 016 018 02 022 024 026 028 03 032 034 036 038 04 042 044 046 048 05 052 054 056
Deformation (mm)

Fig.9 - Hoop elastic modulus
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Tab. 5 - Axial modulus of elasticity
Specimen Experimental data MOdUIES(gpi?SUC'W
2v1 Load (kN) 5 10 15 20 25 30 35 3.74
Deformation (mm) 0.130 0.251 0.356 0.468 0.570 0.697 0.823 '
2y Load (kN) 5 10 15 20 25 30 35 414
Deformation (mm)> 0.157 0.279 0.381 0.472 0.571 0.670 0.763 '
2v3 Load (kN) 5 10 15 20 25 30 35 4.04
Deformation (mm> 0.117 0.220 0.320 0.415 0.510 0.626 0.730 '
2va Load (kN) 5 10 15 20 25 30 35 4.05
Deformation (mm) 0.123 0.211 0.306 0.406 0.511 0.622 0.728 '
2Y5 Load (kN) 5 10 15 20 25 30 35 4.24
Deformation (mm) 0.106 0.194 0.279 0.375 0.473 0.571 0.684
Dispersion
Average (GPa) 4.04 coer;ficient 6.16

45

Y=52.10X+0.037
R?=0.9949

>
=

-

T YRBIX-04%
R=09985
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Fig.10 - Axial elastic modulus

As shown in Figure 9 and Figure 10, the optimal relation curve after fitting is drawn as a
solid line. The hoop and axial deformation of specimen is changed linearly with loading, this trend
agrees with the results obtained by R. Rafiee et al. [9].The hoop deformation-load curve slope of
GRPM pipe is greater than of axial ,as the hoop elastic modulus are bigger than axial elastic
modulus.

According to the above experimental results and analysis, it can be obtained that the hoop
compressive strength of GRPM pipe is 42.66 MPa, the failure deformation is 3.59 mm, and the
elastic modulus is 3.21 GPa; the axial compressive strength of GRPM pipe is 43.51 MPa, the
failure deformation is 4.01lmm, and the elastic modulus is 3.83 GPa; the hoop compressive
strength of GRP fiber is 149.84 MPa, the failure deformation is 3.91mm, and the elastic modulus is
10.76 GPa; the glass fiber The compressive strength of glass fiber is 72.67 MPa, the failure
deformation is 3.76 mm, and the elastic modulus is 4.82 GPa; the compressive strength of sand
layer is 38.13 MPa, the failure deformation is 5.74 mm, and the elastic modulus is 1.79 GPa.

For the spiral wound GRPM pipe, the difference between the hoop and axial compressive
strength and elastic modulus is not significant; the hoop compressive strength and elastic modulus
of fiberglass are much larger than that of the axial; and the compressive strength and elastic
modulus of the sand layer are relatively small.
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CONCLUSION

GRPM pipe is a new composite material, the pipe wall is composed of layers in the
thickness direction. According to this characteristic, the influence of each layer of GRPM pipe on
the overall properties of the composite pipe is studied, and the compression tests of single material
layer and composite material layer are carried out respectively. The conclusions are as follows:

For the spiral wound GRPM pipe, the values of circumferential and axial compressive
strength are similar, but the circumferential elastic modulus is slightly larger than the axial elastic
modulus. Due to the manual operation in the winding process, the uniformity of the material itself is
poor, so the dispersion coefficient of the compressive strength results is slightly larger. Because
the extensometer and displacement sensor of the test equipment cannot be used, the dial indicator
used in the elastic modulus test is installed manually to level the sample for testing. Each sample is
greatly affected by the human environment factors, and the instrument error leads to a large
discrete coefficient of elastic modulus measurement but increasing the number of tests to take the
average value can reduce the error of the test results.

From the failure state of the sample, it can be seen that the circumferential failure of the
sample of the wound GRPM pipe is basically along the interface between layers, that is, the weak
surface of the material of the wound GRPM pipe is generally the interface between layers, while
the axial failure of the sample is more similar to the failure of the concrete sample, that is, along a
certain sliding crack surface.

ACKNOWLEDGEMENTS
This work is supported by Natural Science Foundation of Hebei (E2019402395).

REFERENCES

[1] ASTM D 3517-96. Standard specification for “GRP” (glass-fiber-reinforced thermosetting-resin)
pressure pipe. Philadelphia: American Society for Testing and Materials, 1996.

[2] Rafiee R, Reshadi F, Eidi S. Stochastic analysis of functional failure pressures in glass fiber
reinforced polyester pipes[J]. Materials & Design, 2015, 67:422-427.

[3] JD. D. Melo et al. Mechanical behavior of GRP pressure pipes with addition of quartz sand filler.
Journal of Composite Materials, vol. 45, 6: pp. 717-726.

[4] B. Jay Schrock, P.E., F.ASCE. Annulus Grouting of Slipliner Rehabilitation. Pipeline Division
Specialty Conference 2001.

[5] Daniel IM and Ishai O. Engineering mechanics of composite materials. Oxford: Oxford University
Press, 2006.

[6] ASTM D 3754-96. Standard specification for “GRP” (glass-fiber-reinforced thermosetting-resin)
sewer and industrial pressure pipe. Philadelphia: American Society for Testing and Materials, 1996.

[7] ASTM D 3262-96. Standard specification for “GRP” (glass-fiber-reinforced thermosetting-resin)
sewer pipe. Philadelphia: American Society for Testing and Materials, 1996.

[8] ANSI/AWWA C950. Standard for GRP pressure pipe. Denver: American Water Works Association,
2001.

[9] ASTM D 2412-02. Standard test method for determination of external loading characteristics of
plastic pipe by parallel-plate loading. Philadelphia: American Society for Testing and Materials, 2002.

[10] Shi Huawang, Wei Lianyu. Laboratory Evaluation on Performance of Glass Fiber Reinforced Plastic
Mortar Pipe Culverts. Civil Engineering Journal,2018,27(1):60-71.

[11] Roham Rafiee , Ali Amini. Modeling and experimental evaluation of functional failure pressures in

glass fiber reinforced polyester pipe[J].Computational Materials Science, 2015 ,23(96):579-588.

@ DOI 10.14311/CEJ.2022.01.0004 57


https://journals.sagepub.com/action/doSearch?target=default&ContribAuthorStored=Diniz+Melo%2C+Jos%C3%A9+Daniel
https://ascelibrary.org/author/Schrock%2C+B+Jay

Article no. 5
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

HIGH AIR-VOID VOLUME IMPLICATIONS FOR ASPHALT
CONCRETE SERVICE-LIFE AND PRICE PENALTY

Reus Salinit and Carl Anders Lenngren?

1. Neogennium, Brasilia, Brazil; salini@neogennium.com
2. AFRY, Stockholm, Sweden; Lenngrensbox@telia.com

ABSTRACT

In road industry, the construction of asphalt concrete layers is a dynamic process that, if not
properly done, will lead to problems compromising the pavement performance. One of the most
common problems is poor compaction leading to air-void volume above the maximum acceptable.
This study discusses the impact of compaction/density deficiencies and presents an innovative
model to calculate the asphalt pavement service-life loss in a simple and objective way, and in line
with the road construction managers needs to calculate price penalty for contractors. The model was
optimized for dense graded asphalt concrete, that typically has a maximum acceptable air-void
volume between 4% and 7%.

KEYWORDS
Asphalt Concrete, Density, Air-Void Volume, Service-Life, Modelling, Contract, Penalty

INTRODUCTION

Asphalt pavements constitute a critical factor for road transportation infrastructure worldwide.
Its long-term cost is continuously rising with the increasing of prices of its components, especially
bitumen, gravel and labor.

The density is one of the most important parameters in construction of asphalt concrete (AC)
layers and its proportion of air-voids is probably the single most important factor that affects
performance and service-life for asphalt pavements; thus the compaction is an important factor that
affects pavement performance in terms of durability, fatigue life, resistance to deformation (rutting),
strength and moisture damage [1] [2].

The failure in obtaining the required density for AC layers is a rather common problem and
requires a scheme for evaluating the loss in service-life and an appropriate price reduction penalty
for contractors. There are surprisingly few studies or consolidated technical procedures to evaluate
the impact in the pavement performance or how to calculate a suitable price penalty for those cases.
Hence, in lieu of guiding documents unnecessary and painful negotiations between transportation
agencies and contractors are frequent.

The present study is a practical and objective approach to calculate the service-life loss for
dense graded asphalt concrete caused by deficiency in too low density, that is, air-void volume
higher than the maximum specified in the applicable standards or as contracted. The reduced life
can then be used as a parameter to specify contract penalties.
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LITERATURE REVIEW

A review of available studies conducted in 2016 at the National Center for Asphalt
Technology (NCAT), on the densification/compaction of AC and its implications for durability and
service-life, found 5 studies citing fatigue service-life implications and 7 studies citing rutting. In
general terms, this literature review found that an 1% decrease in air-voids was estimated to improve
the fatigue performance of asphalt pavements between 8.2% and 43.8%, to improve the rutting
resistance by 7.3 to 66.3%, and to extend the service-life by conservatively 10%. Based on these
results, NCAT conducted a life-cycle cost analysis (LCCA) for AC with two alternatives of density,
92% and 93%. The LCCA results show that the user agency would see a net-present-value cost
savings of $88,000 on a $1,000,000 paving project (or 8.8%) by increasing the minimum required
density by 1%. Higher AC density also has impacts on road operation, maintenance and road users’
cost [3].

In Australia, the Pavement Work Tips No.17 published the results of an interesting study
where an asphalt concrete mixture with different air-void volumes was tested. It shows the increasing
of air-voids from 5% to 8% leads to fatigue life reduction of about 50% (Fig. 1), a reduction of AC
modulus by 20% (Fig. 2) and an increase of about 75% in rutting depth (Fig. 3) [4].
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Fig. 1 — Fatigue life versus air-voids for asphalt concrete [4]
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Fig. 2 — Relative modulus versus air-voids for asphalt concrete [4]
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Fig. 3 — Relative rutting versus air-voids for asphalt concrete [4]

In United States, the Kentucky Transportation Center (KTC) conducted a research to identify
factors affecting the asphalt concrete density and its influence on long term pavement performance.
It was found that reducing the air-voids from 11% to 7% leads to an increase of 50% in fatigue life

[5].

A summary of studies showing the impact of 1% increase in air-voids for was presented by
Aschenbrener at the FHWA Asphalt Mixture - Expert Task Group meeting in 2016 [6]. It shows a
reduction in AC fatigue life between 8.2% and 43.8% (Tab. 1) and an increasing in rutting depth
between 7.3% and 66.3% (Tab. 2).

Tab. 1 - Fatigue life versus air-void volume [6]

Reduction in fatigue life

Study Lab/field Mix type Air-voids evaluated for 1% air-voids increase
British Std 4-14% 20.6%
UC Berkeley (1969) Lab CA Fine 5-8% 43.8%
CA Coarse 25-7% 33.8%
1-3%
UCB (1996) Lab CA Dense Graded 4-6% 15.1%
7-9%
Fine 13.5%
Lab Fine-Plus 13.3%
WesTrack (2002) Coarse 4,8,12% 9.0%
Field Fine/Fine-Plus 21.3%
Coarse 8.2%
Al (2010) Lab 9.5 mm 4-11.5% 9.2%
Dense
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Tab. 2 - Fatigue life versus air-void volume [6]
) . Air-voids Final field ruth Increase in ruth depth
SR Lelaiiie@ Mix type evaluated depth (mm) for 1% air-voids increase
Fine/Fine-Plus 9-35 11.5%
Original Coarse 13-36 9.6%
Replacement o
:/;/g(s)';;ack Field Coarse 4,8,12% 12-26 66.3%
Fine/Fine-Plus/Coarse 9-36 7.3%
Replacement 12-26 10.9%
Coarse
Al (2010) Lab 9.5 mm Dense-Graded 4-11.5% N/A 22.7%

In 2015 Wang and others developed a procedure based on life-cycle cost analysis (LCCA),
for price reduction for in-place air-void of asphalt pavements, using data of projects constructed in
New Jersey from 1995 to 2005 and pavement condition index (PCI) extracted from the pavement
management system. Empirical pavement performance models were developed with sigmoidal
functions and Monte Carlo simulations were used to capture the uncertainty of overlay service-life.
This is a quite complex approach where the price reduction may be affected by the considered
maintenance strategy and other variables [7].

In 1989 Linden and others [8] published the “Effect of Compaction on Asphalt Concrete
Performance” with the results of an extensive research to evaluate the loss of service-life of dense
graded asphalt concrete due to air-voids. The study comprised three data-sets, (1) from a literature
review, (2) a robust research at the American State Highway Agencies (SHA) and (3) data from the
Washington State Pavement Management System (WSPMS). According to the authors “the rule-of-
thumb that emerges is that each 1 percent increase in air-voids (over a base air-void level of 7
percent) results in about a 10 percent loss in pavement life”. The conclusions of this research are
suitable only for the cases where the maximum acceptable air-void volume base-line is 7%; for all
other cases such a rule can be subject of discussions and disputes [8].

AIR-VOID VOLUME MEASUREMENT AND CALCULATION

The required air-void volume usually is specified in contracts or standards as an envelope,
with minimum and maximum acceptable characteristic values. For example: minimum characteristic
air-voids = 2%, and maximum characteristic air-voids = 6%.

The way the characteristic air-void volume is calculated is another important aspect to be
considered. The voids are usually measured in extracted cores or with nuclear densometer, that is
an evaluation by sampling. Given such sampling nature the results must be evaluated from a
statistical perspective, for every constructed pavement lot. At Fiji Roads Authority, for example, the
way the characteristic values are calculated is specified at the standard FRA 5100:2020 considering
the available number of measurements/cores, the standard deviation and the producer risk [9]. Other
agencies usually adopt similar procedures.

MODEL DEVELOPMENT

In an ideal world all AC layers will be constructed with the air-voids inside the required
envelope, but this frequently does not happen, forcing project managers and contractors to negotiate
a price reduction. Despite to be an important problem, surprisingly there are almost no studies
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proposing technical parameters for price reduction that are easy to implement and also reflect the
true cost for the loss of the predicted life.

In the present study an innovative model to calculate the AC service-life loss for any air-void
requirement in the typical range of dense graded AC (4% to 7%) is presented. This model can also
be used as a parameter for price reduction. The model was constructed by performing a reanalysis
of two data-sets synthesis, literature review and SHA survey (Tab. 3), originally published by Linden
and others [8], that are considered the ground truth. This generalized model allows to by-pass the
limitation of the original authors’ conclusion, that have a fixed base-line of 7% for air-voids.

The base data (Tab. 3) was plotted and a power trendline equation was calculated (Fig. 4).
The trendline equation was then used as basis for engineering an adaptative mathematical formula
by doing intensive computer-based simulations. The final developed and optimized model is
presented in Eq. 1. It has three components and considers the life loss at the constructed air-void
volume (Eq. 2.a), the theoretical life loss at the maximum acceptable air-void volume (Eg. 2.b) and
an adjusting component (Eg. 2.c) that was optimized to improve the model’s accuracy. The adjusting
component (Eq. 2.c) was constructed in a way that keeps the model's mathematical consistency,
showing service-life loss equal to zero (L = 0) when the contracted and constructed air-voids are
equal (A = B). To evaluate the model’'s performance, its predictions compared the base data are
shown in Fig. 5.

The situations where the model is needed and can successfully be used are shown in Tab.
4. It is important to mention the model is not suitable to evaluate the pavement service-life loss
resulting of constructed characteristic air-void volume smaller than the minimum acceptable; for
those cases other procedures must be used.

Tab. 3 — Base data for model’s development [8]

Source Air-void volume (%) Pavement life reduction (%)
8 10
_ 9 20
thgrature 10 30
review [8]
11 40
12 50
7
13
9 21
SHA Survey [8]
10 27
11 38
12 46

B 2.15
L =(0.00663 - B361935) — (0.00663 - A36103%) + l(z) — 1]

Where:

A: Maximum acceptable air-void volume according to the applicable standard or contract (%)
B: Air-void volume of the constructed asphalt concrete (%)

L: Asphalt concrete service-life loss (%)

Eqg. 1 — Model to calculate the service-life loss for dense graded asphalt concrete
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Tab. 4 — Scenarios where the model is valid and/or needed

Scenario Interpretation

B>A the model is suitable to calculate service-life loss and price
penalty

B=A the model will report service-life loss equal to zero

L=100 the AC pavement will have a marginal service-life only
there is no service-life loss because of air-void volume

B<A ; L
(model’s calculation is not needed)

B is smaller than the minimum acceptable this model is unsuitable

characteristic air-void volume

80
70 O Base data (Linden et al) y=0 00663x3/61035
——————— Power (base data) R2=097519 ,/I

Y
g so "é
(0] J/
£ 40 g
S 30 1o
3
S 20 /9

10 6,/8

I B
0 2 4 6 8 10 12 14
Asphalt concrete air-void volume (%)

Fig. 4 — Asphalt concrete service-life loss according to the air-void volume

Eq. 2 — Components of the engineered model
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Fig. 5 — Base data versus model output (Eq. 1) for
maximum allowed air-void volume of 4% to 7%

EXAMPLE OF SERVICE-LIFE LOSS CALCULATION AND PRICE PENALTY

In this example is considered a contract rate of $100.00/m? for the AC meeting the contract
requirement of a maximum characteristic of air-void volume of 6%, but the constructed pavement
was found with a characteristic air-void volume of 8%, for the analyzed construction lot. (This
example does not consider other problems that eventually are present, such as bitumen content
outside the required range, aggregate grading outside the envelope, AC thickness smaller than
contracted, and others.)

A=6
B=38
Eqg. 1.
8 2.15
L = (0.00663 - 836103>) — (0.00663 - 636103>) + [( g) — 1]
L=8.66

Conclusion: the asphalt concrete lost 8.66% of its expected service-life. Remaining service-life is
91.34%.

Price penalty

Rate for AC with maximum characteristic air-void volume of 6%: $ 100.00/m?
Penalty because of constructed air-void volume is 8%: 8.66%
Rate to be paid for AC after penalty: $ 91.34/m?
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CONCLUSION

A consensus exists among researchers and departments of transportation regarding the
negative impact of high air-void volumes on the asphalt concrete service-life and, for road
construction projects, the need to apply a price penalty for contractors. The existing studies on the
subject are few and usually don’t provide an objective and practical way to evaluate the impact of
excessive air-voids on the pavement performance nor calculate a price penalty.

The developed model can be used with success to calculate the service-life loss of dense
graded asphalt concrete resulting of air-void volume above the maximum allowed by contracts or
standards, and to calculate contract price penalties for such cases.

The mode is not suitable for cases where the constructed AC has air-void volume lower than
the minimum acceptable, and does not consider other problems that may be present in the same
pavement, such as bitumen content outside the required range, aggregate grading outside the
envelope, AC thickness smaller than contracted, and others that also affect the service-life and may
lead to price penalties.
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ABSTRACT

The paper selects the influencing factors of EPC project’s cost control, analyzes and builds
the model of EPC project’s cost control from the point of view of system engineering, and utilizes
the integrating DEMATEL—ISM method to study the relationships between the influencing factors
and their impacts on cost control. It gets the multilevel structure model of the influencing factors of
EPC project’'s cost control. The results show that project construction management level,
procurement system, procurement process and standards project content acceptance and project
settlement basis are the direct impacting factors of EPC project’s cost control. The study provides a
reference of EPC project’'s enterprises to improve project management level, effectively control
project cost and achieve project management objectives.

KEYWORDS

EPC Project, Cost Control, Influencing Factors, DEMATEL Method, ISM Method

INTRODUCTION

With the rapid development of Chinese national economy, EPC (Engineering Procurement
Construction) projects are widely used in various fields and become a new construction mode of
construction project. EPC mode integrates design, construction and procurement. The coordination
between various disciplines is strengthened, and the disadvantages of disconnection between
design and budget, design and construction are overcome, which is conducive to the realization of
the overall goal of the project [1]. But it also brings huge risks to the general contractor, especially in
cost control.

At present, many scholars at home and abroad have studied the cost control of EPC project,
Zeng Xiang pointed out that project managers need to strengthen cost management in the links of
design, construction, acceptance and completion, so as to effectively control the capital investment
of the project and ensure the smooth completion of the project [2]. Yuan Yamin elaborated the risks
existing in the cost of EPC project. Combined with the current situation of EPC project, she
proposed to take effective measures to prevent the cost risk from four aspects [3]. Based on
practical cases, Ye Zhaoping and his colleagues put forward the importance of material and
equipment procurement cost control, and strictly controlled it from the procurement link, so as to
improve the project efficiency [4]. By comparing the EPC project mode with the traditional
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contracting mode, Shu Jianping put forward the advantages and disadvantages of the EPC project
mode, he also put forward the effective management of EPC project cost from multiple angles, so
as to improve the economic benefits of enterprises [5]. On the basis of practical engineering cases,
Wu Zhuxu put forward the key points [6] of project cost control under the EPC mode of construction
projects, and expounded the specific application in cost control.

With the development of EPC projects in foreign countries increasingly mature, foreign
scholars on EPC project research is more and more in-depth. The PCA’'s Report 1/2016 raised
several issues [7]. The most impressing problems mentioned in the 2016 Report were:

(1) Contract changes were being reported in public works contracts in just under 50% of the
awarded contracts;

(2) In the total projects analyzed, there was, on average, an increase in contract costs of
around 6.75%!8!:

(3) Design alterations and modifications were a recurring pattern, especially in building
retrofitting projects;

(4) Modifications occurred especially in architectural designs and water supply and sewage
project designs;

(5) Deficiencies in the project design were present in 57% of all projects analyzed;

Jan Picha, Ale§ Tomek, Harry Lowitt put forward that necessary and good contract
management [9] plays a good role in promoting the development of EPC; otherwise, it would have a
negative impact on all relevant parties--customers, contractors, lenders, governments, etc. Once
the management of the contract was not in place, it would have a negative impact on the whole
project, which may include delayed schedule, cost overruns, quality, safety and so on. Mary Bajomo,
Akinola Ogbeyemi, Wenjun Zhang believed that material procurement management and material
transportation logistics [10] played an important role in EPC project construction, and EPC projects
often encountered problems such as cost overrun, schedule overrun, material supply delay and
production efficiency decline in the management process. To overcome these problems and realize
the sustainable development of EPC system, it was necessary to conduct in-depth research on the
procurement of building materials. Johnny Kwok Wai Wong, Jackson Kit San Chan, Mesthrige
Jayantha Wadu put forward his own views on promoting the better development of architecture.
Through questionnaires and interviews with experts, he explored the important role of procurement
[11] in the construction industry and put forward some factors affecting procurement. Through the
analysis of the potential influencing factors, it was pointed out that how to effectively promote the
healthy development of the construction industry by using the procurement link.

Procurement is a key process in construction project management. Paying more attention to
procurement is crucial to the sustainable development of construction projects. Rajeev Ruparathna,
Kasun Hewage believed that adopting sustainable procurement measures [12] was very necessary
in construction projects and played an important role in promoting the development of construction
projects. Research showed that government regulations was the main driver for sustainable
procurement.

By analyzing real cases and from the perspective of engineering design, Manman Xia, Lemeng
Zhao, and Li Zhao found that construction and design could bring potential risks to EPC projects,
and strengthening the management of these two links laid a foundation for the realization of project

@ DOI 10.14311/CEJ.2022.01.0006 67



Article no. 6

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 1-2022

objectives [13]. For EPC projects in the oil and gas industry, how to help general contractors to
effectively manage the cost and schedule of EPC projects, Myung-hun Kim, Eul-bum Lee, and
han-suk Choi believed that it was necessary to start at the design stage. Identify the factors that
influenced project management during the design phase to help the general contractor reduce risk
and achieve the stated objectives [14]. Pan Gong, Ningshuang Zeng, Kunhui Ye and Markus Konig
proposed to use 4D BIM technology to solve the problems in the construction and completion
acceptance stages of EPC projects. Reduce the impact of various influencing factors on cost and
schedule management [15].

Through the analysis, induction and summary of the above research results, it is found that
most of the above research contents focus on a certain link, only propose improvement measures
for a certain link, do not comprehensively consider the factors affecting EPC project cost control,
and lack a set of models and methods that can evaluate and analyze the influencing factors of EPC
project cost control. In view of this, the cost control of EPC project will be discussed from the
perspective of system engineering, and the influencing factors of cost control will be analyzed by
using integrated laboratory decision analysis method (DEMATEL) and interpretative structure model
(ISM). It is expected to provide a theoretical basis for EPC project enterprises to reduce engineering
costs and improve economic benefits.

The remaining sections of this paper are organized as follows. Section 2 collects the factors
that significantly influence the EPC project’s cost control. Section 3 applies the DEMATEL-ISM
method to the classification and importance analysis of the influencing factors, then obtains the
multi-level hierarchical structure model and finally analyses the different levels according to the
influencing factors, demonstrating the interrelationships among the influential factors. Based on the
result of Section 3, in-depth analysis and effective suggestion on the interrelationships and
prioritization of the involved influential factors are provided in Section 4. Finally, in Section 5, the
conclusion, limitation and future researches of the study is presented.

SELECT THE INFLUENCING FACTORS OF EPC PROJECT COST CONTROL

Aiming at the problems that the cost amount of EPC project far exceeds the expected cost
target and leads to the decline of project economic benefits. Summarize the influencing factors of
cost control involved in the existing research [16]. The above influencing factors are tested by
guestionnaire survey, and experts and scholars with rich experience in the field of EPC project are
invited to score. The contents of the questionnaire were evaluated by Likert scale's 5-point system.
A total of 145 questionnaires were issued and 122 were recovered. Among them, 110 valid
questionnaires were tested by SPSS 24.0 software (IBM SPSS Statistics24.0 is launched in August
2016 by IBM Corporation, which is located in the City of Chicago, the United States) Cronbach's a is
equal to 0.854, greater than 0.7, with good reliability, indicating that the data has high reliability.
Because the implementation of EPC project is based on the contract signed by both parties. In the
process of project implementation, according to the development progress of the project can be
divided into design, procurement, construction, completion and other stages, and the cost control of
the project mainly involves the above stages, but also need to consider the impact of external
environmental factors. Finally, according to the development of the EPC project, it is determined to
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identify the influencing factors of EPC project cost control from six dimensions: contract factors,
design factors, construction factors, procurement factors, completion acceptance factors and
external environmental factors. The sub-factors of each influencing factor are ranked according to
the scores of experts and scholars in the questionnaire survey, and the score represents the
importance of the factor, as shown in Table 1.

Tab.1 - Influencing Factors and Literature Sources of EPC project’s Cost Control

Partition dimension Influencing Factors(M)

Contract Factors Formulation of Contract Terms (M1)

Contract Bidding Management (M2)

Division of Contract Responsibility (Ms)

Design Factors Selection of Design Unit (Ma)

Rationality of Design Scheme (Ms)

Cost Control Consciousness of Design Unit (Me)

Construction Factors Selection of Construction Scheme (Mv)

Project Construction Management Level (Ms)

Engineering Change and Claim (Mo)

Procurement Factors Procurement Method (Muo)

Procurement System (Mu1)

Procurement Process and Standards (Mi2)

Completion Acceptance Factors Acceptance of Changed Data (Mi3)

Acceptance of Project Contents (M14)

Price Settlement Basis (Mis)

External Environmental Factors National Policies and Regulations (Mue)

Market Price of Manual Work, Material and Machine (Mz17)

Development Level of Science and Technology (Mus)

Construction projects were complex with regard to variety of works, budget, duration, and the
number of parties involved®”.The use of time, cost, and quality as critical success factors of
construction projects for the purpose of construction project performance evaluation have widely
been studied by several researchers 18, however, there was great need to understand these critical
success factors with regard to EPC phases of the construction projects and to identify and prioritize
the factors that could affect critical success factors of the project in the different stages of EPC and
affect project performancel*,

Contract Factors

(1) Formulation of contract terms

The formulation of contract terms includes the ownership of the project, the delivery time of the
project, quality assurance, inspection methods, conformity standards, the treatment of force
majeure factors, as well as the procurement method of materials, including the quality, quantity,
specifications and price of materials, etc.
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( 2) Contract bidding management

Bidding is a part of the contract content, but also a very important part of project construction
guality and cost control. The specific contents of contract bidding management include separate
bidding plans for projects, construction equipment and construction materials. Combined with the
actual situation of the project construction to choose public bidding or bid negotiation and other
ways to determine the bidding and bidding time, process, in addition to the bidding enterprise
construction qualification and enterprise reputation evaluation.

( 3 ) Division of contract responsibility

In EPC mode, the division of contract responsibility should be reflected in the signed contract
documents. For example, in the process of project implementation, due to the limitation of
construction technology, the design must be changed, and the impact on the project cost should be
made clear in the contract, so as to avoid possible conflicts of interest between the contractor and
the owner.

Design Factors
(1) Selection of design unit

Selection of design units is an important step in the design stage, which mainly determines the
selection method, bidding process and evaluation standards of design units. Meanwhile, it also
needs to inspect the qualification of design units, their familiarity with EPC project fields and their
concept of design projects. Design units are selected based on the above factors.

( 2 ) Rationality of design scheme

The rationality of the design scheme should be combined with the actual situation of the project,
comprehensively considering the scale, construction intention, function, use and other factors of the
project, and should also consider the total investment of the project, under the premise of safety,
rationality and economy, to ensure that the design scheme meets the requirements of the project.

( 3 ) Cost control consciousness of design unit

The consciousness of unit cost control is mainly reflected in the quota design of the project.
Quota design includes the following aspects: first, the rationality of professional allocation,
construction drawing design and budget synchronous, technology and economy combined to meet
the requirements of the project; Second, the implementation of reward and punishment measures to
strengthen the cost control consciousness of designers.

Construction Factors
(1) Selection of construction scheme

According to the structural characteristics of the project, the project scale and other factors, the
construction content can be decomposed into the main civil engineering, decoration engineering,
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power supply and distribution engineering. Construction scheme is for a specific construction
content of the construction planning to achieve the construction goal, the selection of construction
scheme needs to consider the construction process, construction section division, construction
sequence arrangement, construction process and other factors, so as to determine the best
construction scheme.

( 2) Project construction management level

The construction management level of EPC projects is mainly reflected in the following aspects:
First, control the extent of the project progress and rational allocation and use of funds. Second, to
establish the project manager responsibility system as the core of the management system,
organization and launch enterprise management, project management, project operation layer and
other levels actively participate in the construction project management activities, to achieve the
whole process of all-round management. Third, according to the development of the general
construction scheme, construction method for construction, reasonable arrangement of
construction strength, machinery and deployment. The use and maintenance of all kinds of
equipment and maintenance responsibility gradually clear, implement to people, reduce the wear
and tear of equipment improper operation.

( 3) Engineering change and claim

Engineering change and claim is a common phenomenon in the construction stage.
Engineering change is mainly reflected in two aspects, one is design change, the design is
unreasonable or there is conflict with the construction process need to be changed, the other is the
owner temporarily change the intention of the project, change the current project design. The claim
is due to the external environment, drawing changes and other factors, the contractor requires the
Owner to compensate in terms of economy and time limit.

Procurement Factors
(1) Procurement method

Scientific and reasonable procurement methods can effectively reduce the cost input of EPC
project materials procurement. Currently, there are mainly the following procurement methods. The
first is bidding procurement, which is generally used in some EPC projects that need to purchase a
large number of construction materials and equipment. The second is to adopt the way of inquiring
price procurement. Inquiring price procurement refers to inquiring about the price of materials and
equipment required by the project from the supplier, comparing these quotations with several
suppliers, and finally selecting a supplier with the most reasonable price and relatively good quality
to sign the contract. The third is direct procurement, which is usually used only in the case of
designated suppliers or special materials and equipment. The specific procurement method needs
to be combined with the actual situation of the project.

( 2) Procurement system

The procurement system includes formulating standardized procurement procedures and
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standards and assigning procurement responsibilities for equipment and materials to departments
and individuals. Procurement system requires every link, every post to do a good job of coordination,
clear division of labor, and materials and equipment in and out of storage management.

( 3) Procurement process and standards

Procurement process and standards include the following aspects, the first is the formulation of
the procurement plan, according to the construction process and characteristics of the procurement
plan to determine the content, the correct grasp of the quantity and quality of material procurement;
The second is to compare the price of materials given by different suppliers, including the quality of
materials, the price of materials, purchase concessions and transportation costs.

Completion Acceptance Factors
( 1) Acceptance of changed data

The acceptance of changed data mainly includes the following aspects: first, the acceptance of
the contents of the modification documents and the signature of each patrticipant; the second is the
acceptance of the drawings of the changed parts, and the third is the inspection of the field record of
the number of manual work, material and machine consumed when the change occurs; the fourth is
related to the demolition of completed projects, acceptance of recyclable equipment and materials
record form.

( 2) Acceptance of project contents

The acceptance of the project content is mainly to examine and accept the location, elevation
and axis of the building to meet the design requirements. Check the data of foundation engineering,
structural engineering and other engineering, and also need to check the equipment installation
engineering, process equipment installation engineering, check whether the specification, model
and guantity of equipment meet the design requirements.

( 3) Price settlement basis

Price settlement basis shall be based on contract terms, national pricing specifications,
construction contracts, as-built drawings and materials, quantities confirmed by both parties,
additional (less) project price confirmed by both parties, claims confirmed by both parties, on-site
visa matters and price, bidding documents and other evidence.

External Environmental Factors

( 1) National policies and regulations

National policies and regulations play an important role in promoting the healthy and orderly
development of EPC projects. National policies and regulations include a series of policies issued to
promote the implementation of EPC projects, such as preferential policies for EPC general
contractors, qualification requirements of general contractors, responsibilities of general contractors,
and responsibilities and obligations of participating units
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( 2) Market price of manual work, material and machine

The market price of manual work, material and machine is easily affected by the external
environment, which directly affects the project cost. The market price of manual work, material and
machine includes the market price of manual work, the market price of materials and the market
price of machine. The market price of manual work refers to the cost of construction workers and
auxiliary production workers. The market price of manual work, material includes cement, steel,
sand and other building materials. The market price of machine mainly refers to the use fee of
machinery and the rental fee paid by the leased machinery.

( 3) Development level of science and technology

The development level of science and technology includes the use of new building materials,
new construction technology and the use of information technology, such as BIM technology and
procurement management system. The application of BIM technology in the construction stage
can effectively manage the construction process and reduce the impact of various influencing
factors on cost and schedule management. Procurement management system to the procurement
stage of the whole process of supervision and management, reduce procurement links caused by
the increase in project costs.

BUILDING THE INFLUENCING FACTOR MODEL OF EPC PROJECT COST CONTROL
BASED ON DEMATEL-ISM

Based on the above selected influencing factors of EPC project cost control, this paper uses
DEMATEL method to analyze the importance of the above EPC project cost control factors. On this
basis, the hierarchical structure model of the influencing factors of EPC project cost control is
constructed by using ISM model, the hierarchical relationship between various influencing factors is
analyzed. The process of model analysis and construction is as follows:

Establish the Direct Influence Matrix

Record the influencing factors of EPC project cost control as M={Mi, Mz, ..., Mg}, The
relationship between M; (i=1, 2, ..., 18) and M; (j=1, 2, ..., 18) is expressed as bj, Use 0, 1,

2 and 3 to represent the influence intensity of factor M; on M; . It means:

0 no impact
weak impact

1
" 12 medium impact
3 strong impact

(1)

The direct influence matrix A of influencing factors of EPC project cost control can be obtained:
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b b -+ bj
b2 b2 -+ bej
A=| . . . .
biu b, b

2

An expert discussion group is established according to the 18 influencing factors in Table 1.
The members of the group include 12 from the building unit, 10 from the general contractor, 12 from
the design unit, 10 from the construction unit, 10 from the procurement department and 11 teachers
studying EPC projects in colleges and universities. From the perspective of achieving EPC project
management objectives, the relationship between the influencing factors of EPC project cost control
is discussed and finally an agreement is reached, so as to establish a direct matrix A of the

influencing factors of EPC project cost control. A= (b. )mx18 is shown as below:

01 3 0 0O OOO OO O O0OO0OO0OO0OTUO0OTO0OTGO°
0O 0 0O OO OOO 2 0O0O0OO0ODO0DZ2 000
0O 0 0O O OOO O 3 00 0 0O O0OO0OOO0OTO0OTGO
0 0 0O 0O32 001 00 O0O0O01 0O O0DO0
0 0 0O O OO 3 2 3 0O0O0O0O0O0O0OO0TO0
0 0 0O 0O 300 00 00O O O0OO0OO0OOTO0OTGO
0O 0 0O O OO O 3 00 0O O0OO0ODO0ODO0OTUO0OTO0OTGO°
0O 0 0O 0O OOO O OOOOO0OO0OTUO0UOTUO0OT®OSO°
Ao 0O 0 0O OO OO 3 00O O0OO0OO0OD2 1000
0O 0 0O O OOO OOOO 2 0O0O0MO0OTO0OTGO
0O 0 OO OOOO1 001 00 0O 0 00O
0 0 0O OOOO1 0 0O O0OO0OO0OO0OTUO0OTUO 0OTGOSO°
0O 0 0O 0O OO O OOOOOO0OO0OS3O0 0o
0O 0 0O O OO OOOOOOOGOT11 0o o0@O0
0O 0 0O 0O OO OOOOOOI11T1O0O0O00O0
3 0 0OOO OOOOO0OO0OO0OTUO0OO0OTUO0OTUOoOSZS3O
0O 0 0O O OO 3 00 0O 0O O0OO0OO0ODO0OOT1O0O0
/0 0O 0OO0OOO 2 0 O0O0O0T1O0 1 0 0 0] 3)

Establish the Comprehensive Influence Matrix

The planning impact matrix is obtained by normalizing the above direct impact matrix, the

calculation formula is as follows:
Max var \es ()

18
Among them, Max var = max{Z bij)

j=1

Based on the standard influence matrix, the comprehensive influence matrix of the influencing
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factors of EPC project cost control is obtained by using the following calculation formula T,

T = (t) , the matrix is shown below:
11 /18x18

1

T=N (I - N) (5)
Among them matrix | is identity matrix.
0 013 038 0 0 0 0 006 017 0 0 O 001 005 008 0 0 0]
0 0 0 0 0O 0 0 009 025 00 0 006 012 045 0 0 O
0 0 0 0 0 0 0 0.14 038 0 O 0 0.01 0.1 0.06 0 0 0
0 0 O 0 047 025 018 03 03 00O O 002 01 018 0 0 O
0 0 0 0O O 0 03% 053 038 00 0 00l 01 006 0 0 0
0 0 0 0 0.38 0 014 02 014 0 O 0 0 0.04 0.02 0 0 0
o o 0 0 0O O 0 03 0 00O O O O 0 0 0 0
o o 0 0 0 O O O 0 0O O O O 0 0 0 0
|0 0o 0o 0 0 0o 0 038 0 00 0 00202 017 0 0 0
0 0 0 0 0 0 0 0.03 0 0 0 025 0 0 0 0 0 0
0O 0 0 0 0O 0 0 006 013 0 0 013 0 003 002 0 0 0
o o 0 0 0O O 0 013 0 00O O O O 0 0 0 0
0o 0o 0 0 0 O 0 0 0 0O O 005005 04 0 0 O
0o 0o 0 0 0 0 0 0 0 0O O 002002013 0 0 0
o 0o 0 0 0 0 0 0 0 0O O 013 013 007 0 0 0
039 005 015 0 0 0 015 008 007 0 0 0 0 002 003 005 039 0
0.05 0.01 0.02 0 0 0 039 015 001 0 O 0 0 0 0 0.13 005 O
o 0o 0 0 0O 0 0 025 0 00 0 015 002 018 0 0 O] (6)

Calculate the influence degree, affected degree, center degree and cause degree
Add the values of the influencing factors in each row of the above comprehensive influence

matrix T to obtain the comprehensive influence value, as is influence degreeD,. The affected

degree C, is obtained by adding the values of the influencing factors in each column of the

comprehensive influence matrix T. The sum of the influence degree and the affected degree of the

influencing factor i is the center degree F. of the influencing factor, and the difference between the

them, is the cause degree R, . The specific formula is as follows:

18

D- = Ztu (i :172,37""18)

= 7
C, :itﬁ (i=12,3.18)

= ®)
F =D,+C (i=123,:--18) 9)
R =D -C, (i=123:18) (10)
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The above formula is used to calculate the influence degree, affected degree, center degree
and cause degree of each influencing factor of EPC project cost control. The results are shown in
Table 2.

Tab.2 - Influence Degree, Affected Degree, Center Degree, Cause Degree of Influencing Factors
of EPC Project’s Cost Control

influence factor | influence degree | affected degree Center degree Cause degree
Di Ci Fi Ri
M1 0.88 0.44 1.32 0.44
M2 0.97 0.18 1.15 0.79
M3 0.69 0.54 1.23 0.15
M4 1.80 0 1.80 1.80
Ms 1.46 0.84 2.30 0.62
Me 0.92 0.25 1.17 0.67
M~ 0.38 1.23 1.61 -0.86
Ms 0 2.78 2.78 -2.78
Mo 0.83 1.82 2.65 -0.99
Mo 0.28 0 0.28 0.28
Mu 0.37 0 0.37 0.37
M1z 0.13 0.38 0.51 -0.26
Mais 0.50 0.48 0.98 0.02
M4 0.17 1.06 1.23 -0.89
Mais 0.33 1.87 2.20 -1.54
Maie 1.38 0.18 1.56 1.20
Ma7 0.81 0.44 1.25 0.37
Mais 0.60 0 0.60 0.60

Center degree indicates the importance of each influencing factor. The greater the value of
center degree, the greater the role of this factor in the index system. According to the center degree
value in the above table, draw the importance curve of influencing factors of EPC project cost
control, as shown in Figure 1 below.
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Fig.1-Curve of center degree of influencing factors of EPC project’s cost control

It can be seen from Figure 1 that the factor that has a great impact on the cost control of EPC
project is the project construction management level Ms, engineering change and claim Mo,
rationality of design scheme Ms, price settlement basis Mis; secondly, the selection of design unit M,
the selection of construction scheme My, national policies and regulations Mss, the formulation of
contract terms Mj, the market price of human resources, materials and machines Mi7, the division
of contract responsibility Mz, the acceptance of project content Mi4, the cost control awareness of
design unit M, and the contract bidding management My; finally, the acceptance Mis of the changed
data, the level of scientific and Technological Development Mg, the procurement process and
standard Miz, the procurement system M1, and the procurement method M.

The cause degree of the influencing factor is greater than 0. The greater the value, the greater
the impact of the factor on other factors. It is the cause index in the system, if the cause degree is
less than 0, the more obvious the value is, the smaller the impact of this factor on other factors is. It
is the result index in the system. According to the cause degree value in Table 2, it draws the cause
and effect diagram of the influencing factors of EPC project cost control, as shown in Figure 2
below.

2.50

1.50
0.50

-0.50

cause degree

-1.50

-2.50

-3.50

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11M12M13M14M15M16M17M18
influencing factor

Fig.2-Curve of cause degree of influencing factors of EPC project’s cost control

As can be seen from Figure 2, the designer selection M4, national policies and regulations Mas,
contract bidding management M, the designer's cost control awareness Ms, the rationality of the
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design scheme Ms, the project construction management level Mg, the formulation of contract terms
M, the procurement system Mii, the market price of human resources Mi;, the procurement
method Mo, the division of contract responsibilities M3, Acceptance Mis of changed data is the
cause index in the influencing factor system of EPC project cost control; Project construction
management level Mg, price settlement basis Mis, engineering change and claim Mo, project content
acceptance Maa, construction scheme selection M7, procurement process and standard Miz , those
influencing factors are the result indicators in the EPC project cost control influencing factor system.

Establish Reachability Matrix

In the comprehensive influence matrix, due to the lack of consideration of the influence of
influencing factors on itself, the following formula needs to be used to obtain the overall influence
matrix P of the system, the formula is as follows:

P=1+T (11)

Among them matrix | is identity matrix.

Set the threshold value A according to the system impact matrix, by setting the threshold A, The
system can be simplified by eliminating the factors that have little impact on the system[20]. The
value of threshold A will have a great impact on the relationship between influencing factors. If the
value is too large, the system structure is relatively simple, it is difficult to measure the relationship
between factors, and if the value is too small, the system structure is relatively complex, and the
relationship between factors will become complex. In order to obtain the optimal system structure,
The values of the threshold A used in this paper are set to 0.05, 0.1, 0.15 and 0.2 respectively, which
are compared and analyzed for many times, and the node degree of each influencing factor under
different thresholds is calculated, as is shown in Figure 3. According to the principles[21] of
moderate node degree and nodes with large node degree fall in the key node domain determined
by DEMATEL method. It is more appropriate when the value of A is 0.15. The reachability matrix S
of influencing factors of EPC project cost control can be obtained according to the following formula.

{0, a; <A _
a; = (i=12,3-,18;j=12,3,---,18)
L a;=24
(12)

node degree
= = ]
(] (9] (]

i

0

M1 M2 M3 M4 M5 Mée M7 M8 M9 M1IOM11MI12ZM13M14M15M16M17M18

mfluencing factor
—8—)-0.05 —8—)-0.10 ——A=0.15 —A—A=0.20

Fig.3 - node degree diagram of influencing factors under different thresholds
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Establish Multi-layer Hierarchical Structure Model of Influencing Factors

The reachable setH (M, ), antecedent set K(M,)and common setN(M,) of influencing

factors of EPC project cost control is determined by reachability matrix S, as is shown in Table 3

below. Among them, reachable set H(M,) is a set of all the influencing factors that can be
reached by the influencing factors in the reachability matrix, antecedent set K(Mi) represents the

set of all influencing factors that can be reached in the reachability matrix, the common set N (M,)

is the intersection of reachable set and antecedent set.
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Tab.3: Reachable set, antecedent set and common set of influencing factors of EPC project cost
control

M. H(M,) K(M,) N(M,)
1 1. 3 1. 16 1
2 2. 9. 15 2 2
3 3. 9. 1. 3 3
4 4. 5 4 4
5 5. 7. 8.9 4. 5. 6 5
6 5.6 4. 6 6
7 7. 8 5. 7. 17 7
8 8 5. 7. 8. 9., 18 8
9 8.9, 14 2. 3.5.9 9
10 10. 12 10 10
11 11 11 11
12 12 10. 12 12
13 13. 15 13 13
14 14 9. 14 14
15 15 2. 13, 15 15
16 1. 16. 17 16 16
17 7. 17 16. 17 17
18 8. 18 18 18

The method of level division is to extract levels according to the condition of H(M,)=N(M,),

as is shown in Table 3, wheni=8.11.12.14.15,H (I\/Ii ) =N (Mi) , this is expressed as the top level

of the system and the highest element set of influencing factors of EPC project cost control, it is

L, ={Mg. M;v My,» M,,» M}, Atthis time, Mg M;w M0 M. M will be deleted from the

reachability matrix, on this basis, the highest-level feature set in the reachability matrix will be found

again. And so on, finally it gets L,={M,. M;. Mg, M}, L, ={M,x M. Mg}, Li={M}.

Therefore, the levels of factors affecting EPC project cost control are divided into five levels, as it

meanslL,, L,,L;,L,,L..Itestablishes a hierarchical structure model of influencing factors of EPC

project cost control, as shown in Figure 4.

©

DOI 10.14311/CEJ.2022.01.0006

80




Article no. 6

CIVIL
THE CIVIL ENGINEERING JOURNAL 1-2022
ENGINEERING
JOURNAL
M;(Project Construction M;:(Procureme M, (Procurement M,s(Acceptance of M5 (Price Settlement
Management Level ) nt System) Process and Standards) Project Contents) Basis)
M-(Selection of M(Engineering M,y(Procureme M;;(Acceptance of M;;z(Development Level of
Construction Scheme) Change and Claim) nt Method ) Changed Data) Science and Technology)
My(Contract Bidding M;(Division of Contract Ms;(Rationality of M;-(Market Price of Manual
Management) Responsibility) Design Scheme) Work, Material and Machine)
M,(Formulation of M.(Selection of Mg(Cost Control Consciousness
Contract Terms) Design Unif) of Design Unit )

M, s(MNational Policies
and Regulations)

Fig.4-Hierarchical structure model of influencing factors of EPC project cost control

ANALYSIS AND SUGGECTIONS ON HIERARCHICAL STRUCTURE MODEL OF
INFLUENCING FACTORS OF EPC PROJECT COST CONTROL

Direct influencing factors of EPC project cost control

According to the above hierarchical structure model diagram, the direct factors affecting the
cost control of EPC project are project construction management level Mg, procurement system My,
procurement process and standard Mi», project content acceptance Mis4 and price settlement basis
Mss. Good project construction management can reasonably arrange the use of labor, materials and
machinery, ensure the smooth implementation of EPC project and avoid engineering changes
caused by improper construction. On the basis of paying attention to the project construction
management level, it can avoid increasing the procurement cost by establishing a sound
procurement system and improving the procurement process and standards. In the completion
acceptance stage of EPC project, the acceptance of project content needs to check whether the
project meets the needs of Party A and is consistent with the design drawings to ensure the smooth
progress of acceptance. By checking the engineering change, design change, material change and
other problems in the process of project construction, all parties involved in the construction of EPC
project need to determine the basis of price settlement according to the specific situation, so as to
ensure the interests of all parties involved.

Indirect Influencing Factors of EPC Project Cost Control

QD The second level influencing factors are the selection of construction scheme M7,
engineering change and claim M9, procurement method M10, acceptance of changed data M13,
and scientific and technological development level M18. Through the in-depth study of the design
drawings, selecting a reasonable construction scheme can ensure the smooth progress of each link
in the construction. At the same time, we also need to pay attention to engineering changes and
claims. On the one hand, we should effectively record the contents of changes and claims and
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retain effective documents. On the other hand, we should do a good job in the management of
changes and claims to reduce the impact of engineering changes and claims on project
implementation. Scientific and reasonable procurement methods can effectively reduce the
procurement costs of EPC project equipment and materials, select the most suitable way for the
project benefit objectives, and improve the cost performance of purchased equipment and materials.
By checking the validity and authenticity of visa, change and claim documents, the probability of
disputes in completion acceptance can be effectively controlled. The advanced scientific and
technological level can effectively promote the in-depth development of EPC project, especially the
promotion and application of BIM technology, which provides strong scientific and technological
support for the future development of EPC project.

2) The third level influencing factors are contract bidding management M2, contract
responsibility division M3, rationality of design scheme M5 and market price of manual works,
materials and machines M17. Through the review of the bidding documents, the key information
involved, such as construction standards, project scale, technical requirements, etc., shall be
deeply studied, so as to ensure the accuracy of the bidding documents. If the responsibilities or
obligations of Party A and the general contractor cannot be clearly specified during the formulation
of the contract, it will lead to a conflict of interest. Therefore, clarifying the division of contract
responsibilities can protect the interests of both parties of the EPC project. The rationality of the
design scheme directly affects whether the subsequent construction links can be carried out
smoothly. The design unit and the construction party shall participate in the strict review and
optimization of the design drawings to improve the rationality, integrity and scientific of the design
scheme. Combined with the development status of market and regional economy, master the
market price fluctuation of talents and machines, and evaluate the expected economic benefits of
the project to avoid unnecessary waste in the process of cost control.

3) The fourth level influencing factors are the formulation of contract terms M1, the selection
of design units M4 and the awareness of cost control M6. In terms formulation, the general
contractor of the project needs to carefully review the contract terms, reasonably foresee the
potential risks, and establish a perfect contract review process. The selection of EPC project design
unit shall be based on the principle of paying equal attention to technology and economy, so as to
avoid the consequences of high project cost caused by only paying attention to technology and not
paying attention to economy. At the same time, it is also necessary to constantly strengthen the cost
control awareness of the design unit, so as to make the project design economical and meet the
needs of the project.

Fundamental Influencing Factors of EPC Project Cost Control

Based on the above analysis, national policies and regulations M16 is the fundamental factor
affecting the cost control of EPC project. Therefore, in order to effectively reduce the cost of EPC
projects, the state needs to introduce a series of policies and measures to ensure the continuous
improvement and promotion of EPC projects. On the one hand, the government can give
preferential treatment to EPC projects in terms of finance and taxation and create more relaxed
financing conditions and environment. On the other hand, the government can focus on supporting
representative enterprises to drive the rapid development of EPC mode, In addition, more EPC
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professionals will be trained through industry training to make the development of EPC project more
standardized, standardized and sustainable, so as to realize the benign development of EPC
project.

CONCLUSION

Combined with the relevant literature on EPC project cost control, this paper summarizes and
analyzes the influencing factors, and puts forward 18 factors affecting EPC project cost control from
six dimensions: contract factors, design factors, construction factors, procurement factors,
completion acceptance factors and external environmental factors. The decision laboratory analysis
method (DEMATEL) is used to calculate the centrality and cause degree of each influencing factor,
and classify them. On this basis, the interpretative structure model (ISM) is used to study the
relationship between each influencing factor, and a multi-layer hierarchical structure model of the
influencing factors of EPC project cost control is established, so as to improve the economic
benefits and provide theoretical basis for reducing project construction cost.

The research in this paper also has some limitations. As EPC projects are widely used in
various fields, there will be more and more factors affecting the cost control of EPC projects. The
number of influencing factors of EPC project cost control identified in this paper is still present, and
the implicit influencing factors, such as the reputation and communication ability of both parties, are
not taken into account. Although the analytical method in the paper is scientific, it relies to some
extent on people’s experience, and the accuracy of the analytical conclusions is mainly determined
by the factors selected and the number and quality of the experts consulted. The subsequent study
can complete the analysis of the cost control of EPC projects by comparing quantitative data with
gualitative results to make the analysis conclusions more convincing.
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ABSTRACT

Reducing the amount of clinker in the cement industry using Supplementary Cementitious
Materials (SCMs) is one of the solutions developed by researchers in our field to respect
environmental requirements. In the same context, the present work aims to test the feasibility of
new combinations using two Algerian SCMs and evaluate their behavior while exposed to
hydrochloric acid. To concretize this objective, we fabricated a control mortar (based on cement
CEMI) and nine other mortars containing modified cement by a binary and ternary mixtures of
Portland Cement CEMI, Calcined Mud of Chorfa Dam, and Natural Pozzolans. All these mixtures
were tested at fresh state for consistency and setting time of pastes and at hardened state for
apparent density measure, water absorption, and compressive strength of mortars. After that, the
ten of them were immersed in hydrochloric acid (HCI) 5% during fifteen weeks (105 days). Then
they were examined for mass loss, volume loss, density decrease (apparent density), and visual
appearance. The results obtained in most tests showed that the mixtures containing SCMs,
especially the ternary mixtures, are realizable, economical, and more advantageous compared to
the control mortar with higher water demand and a better behavior after compression and HCI
attacks. In the end, we propose the mortars containing ternary mixtures with rates of 10% and 20%
to develop new formulations with high performance.

KEYWORDS

Cement, Mortar, Natural Pozzolan, Calcined dam’s mud, Hydrochloric acid

INTRODUCTION

To stop the global warming, we should respect the international strategy to reduce CO2
emission in atmosphere, evaluated to 33 Gt in 2021 [1], Alone the cement industry is responsible
for 2.2 Gt of world CO2 emission [2] 50 to 60% of this amount is caused by limestone
decomposition, and 30 to 40% is due to fuel combustion in kiln factories [3], reducing the quantity
of clinker in the cement industry by using supplementary cementitious materials (SCMs) is one of
the solutions adopted by researchers to respect environmental requirements [4-5], several sorts of
SCMs were discovered by time as natural pozzolan, fly ash, silica fume, granulated blast furnace,
limestone, and metakaolin [6], which have diversified the types of cement produced [7-8] and
improved their behavior towards the aggressive environment [6,8], this situation gave builders
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more freedom to choose the quality of cement to use in their structures to withstand different types
of exposure [6,8], Algerian regulations authorize the production of 27 cement products [9-10] but in
reality, only four products are available in the market [11], natural pozzolan is a material of
unaltered or partially altered volcanic origin located in volcanic regions, existing in several deposits
in Algeria [6,12] which is currently used as an SCMs in local cement industry, the Beni Saf deposit
in Ain Temouchent city has a reserve exceeding 18 million cubic meters [13], on the other hand,
several materials have proven their place in this field, among them the calcined mud of some dams
in western Algeria (Bouhnifia, Fergoug, and Chorfa), which exist in nature as hydraulic wastes in
millions of cubic meters (estimated at 32 million cubic meters per year in 2010) [14], However, it
has never been used in the cement industry before. The dredging of these dams periodically - by
the National Agency of Dams and Transfer- to recover their storage capacity is very expensive
[14]; this operation results in a considerable quantity of wastes stored next to the dams. After being
heated at 750°C for 5 hours [15], the calcined mud of Chorfa dam replaces cement by 30%,
according to Semcha. A, 2006 [15]; At fresh state is characterized by a decrease in
manoeuvrability which increases the water -or admixtures- consumption [15-18], and better
compressive strength than natural pozzolan at an early age and long term [17], chemically its high
reactive silica content (Sio2) offers the capacity to react with hydrated phases like calcium
hydroxide (CH) that produces a second degree of calcium silicate hydrate (CSH) in a pozzolanic
reaction, which was reflected in the increase in long-term of the compressive strength after the age
of 120 days [16], Both mortar and concrete based on calcined mud have given a higher
compressive strength than Portland cement CEMI for rates of 10% and 20% and a similar behavior
with CEMI for 30% replacement rate, these results were considered as better than wastes of the
other dams (Bouhnifia and Fergoug) [16-18], physically and because of its high finesse at the nano
and micro scale, these patrticles filled concrete microstructure which is favorable for durability [18],
the use of the calcined mud from Chorfa dam decreases the heat of the cement hydration and
especially for the 20% replacement rate of CEMI cement by CM compared to other replacement
rates that are also beneficial for mortars and concrete’s durability [19], the tests done to evaluate
the resistance of these sediments against acid attacks were carried out by Safer. O [16] who tested
the resistance of ordinary concrete based on cement containing levels of 10%, 20%, and 30% of
CM immersed in sulfuric acid and found a similar behavior to CEMI cement, especially for 10% and
20%, the exposure of CM to hydrochloric acid has not been well evaluated, because -in
formulations of self-compacting concrete — only Belaribi. O [17] followed the resistance of his
formulation containing one replacement rate (20%) by calcined mud of Chorfa dam. It proved a
better resistance than the self-compacting concrete control (based on a CEMI cement). On the
other hand, natural pozzolan has also shown resistance to acid attacks; explained by the
consumption of calcium hydroxide resulting from hydration during the pozzolanic reaction and the
filler behavior due to the high finesse of pozzolanic materials [20-21], all cement containing lime is
sensible to acid attacks, especially when the pH is less than 3.5 [6], also Mohit. M [22] explained
that the resistance of pozzolanic materials is better than ordinary cement exposed to acid solutions
by the CH consumption that reacts with HCI and products soluble chloride of calcium CaCl2, which
is harmful to the cement matrix and facilitates the decomposition of CSH and calcium aluminate
hydrate (CAH).

In the present experimental work, we will test the feasibility of a new combination using two
sorts of Algerian SCMs (natural pozzolan “NP” and calcined mud of Chorfa dam “CM”) and
evaluate their behavior while exposed to hydrochloric acid.

MATERIALS AND METHODS
Cement

The cement used in the present work is the Portland Cement CEMI 42.5 produced by GICA-
Algeria, conform to the Algerian standard NA-442, 2013 [9] that is similar to the European standard
NF EN197-1 [7], the physical characteristics are shown in Tablel, the chemical composition in
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Table 4 and the mineralogical composition of clinker calculated with Bogue formula [6] presented in
Table 2.

Natural pozzolan

The natural pozzolan used in this work is from the Beni-Saf deposit in Ain Temouchent city
in western Algeria (Figure 1-a), recovered from the GICA Oran cement plant, then crushed by a
ball mill (Figure 1-b), sieved in 63 um mesh (Figure1-c) the physical and chemical characteristics

are shown in Tables1 and 4.
(a) (c) (d)

Fig. 1 - (a) natural pozzolan (b) ball mill, (d) sieving of natural pozzolan in 63 um mesh,
(d) natural pozzolan powder ready to use.

Calcined Mud of Chorfa Dam

The mud was extracted from the drain valve of Chorfa Dam (Figure2-a), transported to the
laboratory, dried outdoors for a few days (Figure2-b), calibrated in crusher in medium dimensions
15/25 mm (Figure2-c), dried by temperature between (40°-50 C) until water elimination (Figure2-
e), crushed by a ball mill (Figure2-f), sieved in 63 ym mesh, then thermally treated in calciner at
750°C during 5 hours, increasing the heating by 5°C/Min- [15] (Figure2-e), the Tables 1 and 4
present physical and chemical characteristics of calcined mud of Chorfa dam.

T |
il - e -
(a) |

(b)

(f) (e) (d)
Fig. 2 - Steps of the mud of Chorfa dam calcination (a) Extraction, (b) The mud of Chorfa dam
(c) Calibration to 25mm,(d) Grinding, (e) Thermal treatment 750°C,(f) Calcined mud ready to use.
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Tab. 1- Technical characteristics of cementitious materials.
. . Finesse by Blaine Pozzolanic activity
properties Bulk density method (Cm?/g) indexc | %» PH
Cement CEM | 3.14 3285 / /
Natural pozzolan 2.50 4323 86 8.92
Calcined mud 2.58 7190 92 10.51
Tab. 2 - Mineralogical composition of clinker calculated with Bogue Formula.
Components C3S (%) C3A (%) C2S (%) C4AF (%)
Cement CEMI 62.22 3.66 12.26 15.15
Aggregates

The present work used two sorts of sand as fine aggregates, natural siliceous sand from
Oued El Kheir (Figure 3-a) and crushed limestone sand from Terga (Figure 3-b). Initially, the two
sorts were washed in a 63 uym sieve until fine particles were eliminated, with the conservation of
fines of crushed sand apart, after the two sorts of sands were dried at a temperature of 105°C
during 48 hours until the elimination of water, the results of technical characterization and chemical
composition of are shown in Tables 3 and 4, and the particles’ size distribution is shown in
Figure 4.

(a) (b)
Fig. 3 - (a) Natural sand of Oued EI Kheir, (b) Crushed sand of Terga.

As seen in Tables 3, 4, and Figure 4, the crushed sand has a good technical requirement
except for the high finesse modulus that equals 3.7. To obtain sand that respects the technical
requirements of standardization NF P 18-545 [23], we elaborated a mixture (40% of natural sand
and 60% of crushed sand) that modifies the finesse modulus and obtains values of corrected sand
equal to 2.8; Figure 4 presents the particles size distribution of the corrected sand, which fits into
the acceptance zone described by NF P 545-18.

Tab. 3 - Technical characteristics of Aggregates.

Properties Bulk Finesse Sand prohibited | Absorption | Organic H
P density modulus | equivalent | impurities | Coefficient matter P
Natural sand 2.70 1.48 84.26 None 1.53 0.59 9.53
Crushed sand 2.73 3.70 89.79 None 412 0.69 9.95
Tab. 4 - Chemical composition of cementitious materials.

Constituents | SiO2(%) | Al203(%) | Fe203(%) | CaO(%) | Na20(%) | K20(%) | MgO(%) | Sos(%) | Cl (%)
Cgé"Merl“ 20.72 04.56 4.98 63.24 0.21 0.79 1.82 2.54 0.05
Natural 44.33 12.77 11.26 16.48 0.10 0.18 3.62 0.20 0.01
pozzolan
C"’:'nclﬂed 49.22 12.11 07.23 23.99 0.44 3.22 2.45 0.13 0.00

Natural sand | 86.90 0.00 0.39 11.68 0.00 0.00 0.00 0.00 | 0.0213
C;‘fnh ded 10.89 0.33 078 | 7477 | 000 0.00 000 | 000 |0.0284
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Fig. 4 - Particle size distribution of sands used.

To evaluate the modified cements of our experimental program, ten mortars mixtures were
developed according to NF EN 196-1 [25], with three components Sand: Cement : Water by mass
proportion 3:1:1/2 respectively for control mortar [24], and for mortars mixtures that contain
modified cements, the same mass proportions used previously except the quantity of water that
was adjusted using type B workability meter, by similar flow time for all ten mortars in accordance
with NF P 18-452 and NF P15-437 [26-27], to insure the exact quantity of water needed for
hydration -since we increased the volume by replacing the cement with SCMs grains characterized
by a higher surface area-; The mixtures shown in Table 5 were made with normalized mixer
“CONTROLAB” with method described in NF 196-1 [24], after the mixtures were casted in
prismatic molds 40x40x160 mm and cubic molds 50 mm, compacted in vibrant Table during 30
second for maximum elimination of voids and air bubbles, after the upper surface was smoothed
with a trowel, the molds were protected from evaporation by plastic film in the first 24 hours, the
samples were demolded and cured in lime saturated water at 20°C temperature, until the day of
the test to elaborate.

Tab. 5 - Mortar mixtures.

Types mposition | sand (g) | CEMI(g) | CM (g) NP (g) Water (g) |E/(C+SCMs)
MC 1350 450 0 0 225 05

MM10 1350 405 45 0 229,5 0,51
MM20 1350 360 90 0 240,75 0,535
MM30 1350 315 135 0 247,5 0,55
MP10 1350 405 0 45 227,25 0,505
MP20 1350 360 0 90 236,25 0,525
MP30 1350 315 0 135 243 0,54
MM5P5 1350 405 22,5 22,5 229,5 0,51
MM10P10 1350 360 45 45 238,5 0,53
MM15P15 1350 315 67,5 67,5 245,25 0,545

The prismatic samples 40x40x160 mm were made for compressive strength test [24] and
water absorption [32-34], while the cubic samples of 50 mm were fabricated to test the mass loss,
volume loss, density decrease [31-32], and visual appearance of the ten mortars exposed to
hydrochloric acid HCI 5% [27].
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TEST PROCEDURES

The standardized consistency and the setting time tests of pastes were determined by
Vicat’s needles according to NF EN 196-3 [28], with the initial E/C ratio equal 0.25.

The prismatic specimens of 40x40x160 mm have been cut into two parts of 40x40x80 mm
to elaborate the compressive strength test [24]; the mortars were tested by a compressive strength
machine “CONTROLAB” that applies a uniaxial force by parallel squares with a surface pressure of
40x40 mm applied on the lateral facets [24].

The apparent density (D) of mortars was calculated by Formula 1 [29-30] with the
determination of M and V by a method described below, and (g/cm3); the apparent density
measurement schedule is at 3, 7, 14, 28, 56, 90 180 days, the values of M were recorded in gram,
V in a cubic centimeter and pwater in g/cm?.

M 1
D==x
V p water

()

The liquid transfer properties of our mortars were tested by the water absorption after
immersion, determined on prismatic mortars of 40x40x160 mm at the age of 28 and 180 days,
measuring the mass (M) of the samples defined below, then they were subjected to oven 105°C
observing the variation in mass every 24 hours until an error of 0.2% between two successive
weightings (Md), the values of Md were recorded in gram;

Also, the water absorption (W.A) values after immersion were calculated by Formula 2 [31-
32].

M- Md

Two cubic specimens of 50 mm of each mortar group were produced and cured in
saturated lime water during a maturation period of 90 days, removed from the curing tanks 24
hours before the exposure to acid, and left in open air [16-17]. The cubes were immersed in
hydrochloric acid solution HCI 5% (Figure 5), examined for mass loss, volume loss, density
decrease, and visual appearance, and were carried out each week; After each weekly
examination, the solutions of the acid were renewed [16-17, 21,27].

Fig. 5 - Cubic specimens 50 mm immersed in HCI 5% solution.

On the day of Mass measurement, they were removed from the liquid, wiped by a piece of
cloth to remove the excess water, weighed in the open air to obtain the mass of the sample in the
saturated state (M). The volume was determined by measuring their masses underwater (Mw) with
a mass measurement caliper underwater (Mst) [according to the standardization NF EN 12390-7-
[29-30], with the determination of the volume by the following formula (3), with the values of Mst
and Mw were recorded in gram and p water in g/cm?;
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_ M-[(Mst-Mw) - Msf]
- p water

|4

@)

The mass and volume loss (X%) of the tested samples were calculated with the (Formula 4);

_XI-x2

RESULTS AND DISCUSIONS
Standardized consistency

Figure 6 presents the results of standardized consistency tests of the pastes evaluated. We
can see that SCMs used in the present work increase the water demand compared to the control
cement, proportionally with the rate of replacement (10%, 20%, and 30%) to reach the
standardized consistency, the calcined mud of Chorfa dam consumes more water compared to the
natural pozzolan and a similar quantity of water consumption between the NP and the combination
CM-NP. This combination of CM-NP decreases the water demand slightly compared to the CM
alone.

These results are related to the irregularity form of grains and the finesse of SCMs used
compared to cement grains [6,18]. The works carried out by A. Semcha, O. Belarii, O. Safer, K.
Belguessmia, and F. Taieb also note that the calcined mud and the natural pozzolan in the
replacement of cement reduce the maneuverability of mortars [16-19]. The slight decrease in water
consumption by the combination CM-NP is beneficial to develop new economic formulations based
on these materials by using admixture to avoid the problem of water demand.

% CM10
CM20
0,325 I o0
Il cri0
[ cP20
/I cP30
[_]cmsPs
I CM10P20
[_Jcmi1spPis

0,33 +

0,32 A
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b 8
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028 4= =— =—
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0,27 H

0,26 —

0,25

Pastes

Fig. 6 - E/C Ratio relative to the standardized consistency by the Vicat apparatus.

Setting time tests

The results of the setting time of the ten pastes studied in the present work are shown in
Figure 7. The setting times of pastes decrease proportionally with the rate of replacement of
cement by SCMs, especially for the calcined mud that records important values. Slightly lower
values were saved for the NP's pastes, with the similar behavior between NP and the combinations
CM-NP. In general, the use of our SCMs decreases the setting time of pastes slightly, and the
results of setting time tests of CM and NP presented in Figure 7 are similar to those cited in
literature elaborated by O.Belaribi and O.Safer [16-17]. Also, the new combinations recorded the
same behavior (reducing the setting time slightly), which is advantageous for their use in formwork
striking times and works in cold weather as natural admixtures.
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Fig. 7 - Setting time of cement with Vicat’s needles.
Compressive strength

The compressive strength (CS) results of the control mortar and the nine mortars that
contain modified cement, shown in Figure 8. The results obtained for the order of replacement 10%
have very close values of CS compared to the control mortar, especially at long term (In the order
of 60 MPA), with an advantage for the combination MM5P5 than the mortars MM10 and MP10; in
other hands, at an early age, we note an advantage for MM10 and MM5P5 and a late of CS for
MP10.

For the replacement rate with 20% SCMs, we note an advantage for MM20 and MM10P10
at both early age and long term, and the lowest values recorded for MP20, especially at an early
age.

The best compressive strength results of mortars containing modified cement with 30%
replacement of CEMI with CM and NP are noticed for MM30 (46 MPA), for the combination
MM15P15 (42.5 MPA). The lowest results for this rate are saved for MP30 (40 MPA).
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Fig. 8 - The mortar's Compressive strength Results.

These results indicate that CM presents a good pozzolanic reactivity than natural pozzolan,
as noted in works cited in the literature [16-19]. However, the strengths of CM did not exceed the
results of MC in the long term, as proved in the previous.

These good compressive strength results obtained of mortars containing a combination of
CM and NP can be related to the increases the probability of lime and calcium hydroxide reaction

@ DOI 10.14311/CEJ.2022.01.0007 92



Article no. 7
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

by two types of reactive silica with variables degrees of finesse, which explains a higher
compressive strength of the combination compared than CM or NP alone, with more reactivity at
an early age compared to NP and a similar mechanical behavior at later age.

These results improve the feasibility of the combination between CM and NP, especially for
CM5P5 and CM10P10 at an early and later age that is good for the formwork striking times, which
encourages us to think about developing new formulations based on these components for the
development of high-performance mortars.

The low CS results obtained for mortars contained a rate of replacement of 30%, compared
to the results cited previously can be related to the high “E/C” ratio, these formulations can be
proposed in masonry and plastering of walls.

These results are not perfectly similar to those of O. Belaribi and O. Safer [16, 17]; for
those, the compressive strengths of the mortars containing the calcined mud are better than that of
the long-term control mortar. Moreover, this can be explained by the use of superplasticizers,
which reduce water consumption, participate in the excellent placement and densification of
mortars structures that reduces the porosity of the mortars and increase the compressive strength
of the mortars.

Il \Vater Absorption 28 Days
60 Il Water Absorption 180 Days

55 —
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45 - 4.

4,0 -

Water Asorption After Immersion (%)

35 -

3.0 -

MC MM10 MM20 MM30 MP10 MP20 MP30 MMS5P5 MM10P10 MM15P15
Mortars (Mixiture)

Fig. 9 - Water absorption of mortars after immersion.
Water absorption after immersion

As seen in Figure 9, we noticed that mortars mixtures containing modified cement have a
higher water absorption rate than control mortar at an early age due to the high E/C ratio mixtures
that increase porosity.

The rates of water absorption decrease in the long term, especially for mortars containing
SCMs, which is related to the consumption of lime and calcium hydroxide by reactive silica due to
a pozzolanic reaction that fills pores, decrease porosity, higher density and compressive strength,
the mortars MM10, MP10, and MM5P5 present similar values to the control mortar with a slight
advantage for MM5P5 mortar mixtures.

This test is a simple and good indicator of liquid transfer properties. It confirms the
properties mentioned in the bibliography that the particles CM and NP enhance the compacity and
decrease the porosity of mortars, which are beneficial for durability and resistance to acid attacks.

This test has never been developed on these materials and even rare works that have been
used on mortars. Compared to the work of R. Aswin Maria Sebal [31], who worked on the water
absorption after immersion on the mortars containing the rubber, it obtained higher values than
ours, explained by the high mortars' porosity.
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Hydrochloric acid attack

In normal curing conditions, the variation mass increases from 0.9% to 1.4% in 180 days
and decreases in a volume less than 4.5% that happens in the first ten days, with an increase in
apparent density of all mortars between 1% to 5.6% in 180 days (Figure 10).
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Fig. 10:- (a) Mass gain in normal curing, (b) Volume loss in normal curing, (c) Density gain
of mortars in normal curing.
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Figure 11 shows the mass loss of different mortars exposed to acid HCI 5% during 15
weeks; in the first five weeks, MM10, MM20, MP10, MP20, MM5P5 save lower mass loss values
than MC, those same mortars continue to resist better than control mortar at the 10th week with
MP30, MM10P10, and MP15P15 except MM30 that save a value of mass loss higher than MC.
After 15 weeks of exposure to HCI 5%, all mortars containing SCMS resist better than the control
mortar, and the best values of mass loss were given by MP20, MP10, MM5P5, MM10, and
MM15P15 with values between 33.29% to 40.40 % compared to 58.01% of mass loss of the
control mortar (Figure 14).
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Fig. 11 - Mass loss of mortars exposed to hydrochloric acid 5%.

These results are related to lime and calcium hydroxide consumption, responsible for mass
loss after reacting with HCI acid. For mortars with modified cement, especially MP20, MP10,
MM5P5, MM10, and MM15P15, lime and CH are better consumed with reactive silica-rich CM and
NP, increasing CSH rate and filling pores that delay the HCI attack [6, 22]. This result improves
and completes the work of O. Belaribi [17], who used the calcined mud as supplementary
cementitious materials to Postpone HCI attack.

The high resistance of natural pozzolana against HCI acid attacks has improved the ability
of mortars based on combinations to resist this type of attack. These results agree with other
studies conducted by several researchers showing the benefits of natural pozzolan and fly Ash
enhancing the resistance to the hydrochloric acid attack [34-35].

We can report that the MM15P15 mortar resists against HCI acid attack despite its low
compressive strength (compared to the control mortar), related to its high E/C ratio. To avoid this
problem, it suffices to develop this mixture using admixture to reduce the quantity of water and a
good particle's placement.

The volume loss of mortars after 15 weeks of exposure with HCI is illustrated in figure 12;
we can note that the variation in the volume of mortars is similar to the variation in the mass of the
same mortars that improves the results obtained previously.

The reduction in volume is principally due to the reaction between HCI and the CH, which
produces a soluble chloride of calcium CaCl2, which is harmful to the cement matrix and facilitates
the decomposition of CSH and CAH [22] and secondary to the liquid transfer properties of mortars
that facilitates the infiltration of acid into mortars, unlike SCMs-based mortars, this process is slow.
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Fig.12 - volume loss of mortars exposed to hydrochloric acid 5%.

Figure 13 presents the results of examination during the exposure to HCI 5% for fifteen
weeks. In the first five weeks, the values of density decrease were low, almost stable, after five
weeks, we noticed a rise in the rate of density decrease than before, after ten weeks, the rate of
density decrease became higher, especially for the control mortar that gave the higher value of
density decrease compared to mortars containing modified cement.

These results are principally related to the decomposition of mortar structures that vary
from a mortar to another and secondary to the porosity [6]; the mortars MM5P5 present the lowest
density decrease value highest values are saved for the mortars MC, MM15P15, and MM20.

The high-density decrease of MM15P15 and MM20 is also due to the high values of water
absorption that facilitate the infiltration of acid into mortars and eases the decomposition of CSH
and CAH.
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Fig.13 - Density decrease of mortars exposed to hydrochloric acid 5%.
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Fig. 14 - The ten mortars after 15 weeks exposed to HCI 5%.
CONCLUSION

At the end of this work, we can summarize it in the following notes:

The calcined mud of the Chorfa dam records a higher water demand than cement grains
and is slightly higher than the NP due to the irregularity of CM grains and the higher finesse
particles [6, 18], while the combination CM-NP maintains a similar behavior as the NP alone.

The setting time of the pastes containing SCMs used decreases proportionally with the
cement replacement rate, especially for CM, which is comparable with the works cited in the
literature [16-17], which is beneficial for formwork striking times and concrete works in the cold
weather [6]. Also, we note that the combination CM-NP decreases the setting time with similar
values compared to NP alone.

The compressive strength results of mortars with SCMs are lower at an early age,
especially the NP, and comparable to MC at long term (60 MPA), especially for mortars MM5P5,
MW10, MP10, MM10P10, and MW20 (53 to 57 MPA).

At a young age, the combination between calcined mud and natural pozzolan achieves
compressive strength values higher than natural pozzolan alone, which is beneficial for fast
formwork striking times.

The combination CM-NP is realizable, economic (until 30% of reduction in clinker), and
more advantageous, this is due to the variable types of reactive silica of both CM and NP with two
finesses degrees, that higher the probability of lime and calcium hydroxide consumption, more than
each one of them alone (CM or NP).

Mortar with modified cement has a higher water absorption rate than MC at an early age
due to the high E/C ratio that increases porosity. The rates of water absorption decrease in the
long term for mortars with SCMs, by filling the voids and compensating the higher porosity noticed
at an early age by lime and hydroxide calcium consumption (pozzolanic reaction), higher density,
and compressive strength in the long term, that is beneficial for durability [6].

After exposure to HCI 5% until 15 weeks, we notice that the best mortars that showed
better mass loss values are MP20, MP10, MM5P5, MM10, and MM15P15, with values between
33.29% to 40.40 % compared to 58.01% of mass loss of MC. This variety is due to the reactive
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silica's lime and calcium hydroxide consumption rate; for mortars with modified cement, Cao and
CH are better consumed with reactive silica-rich CM, increase CSH rate and fill the voids that are
beneficial to HCI acid resistance.

The mortars MM5P5 and MM10P10 present comparable compressive strength values than
MC and better resistance to HCI attack; we propose that they be developed concrete with high
performance.

The MW15P15 is characterized by good resistance to HCI attack. Still, a higher water
demand, lower compressive strength, and a higher water absorption rate encourage its
development in the future by using admixtures to enhance the compressive strength and decrease
porosity.

The variation in the volume of mortars is similar to the mass loss of the same mortars
exposed to HCI attacks.

The high results of density decrease of MC, MM15P15, and MM20 are principally related to
the decomposition of mortar structures that vary from a mortar to another and are secondary to the
high-water absorption [6].
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ABSTRACT

UHPC is different from ordinary concrete for mechanical properties. To study the stress
state of stud connector when UHPC is used to strengthen RC beam and its influence on bearing
capacity of the strengthened beam, in this paper, ABAQUS was adopted first to simulate the push-
out test of stud to verify accuracy of the finite element model. The nonlinearity of materials and
contact conditions was considered in the model, and then three parameters including concrete
strength, stud length and stud diameter were studied. Results showed the finite element model
established by surface to surface contact method was possible to simulate the force and failure of
the stud connector. UHPC could improve the bearing capacity of the stud specimens obviously,
and the length of stud had little effect on bearing capacity of stud while failure of the stud may
occur if length of the stud was too small. The increase of stud diameter could improve bearing
capacity of elastic working stage.

KEYWORDS

Push out test, UHPC, Stud connector, Finite element, Reinforcement

INTRODUCTION

Ultra high performance concrete (UHPC) is considered as one of the most important
innovative cement-based engineering materials in last 30 years. Compared with ordinary concrete,
UHPC has better mechanical properties, its compressive strength is for three to six times and
tensile properties for five to eight times that of the ordinary concrete. Since UHPC was put forward
for the first time in 1990s, UHPC has developed rapidly, its components and performance has
been improved, and its price has been gradually reduced, making it more and more widely used
[1]. In recent years, researches on UHPC is mainly focused on how to make full use of its
performance characteristics to achieve purpose of structural form innovation and provide basis for
the large-scale promotion and application of UHPC [2]. Because of its ultra high tensile and
compressive strength, as well as good ductility and durability, UHPC has unique advantages in all
kinds of civil engineering structures, especially in bridge engineering, the way UHPC repairs and
strengthens ordinary reinforced concrete beams has been recognized by more and more civil
engineers and scholars [3]. Figure 1 is a new reinforced concrete beam strengthened by UHPC
and CFRP proposed by the author. UHPC and oncrete beam are connected by a peg at the top,
and traditional CFRP rod is glued to concrete beam at the bottom.

Stud is the most researched and applied shear connector currently, which can well bear the
shear force on the connecting surface in UHPC reinforcement of existing Bridges. Stud connectors
are suitable for industrial production because of their simple manufacturing and low cost [4].
However, stud is an isotropic material with the same strength and stiffness along the intended
direction, with large deformation, good ductility and little impact on reinforcement placement in
concrete slabs, which is widely used as shear connectors in bridge reinforcement [5].
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Many research has been carried out on mechanical properties of stud connectors at home
and abroad. Qing-hua han et al introduced the extended finite element method into calculation and
analysis of composite beam, established the analysis model and simulated whole process of shear
stud from crack beginning to fracture failure [6].Tian Qixian et al. studied the use of UHPC for
bridge deck pavement, analyzed different length and diameter ratios of shear studs by push-out
test and finite element analysis, and focused on the static performance of short studs[7].

Aiming at the new structure that UHPC is used for reinforcement, this paper adopts method
of simulating studs in ABAQUS to carry out finite element analysis on push-out test of stud. By
nonlinear finite element analysis model verified by push-out test results, three parameters of
different concrete strength, stud length and stud diameter were studied to find out influence of
three parameters on load-bearing capacity, failure and slip amount of push-out specimen,
providing a theoretical basis for wide application of UHPC in beam reinforcement.

CFRP Rod

Fig. 1 - RC beam strengthened by UHPC and CFRP Rod
Verification of Finite element model

The reliability of finite element simulation analysis is effected by many factors, such as
material constitutive relationship, contact action quality, load boundary condition, element type,
mesh technique, loading, etc. [8]. Improper analysis modeling or assumptions may even lead to
errors in analysis results. Therefore, to ensure the reliability of following parameter studies, the
model verification of push-out test of the stud in literature [9] was carried out to ensure the
reliability of the finite element model.

QD Test overview

In reference [9], length, width and height of concrete of SS-1 were 460mm, 400mm and
460mm respectively. Two studs were welded horizontally on the outside I-shaped steel flange plate,
arranged symmetrically on both sides. The studs were 22mm in diameter, 200mm in length and
150mm in spacing. Specific size of the specimen was shown in Figure 2.
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Fig. 2 - Structure diagram of the ejector specimen (mm)
D The constitutive relationship

The compressive strength of the high-strength concrete cube (150mmx150mmx150mm)
used in the specimen was 72MPa, and the constitutive relationship was based on the curve
recommended in the Code for Design of Concrete Structures (GB50010-2015) [10]. Stress-strain
curve under uniaxial compression could be determined according to formula (1) and formula (2):

O = (1_dc)Ec‘9 (1)
1—% x<1
dc= n—-1+X (2)
1-—FP oy
a. (x-1)° +x

*

f
Where, Pe = £ =— 5
e Ecgc - fc Ee

reference value of the descending section of stress-strain curve under uniaxial compression of
concrete ; f, is the uniaxial compressive strength of concrete ; &, is the peak compressive strain

E ¢ & . . .
<<, x=—, E_ is elastic modulus of concrete; «_is

C

of concrete corresponding to uniaxial compressive strength f. ; d_ is the damage evolution
parameter of concrete under uniaxial compression.

o=(0-d)E. 3)
1-p(12-02x°) x<1
" - a, (X —Iit)” X & ?
Where, p, = ft* , X= i, «a, is reference value of the descending section of the uniaxial

&t &

tensile stress-strain curve of concrete ; f, is the uniaxial tensile strength of concrete ; &, is the

@ DOI 10.14311/CEJ.2022.01.0008 102



Article no. 8
CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

peak tensile strain of concrete corresponding to uniaxial tensile strength f” ; d, is evolution
parameter of uniaxial tensile damage of concrete.

Diameter of the welded nails was 22mm, the yield strength was 367MPa, the tensile
strength was 480 MPa, and the elastic modulus was 210000MPa. The material properties of stud
had an important influence on the results of push-out test. In this paper, a three fold line model
was adopted [11], which was first elastic, then entered yield stage and finally failure stage. Stress-
strain curve of stud is shown in Figure 3.

600

500 -

400 -

300

200

Stress (MPa)

100

0 1 1 J
0.000 0.005 0.010 0.015

Strain

Fig. 3. - Stress - strain curve of stud
3) Model establishment

According to the geometric symmetry, boundary symmetry and load symmetry of the
extruded sample, a quarter part of the extruded sample was modeled. Studs and I-shaped steel
members were created in the same part, while concrete and steel bars were created separately. In
the model, concrete, stud and I-shaped steel were simulated by C3D8R three-dimensional eight-
node reduction integral element, and steel bar was simulated by T3D2 three-dimensional two-
node truss element. When assembling each member, reinforcement was placed inside concrete
as a built-in unit to ensure reinforcement member nodes were bound to relevant nodes of the
concrete member. The contact friction was simulated by creating contact unit pairs between
concrete and stud, and rigid contact was simulated by creating contact unit pairs between
concrete and I-shape. 1/4 finite element model of the extruded specimen is shown in Figure 4.
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Fig. 4.- Finite element model of 1/4 of the specimen
4) Boundary conditions

Boundary conditions of the model were set by mechanical symmetry adjustment. The
bottom concrete surface was restricted in all three directions with a fully fixed boundary. Concrete
and I-shaped steel adopt symmetrical boundary conditions on the symmetry plane of the X-axis
and Y axis, which meant that points in the plane could not move along normal direction of the
plane of symmetry, but could rotate in the plane.

(5) Contact relationship

In the finite element model, surface to surface contact method was used to simulate contact
between concrete and I-shaped steel and between concrete and studs. Compared with common
nodes or built-in elements, this simulation method could simulate relative slip between concrete
and studs more accurately, and the contact stress was more consistent with the load [12]. It was
assumed the contact properties of the two contact surfaces of concrete and I-shaped steel,
concrete and studs were the same. The normal behavior adopted the default hard contact to
ensure no penetration of component nodes. The tangential behavior adopted penalty friction,
assumed the friction coefficient of the contact surface was 0.3, surface of I-shaped steel and studs
was selected as the main contact surface, and the surface of concrete was taken as the secondary
contact surface.

Finite element model result

Figure 5 shows load-slip curves gained from the finite element analysis results and test
results of the test specimens. Finite element analysis results are consistent with the test results.
The load-slip curves are mainly divided into elastic and plastic working stages, and the elastic
working stage accounts for about 50% of the ultimate bearing capacity of the studs. In elastic
working stage, slip of stud is small and load-slip curve is almost straight. Slip of stud in the test
curve and finite element curve is about 0.3mm. In plastic working stage, slip amount of studs
increases rapidly, shear stiffness of stud gradually degrades. When slip amount is about 7.5mm,
the test specimen and finite element model reach the maximum load of 786.87kN and 783.20kN
respectively. Then it enters failure stage, and shear stiffness of stud degrades rapidly. The test
load value decreases to about half of the maximum value, and the finite element load value
decreases to about 75% of the maximum value. Because the introduction of contact nonlinearity
makes the calculation convergence difficult, but it does not affect bearing capacity of the model.
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The results show both the test results and the finite element analysis results end with shear
failure of studs, and the deviation between the experimental values and the calculated values is
less than 10%, showing the finite element model with the face-to-face contact method is reliable for
parameter study of bolt push-out test.

—s— EXP[9]
—— FEM

900
800 [
700 |
600 [
500 [
400 |
300 |
200
100

0 . 1 . 1 . 1 . 1
0 2 4 6 8

Slip (mm)

Force (kN)

Fig. 5 - Comparison of load-slip curves between finite element calculation and test results

Parameter study

Based on the experimental verification of the material constitutive relationship and contact
algorithm in the finite element model, finite element model of concrete and stud used for parameter
study were established. The contact action, boundary conditions and element types were used in
the same way as the finite element verification model. 11 finite element studies of stud connectors,
numbered ST-1 to ST-11, were carried out. Sizes of each specimen were the same as those of the
finite element verification model, and the main variation parameters were concrete strength, stud
diameter and stud length. Specimens and their main parameters are shown in Table 1. In Table 1,
d is diameter of stud, | is length of stud, f., is axial compressive strength of concrete, and fs is yield
strength of stud.

Tab. 1 - Main parameters of specimens

Specimen
No. d/mm I/mm Concrete fo/MPa fssMPa
ST-1 16 200 UHPC 140.3 367
ST-2 19 200 UHPC 140.3 367
ST-3 22 200 UHPC 140.3 367
ST-4 25 200 UHPC 140.3 367
ST-5 22 50 UHPC 140.3 367
ST-6 22 100 UHPC 140.3 367
ST-7 22 150 UHPC 140.3 367
ST-8 22 250 UHPC 140.3 367
ST-9 22 200 C40 36.8 367
ST-10 22 200 C60 38.5 367
ST-11 22 200 C80 50.2 367
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(1) Concrete strength

Existing studies have shown concrete strength directly affects bearing capacity and failure
of composite members [13]. When concrete strength grade is low, bearing capacity depends on
concrete strength, and the failure form is mainly compression failure of concrete. As concrete
strength increases to a certain level, bearing capacity depends on ultimate tensile strength of stud.
To study load-slip between UHPC and ordinary concrete in the push-out test, C40, C60 and C80
ordinary concrete were selected for comparative analysis with UHPC.

900
800
700
600
500
400

300 |

Force (kN)

200 H —a&— C80
100 K —v— UHPC

ob— v v
o 2 4 6 8 10 12

Slip (mm)

Fig. 6 - Load-slip curves of concrete with different strengths

Figure 6 shows load-slip curves of specimens pushed out with four different strengths of
concrete. As can be seen from Figure 6, load-slip curves of three kinds of ordinary concrete are
close to each other. With improvement of concrete grades, bearing capacity of specimens remains
unchanged, and the maximum loads of ST-9, ST-10 and ST-11 are 712.2kN, 718.5kN and
721.8kN respectively. Stiffness of ST-3 of UHPC specimen is obviously greater than that of
ordinary concrete specimens. In elastic working stage, maximum load of ST-3 is about 450 kN,
which is about 20% higher than that of ordinary concrete. Slip amount of each specimen is the
same. In plastic working stage, the maximum load of UHPC specimen can reach 807.8kN, about
1.13 times of ultimate bearing capacity of ordinary concrete specimen, and slip amount is obviously
less than that of ordinary concrete specimen, only about 60% of it.

(2) Stud length

The length of stud connectors should not be too short, studs may be damaged when pulled
out. In Design Standard of Steel Structure (GB50017-2017) [14], it is clearly stipulated the ratio of
stud length L to stud diameter D must be greater than 4. In this paper, stud specimens with lengths
of 50mm, 100mm, 150mm, 200mm and 250mm were selected to calculate the influence of length
of stud on its bearing capacity and slippage. Figure 6 shows bearing capacity of composite
members with the same diameter and different stud length.
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Fig. 7 - Influence of different stud lengths on load capacity

As shown in Figure 7, when length of stud is 50 mm, bearing capacity of composite
components is only 188.4 kN, at this time, concrete around stud has reached ultimate compressive
strain. Studs are pulled out and damaged, while other composite members with different lengths of
studs have the same load-bearing capacity, and the small range of numerical changes is caused
by different local meshing of the finite element model. Results of finite element numerical analysis
show the design is reasonable to prevent failure of stud pulling out in composite members under
requirement the ratio of stud length | to stud diameter d in code [14] is greater than 4.

(3) Stud diameter

Parameters that have important influence on the shear bearing capacity between UHPC
and the stud combination members are cross-sectional area and tensile strength of stud. When
tensile strength of bolt was kept unchanged, four studs diameters of 16mm, 19mm, 22mm and
25mm were selected to carry out parameter study. The calculation results are shown in Figure 8.
Influence of different stud diameters on bearing capacity in elastic working stage is shown in Figure
9.
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5 L
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—v— 25mm
0 " " " 1 " J
0 2 4 6 8
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Figure 8 Load-slip curves of different stud diameters
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Fig 9 - Influence of different stud diameters on bearing capacity in elastic working stage

Diameter of stud has a great influence on elastic working stage of the load-slip curve.
Compared with specimen with diameter of 16mm, the maximum load of the specimen with
diameter of 19mm, 22mm and 25mm increases by 30%, 60% and 90% respectively in the elastic
working stage, which shows an linear increase, but slip amount remains the same. Diameter of
stud has little effect on the slope of load-slip curve in elastic working stage. From comparison of
plastic development stages of load-slip curves of different diameter specimens, it can be seen the
larger the stud diameter is, the higher the ultimate load will be. Except the slope of load-slip curve
is slightly larger when stud diameter is 25mm, four curves remained parallel in plastic development
stage, which is mainly because UHPC does not fail in plastic development stage, and load-slip is
mainly affected by ultimate tensile strength of stud.

CONCLUSION

Through verification of push-out test of ABAQUS simulated stud connectors, variation rule
of bearing capacity between UHPC and stud connector was further studied, and the following
conclusions were drawn:

(1) The calculated results fit well with measured values by using surface-to-surface contact
method to simulate contact between stud and concrete, and the deviation between calculated
values and tested values is less than 10%, which shows the finite element simulation of the force
and failure of stud connectors by using the surface-to-surface contact method is feasible.

(2) The adoption of UHPC with higher compressive strength can significantly improve bearing
capacity of composite members. The maximum load is about 1.13 times of bearing capacity of
ordinary concrete composite members, and slippage is less than that of ordinary concrete
composite members obviously, which is only about 60%.

3) Length of stud has little influence on bearing capacity of the composite components.
However, if stud length is too small, it will lead to stud pulling out failure. It is reasonable to adopt
stud as UHPC shear connectors according to requirement, and ratio of stud length to diameter
should be greater than 4.

(4) With increase of stud diameter, the maximum load in elastic working stage increases
obviously, but slippage remains unchanged. Stud diameter has little influence on development of
load and slip amount in plastic development stage.
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ABSTRACT

This article brings knowledge of the settings of the Ublox ZED-F9P device, which will allow
to use this receiver to build-up a simple low-cost GNSS device. The settings for the rover and base
station functions are different and need to be done very accurately. A wiring schema of the Ublox
receiver with the Arduino system is presented, which as a whole device will enable the full
functionality of the GNSS receiver as it is known from commonly used commercial devices. Ublox
receiver was tested for accuracy and solution stability, results are shown in the article. The goal of
this is to create devices usable for teaching students of our department as users or developers of
applications using GNSS technologies.

KEYWORDS
Low-cost device, GNSS, Ublox, Raspberry Pl, GSM module

INTRODUCTION

GNSS receivers are often used while teaching the field of geodesy and geoinformatics, either
for the purpose of training the operator or as a source of data for other terrestrial measurements and
other applications. GNSS technology is evolving rapidly in both the user and space segments.
Receivers (the brand is not intentionally mentioned here) purchased fourteen years ago still work
(after replacing GSM modems), but are technologically obsolete, cannot receive signals from Galileo
or Beidou and generally have only few channels.

The motivation for creating our own GNSS equipment is the obvious possibility of operating
a functional receiver for a fraction of the price at which a professional instrument can be purchased
from a commercial seller of surveying equipment. The benefit is, of course, the uninhabited know-
how that entails the assembly of the device. These instruments are created as a part of graduate
projects at our department in cooperation of students and teachers. Assembling our own receivers
on the basis of functioning GNSS boards is therefore a challenge for our research potential and at
the same time an opportunity to keep the instrumentation for teaching at a functional and modern
state.

This paper aims to bring the key information for users from the ranks of surveyors and
surveyors who have decided to go their own way and build their receiver whether for economic or
other reasons. We have an ambition to provide instructions for important settings but we do not
create step-by step instructions since it is possible to find procedures on forums, YouTube, etc.

Many research teams are involved in the development of devices based on low-budget
platforms. The closest to our activity is testing of RTK solution of two Ublox Zed FOP on short
baseline [1]. Ublox modules are mostly used for solving position of cars and drones. Data from Ublox
module are inputs for Kalman filter beside data from IMU [2], [3], [4] and [5].

In the article there is tested a Ublox ZED-F9P with ANN-BN-00 antenna by position accuracy,
signal-to-noise ratio and position confidence. Low-cost GNSS receivers as Ublox achieve the same

@ DOI 10.14311/CEJ.2022.01.0009 110



Article no. 9

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

position accuracy as professional receiver outside urban area. Position accuracy 1cm + 1lppm
mentioned by the manufacturer was proved in RTK mode, see [6].

Multiple antenna with Ublox FOP was tested on the roof without multipath error. Low-cost
antennas are comparable to professional geodetic antennas. Position accuracy by testing is less
than 5mm for 40 min session, see [7].

One of the goals was to test the Ublox ZED-FOP GNSS module in various ways so that it can
be confirmed that it is a receiver with centimetre accuracy. Comparison test was performed with a
commercial GNSS receiver. Low-cost GNSS receivers have been analyzed and tested in various
applications [8], [9], [10], [11], [12] and [13].

Our motivation for this paper is construction low-cost GNSS for teaching purposes. Students
will be able to fully understand the functionality of GNSS receiver. Also, user will have full control
over GNSS receiver so the black box problem will be dismissed.

METHODS AND MATERIAL

Two GNSS receivers were built for easy usage, because each type of GNSS measurement
needs specific setting of Ublox module. The type of GNSS receiver comes from needs of a
measurement. First GNSS receiver RTK was created for a land measuring and control points for
areal photogrammetry. Second GNSS receiver is for long time observation. It will be used for
landscape monitoring in places, where there is a risk of thievery or damage so the expensive
professional receiver is excluded.

Construction of receiver RTK

GNSS receiver RTK is built for fast terrestric measurement and getting coordinates of control
points for areal photogrammetry. The item will be used by students on practical work in terrain. GNSS
receiver will be also used on drone or balloon for measuring in a forest, so the receiver must be
almost weightless. The idea is to put receiver above the trees so the fix solution will be compute.
Together with the measuring device, a smartphone application was developed for store
measurements (RTK, Static), stakeout points and display of the current state of reception of satellite
signals [14].

GNSS receiver RTK contains Ublox ZED-F9P, Bluetooth module HC-05, GSM module
Arduino MRK 1400 and radio module Xbee PRO SS. Each component except Ublox FOP works as
an input device of RTCM correction. Bluetooth module transfers data between the mobile device and
the GNSS module. GSM module communicates with NTRIP client to send RTCM correction to GNSS
module. Setup of the GSM module is by default prepared for the Czech permanent station network
CZEPOS and it uses the nearest permanent station service RSM-RTK (valuable). For this service is
it needed to send GGA message to NTRIP caster. Service must know approximate position of GNSS
receiver for finding nearest permanent station. When GNSS receiver is turned on, it doesn’t know its
position. GSM module must wait until the GNSS receiver estimates an approximate position.

Radio module is for long distance usage, where Bluetooth module fails. Radio module can
also communicate with own GNSS base station for a long baseline. All communication channels use
the UART and 115 200 baudrate. High value of baudrate is better for the fastest communication
between devices. Lower value of baudrate caused error buffer communication. GSM module does
not contain two UART ports, which is resolved by using the SoftwareSerial library that replicates this
functionality on other digital pins.

A power bank or Li-pol battery is used for the power supply. Input must be 5V and at least
2A. High current is needed by GSM module while connecting to network. After successful connection
the high level of current decrease to few milliamperes.

RGB led serves as a visual control of GNSS status. It is connected to GSM module. Colour
is changing by separate information from GGA message. Ublox ZED-F9P is configurable through
Ublox software u-center. Modul is connected to PC with USB. The proper configuration can be seen
in Table 1 and it is done on “View-Configuration View” application window.
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Tab. 1 - GNSS receiver RTK configuration

Setting Setting

Configuration view tab Value
parameter 1 parameter 2

Protocol In RTCM3
UART1

Protocol Out NMEA

PRT (Ports)

Protocol In RTCM3

UART2

Protocol Out NMEA
NMEA (NMEA Protocol) Mode flags High Precision TRUE

GxGGA
MSG (Messages) Messages GxGST UART2

Functionalities of GSM module were written in software Arduino IDE. For Arduino MKR-GSM,
wiring private library was used. GSM module can connect to NTRIP client and send RTCM correction
to Ublox. Module also control RGB LED to visualise GNSS status. The connection of the individual
components is shown in the Figure 1 and sample PCB board of prototype in the Figure 2. Radio

module Xbee PRO SS is configurable through software XCTU. Xbee shield or other device must be
used for connection with pc.

ANTENNA
Bluetooth Radio
HC-05 XBEE PRO SS
UART N UART
RX TX | RX TX
(RXTX RXTX ) TRXTK RXTX LED
UART2 UART1 UART1 UART2
AR ArduGinScJMMKR
GNSS
| Ublox FP ] _ 1400 _ ANTENNA
ray P -
| 8V | (swrrca) e
O/ wTCE Swrc:
.'/l-_-l\'.
| GND f
\oND,

Fig. 1 — GNSS RTK receiver connection schema
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Fig. 2 - PCB layout of GNSS receiver board

Construction of receiver STATIC

GNSS receiver for static method is based on Ublox ZED-F9P and simple minicomputer
Raspberry Pi (4th generation computer used). Those are connected via USB since the Ublox
appears in the Raspbian linux system as a COM port. The Ublox output is setup according the Table
2 and so the Raspberry receives just raw measurement from the GNSS module. The data are
converted to RINEX every hour using rtklib convertor and then stored to proper directory. One hour
data file (separates by GNSS time) with measurement rate 1HZ containing observation of four GNSS
systems has about 10MB according to the number of satellites in view.

The same time when the RINEX file is store to SD card of the Raspberry, it is also sent to all
connected data storage peripheries (USB discs). The second variant of the control software is to
push the data file to ftp server. The setup of ftp and also all possible setup (conversion frequency
etc.) are in control software python file script.

Tab. 2 - GNSS receiver STATIC configuration

Configuration view tab ST S Value
parameter 1 parameter 2
Protocol In RTCM3
UART1

Protocol Out | UBX+NMEA+RTCM3
PRT (Ports)

Protocol In RTCM3

uUsB
Protocol Out | UBX+NMEA+RTCM3
NMEA (NMEA Mode flags High Precision TRUE

messages)

RXM-RAWX USB, UART1

MSG (Messages) Messages
GxZDA USB, UART1

Receiver for static method is generally prepared for 12V power supply from car battery, it
has DC step-down convertor which provides stabile 5V power supply for Raspberry and also
Ublox. In the variant of the receiver connected to Ethernet, there is a USB cable for direct 5V

©

DOI 10.14311/CEJ.2022.01.0009 113



Article no. 9
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

power supply from the phone charger. This variant has no USB connector on the box but RJ45 for
connection to the ethernet.

RINEX

UsB
UsB

UBLOX
ZED FOP

Raspberry
Pi
fin RINEX
sernver

o viosv

Fig. 3 - GNSS Static receiver schema

RESULTS

Testing STATIC receiver

The test verified the position of the antenna phase center. The test consisted of observing
the change in the position of the antenna coordinates when the antenna was rotating around the
vertical axis. A rotating device was designed, which allows automatic rotation with the antenna at a
set time. The device consisted of a stepper motor and control unit, the motor was controlled by an
Arduino Nano microcontroller with real-time module data (see Figure 4). The test itself lasted 24
hours, the measurement was divided into 24 stages after one hour of observation. After each hour
determined by the real-time module, an engine command was sent via the Arduino Nano
microcontroller to rotate 15 degrees of stepper motor. So in 24 hours the engine returned to original
position. The measurement took place on the roof of the Faculty of Civil Engineering of the Czech
Technical University.
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Fig. 4 — Device for automatic rotation - Antenna and stepper motor (left) Control unit of stepper
motor, Arduino Nano and real time clock module (right)

The data were processed like static GNSS method in the Leica Infinity software using data
from the nearest permanent station - CZEPOS CPRG. The results were 24 coordinates, the plot of
which can be seen in Figure 5. It is visible that there is no trend of phase centre shift, the resulting
coordinates are completely random. It can therefore be concluded that the phase centre is in the
material centre of the antenna. The resulting mean position error was 14 mm [15].
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Fig. 5 - Phase centre position using low cost Ublox antenna [15]
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Testing RTK receiver

The following parameters were determined during testing, the average time to find a fixed
solution and the mean position error of all successive measurements were determined. The receiver
antenna was fixed in the same position during the test to prevent accidental displacement. Then 50
measurements with 10-second observation were performed, in which the time of finding a fixed
solution and the coordinates of the antenna were recorded. Between measurements, the antenna
was covered with aluminium foil to prevent the input of all signals to the antenna, thus making it
impossible to determine a fixed solution. After exposing the antenna, the time of finding a fixed
measurement was measured. The result is an average time to find a fixed solution of 5 seconds and
a mean position error 5 mm between measurements.

CONCLUSION

When testing the Ublox ZED-F9P module and the ANN-BN antenna, the accuracy of the
device declared by the manufacturer was verified. The module can be used in surveying. The mean
position error is 1 cm + 1ppm, when measured with Ublox ZED-F9P and ANN-BN antenna.

The Ublox ZED-F9P can be configured in various ways. The module can be used as a base
and as well as a rover. The module supports RTK method measurements. The whole system is small
and therefore inconspicuous. Therefore, it allows continuous measurement without the supervision
of an authorized person, for example when measuring slope displacements. The module can be
covered with a camouflage tarpaulin to make it as unobtrusive as possible. If someone stole the
module, it would not be a big finantial loss. The price of the module and its accessories is about 500
USD.

We currently want to replace previously used GNSS receivers with the Ublox modules.
Current GNSS receivers (Topcon HiPer Plus) are outdated and do not support data collection from
Galileo and Beidou navigation systems. At the same time, the user interface does not allow complete
control over the management of the receiver. This makes it a bit impossible to explain to students
the principle of operation of the GNSS receiver in teaching.

With the Ublox module, the measurement principle with a GNSS receiver can be explained
with a live demonstration. Students can configure the Ublox measurement module themselves and
understand the process flow. Thanks to this, they can work with any GNSS receiver in practice. If
the basic principle of setting up a base or NTRIP client is understood, they can deal with a lot of
problems with electronics without the help of service. These devices are functional prototypes, but
they do not aim to replace commercial devices from brands such as Leica, Trimble, etc. Their
advantage lies in the low price and compact dimensions, and thanks to this they can be used in
various applications.

The main disadvantage of these modules is that there are only few applications with which
the module can be configured, or record measured data and most of them are only available on a
PC. It is for these reasons that the GNSS controller application was developed at the department,
which enables static measurement, RTK measurement (NTRIP client) and also stakeout imported
or measured points. This application was further supplemented with measurement support in the
national reference system S-JTSK.
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Fig. 6 - Prototype of GNSS receiver
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ABSTRACT

Under the background of building energy saving society, unfired bricks emerge as the time
requires. The unfired bricks need to be conveyed to the maintenance site after being pressed
and moulded, a lot conveying equipment in unfired brick factory especially small brick kilns at
present are still unsteady and inefficient. In order to improve the production efficiency and
conveying efficiency, the scheme of electric brick conveying trolley is put forward. This paper is
centered on the design of electric brick conveying trolley. Firstly, the shortcomings of existing
brick conveying equipment and the areas needing improvement are expounded, the main
research contents and the main structure scheme are put forward. Secondly, specific design is
carried out including structure design of main frame and loading carriage, calculation and
selection of lifting system including motor, reducer and chain, calculation and selection of driving
system including motor and chain, selection and design of steering system and braking system.
Finally, finite element analysis(FEA) of bearing components is carried out and the design is
summarized. The electric brick conveying trolley designed in this paper has the advantages of
energy saving, environmental protection, high conveying efficiency and simple operation. It has
broad application prospects in the future

KEYWORDS
Unfired brick, Brick conveying trolley, Electric drive, FEA

INTRODUCTION

There are approximately 80,000 brick kilns in China. It was estimated that China produced
340 billion bricks in 2012[1]. Over the past 30 years, great changes have taken place to the
development of green building materials. Under the background that the Chinese government
strongly encourages the development of new building materials for energy conservation,
environmental protection and waste utilization [2], unfired bricks appear which use fly ash, cinder,
coal gangue, tailings, chemical slag or natural sand, coastal mud (one or more of the above raw
materials [3-7]) as the main raw materials without high-temperature calcination. It is mainly made
of industrial waste residue and other materials. It does not need sintering in the manufacturing
process and meet the use requirements only by curing at room temperature. It is very
environmentally friendly building material, meanwhile the performance of unfired brick is
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excellent: light weight, high strength and good heat and sound insulation performance.

After being pressed and formed by the unfired brick machine, the unfired brick needs to be
cured to meet the use requirements in plant conveying. At present, there are still many small and
medium-sized brick plants, which have different types of brick conveying equipment, including
handcart, truck, forklift and so on [8-9]. Some uncontrollable factors such as vibration of these
equipment during conveying will greatly affect the quality of unfired bricks. These brick conveying
equipments have the disadvantages of time-consuming, laborious, high labor intensity, low
conveying efficiency, low automation level and high brick crushing rate [10-11]. These
disadvantages greatly limit the production efficiency and affect the quality to a great extent. The
manufactured products have rough process and poor performance. It is in urgent need of
adjustment and innovation.

Up to now, many brick making factories are already running with high level of mechanization
and automation for proportioning, mixing, pressing and forming [12-13], in plant transportation,
normal temperature maintenance and stacking. As to the conveying equipment, automatic
stacking and conveying system has been used to transport non-cured or cured unfired bricks.
The system is controlled by programmable logic controller, frequency converter and so on with
stable startup process, fast transportation speed and high production efficiency [14]. There are
also shortcomings as to the high investment, large floor spaces and complicate devices and
software which are far beyond ability of small brick making plants.

Therefore, according to the special situation of China's unfired brick making industry, a new
type of brick conveying equipment need to be developed for small and medium-sized brick plants
to improve the conveying efficiency of unfired bricks. According to the design in this article, the
energy is supplied by the storage battery. The principle of the brick conveying car effectively
combines the work of forklift and stacking machinery [15]. It adopts the design of special loading
carriage, so as to reducing conveying vibration and noise, brick making cost and workers' labor
intensity, improving producing efficiency and product quality and saving energy. At the same time,
it also responds to the call of national energy conservation and environmental protection.

OVERALL STRUCTURE DESIGN

Vehicle layout and design parameters

The electric brick conveying trolley adopts electric driving mode and three-wheel form. The
rear single wheel is the driving wheel and the steering wheel, and the front two wheels are
respectively fixed on the frame. The loading carriage is placed in the main frame at the front of
the vehicle, the driver's seat is in the middle and upper part of the vehicle, the battery and lifting
motor are in the middle and lower part of the vehicle, and the rear of the vehicle is the driving
wheel and driving motor. The driver's position in the middle and upper part can make it easier for
the driver to observe the loading of unfired bricks and road conditions, so as to facilitate the
driver's control of the vehicle. The loading carriage is electrically driven and lifted by the lifting
chain driven by the lifting mechanism. The steering mechanism adopts mechanical steering
mode and the braking mode adopts front wheel belt braking. The energy supply device of the
brick conveying trolley is a battery pack.
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The main technical parameters of the brick conveying trolley are shown in Table 1.

Tab. 1: Main technical parameters

Technical indicators Values and units

equipment weight 700kg

Loading weight 800kg

External dimension <2000%1900*1300mm

Battery Capacity-140ah, more than 5 batteries
Loading capacity Standard brick 6 plates

Lifting speed 0.2m/s

Vehicle speed 2m/s

Standard brick size 240%115:X53mm

Overall design scheme

The main frame is a frame structure, which is mainly welded and connected by steel plate,
welded square pipe and angle steel. The frame structure is used to place the loading carriage. A
limit rod needs to be designed on the loading carriage to limit the shaking of the loading carriage.
An intermediate shaft needs to be set on the upper part of the frame to transmit the torque output
by the reducer to realize the lifting of the loading carriage.

The loading carriage is divided into two parts: the main body of the loading carriage and the
hinged support plates on both sides of the bottom layer. The loading carriage is welded by
rectangular pipe and angle steel, and the front-end opening is designed to facilitate loading and
unloading of unburned bricks. The bottom support plate and the main body of the loading
carriage are hinged, so that when the unfired bricks are unloaded, the bottom support plate can
be opened to both sides, and the lower unfired bricks can support the upper unfired brick support
plate, so as to enable the brick conveying trolley to unload the unfired bricks smoothly. The lifting
chain is firmly connected with the loading carriage by bolts.

The lifting mechanism is mainly composed of motor, reducer, transmission chain,
intermediate shaft and lifting chain, which is controlled by forward and reverse switch and speed
regulating handle. The driving mechanism is composed of reduction motor, sprocket, chain and
wheel. These components are fixed in the rigid structure. The rigid structure is hinged with the
steering handle by pull rod. The driver rotates the handle to control the steering wheel to realize
vehicle turning. Considering that the design speed of the brick transport trolley is low and the
required braking torque is small, and the brake requirements are low, the manual braking mode
is adopted. The brake lever and the brake pedal are connected together by pull rod and hinged
to realize the driver's control over the vehicle speed. The overall structural layout is as shown in
Figure 1.
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1- Loading carriage, 2- Main frame, 3- Limit lever,4- front wheel,5-decelerator,6-motor for
Lifting, 7-battery,
8-steering wheel, 9-drive motor, 10- Driver's seat, 11- Steering handle, 12- Intermediate shaft
Fig.1 - General layout of brick conveying trolley

Maintenance and use requirements

Before using the electric brick conveying trolley, the battery needs to be fully charged to
meet the needs of one day. Do not use the battery until it is completely dead before charging.
Long term wrong use of the battery will shorten its service life, reduce its capacity and shorten its
working time. When the trolley is placed in an open and dry place, the charger needs to be
ventilated for recharging. In addition, in actual use, each chain needs to be lubricated regularly,
and the lubrication cycle depends on the actual use.

When in use, it is necessary to turn on the main power switch manually. The steering handle
in front of the driver is used for vehicle steering. The rotation direction of the steering handle is
the same as that of the vehicle. The right front of the floor of the brick conveying trolley is the
vehicle brake pedal, which is used by the driver to control the vehicle brake. The forward and
reverse switch on the right side of the driver's seat controls the forward and reverse rotation of
the drive motor. The handle on the right side of the steering handle is used to adjust the speed of
the drive motor. When the brick cart needs to travel, the driver needs to confirm the handle
position of the forward and reverse switch. The forward and reverse switch at the front left of the
steering handle is used to control the forward and reverse rotation of the lifting motor, and the
fixed speed regulating handle at the front right is used to control the speed regulation of the lifting
motor. During the loading of unburned bricks, the loading carriage needs to be lowered to a
suitable position. The driving direction of the brick transport trolley must be parallel to the
direction of the sidelines on both sides of the unburned brick support plate, and the unburned
brick position needs to be located in the middle of the brick transport trolley. The driving position
can be determined with the help of external references. When unloading the unburned bricks, a
relatively flat ground shall be selected to ensure that the unburned bricks will not dump after
being unloaded, resulting in unnecessary losses. The physical drawing of the whole vehicle is as
shown in Figure 2.
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Fig. 2 - Physical drawing of the whole vehicle

In actual use, it is necessary to properly protect key parts such as battery and motor to
prevent damage caused by sundries such as rain. In this design, a thermal relay is set in the
circuit to protect the motor. However, in actual use, if sundries jam the chain, resulting in
abnormal noise or failure to work, the driver needs to cut off the main circuit switch to repair the
vehicle, so as to ensure that it can be used again after troubleshooting.

DESIGN AND CALCULATION OF KEY COMPONENTS

Design and calculation of loading carriage

The loading carriage is very important in the design of the brick conveying trolley, because it
directly supports the unfired brick support plate. The structural design of the loading carriage will
greatly affect the quality of the unfired brick. In the process of pressing and forming the unfired
brick, the mixed raw materials are loaded into the mold and pressed on the unfired brick support
plate by the unfired brick machine, Then, the palletizing device is used for palletizing [16-17].
After palletizing, there is no gap between each plate of unfired bricks. If only the lowest
supporting plate is lifted for conveying, the vibration and extrusion during conveying will greatly
affect the quality of unfired bricks and increase the brick crushing rate.

The loading carriage in this design is mainly composed of the main carriage on the fifth
floor and the hinged support plates on both sides of the sixth floor, as is as shown in Figure 3 and
Figure 4. The hinge mode is adopted so that when the unfired brick is removed, the support plate
at the lowest layer can be opened to both sides through the action of the limit device, as is shown
in Figure 5. In this way, the loading carriage can continue to descend, so that the lower layer of
unfired bricks supports the upper layer of unfired bricks. When the top layer of unfired bricks is
completely pressed on the next layer of non-fired brick, the support plates on both sides of the
loading carriage are completely separated from the unfired brick support plate, which is no longer
effective. Then driving the brick conveying trolley backward will meet the requirements of easy
loading and unloading, time-saving and labor-saving [18-21]. The unfired bricks are stacked
automatically when they are unloaded.
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Fig. 3- Loading carriage body

Fig. 4 - Hinged support plate

Fig. 5 - Overall loading carriage

In this design, the loading carriage adopts a U-shaped structure with a front-end opening
welded by stainless steel welded square pipe and angle steel, and the front-end opening design
is used to facilitate the loading or unloading of unburned bricks. Support plates are set on both
sides of the loading carriage to support the unfired brick support plate, and the distance between
each two layers of support plates is greater than the height of unburned bricks placed on the
pallet, so that there is a gap between each two layers of unfired bricks, so as to avoid squashing
of unfired bricks.

The internal dimension of the loading carriage is determined by the size of unburned brick,
the thickness of unburned brick support plate and the loading capacity. The brick transport trolley
mainly transports the ninth five-year plan standard bricks, and the standard brick size is
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240X115X53mm. The supporting plate adopts the size of 900, which is mostly used in brick
factories at present 900X600X35mm PVC supporting plate, the supporting plate is placed
horizontally, and the loading capacity is 6 plates. The support plate of the upper five layers is
fixed by stainless steel welded square pipe, and the connection method is welding. The support
plate of the sixth layer is hinged with the upper five layers for loading and unloading. The upper
part of the loading carriage is welded with two pieces, with a length of 180mm and a specification
of 100 x 7 flat steel plate. The flat steel plate is firmly connected with the lifting chain by bolts to
realize the lifting action of the loading carriage.

Holes are arranged on the stainless steel welded square tubes on both sides to install the
limit device of the loading carriage, and the limit rod is arranged on the main frame to reduce the
horizontal vibration of the loading carriage and only produce the movement in the vertical
direction relative to the main frame. This design uses the unique structure of angle steel as the
support plate. Each layer of non-fired bricks in the loading carriage is supported by angle steel.
The gap between each layer of non-fired bricks in the upper five layers is set as 20mm, and the
gap between the sixth layer and the upper layer is set as 30mm. The specification of angle steel
is L50X50X3mm. The specification of stainless steel welded square pipe is 40X60X2.0mm. Then
the internal length of the loading carriage is 600+ 30=630mm and the width is
900+2X15=930mm. The external dimension is 633mm length, 1096mm width and 818mm
height.

Design and calculation of main frame

At present, all vehicles with load-bearing body have a frame as the frame of the whole
vehicle. Most parts and assemblies of the vehicle are fixed on the frame through various
connection methods, including engine, body panel, transmission and steering system, passenger
seat and other related parts. The frame plays a role of fixing and supporting these components
and assemblies, and it bears the effects of various forces inside and outside the vehicle.

We shall design the structural form of the main frame according to the layout position,
installation form and use requirements of various parts of the vehicle. During the operation of the
vehicle, the change of loading or road conditions may lead to the deformation of the frame. The
deformation of the frame may affect the normal operation of various components or affect the
driving safety of the vehicle. Therefore, in order to overcome these frame deformations that are
not conducive to the normal operation of the vehicle, we need to ensure that the stiffness and
strength of the frame meet the use requirements. At the same time, in order to improve the
overall lightweight level of the vehicle and save energy, the frame mass should be as small as
possible.

On various special vehicles, various special devices are also directly or indirectly installed
on the vehicle chassis frame (hereinafter referred to as the main frame). The main frame is also
the main bearing component of special devices on special vehicles [22]. In this design, we
directly or indirectly install the lifting mechanism, loading carriage, battery pack and driving
mechanism on the frame, and the frame is the main bearing component. At the same time, it also
fixes the vehicle steering system, driver's seat, braking system and other relevant operating
mechanisms, as is shown in Figure 6, which ensures the stability and steering flexibility of the
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vehicle when driving.

Fig - 6 Main frame structure

Stainless steel welded square pipe is widely used in various construction machinery
because of its unique advantages: when the weight of components is equal, stainless steel
welded square pipe has better torsion and flexural strength; And it has many specifications and
models, which can provide users with a variety of choices. Angle steel can form various stress
components of different shapes and sizes with various structural steels according to the actual
required structures. It can also be used as a rigid connecting part between components. It also
has good weldability, elastic deformation capacity and stiffness strength in practical use.
Therefore, angle steel is widely used in various mechanical components and building structures.
Therefore, the main frame of the special brick transport trolley is mainly welded by stainless steel
welded square pipe, angle steel and steel plate.

The main frame is made of stainless steel welded square tubes with a specification of
50X100X3mm. Angle steel specification: L50X50X3mm. The main frame at the front end of the
vehicle is in a frame structure to place the loading carriage and play a supporting role, and there
is no cross beam under the front end of the vehicle to facilitate the loading and unloading of
bricks without burning. A frame and platform structure welded by angle steel and steel plate are
arranged below the middle of the frame to place the battery pack, lifting motor and reducer. The
driver's seat and vehicle control device are equipped above the middle so that the driver can
better observe and control the vehicle. The rear steering wheel and drive motor of the vehicle are
fixed in the rigid structure and connected with the main frame through tapered roller bearings.

The height of the main frame mainly depends on the full load height and lifting distance of
the loading carriage. According to the design of the above loading carriage, the full load height of
the loading carriage is 818mm. The lifting distance depends on the distance between each layer
of unburned bricks and the upper layer in the loading carriage and the ground height of the
lowest layer of unburned bricks during full load transportation. It is designed from the above: the
distance between each of the upper 5 plates is 20mm, and the distance between the sixth plate
and the upper plate is 30mm. During full load transportation, in order to make the brick conveying
trolley has certain trafficability, the distance between the lowest supporting plate and the ground
is tentatively determined as 200mm. So the frame height is 950mm. The width of the frame
mainly depends on the width of the loading carriage. The width of the loading carriage designed
by the loading carriage is 1096mm, and the working space for lifting chain and transmission
chain is reserved, the external width of the main frame is 1472mm. The distance between the
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middle floor of the vehicle and the lower cross beam is determined by the size of the reducer,
taking 500mm. The driver's seat is fixed on the floor in the middle of the vehicle. The seat is
400mm high, 400mm long and 400mm wide. The horizontal distance between the front end of
the seat and the upper cross beam is set as 300mm as the driver's operation space.

Design and calculation of storage battery

Electric vehicles have become the inevitable direction of the future development of the
automotive industry, which depends on the unigue advantages of zero emission of electric
vehicles. The driving energy of electric vehicles mainly comes from electric energy storage
devices such as rechargeable batteries or super capacitors loaded on the vehicle. This energy
supply mode determines the advantage that electric vehicles do not emit any harmful gases and
particles into the atmosphere. At the same time, the electric energy of the power plant comes
from the capture of various natural energy sources, such as coal, nuclear energy, tidal energy,
wind energy, light energy, heat energy, etc. even if the power plant uses coal as fuel to obtain
electric energy, it can still have relatively higher efficiency, which means that using electric
energy can save limited oil resources. In addition, the brick truck driven by diesel engine brings
inevitable vibration transmitted to the main frame, which will greatly increase the brick breaking
rate. Therefore, using battery as energy supply device is the best energy supply scheme for brick
truck. Under the background of the depletion of oil resources and the state's strong support for
the development of electric vehicles, the electric vehicle industry has developed rapidly, and the
battery industry has also developed rapidly. The developing power sources mainly include
sodium sulfur battery, nickel hydrogen battery, nickel cadmium battery, lithium battery, fuel cell,
flywheel battery, etc. The research and rapid development of power battery has laid a solid
power foundation for the development of pure electric vehicles. In contrast, the development of
lead-acid battery has a history of more than 100 years [23]. So far, the technology of lead-acid
battery has become mature after continuous development and improvement.

Nowadays, lead-acid battery is the most widely used in the automotive industry, because it
has been developed for many years and has a separate power battery type. This battery has the
advantages of large instantaneous discharge current and can discharge at a large current all the
time. Compared with the other types of power batteries, it has mature technology, stable
discharge voltage and reliable performance [24], It allows deep discharge, can be recycled, and
can be used in a wide temperature range. In practical use, the use requirements are low and the
maintenance method is simple. In actual production, it can be mass produced with low
production cost, simple structure, low price and higher cost performance.

Therefore, under the comparison of these batteries, lead-acid battery is the best choice for
the energy supply device of brick conveying trolley. According to the requirements of the project,
the capacity is 140ah. It is proposed to select 5 lead-acid batteries with rated voltage of 12V
and capacity of 140ah. The size of the battery is 360 x one hundred and seventy-two x 253,
each weighing 30kg.
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Design and calculation of lifting system

The design adopts the scheme of chain drive lifting. The chain drive is not easy to slip, the
transmission is more accurate, reliable, high transmission efficiency, and can adapt to the harsh
environment of humidity, high temperature and dust. The lifting system is a special lifting device
designed for the actual use requirements of the brick transport car. The lifting motor is driven by
the battery to convert the electric energy into mechanical energy. The speed reducer is
decelerated and the loading carriage loaded with unburned bricks is lifted through chain drive.
The transmission diagram of lifting system is as shown in Figure 7. The flowchart of lifting system
design process is as shown in Figure 8. According to the main frame design, the lifting motor and
worm gear reducer are fixed on the frame structure or platform under the middle of the vehicle,
and the connection method is bolt fastening connection. The lifting motor drives the input shaft of
the worm gear reducer to rotate through the chain drive. After the worm gear reducer reduces the
speed and increases the torque, the intermediate shaft placed above the main frame is driven to
rotate through the transmission chain. The sprocket used for the transmission chain and the
lifting chain are fixed on the intermediate shaft to make the lifting chain move, to realize the lifting
or lowering action of the loading carriage.

electric motor

. worm gear reducer
drive

chain

transmission chain

Fig. 7 - Lifting system transmission diagram
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Lifting weight
Lifting speed

Efficiency of chain drive
efficiency of worm gearbox
Overload coefficient

Power of lifting electric
motor

Choose worm gearbox |«

Calculate power of chain
drive

Choose double row roller NO
lifting chain

Check lifting
parameters reasonable
or not

- YES
Choose drive

chain

Fig. 8 - Flowchart of Lifting system design process

According to the design requirements, the lifting mass is 800kg. According to the mechanical
design manual, the chain transmission efficiency is 0.96, the transmission efficiency of worm
gear reducer is 0.9, and the overload coefficient is tentatively 1.3.

P =FV = 1600W (1)
Py = 1.3P/0.96/0.9 = 2407W (2)

In the formula, gravity of the lifted unburned brick F is set as 8000N. The lifting speed V is
set as 0.2m/s according to the design requirements.

It is proposed to select the lifting motor with the power of 2500W and the rated voltage of
60V according to the requirements of the subject. Subject to the requirements of the reducer
reduction ratio, size and lifting speed, the DC series excitation reduction motor with horizontal
foot installation, self-cooling, rated voltage of 60V and rated power of 2500W is finally selected
as the lifting motor, and the motor reduction ratio is 5:1, The rated speed of the motor is 3000r /
min, the output speed is 600r / min, the rated torque of the motor is 9.2N « m, and the output
torque is 46N « m.

Reducer is often used in various power transmission systems. The main types include gear
reducer, worm reducer, gear worm reducer and planetary gear reducer. These types of reducers
have their own characteristics. Among them, gear reducers are most widely used because of
their high transmission efficiency. Single-stage gear reducers are mainly used in occasions
where the transmission ratio is less than 8. Simultaneous interpreting of the two-stage gear
reducer can be divided into expansion, shunt and coaxial. The overall size of the single stage
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gear reducer is smaller than that of the same gear ratio, but there are some disadvantages such
as uneven load distribution and uneven bearing capacity.

The reduction ratio of single-stage worm reducer is generally suitable for occasions with a
reduction ratio of 10 ~ 70, and its input and output shafts can be distributed at right angles, which
can change the direction and height of power transmission. Its main feature is that the input and
output shafts have a variety of layout forms, and can only transmit power in one direction, and
self-locking will be realized in the reverse direction. The reduction ratio of gear worm reducer is
generally not less than 35, and its principle is equivalent to two-stage reduction of gear reduction
and worm reduction. It has two layout forms: worm drive at the high-speed stage and gear drive
at the high-speed stage. Both have unique advantages: the latter has compact structure, small
overall size, the former has high efficiency and less energy loss. Compared with the above
reducers, planetary gear reducer is famous for its small volume, high precision, high
transmission efficiency and wide speed regulation range. Therefore, it is widely used in all kinds
of motor transmission systems.

According to the actual use requirements in the design, the electric brick transport trolley
plans to select a 25:1 worm reducer. According to the output speed of the lifting motor of 600r /
min, the output speed of the reducer is 24r / min. If the number of custom sprocket teeth is the
same, z = 17, according to the formula as below.

KaP

P. =
€7 koky

<P 3)

In the formula, P, means calculated power of chain drive, P, means rated power, P
means nominal transmission power, the power of lifting motor is set as 2500W, K, means
working condition coefficient, it is set as 1.3 from table 2, k, means small sprocket number

factor, it is set as 0.887 from table 3, kp means row number coefficient, it is set as 1.7 from

table 4.
From the calculation, we get P, >2155W , together with n, =24r/min , By look-up

table ,16A type double row roller chain is chosen as transmission chain and lifting chain. The
lubrication method is manual periodic lubrication.
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Tab. 2 - Working condition coefficient
Power machine
- | busti Electric int | busti
Load type | Working machine internal-combustion motor of internal-combustion
engine Hydraulic engine
T steam . .
transmission . mechanical drive
turbine
Liquid mixer,
Medium and small
Steady _
centrifugal blower, 1.0 1.0 1.2
load .
Light conveyor,
centrifugal pump
Medium cranes
. and hoists,
Medium .
agricultural 1.2 1.3 1.4
load .
machinery, Food
machinery, grinder
construction
machinery, Mining
machinery,
Large Forgin
. g . ging 1.4 15 1.7
impact machinery, Punch,
Shearing machine,
Vibrating
machinery
Tab. 3 - Small sprocket number factor
Z 9 11 13 15 17 19 21 23 25
Kz 0.446 | 0.554 | 0.664 | 0.775 | 0.887 1.00 1.11 1.23 1.34
Tab. 4 - Multi row chain coefficient
Row 1 2 3 4 5 6
number
Kp 1 1.7 25 3.3 4.0 4.6

P

- sin(180°/z)

(4)

In the formula, P means Selected roller chain pitch, it is set as 25.4mm, Z means number of
teeth of sprocket, it is set as 17.
From the calculation, we can get sprocket indexing circle diameter d =138mm , perimeter
of dividing circle is 434mm, number of sprocket teeth is the same, the intermediate shaft speed is

24r /[ min .
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Lifting speed V = 0.434m x 24r/min = 0.1736m/s .
Torque check:

T, =46x25/ (0.138/2) = 14417N (®)

T, =14417 x0.9x0.96 = 12456N >8000N (6)

Then the reduction ratio of lifting motor and worm gear reducer meets the requirements. The
model of worm gear reducer is determined as WPA-120-1/25-A according to the input shaft
power, reduction ratio, input and output shaft position. The reducer base is 320mm long and
230mm wide, the whole machine is 430mm high, the input shaft diameter is 30mm, the length is
65mm, and the keyway size is 8 X 4; The diameter of output shaft is 45mm, the length is 85mm,
and the size of keyway is 14 X5.5.

The lifting motor drives the worm reducer through chain drive. The selection of this drive
chain is based on the following formula:

K,P
kzkp

Pc = <P (7)

In the formula, P, means calculated power of chain drive, P, means rated power, P
means nominal transmission power, the power of lifting motor is set as 2500W, K, means
working condition coefficient, it is set as 1.0 from table 2, k, means small sprocket number

factor, it is set as 0.775 from table 3, kp means row number coefficient, it is set as 1.0 from

table 4.
From the calculation, we get P, >3266W , together with n, =24r/min , By look-up

table ,08A type single row roller chain is chosen as transmission chain. The lifting motor is used
as the power source to drive the operation of the worm gear reducer.
According to the above calculation, the total mass of moving parts up and down m = 880kg,

Rated power of lifting motor P = 2500W , Output speedn = 600r / min , Reduction ratio of worm
reduceri =25, Efficiency of worm gear reducern =0.9, Number of sprocket teethz =17,
Sprocket ratioi =1, Double row chain type number 16A, Check the mechanical design manual
for chain minimum tensile strength F =111.2KN , pitch p =25.4mm.

Average speed of sprocket n=24r/min , The average speed of the chain is according to
the following formula:

Pzn

V=—x 1073 = 0.17m/s (8)

In the formula, P means Chain pitch, z means number of sprocket teeth, n means
average speed of sprocket.
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The tension of chain tight edge is according to the following formula:

F, =1 =132353N (9)

In the formula, P means Lifting motor power, n means transmission efficiency of worm

gear reducer, V means average chain speed.

Chain speed V =0.6m/s, it is low speed chain drive, The main failure form is the static
tension fracture of the chain, so it is calculated according to the static tension strength and the
safety factor S is checked.

S=T1 = 646> [s] (10)

In the formula, minimum tensile strength of chain F, =111.2KN , tight edge tension of
chain drive F, =13235.3N, Working condition coefficient K, =1.3, refer to the mechanical
design manual, allowable value of chain static strength safety factor[s] =4 -8, tension on Chain

F, =8800N .

The safety factor of static tension is based on the following formula:

Fy

S+ =
T KaFq

=9.7 > [] (11)

According to the above check calculation, the strength of the selected 16A double row roller
chain meets the requirements.

In order to realize the lifting or lowering action of the loading carriage, the switch, speed
control handle and motor controller should be installed in the circuit. In the process of working,
the failure of the lifting device of the brick carriage may cause the motor to be blocked and
damaged. The protection measures for the motor are to set the thermal relay in the circuit. The
control of the forward and reverse switch can realize the positive and negative rotation of the
motor, so as to lift or lower the loading carriage.

Design and calculation of driving system

The drive system of electric vehicle plays the role of effectively connecting the power
storage system and the driving wheel and converting the form of energy. Since the brick
conveying car adopts battery power supply, it needs to be driven by motor. There are three types
of transmission after the motor generates power: belt transmission, transmission chain
transmission and transmission shaft transmission. Belt transmission relies on the friction
between belt and pulley for power transmission. In contrast, belt transmission has the lowest cost
and is very simple to install and maintain, but the belt must be tensioned during transmission.
Otherwise, it is easy to slip and affect the transmission effect. The transmission shaft has high
transmission efficiency, stable and reliable performance and large power transmission. It is
mostly used in heavy-duty vehicles, but there are installation angle requirements in practical use.
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Chain transmission is widely used. The same transmission efficiency is high, maintenance is
simple, transmission is more accurate, and can adapt to humid, dusty and other harsh service
environments. Due to the limitation of installation space and cost, the way of chain transmission
is selected in this subject. The driving system uses battery power to drive the motor to generate
power, and the power is transmitted to the driving wheel by chain transmission and deceleration
to drive the vehicle.

The maximum total mass of the whole vehicle is 1500kg (sum of equipment weight and
loading weight), the friction coefficient of most brick factory pavement is taken as 0.025[25], The
design speed is 2m/s. According to the design requirements and mechanical design manual, the
chain transmission efficiency is set as 0.96, overload factor is set as 1.5.

F = umg = 375N (12)

P = FV = 750w (13)
_ 15 _

Py =750 X == = 1172w (14)

The motor power is bigger than Py, A DC series excitation reduction motor with self- cooling
is chosen and the horizontal foot is installed. Rated voltage is 60V, Rated power is 1300W,
reduction ratio is 5.2:1, rated speed of the motor is 3200r /min , Output speed is 625r/min ,
Rated torque is 3.8N-m, Output torquel9.76N -m .The flowchart of driving system design
process is as shown in Figure 9.

Running speed
Total weight of trolley
Friction coefficient

Calculate power of driving
el ectric motor

Choose wheel tire
Calculate wheel rotation speed

A4
Choose transmission ratio
Choose number of small sprocket
teeth

NO

Calculate power of drive chain

Choose double row roller
chain

Check output torque of
driving motor reasonable or
not

YES

\ 4

Design braking system

Fig. 9 - Flowchart of driving system design process
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The driving motor of the brick transport trolley drives the rear wheel through chain drive.
According to the weight of the whole vehicle and referring to the road conditions of most brick
factories, it is proposed to select 4.5 R12 radial steel wire tire, which has a section width of
114mm, a diameter of 545mm and a circumference of 1.7m. Tire pressure: 600kpa, normal use;
Tire pressure 650kpa, rated load 0.8t; Tire pressure 700KPA, rated load 1.0T. According to the
design speed 2m/s, tire circumference 1.7m, Available wheel speed1.18r /s =70.59r /min ,
determine the transmission ratio 615/70.59 =8.71 according to the speed of the driving motor
and the driving wheel, transmission ratio is set as 9, Set the number of pinion teeth as Z;=9, so
the number of teeth of large sprocket is Z,=81, according to the formula:

Pe =42 < P, (15)

Kk

In the formula, P, means calculated power of chain drive, P, means rated power, P
means nominal transmission power, the power of lifting motor is set as 2500W, K, means
working condition coefficient, it is set as 1.0 from table 2, k, means small sprocket number

factor, it is set as 0.446 from table 3, kp means row number coefficient, it is set as 1.7 from

table 4.
From the calculation, we get P, >2229W , together with n, =615r/min , By look-up

table ,08A type double row roller chain is chosen as transmission chain with the pitch
p=12.7mm.
Diameter of indexing circle of two sprockets according to formula:

d=——: (16)

sin(180°/z)

From the calculation, we can get d, =37.1, d, =325.6, Torque check according to

formula
_FR

T=2 (17)

The drive motor requires the least torque T, =11.83N -m, the rated torque of the drive

motor is T, =19.76N -m, so the motor meets the requirements.

In order to realize the forward and backward of the brick conveying trolley, it is necessary to
connect the reverse forward switch, speed regulating handle and motor controller in the driving
circuit to control the forward and reverse rotation of the driving motor. Similarly, in order to
prevent the motor from blocking and damaging the motor due to the failure of the transmission
mechanism, it is also necessary to connect the thermal relay. All the chains used in the bricks
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transportation car are shown in Figure 10.

lifting
" chain

lifting
transnission
chain

lifting drive chain

Fig. 10 - All the chains used in the bricks transportation car

Design of steering system

In this design, the rear single wheel is the steering wheel, and the load is mainly in front of
the vehicle. Considering the economic and simple and reliable practical requirements, the brick
conveying trolley adopts mechanical steering [26]. The steering control device is directly hinged
with the transmission device without a steering gear, that is, the rigid structure of the fixed
steering wheel is hinged with the steering handle through the pull rod, so as to realize the driver's
function of controlling the forward direction of the vehicle, as is shown in Figure 11. The steering
handle and the shaft in the rigid structure of the steering are connected with the main frame
through bearings. The mechanical steering system is simple and reliable, easy to maintain, and
is more suitable for the service conditions of unfired brick plants.

1- Steering handle, 2 - Steering tie rod, 3- Steering rigid structure, 4- Steering wheel
Fig. - 11 Steering system schematic

Design of braking system

The belt brake is composed of a brake drum and a brake belt that can rub with the
circumferential surface of the brake drum. When the vehicle needs braking, the brake belt is
stretched and contracted to contact the brake drum to generate friction and produce braking
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effect. It can be divided into simple belt brake, differential belt brake and comprehensive belt
brake. These three types have simple and compact structure. The utility model has the
advantages of easy loading, unloading and maintenance and large braking torque. However, its
heat dissipation is poor, and the rotation direction of the brake drum will affect the braking force
generated by the simple type and differential belt type, which limits its application range. Belt
brakes are mostly used in occasions requiring compact structure [27]. The action diagram of
integrated belt brake is shown in Figure 12.

brake band
y N
/ \
. . . release
e
brake drum . brake
lever

Fig. 12 - Working principle diagram of belt brake

In this design, the design speed of the brick conveying trolley is 2m/s, which belongs to
low-speed operation and requires less braking force. Therefore, the requirements for the braking
device are low and limited by the size of the installation space. In order to achieve the
characteristics of energy conservation, environmental protection, durability and simple operation,
this design selects the comprehensive belt brake and manual braking system. The brake lever in
the integrated belt brake is hinged with the brake pedal through the pull rod, and the driver can
control the braking of the vehicle through the pedal.

FINITE ELEMENT ANALYSIS OF BEARING PARTS

In order to check bearing capacity of the loading carriage and main frame, check the
strength of the part, verify the structure design is reasonable or not, the deformation process is
simulated and the parameters are obtained with the help of finite element analysis software
ANSYS. The load curve of the loading carriage, the deformation process of main frame, the
stress field, the strain field, and velocity field can be analyzed and summarized, through which
the deformation principles can be known. The reaction force of the brick plates and loading
carriage, the stress distribution of each part of main frame can be calculated.

Finite element analysis method

The basic steps of finite element problem solving can be divided into: firstly, the physical
properties and solving region of the solving model are defined according to the actual problem.
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Then the solution model is discretized, that is, the finite element mesh of the solution model is
divided [28]. Obviously, the more detailed the mesh is, the closer the approximate solution of the
discrete model is to the exact solution, and the more accurate the solution of the model is. At the
same time, it brings the disadvantage of increasing the amount of calculation. Finite element
mesh generation plays an extremely important role in finite element analysis. The next step is to
determine the control method and state variables.

A physical problem to be solved can generally be expressed by a set of equations containing
the boundary conditions of the state variables of the physical problem. Then, the element
derivation is carried out, and an appropriate approximate solution is set for a certain element,
that is, the formulation of the finite element is derived. Then, the final assembly solution, that is,
all finite element final assembly forms the total matrix joint equations of the discrete model. The
last step is to solve the simultaneous matrix equations and explain the results.

Finite element analysis can be divided into three basic stages: pre-processing, General
Assembly solution and post-processing. The pre-processing is to establish the solution model
and mesh it. The post-processing is to collect the solution and analyze and evaluate it, so that
users can easily extract the obtained information and understand the calculation results more
intuitively.

Finite element analysis results

In the finite element analysis, it is necessary to select the materials of the main bearing
components, import the assembled assembly into ANSYS, and then mesh the whole assembly.
In this process, it is necessary to select the appropriate mesh size to ensure the accuracy of the
analysis results. Then add loads and constraints to the assembly to ensure that the loads and
constraints are added correctly, and then conduct finite element analysis of the assembly.

As follows, Table 5 shows the names of the materials selected for the structure, and Table 6
shows the load constraints imposed on the bearing structure and the properties of the table.
Figure 13 is the schematic diagram of meshing, Figure 14 is the stress diagram in the analysis
results.

Tab. 5: Selected material properties

Material name Q345
Material density 7.85E+03kg/m?
Elastic modulus 2.06E+11N/m3
Poisson's ratio 0.280
yield strength 345Mpa

Tab. 6 - Loads, constraints and attributes

Load type Force
Load value 8000N
Number of constraint faces 5
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Grid size 20mm
Number of grids 72429

Fig. 13 - Meshing of the loading carriage
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Fig. 14 - Stress contour of the loading carriage
The finite element analysis results show that the deformation and stress of the support beam
of the loading car are large, max stress 241.08MPa, meet design requirements.

CONCLUSION

The designed brick conveying trolley is fully electric. The power consumption is as low as
5-7 KW-h. It takes 8-10 hours to get the battery full charge. There is a gap between the upper
and lower layers when conveying bricks, the vibration amplitude is small. Therefore there will be
few brick breaking problems. Loading capacity reaches 4-5 boards continuous working 14-16
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hours after full charge. It reduces brick breaking rate and conveying cost than common diesel
brick truck.

With the advantages of simple operation, little noise, energy saving and simple structure.
One person can drive the trolley easily, which greatly reduces labor force, labor intensity and
production cost, improves production efficiency and increases brick factory profit. It is an
excellent ideal equipment for unfired brick factory which is suitable for various types of unfired
brick types for integrating the work of the stacking machine and the forklift. It is suitable for
different brick machines and brick plates of different sizes for users to choose. If there are brick
machines and brick plates of special sizes, the factory only needs to change the loading
carriage.

The characteristics of the brick conveying trolley are as follows:

QD No damage to the quality of brick blank: the set of equipment automatically palletizes
and lifts. During operation, each brick has a gap, which does not press, squeeze, lean or twist,
and does not damage the brick.

2) Green environmental protection: the trolley is driven by electric energy, without noise,
vibration, oil pollution and carbon dioxide emission.

3) Simple operation, The operation of brick conveying trolley has been simplified to the
operation of the steering wheel, lever and button, and one person can complete the work task
very easily.

(4) Stable power output, reliable performance and longer service life.

(5) Simple control system: it adopts continuously speed change, handle throttle control,

brake power-off protection device.
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ABSTRACT

The snow water equivalent is an important snow characteristic as it provides hydrologically
relevant information about the amount of water stored in the snowpack. The experimental catchment
in the Jizera Mountains was equipped with the gamma-ray spectroscope CS725. The sensor uses
emitted electromagnetic signals of isotopes “°K and 2°T| to remotely and continuously measure the
snow water equivalent. Two winter seasons, 2018-2019 and 2019-2020, were monitored, and the
obtained data were analyzed together with the complementary measurements available (snow
depth, precipitation, air temperature). The sensor was tested in contrasting conditions of the
precipitation-rich winter period 2018-2019 and the mild winter period 2019-2020. Our measurement
showed that the SWE values derived from both isotopes are very similar and logically correspond
well with the other measurements at the site. As far as we know, the first use of the sensor in the
Czech Republic has proven usability in the conditions of the temperate montane catchment.

KEYWORDS

Snow water equivalent, Snow depth, Montane catchment, Temperate climate

INTRODUCTION

Precipitation measurement during winter is much less frequent, both in time and space, than
in summer. However, careful monitoring of snow depth and the equivalent depth of water on the
ground if all snowfall melted (snow water equivalent, SWE; [1]) is of significant importance in
hydrology. Information about the snow water equivalent in the snowpack is essential for water
management and water engineering authorities. The maximum value of SWE affects the
groundwater replenishment in the spring and water availability for crop growth in the vegetation
season. Flood protection also benefits from knowing the maximum value of SWE. Continuous
measurement of snow water equivalent is still sparse [2], and new measurement techniques are
welcome.

Spectroscopy as a tool for measuring snow water equivalent and soil moisture has been
available for decades [3], [4]. The successful use of electromagnetic radiation for SWE measurement
is based on the sufficient difference between attenuation of gamma-radiation of water and soil
(typically by factor 1.11). Techniques primarily differ in the type of gamma radiation detected and/or
by the type, number, and sensor position. Recently, techniques that use two neutron sensors - one
above the snowpack and the second directly on the ground - were described (e.g., [5]). These
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techniques detect gamma radiation from the soil/bedrock. Another technique (e.qg., [6]) also benefits
from two sensors, but sensors detect background cosmic gamma radiation.

In contrast, the CS725 (Campbell Scientific, Inc.) detects electromagnetic radiation from
soil/bedrock and uses a single sensor, significantly decreasing acquisition and maintenance costs
[7]. Choquette et al. [8] studied the performance of the CS725 and highlighted the need for on-site
calibration of the CS725 sensor to obtain reliable and precise data. They described a calibration
method and considered saturated soil moisture to be the most sensitive parameter with the most
significant impact on the correct determination of SWE. The method of Choquette et al. [8] proved
to provide snow water equivalent values with an accuracy of about 90% compared to manual
readings.

Smith et al. [9] compared two automated SWE measurement sensors (CS725 and SSG1000,
Sommer GmbH) and periodic manual SWE measurements concerning possible poor soil moisture
calibration, spatial variability of snow cover, or ice layers in the snowpack. Excellent accuracy has
been achieved between automated and manual measurements (in general, correlations were higher
than 0.9). For the CS725 sensor, problems mainly occurred with sandy soil and the melting period,
when the sensor may not distinguish frozen water in the soil from the unmelted snow.

The present study evaluates continuous snow water equivalent measurement by the gamma-
ray spectroscope CS725. Two consecutive winter periods (2018-2019 and 2019-2020) are
examined. Special attention is paid to analyses of transient changes during snowmelt in the spring.

0 500 1000 km
[ —

Fig. 1 — Jizera Mountains in the Czech and European context.

MATERIAL AND METHODS

The sensor is located at a mountain meadow in the Jizera mountains, called Nova Louka
(50.813611N, 15.158611E; altitude of 778.6 m a. s. |.). It is situated in the north of the Czech
Republic, in the district of the city Jablonec nad Nisou (Figure 1). The site has a long history of
measurement [10] and it is characterized by high precipitation totals (e.g., the highest national 24-
hour total). Nowadays, an automatic meteorological station is operated by the Institute of
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Hydrodynamics of the Czech Academy of Sciences. The meteostation is situated in the gently
inclined area (about 9 percent) exposed to the northeast (Figure 2). The station is equipped with a
set of sensors for complete meteorological and climatic measurements. In the present study, data
from a weighing rain gauge MRW 500 (Meteoservis v.0.s.) and standard air temperature and
humidity sensor RVT11 (Fiedler AMS s.r.0.) are used. Weighing rain gauge provided accurate
precipitation intensity; actual air temperature allowed to distinguish rain and snow; and air humidity
facilitated fog detection. The site was found to be well suited for the measurement of SWE by
detecting electromagnetic radiation from bedrock, i.e., sufficient radiation levels of “°K and 2°T].

o 2 g 2
PR '

el *, . oy 275
Sensor CS 725 Yo i kI E» Meteorological

station with
sensor CS 725

Rain gauge
MRWS500

'}{5 Trees
| Paved areas
‘ Grassland
ﬁ Waterbody E
B vountain hut

Samalova chata

Fig. 2 - Meteorological station of the Institute of Hydrodynamics of the AS CR at locality Nova
Louka.

Snow water equivalent measurement

The CS725 sensor was developed by Institute de recherche d'Hydro-Québec (IREQ,
Varennes, Qc, CANADA) for the determination of the water equivalent of the snowpack [11]. The
sensor has a scintillator of a thallium-doped sodium iodide crystal optically coupled to a
photomultiplier tube [7]. The crystal detects the net terrestrial gamma radiation naturally emitted by
isotopes “°K and 2°8T| present in soil/bedrock. The signal emitted by dry soil and in the absence of
snow or water above ground is considered a constant background value [8]. The attenuation of the
gamma signal then varies with the presence of water between the radiation source and the sensor.
Therefore, gamma radiation is attenuated by the presence of snowpack. The number of detected
electromagnetic signals is summed up four times per day, and the resulting value is together with
the background value used for SWE calculation [9], [8]:

SWE = —h«In|N » S21S00)
B No

(0.001165 * H) (1)

where B is attenuation coefficient [cm™], N is the number of radiation counts recorded per
period of time [6h™!], No is the number of radiation counts emitted by a dry soil in the absence of snow
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or water above [6h], SSM is saturated soil moisture [-], and H is sensor height above the ground
surface [cm].

The sensor uses a threshold (factory pre-set value of 5 mm) that decides how the SWE is
calculated. Above that threshold, SWE is calculated independently for both attenuations (SWEk and
SWE-). Below this threshold, when there is a danger of patchy snow cover and the calculation could
be affected by the soil moisture, a different approach is used based on the ratio of the two
attenuations (SWE:aio), Which, although not as accurate, removes soil moisture from the expression.

The bottom edge of the sensor is installed at the height of 3.53 m above the ground. The
sensor is equipped with a lead collimator, which prevents the counting of gamma radiation emitted
from sources not in the target area [9]. The bottom edge of the collimator is 3.45 m above the ground.
The collimator limited the field of view to 120 degrees [7]. Therefore, the sensor at the Nova Louka
site detects gamma radiation from an area of approx. 117 m?2,

Snow depth monitoring

Snow depth is measured by an ultrasonic sensor (US4200/RK, Fiedler AMS s.r.0.) and
alternatively detected from the camera record (BCC100, Brinno Inc.), which is focused on the snow
gauge. The camera record was available from the end of March 2019. The ultrasonic sensor and
snow gauge are located within the detection area of the SWE sensor, approximately 2 m apart in the
horizontal direction.

Monitoring intervals

The snow depth, weighing rain gauge, air temperature, and humidity sensor are monitored
at 15-minute intervals. The camera record is comprised of a sequence of 1-hour images. The CS725
sensor provided six-hour averages of SWE. Once a month, the sensors are checked for functionality
and maintenance.

RESULTS AND DISCUSSION
Snow water equivalent

To study the performance of the CS725, two winter periods, 2018-2019 and 2019-2020, were
examined. The SWE values obtained from the sensor are shown in Figure 3. The snow cover was
present from December to the beginning of April in both periods. Nevertheless, these periods differ
significantly. The maximum value of SWE was about 365 mm in the winter period of 2018-2019,
while it was only 88 mm in winter 2019-2020 (based on attenuation of the °K isotope). During 2019-
2020, several accumulation phases and thawing episodes were observed. While the season 2018-
2019 was characterized by a single accumulation peak only. The overall character of SWE
measurement also reflected the air temperatures and amount of precipitation in both periods. In
2018-2019 almost twice as much precipitation occurred, and temperatures were significantly lower
(by about -1.02°C on average), often day-long below 0°C.
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Fig. 3 - Snow water equivalent (SWE) measured by sensor CS725 and snow depth (SD) measured
by ultrasound sensor and detected from the camera record at the Nova Louka site in winter period
2018-2019. SWEk and SWE-~ stand for snow water equivalent values determined based on
attenuation of gamma radiation emitted by isotopes “°K and 2°®TI. The shaded area represents a
factory specified accuracy of the CS725 sensor.

Attenuations of electromagnetic signals emitted by both isotopes (“°K and 2°¢Tl) provide a
similar course of SWE (Figure 3, Figure 4). Registered differences were up to 30 mm and dependent
on the actual SWE values (i.e., higher values yield higher differences between SWEx and SWEn).
The absolute majority of the time, the differences were within the accuracy range specified by the
manufacturer. Generally, the SWE values derived from isotope attenuation with the higher counts
(usually emitted by isotope “°K) are considered more reliable [12], [9]. At the Nova Louka site, the

detected hourly totals of emitted electromagnetic signals in the period without snow cover were about

40 000 h'* and 9 000 h* for “°K and 2°Tl, respectively. Therefore, the values based on isotope “°K

attenuation are regarded as more accurate in our study.

The course of the snow depth is similar to the snow water equivalent (Figure 3, Figure 4).
However, snow water equivalent in the period 2018-2019 demonstrates a considerably wider peak
(Figure 3) associated with the gradual settling and compacting of snow, which is not reflected in the
value of SWE. The differences in the snow depth obtained from the ultrasonic sensor and camera
could be attributed to the snow cover spatial variability. Specifically, the average relative difference
between ultrasonic sensor and camera daily average readings comprises 25% for the fragment of
period 2018-2019 (Figure 3) and 35% for the whole winter period 2019-2020 (Figure 4). It is obvious
that the spatial variability is more pronounced in the case of the winter period with a small amount of
snow (2019-2020) and a large number of accumulation-melting cycles.
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Fig. 4 - Snow water equivalent (SWE) measured by sensor CS725 and snow depth (SD) measured
by ultrasound sensor and detected from the camera record at the Nova Louka site in the winter
period 2019-2020. SWEk and SWEr, represent snow water equivalent values determined based on
attenuation of gamma radiation emitted by isotopes “°K and 2°®TI. The shaded area represents a
factory specified accuracy of the CS725 sensor.

Thawing snow and transient snow-rain situations

Due to the spatial variability, it is possible that even if the snow cover is still lying on some
spots, the sensor evaluates the integral SWE value = 0 mm. Therefore, the calculated SWE value
should be carefully analyzed, especially during periods of thawing snow and transient snow-rain
situations.

Figure 5 shows a series of images capturing the soil surface under the sensor in April 2019,
when the snow cover started to melt. In the first two days (April 4 and 5), the air temperature is above
freezing point overnight, and the afternoon temperature peaks exceed 13°C. Although other days
during the night it freezes and the thawing of snow slows down, high daytime temperatures cause
even the remaining snow to disappear within six days (Table 1).

@ DOI 10.14311/CEJ.2022.01.0011 148



Article no. 11
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

a & o B I &
5a, SWEk = 67 mm SWEn =74 mmSD=0cm |l SRR Sb. SWE«=34mm SWEn=40mmSD=0cm j

—

'
ay Y
& PO
)

v

‘ » .
TLC200 2019/94,06 12:47:03 TLE208 2615/04./07 11:42:58

| 5e. SWEx =0 mm SWEmn=0mm SD =0cm > 3 5f. SWEk = 0 mm SWEn=0mm SD =0cm J ‘ 3

. T 7 8 - T

Fig. 5 - Soil surface under the CS725 sensor on April 04-11, 2019. SWEk and SWE stand for
snow water equivalent values determined based on attenuation of gamma radiation emitted by
isotopes “°K and 2°®Tl.

The surface is covered with a discontinuous snow cover in the first two days (April 4-5). In
this situation, the sensor evaluated the SWEk to be 67 mm and SWE+w = 74 mm. At the same time,
the SWE:ai, value independent of soil moisture was 43 mm (see Tab. 1) and corresponded better to
the captured site conditions (Figure 4). On April 5, the difference, i.e., the influence of shallow soil
moisture, was even more important, SWEkx = 34 mm and SWEaic = 15 mm. The snow melted even
more intensively in the following days, and the sensor evaluated the SWE values as 0 mm. It is also
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clear from the camera record that only fragments of snow cover remain on the site outside the
sensor's range.

Tab. 1 - Snow characteristics and air temperatures for selected days in April 2019. SWERgaTio is
used when the threshold value is exceeded, and the SWE determination is affected by soil

moisture.
Fig. 5 a b c d e f g h
April 2019 4 5 6 7 8 9 10 11
SWERraTio (MmM) 43 15 0 1 -5 -5 -11 -12
Tmin (°C) 51 0.1 -1.6 -2.7 -2.0 -25 -4.3 -2.2
Tmax (°C) 13.8 15.4 16.8 15.3 15.1 13.4 8.4 3.4

In contrast, the series of images in Figure 6 show the transient period at the beginning of the
winter season 2019/2020. It freezes all day for the first four days of the December period, and snow
is deposited. Subsequently, warming occurs, precipitation is mixed, and temperatures are stable
above freezing (see Table 2).

A thin layer of new snow from December 11 to December 13 is obviously at the limit of the
sensor's detectability (SWEn and SWEk equal to zero, and SWEai, from -4 to 10 mm). The
increasing snow cover and its snow water equivalent value are captured more reliably in the following
days. By December 16, temperatures had already reached above freezing all day, which was
reflected in the thawing of the snow cover (up to 24 mm per day) and the decrease in SWE in the
next days.

Tab. 2: Snow characteristics and air temperatures for selected days in December 2019.

Fig. 6 a b c d e f g h

December 2019 11 12 13 14 15 16 17 18
SWERraTio (Mm) 5 10 -4 9 25 27 20 14
Tmin (°C) -4.2 -5.3 -3.3 -0.9 2.1 1.1 15 -1.7
Tmax (°C) -1.2 -2.6 -1.0 -0.2 2.9 4.7 6.8 7.6
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Fig. 6 - Soil surface under the CS725 sensor on December 11-18, 2019. SWEk and SWEr stand
for snow water equivalent values determined based on attenuation of gamma radiation emitted by
isotopes “°K and 2°%Tl.

CONCLUSIONS

In the present study, continuous snow water equivalent measurement by the gamma-ray
spectroscope CS725 was evaluated. Two consecutive winter periods (2018-2019 and 2019-2020)
were examined. Natural conditions allowed the sensor to be tested in contrasting circumstances:
during the winter period 2018-2019 with the maximum value of SWE of about 365 mm and during
the mild winter period 2019-2020 with the peak value of 88 mm.
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Our measurement showed that the SWE values derived from both isotopes “°K and 26Tl are
very similar. Detected differences could be attributed to the different background radiation levels
available in the soil/bedrock. Because of the higher level of “°K at the site, SWE values derived from
this isotope are considered more accurate.

The CS725 gamma-ray spectroscope has proven usability in the conditions of the temperate
montane catchment. The conditions at the beginning (when continuous snow cover is forming) and
at the end of winter (during intense snowmelt when patchy snow cover occurs) require special
attention.
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ABSTRACT

In the western of China, the deep mining area with super-thick and weak cementation
overburden is vast, sparsely populated and the ecological environment is extremely fragile. With
the large-scale exploitation of deep coal resources, it is inevitable to face green mining problem,
whose essence is the surface subsidence control. Therefore, it is necessary to study the control
technology for the regional mining based on the evolution law of subsidence movement and
energy-polling of super-thick and weak cementation overburden, and put forward the economically
design scheme that can control strata movement and surface subsidence in a certain degree.
Based on the key strata control theory, this paper puts forward the subsidence control scheme of
partial filling -partial caving in multi-working face coordinated mining, and further studies its control
mechanism through the numerical simulation and then analyzes the control effect of the strata
movement and energy-polling in the fully caving mining, backfill mining, wide strip skip-mining and
mixed filling mining method etc., the following conclusions are detailed as follows: (1) The
maximum value of energy-polling occurs on the coal pillars or on both sides of goaf. With the width
of goaf, the maximum value of energy-polling increases in a parabola. (2) In the partial filling-partial
caving multiple working faces coordinated mining based on the main key stratum, the stress
distribution of the composite backfill in the filling working face is parabolic, and it is high on both
sides and low in the middle. Moreover, in the composite backfill, the stress concentration degree of
a outside coal pillar is greater than that of the inside coal pillar. (3) The control mechanism of
partial filling-partial caving harmonious mining based on main key layer structure is the double-
control cooperative deformation system, formed by the composite backfill and the main and sub-
key layers structure. They jointly control the movement and energy accumulation of overlying strata
by greatly reducing the effective space to transmit upward, and absorb the wave subsidence trend
of the overburden until it develops into a single flat subsidence basin. (4) Considering the recovery
rate, pillar rate, area filling rate, technical difficulty and subsidence coefficient etc., the partial filling-
partial caving multiple working faces coordinated mining based on the main key stratum is the most
cost-effective mining method to control surface subsidence. This paper takes a guiding role in

@ DOI 10.14311/CEJ.2022.01.0012 153


mailto:guo_gli@126.com

Article no. 12

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022
JOURNAL

controlling the regional strata movement and surface subsidence of deep mining with super-thick
and weak cementation overburden.

KEYWORDS
Deep filling mining, Regional control, Key stratum, Numerical simulation

INTRODUCTION

With the westward development of China economic strategy, Ordos coalfield has become
an important area where supplies the country's energy needs. It has simple geological structure
and abundant deep coal resources, which is suitable for large-scale mining with high intensity. At
present, many scholars have studied on the strata movement of deep mining in Ordos coal field,
and achieved certain results. For example, Wang [1] and Lin [2] studied the movement law of weak
cementation overburden of deep single working face mining by means of physical simulation and
numerical simulation method, and believed that the control effect of super-thick weak cementation
sandstone was the reason for the small surface subsidence. By analyzing the surface measured
data of Yingpanhao Coal mine, Zhang believed that the main reasons for the abnormal
characteristics of the overburden movement were that the dip direction did not reach sufficient
mining and the super-thick weak cementation sandstone has a strong control effect [3]. Gong used
multi-borehole strata data to construct intensive 3D numerical model to study the movement law of
super-thick weak cementation sandstone in deep mining, and results show that Zhidan group
sandstone has a strong control effect, which makes the surface subsidence smaller under the
same mining conditions [4]. In addition, he also studied the influence of joint and block size on the
motion law and failure characteristics of the super-thick weak cementation sandstone [5]. Ning
found that the periodic pressure of working face is closely related to the breaking law of main roof
and key stratum in Nalinhe coal mine [6]. Wang carried out in-depth research on the occurrence
mechanism and prevention of typical dynamic disasters in deep mining, and believed that the
fracture of low-hard stratum and high thick sandstone was one of the main causes resulting in rock
burst and mine quake [7]. The writer uses similar material simulation method to study the failure
law of super-thick weak cementation sandstone, and results show that it has a larger limit span and
strong control effect, and its failure characteristics are "arch shell - beam - half arch shell - step”
[8]. In the meanwhile, the numerical simulation method is used to study the compound effect of
super-thick weak cementation sandstone, and explored the influence law of its spatial location and
thickness on the failure characteristics and energy accumulation of the overburden [9].

The above research shows that the high intensity mining of coal resources in deep mining
area of Ordos coal field is faced with many problems. With the mining depth increasing and the
mining scope expanding in Ordos coalfield, rock burst, mine earthquake and other disasters occur
frequently caused by the special strata movement and energy accumulation of the super-thick
weak cementation sandstone, and the serious surface subsidence leads to the deterioration of
ecological environment. These phenomena have become a serious problem restricting the large-
scale continuous mining of coal mines. Therefore, it is necessary to study a kind of efficient, safe
and green mining technology to control the strata movement and energy accumulation of super-
thick sandstone and alleviate mine quake and surface subsidence disaster.

The current normally used subsidence control technologies mostly include surface
subsidence control technologies with filling bodies as the core and surface subsidence control
technologies with coal-rock bodies as the core. Strip mining and goaf filling mining are presently
frequently used approaches for controlling surface subsidence. The principle of strip mining is to
divide the coal seam into regular shapes, mining one and leaving one, and the remaining coal
pillars can bear the load of the overlying strata, thereby controlling the surface movement and
deformation. In other aspect, backfill mining is to control the surface deformation by filling the
mined-out area with filling bodies, reducing the sinking space. The research on the control
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mechanism of these two means has been relatively mature and has been extensively applied in
eastern mining areas.

In addition, with coal pillar-overburden structure collaborative deformation, researchers
have sequentially proposed coal pillar compression and indentation theory [10], rock beam
hypothesis [11], plate theory [12-14] and other rock control theories. Plate theory suggests that
surface subsidence is composed of coal pillar compression deformation, overburden compression
deformation and plate deflection. Meanwhile, it is believed that the synergy of coal pillars and
plates has effectively controlled surface subsidence. With the increase of mining depth, the
guestion of coal pillar-overburden structure coordinated deformation in deep mining has gradually
changed from the issue of coal pillar-roof cooperative deformation to the problem of coal pillar-high
control layer cooperative deformation, and coal pillar stability question has gradually changed from
the issue of the stability of coal pillar itself to the overall stability of coal rock pillar structure, which
is often affected by adjacent or multiple working faces (goafs). Scholars such as Chen Junjie [15],
Guo Weijia [16,17], Zhang Ming [18] and Jiang Fuxing [19] have performed substantial researches
on the stability of coal pillars in deep strip mining and the control of subsidence mechanism.

In terms of backfill mining, the Xiaotun Mine, Daizhuang Mine and other mining areas
applied paste materials as filling materials for longwall filling mining. Huafeng Mine and Quangou
Mine utilized general working face gangue to fill the goaf to liberate coal resources under the
building (structure) and to reduce the amount of solid waste exiting the well [20]. Dongping Mine,
Jisan Mine and other mining areas adopted solid-bakcfill mining technology to liberate a large
amount of coal resources under the building and consumed significant solid waste [21-23].

With regard to the combination of strip mining and backfill mining, Guo Guangli proposed to
apply the equivalent replacement theory and adopt the method of ‘Gradually taking ‘. First, the
narrow strip was implemented, and then the narrow strip goaf was injected. The idea of slurry filling
ultimately achieves the purpose of recovering the remaining coal pillars [24]. Zhang Huaxing
suggested the wide strip mining method of " Large mining width-wide retention width-goaf filling",
offering a new idea for liberating the deep coal resources of "three under" [25,26]. Li Xiushan and
Zhang Xinguo took Daizhuang coal mine as an instance to investigate the feasibility of using paste
as a filling material and adopting filling technology to recover strip coal pillars. The outcomes
indicate that the filled paste has strong stability and can replace coal seam to bear the overburden
load [27,28]. With Gaozhuang as an example, Hou Xiaosongexplored the feasibility of pillarless
mining in practice. The study gave that backfilling the roadway with gangue concrete grout can be
utilized to recover the coal pillars between the roadway and the channel while ensuring the stability
of the surrounding rock. This method further reduces the waste of resources and improve the
resource utilization rate [29]. Zhang Xinguo learned the mining mode of driving the roadway in the
strip coal pillars and filling and recovering the strip coal pillars based on Xuchang coal mine. The
research indicated that although the safety factor is reduced after the roadway is driven in the
middle of the strip coal pillars. However, the composite backfill formed by the roadway gangue and
the remaining coal pillar still has a strong bearing capacity and can effectively control surface
deformation [30].

From the above researches, the current investigation on the control of surface subsidence
largely focuses on the coal mining of “three under‘in the east, while the research on the regional
rock movement and its control of the super-thick weak cementation overburden in deep mining in
the western of China is rarely mentioned. The "three-under" coal mining surface subsidence
control method can be employed to control the regional strata movement in deep mining of the
western super-thick weak cementation overburden, but the deep mining area of the western super-
thick weak cementation overburden is wide and sparsely populated. The control plan of "three
under" will generate substantial waste of coal resources and high filling costs.

Thus, this paper combines the movement law and energy evolution of super-thick weak
cementation overburden in deep mining, and proposes an economical design plan that can control
the regional movement to a certain extent.
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Evolution law of energy-polling of super-thick weak cementation overburden in
deep mining

The existing results suggest that when the mining area is small and the surface is in an
extremely inadequate mining state, the surface subsidence of the super-thick weak cementation
overburden is noticeably smaller. With the continuous expansion of the mining area, the
overburden has a sudden and jumping sinking phenomenon. Thus, during the movement of the
overlying strata, energy-polling and release must exist. According to the analysis of the energy-
polling and evolution characteristics of the super-thick weak cementation overburden, this chapter
describes a reasonable mining plan in combination with the law of movement and failure
characteristics of the super-thick weak cementation overburden, thereby reducing the dynamic
strength and surface damage degree. This mining plan provides a reference for the layout of the
working face in the deep mining area, facing the control of regional strata movement.

This section chiefly applies elastic energy as the representative quantity to learn the
evolution law of energy-polling of super-thick weak cementation overburden in deep mining.

Based on Ref. 31, when coal and rock mass damage is not considered, the releasable
elastic energy can be expressed as the following formula:

e_1 1 1
U —50'18(13*'50'282"'5038% (1)

Where : €f is the total elastic strain in the three principal stress directions, sf’:% [0i-8i(0+0y )],
is the poison's ration.

Substituting the expression € into Eq. (6-1), Eq. (6-2) can be obtained [32]:
e_1(0% 03, o2 1,1 1.1 11
V=B 2 9((E 2 8) oot (4 E) oot (245 v @
For damaged rock mass, unloading of rock mass will have an impact on the elastic modulus:
Ei=aiE0 (3)

Where, Ej is the initial elastic modulus when the unit body is not damaged, and a; is the reduction
coefficient.

Assuming that the poison's ratio "8" is not affected by rock damage, substituting Eq. (3) into
Eq. (2), we can get:

2 2 2
e_ 1 (oy, 605, 03 [(1 1) (1 1) (1 1) ]
=—J1+24+3 9(—+— +(—+— +—+—
U 2E {81 a as .8 aq ap 0102 ay as 0203 aq asg 0103 (4)

For the convenience of calculation, the paper ignores the influence of unloading damage on
the elastic modulus and Poisson's ratio, then Eq. (4) can be expressed as Eq. (5) [33]:

]
ue= 2 [0%+03+0%-29(010,+0,03+0,03)] (5)

In this paper, a three-dimensional numerical model (4500m in length, 4500m in width, 763m
in height) is built, and the bottom boundary of the model is selected as the constrained boundary
(a=b=c=0, a is the displacement in the x direction, b is the displacement in the y direction, and c is
the displacement in the z direction), the top is the free, and the left and right boundaries are
constraint in the horizontal direction. The working face width is 300m, the strike distance is 2500m,
the section coal pillar is 25m, and 8 working faces are continuously mined.

According to Eqg. (5), the post-processing program is developed with Fish language to
extract the energy value in the FLAC3D numerical model. Then, the energy value was imported
into Tecplot10.0 software for display. Next, with the help of such post-processing program, the
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energy-polling evolution law in the movement of super-weak cementation overburden in deep
mining is analyzed, such as the energy-polling distribution characteristics in Figures 1 and 2.

In Figure 1, the energy-polling was dominated by the compression strain energy after
mining the first working face (working face 2101). The compression strain energy in the Zhidan
group sandstone was released slightly, and the Zhidan group sandstone was not destroyed. The
Zhidan group sandstone and the overburden above it were bent synchronously.

In Figure 2, the maximum energy-polling is 1300kJ after the second working face was
mined, which occurs near the section coal pillar. At this time, the energy-polling is still mainly
dominated by compressive strain energy. The compressive strain energy-polling occurs in the
upper part of Zhidan Group sandstone above the goaf. This is because stronger tensile failure
occurs far from two sides of the goaf in Zhidan Group sandstone. Then, larger bending deformation
and compression occurs in the upper strata. The overburden subsided sharply, and its load further
transferred to both sides of the goaf, and the energy-polling of the coal walls on both sides of the
goaf continued to increase.

Energy/KJ
700 450
Go0 350
£ 500
= 250
N 400
150
300
200 50
100 20
0 5

Fig. 1 - Energy-polling distribution characteristics when one working face was mined

Energy/KJ

1200
1000
800
600
400

Fig. 2 - Energy-polling distribution characteristics when two working faces were mined

In order to visually analyze the relationship between the maximum energy-polling value and
the mining width, the maximum energy-polling value in different mining width is calculated. The
relationship between the mining space and the maximum energy-polling value is drawn, and the
relationship between the goaf width and the maximum surface subsidence is depicted, as shown in
Table 1 and Figure 3.

Tab. 1 - Statistical table of maximum subsidence and energy-polling values

Mining width/m 300 625 950 1275 1600 1925 2250 2575
subsidence/mm 205 1499 3689 4849 4899 5154 5295 5400

Energy 450 1300 3400 4500 5000 6000 6500 7000
accumulation/KJ
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Fig. 3- Functional relationship between mining area and maximum surface subsidence and
energy-polling values
Based on Figure 3 (a), as mining width increases, the maximum surface subsidence value
gradually increases. According to the outcomes of Origin fitting, it can be seen, that the mining
width is related to the maximum surface subsidence as a Boltzmann function, the correlation
coefficient R,=0.993, x is the mining width, and the corresponding mathematical relationship is as
follows:

Wmax=5223' 5?;(7—_377 (6)
1+e 196
According to Figure 3 (b), as the goaf width increases, the maximum energy-polling

progressively increases. From the results of Origin fitting, it can be seen, that the goaf width has a
parabolic correlation with the maximum energy-polling, the correlation coefficient R,=0.984, x is the
goaf width, the corresponding mathematical relationship is as follows:

Energy,,,=5.49x+0.001x2-1293.5 (7

From comparison, it can be found that although the mining width expands, the corresponding
maximum surface subsidence value and the maximum energy-polling also increase, but the
mathematical relationship between the goaf width and the maximum surface subsidence is
significantly different from the mathematical relationship between the goaf width and the maximum
energy-polling.

Control plan of regional strata movement of super-thick weak cementation
overburden in deep mining

Based on the characteristics of energy accumulation and failure law of overlying strata of
super-thick weak cementation overburden in deep mining, the paper proposes a method of partial
filling-partial caving multiple working faces coordinated mining based on the main key stratum,
thereby reducing the strength of the rock dynamics and surface damage degree in the overburden,
which are shown in Figure 4.
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Fig. 4 - Schematic diagram of partial filling-partial caving harmonious mining design scheme based
on main key layer structure

First, the relevant literature can be referred to establish the physical and mechanical
parameters of the gangue filling area [34], and verify the model parameters by the principle of
equivalent mining height [35].

Tab. 2 - Physical and mechanical parameters of the backfill

Mechanical parameter Bulk Shear Friction Cohesion Density
P /Gpa /Gpa angle/(°) /Mpa /(kg/m3) Poisson
Coal 1.35 0.587 6 8.89 1210 0.31
Gangue filling area 0.21 0.095 28 2 1500 0.3

Then, this paper use FLAC3D numerical simulation analysis software to carry out a method of
partial filling-partial caving multiple working faces coordinated mining based on the main key
stratum, a three-dimensional numerical model was established to mine 8 working faces
continuously. The model and excavation parameters are shown in Table 3:

Tab. 3 - Excavation sequence of partial filling-partial caving harmonious mining

based on main control layer structure

Mining sequence Working face X direction/m Y direction/m Mining method
2201 750~1050 750~3250 Caving mining

Second stage - —
2202 1075~1375 750~3250 Caving mining

First stage 2203 1400~1700 750~3250 Backfilling
2204 1725~2025 750~3250 Caving mining

Second stage , —
2205 2050~2350 750~3250 Caving mining

First stage 2206 2375~2675 750~3250 Backfilling
2207 2700~3000 750~3250 Caving mining

Second stage , —
2208 3025~3325 750~3250 Caving mining

From numerical simulation analysis, the stress distribution characteristics of the partial filling-
partial caving multiple working faces coordinated mining based on the main key stratum are shown

in Figure 5:
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Fig. 5 - Stress field distribution diagram of partial filling-partial caving harmonious mining based on
main key stratum structure

It can be seen from Figure 5 (@) that the composite filling structure formed by the filling
working face and the section coal pillar divides the entire mining area into three independent
insufficient mining spaces, and acts as a wide isolated coal pillar to support the overburden load.
Each independent goaf is composed of two caving working faces. After a single working face
mined, the upper rock mass breaks and collapses, forming a caving fractured zone. The sub-
critical stratum restricts the caving fractured zone from continuing to develop upward. The load of
the sub-key stratum and its overlying strata is transferred to both sides and concentrated, forming
a pressure arch in the middle-low part of the sub-key stratum. After two consecutive working faces
are mined, the caving fractured zone continues to develop upwards, and the load of the main key
stratum and its overlying strata is transferred to both sides and concentrated on the coal walls of
both sides of the goaf, forming a large stress arch under the main key stratum. Meanwhile, a
bimodal small pressure arch is formed above a single working face, and the dome develops slightly
upwards, as shown in Figure 5 (c).

From Figure 5 (b), the stress distribution of the composite backfill is parabolic, high on both
sides and low at the middle, and the internal stress of the composite backfill reaches 49.3MPa,
which is slightly larger than the external 44.9MPa. The maximum vertical stress of coal pillars in
composite backfill is greater than the maximum vertical stress of 42.2MPa on the coal walls of the
goaf sides. The vertical stress of coal pillar between the working face 2204 and the working face
2205 is 38.5 MPa, and the vertical stress of coal pillar between the working faces 2201 and 2202,
and the vertical stress of coal pillar between the working faces 2207 and 2208 is 30.4 MPa. The
load of the overlying strata is transferred to both sides along the stress arch, and a stress release
zone is formed above the goaf. The vertical stress distribution at the bottom of the main key
stratum is wavy, with the maximum value of 13.5MPa and the minimum value of 4.86MPa.

@ DOI 10.14311/CEJ.2022.01.0012 160



Article no. 12

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022

JOURNAL

In order to more intuitively analyze the strata movement in different buried depth in the method
of partial filling-partial caving multiple working faces coordinated mining based on the main key
stratum, the movement data of 104m, 350m, 650m above the coal seam and the surface are got
and plotted as Figure 6. It can be seen from Figure 6 that as the height from the coal seam
increases, the wave-shaped sinking trend gradually eases, but it still develops to the surface. This
wave-shaped sinking is related to factors such as the goaf width and the width of the backfill
working face.
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(a) Backfilling (b) Caving mining
Fig. 6 - Strata subsidence curve in different depth caused by partial filling-partial caving
harmonious mining based on main key layer structure

Comparative analysis of the control effect of strata movement and energy-polling in
different mining approaches

To verify the superiority of the partial filling-partial caving multiple working faces coordinated
mining based on the main key stratum, full caving mining, full filling mining, wide strip mining,
mixed filling mining, large mining width-wide retention width are simulated respectively, the
corresponding mining plan is indicated in Table 4.

The corresponding three-dimensional numerical model can be established based on the
mining plans in Table 4, and the surface subsidence value and horizontal movement value can be
calculated, and the corresponding deformation curve diagram can be drawn in Figure 7. According
to Eq. (5), the energy accumulation value in the corresponding numerical model can be extracted,
and the corresponding energy-polling distribution feature map can be drawn through Tecplot10.0
drawing software, as shown in Figure 8.

Tab. 4 - Scheme design of different mining ways

- Width of caving | Width of backfilling | Filling Strike Coal pillar
Mining method . : : :
working face working face ratio length width
Full caving mining 300 0 0% 2520 30
Full backfill mining 0 300 80% 2520 30
Wide strip mining 300 0 0% 2520 30
Mixed backfill mining 300 300 80% 2520 30
Large mining quth-WIde 630 0 0% 2590 30
retention width
Partial filling-partial caving in
Mult_l-\(vorkmg face coo_rdmated 630 300 80% 2590 30
mining based on main key
stratum
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Fig. 8 - Energy-polling distribution characteristics of different mining methods

To visually analyze the surface subsidence and energy-polling of different mining means, the
corresponding filling rate, recovery rate, coal pillar rate, maximum surface subsidence value and
maximum energy accumulation value can be extracted and calculated (Table 5).

Tab. 5 - Statistical table of surface subsidence and energy-polling extreme values in different

mining methods

Maximum Maximum Filling Area recover Rate of
Mining method subsidence Subsidence filling /ery coal
energy/KJ - . . ratio :
/mm coefficient ratio ratio pillar
Full caving mining 5394 6000 0.9 0% 92% 8%
Full backfill mining 1101 2600 0.18 92% 92% 8%
Wide strip mining 357 500 0.06 0% 46% 46%
Mixed backfill mining 1289 2600 0.21 46% 92% 8%
Large mining width-wide 1122 1600 0.19 0% 69% | 31%
retention width
Partial filling-partial caving
in multi-working face 1083 3400 0.33 31% | 92% 8%
coordinated mining based
on main key stratum
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In Table 5, from the reduction effect of the surface subsidence, it has following relationship:
wide strip mining>full backfill mining>large mining width-wide retention width>mixed backfill
mining> partial filling-partial caving in multi-working face coordinated mining based on main key
stratum > full caving mining. From the control effect of the energy-polling, it has following
relationship: wide strip mining>large mining width-wide retention width> full backfill mining = mixed
backfill mining> partial filling-partial caving in multi-working face coordinated mining based on main
key stratum> full caving mining. It can be assumed that the recovery rate and coal pillar rate reflect
the utilization degree of coal resources, the area filling rate reflects the coal mining cost, and the
subsidence coefficient reflects the damage of the ecological environment to a certain extent. With
comprehensive considerations, mixed backfill mining, partial filling-partial caving in multi-working
face coordinated mining based on main key stratum are the most cost-effective. Mixed backfill
mining is to realize mining and backfilling at the same working face, which is technically difficult.
Thus, partial filling-partial caving in multi-working face coordinated mining based on main key
stratum is the most cost-effective mining method for controlling surface subsidence.

Control mechanism of partial filling-partial caving in multi-working face coordinated
mining based on main key stratum

Practice and theoretical researche are both shown that the surface subsidence generated by
coal mining does not completely conform to the random medium theoretical model of granular
medium, and is closely related to the structural characteristics and lithology of the overlying strata.
In particular, when the overlying strata contains multiple strong and thicker strata, the movement of
the overlying strata will be divided into multiple strata movement groups, causing the overlying
strata and the surface movement and deformation to show its own obvious particularity. To explain
the mechanical behavior of hard stratum, researchers have successively proposed the key stratum
theory, the plate theory and the bearing layer theory.

The super-thick weak cementation overburden in Yingpanhao Coal Mine contains two layers
of thick sandstone, but the strata is soft in lithology, and its movement law is different from ordinary
soft strata and hard strata. The existing mechanical theory cannot fully explain its movement
mechanism. Even so, Figure 5 (¢) shows that the double-layer thick sandstone has obvious control
effect on the overburden movement. The key stratum theory can be used to explain its movement
mechanism to a certain extent. Although partial filling-partial caving in multi-working face
coordinated mining based on main key stratum is similar to the method of deep wide-strip mining,
there is the essential difference between the bearing mechanism of the large-width isolation coal
pillar and the composite support (filing body and section coal pillar). Figure 9 shows the control
mechanism of partial filling-partial caving in multi-working face coordinated mining based on main
key stratum.
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Fig. 9 - Schematic diagram of control mechanism of partial filling-partial caving in multi-working
face coordinated mining based on main key stratum structure

In partial filling-partial caving in multi-working face coordinated mining based on main key
stratum, the composite support and main key strata (main key strata and sub key strata) forms a
dual control system of coordinated deformation, which step by step realizes the control of the
movement of the overlying strata: The sub-key strata is close to the coal seam, which directly limits
the damage height of the overlying strata and reduces the effective sinking space for upward
transmission. The chief key stratum limits the upward transmission of the wave-shaped sinking
basin, causing the overlying stratum to be a single gently sinking basin. The detailed cooperative
control mechanism is as follows:

When the partial filling-partial caving in multi-working face coordinated mining based on main
key stratum is completed, the goaf, formed by the double caving working face, loses the support of
the coal body, and the overburden damage height develops to the bottom of the main key stratum.
Due to the large size of the working face, although the overburden strata on the filling working face
are supported by filling bodies, the overburden strata also have a damage in a certain degree. And,
due to the limitation of the sub-critical strata, the overburden failure height only developed to the
middle and lower parts of the sub-critical strata. The filling working face and caving working face of
the mining area are arranged periodically to make the section of the overlying strata form a multi-
peak hole structure. The filling working face and the strata above it form a trapezoidal support to
separate adjacent goaf. Multiple trapezoidal supports jointly support the main key stratum and can
continue to bear the load of the overlying strata. Under the action of its own flexural rigidity and
inverted trapezoidal support, the sub-key stratum effectively blocks the upward transmission of the
sinking space and diminishes the movement space of the overlying strata. Under the combined
action of its own flexural rigidity and the trapezoidal support, the main key stratum further reduces
the sinking amplitude, and the wave-shaped sinking trend is blocked or absorbed by the main key
stratum when it is transmitted upward.

Judging from the simulation results of similar materials in Ref. 34, when single working face
mining or even two-woking face was mined, the sub-critical stratum will block a large amount of
effective subsidence space in its lower caving zone and fractured zone, which greatly reduces the
sinking space of the overlying strata. From the numerical simulation results in Fig. 11(c), the
multimodal pore failure structure is the stress transfer path inside the overburden. The main critical
stratum itself and the overlying strata load transfer the stress to the trapezoidal support through the
multimodal pore structure. Finally, it acts on the composite support of the filling working face and
the section coal pillars, thereby forming multiple stress arches to support the overlying strata
together.
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CONCLUSION

From the investigation of energy-polling evolution law of the super-thick weak cementation
overburden in deep mining, this work proposes an approach for the control of regional strata
movement and energy-polling of the super-thick weak cementation overburden, and compares the
control effect with other mining methods. Results confirms the superiority of the partial filling-partial
caving in multi-working face coordinated mining based on main key stratum and reveals its control
mechanism. The following findings are attained:

0} According to the elastic energy theory, the energy-polling evolution law of super-thick weak
cementation overburden in deep mining is analyzed. The maximum energy-polling occurs on both
sides of the goaf or on the section coal pillars, and the maximum energy-polling increases
parabolically with the mining width.

(2) In the partial filling-partial caving in multi-working face coordinated mining based on main
key stratum, the stress distribution of the composite filling body is parabolic, with high on both
sides and low in the middle. The inside coal pillars of the backfilling working face has a greater
stress concentration.

3) Numerical simulation methods are employed to investigate the control effects of strata
movement and energy-polling in mining methods such as full caving mining, full backfill mining,
wide strip mining, and mixed backfill mining. From the reduction effect of surface subsidence, it
follows: wide strip mining>full filling mining>large mining width-wide retention width>mixed backfill
mining>partial filling-partial caving in multi-working face coordinated mining based on main key
stratum >full caving mining. From the energy-polling control effect, it has the following effect: wide
strip mining> large mining width-wide retention width >full backfill mining=mixed backfill mining>
partial filling-partial caving in multi-working face coordinated mining based on main key stratum>full
caving mining. With comprehensive consideration, the partial filling-partial caving in multi-working
face coordinated mining based on main key stratum is the most cost-effective.

(4) In the partial filling-partial caving in multi-working face coordinated mining based on main
key stratum, a dual control system of coordinated deformation was generated by the composite
support and main key strata (main key strata and sub key strata), step-by-step achieving the
control of the overlying strata movement. The sub-key stratum structure blocks the height of the
overburden damage and greatly reduces the effective space upward transmission. The main key
stratum structure further reduces the effective space upward transmission, and absorbs the wave-
shaped sinking trend of the overburden until it develops into a single and gentle sinking basin.
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ABSTRACT

To deeply explore the typical damage characteristics and vulnerability characteristics of
workshop buildings (WBSs) in actual earthquakes, empirical field reconnaissance and observation of
WBs damaged to varying degrees in the Mw 8.0 earthquake in Wenchuan County, Sichuan Province,
China, on May 12, 2008, were conducted. The investigation results indicated that the typical seismic
damage forms of industrial buildings in multiple intensity regions were: local and overall collapse,
column cracking and crane beam displacement, failure and cracking of walls, and damage of
supporting and connecting members. Field investigation pictures of typical seismic damage were
provided. According to different typical failure characteristics, the seismic damage mechanism and
seismic capacity were analysed, and measures and suggestions to improve the seismic ability of
industrial buildings with different material categories were conducted. The conclusions can provide
a necessary reference for the revision of the seismic code of industrial plants and the seismic
intensity scale of China.

KEYWORDS

Workshop Building, Empirical Seismic Damage Observation, Analysis of Typical Failure
Characteristics, Failure Analysis, Seismic Damage of Components

INTRODUCTION

Earthquakes of different intensities significantly impact the natural environment and
infrastructure, which will commonly cause traffic blocking and buildings stock failure [1], especially
damage to artificial structures. A large amount of empirical seismic damage observation data
indicates that many casualties and property losses are caused by the failure or serious damage of
engineering structures. Therefore, to improve the ability of structures to resist earthquakes of
different intensities, deeply studying the seismic capacity and vulnerability characteristics of
engineering structures has critical engineering and practical significance.

Empirical structural seismic damage investigation and vibration model analysis can
effectively evaluate the seismic damage of building structures under different intensity levels. Sun et
al. [2] and Qu et al. [3] conducted damage analysis and statistics on the seismic damage
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investigation data of structures (reinforced concrete structure (RC), masonry structure (MS), and
wood structure) in the Lushan earthquake in China, and empirical seismic vulnerability analysis
considering this earthquake was provided. Li et al. [4-8] investigated and analysed the actual seismic
damage of MS, RC, and bottom frame seismic wall masonry structures (BFSWMSs) damaged to
varying degrees in the Wenchuan earthquake in China, compared the vulnerability in combination
with a variety of coupling influence factors, and established an empirical seismic damage
vulnerability probability demand model considering multiple intensity regions. Bagheri et al. [9] and
Miglietta et al. [10] conducted an experimental study on the structural model under a strong medium
earthquake considering the structural seismic response system, and the relationship model between
impact and floor ductility high-rise structures under specific ground motions was analysed.

With the gradual development of factory manufacturing, WB has been extensively used in
different regions. This type of structure has the characteristics of a large bay, flexible spatial layout,
and strong applicability and is especially suitable for the production and manufacture of large objects.
However, owing to the seismic action of different intensity levels, WB has suffered many degrees of
earthquake damage, which has seriously affected industrial production and even threatened
people’s life safety and property loss. Palanci et al. [11] investigated single-story prefabricated
industrial buildings in Turkey using probability and statistics methods, conducted inelastic and time
history analysis combined with typical WB and produced a vulnerability curve model considering the
ground peak acceleration parameter. A two-level fuzzy comprehensive evaluation method was
proposed by Sun and Zhang [12], which can be used for seismic damage assessment and risk
analysis of single-layer reinforced concrete industrial plants. Casotto et al. [13] analysed the
vulnerability model of RC prefabricated industrial buildings that suffered typical damage in northern
Italy, conducted regression analysis considering the cumulative percentage parameters of different
failure states, and obtained the vulnerability function model under the influence of varying strength
modulus. Wang et al. [14] utilized ABAQUS analysis software to establish a finite element model of
a single-layer brick column factory building and performed dynamic response and failure mechanism
analysis.

The relevant research mentioned above mainly focuses on the empirical seismic damage
investigation and model analysis of a single WB, such as damage investigation of a single structure,
3D finite element model, and shaking table test. It has achieved a great deal of scientific research
results. However, by analysing the failure characteristics of a single typical WB, it is difficult to
effectively grasp the typical seismic damage characteristics of WB in the overall seismic region to a
certain extent. Therefore, to effectively grasp the typical seismic damage characteristics of WB
structures, based on the empirical structural seismic damage observation data of the Wenchuan Mw
8.0 earthquake on May 12, 2008 [4-8], this study analyses and summarizes the typical damage
characteristics of WB in the overall survey region and puts forward measures and methods to
effectively improve the seismic capacity of WB according to different damage characteristics.

BRIEF INTRODUCTION OF STRUCTURAL DAMAGE INVESTIGATION IN WENCHUAN
EARTHQUAKE

On May 12, 2008, a magnitude 8.0 earthquake occurred in Wenchuan County, Sichuan
Province, China, causing a large number of casualties and property losses. After the earthquake,
the China Earthquake Administration quickly organized a field seismic damage reconnaissance team
to investigate structural seismic damage on various structures in 33 cities and villages [5] [7]. The
author and relevant personnel of the investigation team participated in the investigation. They carried
out a field actual seismic damage investigation on 18480 building structures in different intensity
regions according to the seismic intensity distribution map (as reported in Figure 1 [15], China
seismic code (GBJ11-89, GB50011-2001, and GB50011-2010) [16][17][18], and China seismic
intensity scale (GB/T17742-2020, CSIS-20) [19], including all building samples (7099 buildings)
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investigated in Dujiangyan city. The structural categories investigated in the earthquake region are
diversified. Table 1 summarizes the main categories of building structures in the investigated region.
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Tab. 1 - Type of structure investigated in the actual earthquake region
Category WB Other

Masonry industrial building, single-story concrete | RC, MS, BFM, Brick

of workshop, the single-story steel frame of the wood structure, and
workshop, single (multiple) story RC of industrial adobe structure
workshop, RC industrial plant with masonry

infilled wall, single-story masonry industrial plant

According to the field seismic damage investigation of various structures, the WB of the steel
frame is less damaged in different intensity regions, and a certain number of masonry WB are
subjected to different degrees of seismic damage. The damage to the RC structure is relatively light,
the MS after seismic design shows good seismic performance, and the deterioration of the BFM is
relatively heavy due to the inconsistency of the structural stress system. The damage to brick wood
and adobe structures is relatively significant. It is worth noting that WB structure types show
diversified characteristics, and the seismic damage is more significant in different intensity areas. To
relatively accurately and comprehensively grasp the typical damage characteristics of this type of
structure, the investigation and analysis of typical seismic damage of WB should be considered.

ANALYSIS OF EMPIRICAL SEISMIC DAMAGE CHARACTERISTICS OF WB

With the rapid and sustainable development of the global industry and manufacturing
industry, the demand for industrial plant buildings (WBs) in various industries has increased
significantly. Single-story industrial plant buildings are the main structural form of plant buildings in
different industrial areas in China. The investigation data of the empirical seismic damage of the
Wenchuan earthquake indicated that WB built with different materials suffered various degrees of
seismic damage and caused substantial economic losses. The field structural seismic damage
reconnaissance team investigated and analysed the seismic damage of the overall and local
components of WB in multiple intensity regions. The damage forms mainly include local and overall
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structural failure, column cracking and crane beam displacement, wall failure and cracking failure,
and seismic damage of support and connecting components. The structural form and category is
divided into reinforced concrete bent column workshop, steel structure workshop, brick column
workshop, frame bent workshop, and steel-concrete composite structure workshop. This study
analyses the failure characteristics and mechanisms according to the empirical seismic damage and
types mentioned above.

Local or overall structural failure

The investigation team found that in the high-intensity area, due to the relatively weak
stiffness and strength at the connection between the precast beam and column, the beam was
seriously displaced or even fell under the reciprocating action of ground motion, resulting in local
collapse. In addition, individual brick plants experience an overall collapse in the multi-intensity
region, owing to their brittle materials and weak vertical and horizontal constraints, as depicted in
Figure 2. It should be considered to properly strengthen the connection between the crane beam
and corbel, improve the integrity of longitudinal and transverse stressed members, and reasonably
set diagonal bracing members to enhance lateral stiffness to coordinate the overall deformation of
the structure. Structural members composed of multiple materials should be avoided, the lateral
force resistance of the structure should be reasonably increased, and the seismic effect of the
structure should be inproved.

(c) Failure of steel structure industrial building (d) Failure of roof slabs and beams in an
industrial building

@ DOI 10.14311/CEJ.2022.01.0013 172



Article no. 13

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 1-2022

JOURNAL

(e) Overall failure of MS and steel frame (f) Failure of upper transverse beam and plate of
industrial building industrial building

Fig. 2 - Overall and local failure of WB

Column cracking and crane beam displacement

The seismic damage of the WB column was typical in the investigation work. The failure
forms were: oblique and transverse cracking of the column (column head, column body, and column
base), cracking of the concrete corbel root, cracking at the variable section, and cracking at the
column beam joint, as illustrated in Figure 3. Owing to the column ends (top and bottom) being
generally subjected to large horizontal earthquakes, a the large shear force was generated and led
to shear failure. The failure of the column body was characterized by transverse cracking, local
compression, and crisp crushing, resulting in a short column effect, and cracking failure was caused
by the coupling effect of bending and tension. Shear or crushing cracking often occurs at the variable
section of the concrete column (corbel). Because this position was at the variable section of the
column, it caused sudden changes in stress and force transmission coupled with insufficient strength
and stiffness, resulting in cracking failure.

(a) Cracking failure of the RC column head (b) Oblique cracking failure of RC frame column
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(c) Transverse cracking failure of the brick (d) Cracking failure of the lower part of the brick
column column

< &\ ,-.,

(e) Cracking and failure of corbel root (f) Crushing cracking failure of corbel end

(9) Longitudinal displacement of crane beam (h) Vertical cracking failure of crane beam
Fig. 3 - Seismic damage of columns and crane beams

In addition, it was found in the investigation that some column and beam joints produce plastic
hinges and crack damage. Individual crane beams cause the corresponding displacement due to
insufficient longitudinal restraint. The columns of different materials should be checked in strict
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accordance with the seismic design requirements to ensure that they have sufficient seismic
capacity. Reasonably improve the ductility to reach the plastic state and still have a certain bearing
capacity and deformation capacity when working. Properly control the section shape of a variable
column and the ratio of the section area and linear stiffness of the upper and lower columns. The
corbel should be subjected to strict seismic checking calculations of stiffness, strength, and ductility,
and the lateral stiffness should be reasonably designed to avoid the increase in seismic force caused
by too short a transverse period due to improper design.

Cracking and failure of the wall

Walls are a vital enclosure component of WB, which can avoid the adverse impact of natural
environmental factors on the structural system, ensure the normal use of WB, and play the role of
enclosure and blocking space. According to the field investigation of empirical seismic damage, most
of the retaining walls are self-supporting brick walls, with relatively small shear and bending
resistance and insufficient seismic capacity. Under the reciprocating action of longitudinal ground
motion, it is easy to produce a "whiplash effect," resulting in outward inclination of the top and local
or overall collapse, as demonstrated in Figure 4.

workshop

(c) Overall wall failure of maintenance wall (d) Local collapse of maintenance wall
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(e) Collapse of upper maintenance wall (f) Partial failure of upper maintenance wall
Fig. 4 - Seismic damage of maintenance wall

In the low and medium-intensity regions, some walls show transverse and oblique cracking
failure, especially at the door and window openings caused by stress concentrations, as depicted in
Figure 5.

]

LR

(a) Cracking of wall between windows (b) Oblique cracking of wall

(c) Cracking of inner wall (d) Cracking and damage at the door opening

Fig. 5 - Crack and damage of maintenance wall
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WB's stress system is a bent or frame structure system. The maintenance wall is a
nonstructural member. It first fails with beams and columns, which protects the bearing capacity of
the main structure to a certain extent, plays the role of "the first line of defense,"” and has positive
seismic significance. The necessary design should be conducted in strict accordance with the code
for seismic design of building structures, the essential description of the wall structure design, the
seismic checking calculation of tie joints, the connection between the wall and structural members
should be strengthened to coordinate its stiffness and mass distribution, and the seismic
performance of the wall should be further included in the seismic checking calculation of WB.

Seismic damage of supporting and connecting members

The practical setting of X-type and horizontal support and connection can improve the lateral
stiffness of WB to a certain extent to improve its seismic performance. In the field seismic damage
investigation, it is found that the yield of supporting and connecting members is relatively significant.
When subjected to an earthquake, the roof truss and roof system produce a large horizontal inertial
force, resulting in more considerable pressure and tension on the support members. In addition, the
support system suffers buckling or failure due to insufficient stiffness and connection strength, as
depicted in Figure 6.

It is necessary to consider the essential aseismic checking of the X-type supporting system
and appropriately increase its stiffness and lateral force resistance. Strengthen the joint strength
between the vertical and horizontal connecting members and the main structure to have the same
deformation coordination ability. However, the buckling or failure of the X-brace consumes part of

the seismic capacity to a certain extent and has a certain protective effect on the main structural
system.
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(a) Buckling of X-brace (b) Failure of horizontal contact
Fig. 6 - Seismic damage of supporting and connecting members

Basically intact
During the field investigation, it was found that a large amount of light steel structure WB and
constrained brick WB after seismic design were basically intact, as illustrated in Figure 7. It is worth

noting that even in the high-intensity regions, a certain number of light steel structures WB and brick
WB after seismic design were still undamaged.
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(c) Steel frame workshop (d) Brick workshop with seismic design

Fig. 7 - Basically intact of WB

The main reason was that the light steel structure has a strong overall deformation capacity,
light material texture, and relatively small inertial force. After the seismic design, the brick WB has
the seismic structural measures of ring beam and connecting column so that its seismic capacity can
be further improved. In new construction or reinforcement projects, priority should be provided to the
use of light steel structure WB and brick WB structure category with seismic design to ensure that
the structural design and construction are performed in strict accordance with the seismic code.

CONCLUSION

WB structures have attracted much attention as a widely used structure type worldwide. This
type of structure has suffered many degrees of seismic damage in different levels of earthquakes,
which directly affects human safety and property damage. In this study, employing the WB damage
of the empirical seismic damage investigation of the Wenchuan earthquake on May 12, 2008, in
China as the research case, the damage characteristics and mechanism analysis are performed for
the local or overall failure of the structure, the damage of columns and crane beams, the seismic
damage of retaining walls and the damage of supports and connections. The following opinions and
suggestions are obtained:

1. It should be considered to prioritize the selection of light steel structure roof systems in
different intensity regions, reasonably reduce the self-weight of the structure, reduce the support
system, and avoid the failure of connecting structure and load-bearing structural components.
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2. Reasonably strengthen the structural connection of local joints to ensure the connection

strength and stiffness of the corbel and roof truss system. A light steel structure plate should be
considered for skylight frames.

3. A steel structure or RC column should be preferentially selected as the vertical stress system
for the single-story plant to reasonably ensure the ductility of the components. Ensure that the lateral
stiffness of the column is suitable for the section size and avoid the increase in seismic force caused
by the shortening of the structural period.

4, Priority should be given to the use of lightweight precast wallboards as enclosure structures.
In strict accordance with the seismic code, the effective connection between the retaining wall and
the column and beam is strengthen, and the integrity of the structure is improved.

5. It is suggested to use X-braced steel members with relatively good energy dissipation and
deformation capacity to improve the lateral force resistance of WB and the seismic resistance of the
whole structure.

The results of this study can provide necessary references for the empirical seismic damage
investigation and evaluation of WB structures, the revision of seismic codes, and seismic intensity
scales in the future.
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ABSTRACT

In order to clearly understand the current status and application trends of digital
photogrammetry domestic and overseas research, taking the core journals of Web of Science (WoS)
as the data source, using bibliometric methods and CiteSpace to carry out statistical analysis of the
relevant literature of digital photogrammetry research. The results show that since 2011, the
research literature on digital photogrammetry has shown a steady growth year by year. Digital
photogrammetry is most closely related to the three disciplines of geology, earth science integration,
and physical geography; countries such as the United States, the United Kingdom, Italy, and China
publish the most papers, and these countries have strong research capabilities. Lane S.N. and
Chandler J.H. have been shared with a high number of citations, who are representative scholars in
this field; Digital photogrammetry contains multiple research directions. This article studies the
research frontier and trend analysis of digital photogrammetry through keyword co-occurrence
analysis and mutation detection analysis.

KEYWORDS

Web of Science, WoS, Knowledge mapping, CiteSpace, Digital photogrammetry, Document
metrology, Visual analysis

INTRODUCTION

Photogrammetry is a field of geodesy, and it originated with very similar approaches from the
pioneering works of Laussedat in France [1] and Meydenbauer in Germany [2] about 10 years apatrt,
i.e. around 1860 and 1870, respectively [3]. Laussedat was the first to use photographic images for
topographic surveys as early as 1861 [1]. In 1867, Meydenbauer used his photogrammetric cameras
to record metric images from the town church and also a sector of the terrain for topographic
purposes [4].

Digital photogrammetry is based on the basic principles of digital imaging and
photogrammetry. It uses computer technology, digital image processing, image matching, pattern
recognition and other multidisciplinary theories and methods to extract the geometric and physical
information of the subject digitally expressed [5]. With the emergence of new sensors, digital
photogrammetry has been further developed, such as post assisted aerial triangulation, information
extraction combined with lidar images, etc. Digital photogrammetry has the potential to solve many
current problems more effectively, and it will be further developed. Therefore, it is necessary to
clearly understand the research status of digital photogrammetry at home and abroad, grasp the
research trends of digital photogrammetry and study the development of digital photogrammetry.

From the perspective of visualization, this paper uses the method of generating knowledge
map to intuitively display the research status and hot spots in the field of digital photogrammetry in
recent years, in order to help scholars grasp and analyse the development trend of this discipline
more accurately, and provide scientific reference for subsequent research.
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DATA AND METHODS
This section should describe in detail the study material, procedures and methods used.
Data sources

Taking the web of science core collection database as the data source, the period is limited
from 1900 to December 2020, the language is limited to English, and the literature type is limited to
article and review After that, 939 related literatures were obtained.

research method

CiteSpace developed by Professor Chen Chaomei of Drexel University, is one of the most
characteristic and influential information visualization analysis software developed under the
background of scientometrics, data and information visualization [6]. It can not only provide the
mining of citation space, but also provide the co-occurrence analysis function among other
knowledge units, such as the cooperation among authors, institutions regions and countries [7]. In
this paper, CiteSpace v.5.7.r2 (64 bit) is used as a visualization tool to draw a series of related
knowledge maps and analyze the research status and trends of digital photogrammetry.

RESULTS AND ANALYSIS
Time series analysis of literature output

As shown in Figure 1, the overall trend of literature in the field of digital photogrammetry
retrieved by WoS is gradually increasing. Searchable literature in WoS was first published in 1991
and reached the peak of literature growth rate in 1995. Because of the influence of covid pandemic
in 2020, the annual number of published papers reached a maximum of 87 in 2019. From 1991 to
2000, 89 literatures were published in the field of digital photogrammetry, accounting for only 9% of
the total. From 2001 to 2010, 272 literatures were published, accounting for 29% of the total. From
2011 to 2020, 577 literature was published in this field, accounting for 62% of the total, which is 6.5
times the published literature in 1991-2000. Especially since 2011, the number of related research
literature has been steadily increasing. The rise of literatures numbers is accompanied with the rise
of journal numbers, as Figure 2 shows. The number of people continues to increase, except for the
influence of the covid pandemic in 2020.
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Fig. 1 — Number and growth trend of published literature year by year
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Fig. 2 — Number of journals in which articles are published
Main publishing subjects

The node selects the category, and uses CiteSpace to analyze 939 literatures, finally obtains
136 subject categories. The top 10 discipline categories and the relative number are shown in Figure
3, respectively. It can be seen that the most published papers in digital photogrammetry are geology,
geoscience synthesis and physical geography.

GEOLOGY

ENGINEERING, CIVIL GEOSCIENCES, MULTIDISCIPLINARY
(54) (426)

PHYSICAL GEOGRAPHY

ENVIRONMENTAL SCIENCES & (281)

(62)

REMOTE SENSING

ENGINEERING, GEOLOGICAL " (254)
(63)
ENVIRONMENTAL S%ENCES & ECOLOGY IMAGING SCIENCE & PHOTOGRAPHIC TECHNOLOGY
(76) ENGINEERING (194)

(190)
Fig. 3 — Top 10 subjects of digital photogrammetry

Main published journals and co-cited journals

By using the literature analysis function of NoteExpress, the obtained data are shown in Table
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Tab. 1 - Top 10 journals with the largest number of literatures on Digital Photogrammetry

Journals Article Countrys
number

PHOTOGRAMMETRIC RECORD 77 UK
EARTH SURFACE PROCESSES AND LANDFORMS 58 UK
ISPRS JOURNAL OF PHOTOGRAMMETRY AND REMOTE SENSING 40 NED
REMOTE SENSING 36 SUl
PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING 35 USA
GEOMORPHOLOGY 27 NED
INTERNATIONAL JOURNAL OF REMOTE SENSING 21 UK
JOURNAL OF CULTURAL HERITAGE 17 FRA
ENGINEERING GEOLOGY 16 SuUl
WATER RESOURCES RESEARCH 9 USA

It can be seen that the high-quality literatures published in the field of digital photogrammetry
mainly focus on the Photogrammetric Record, Earth Surface Processes and Landforms and ISPRS
Journal of Photography and Remote Sensing. These journals are mainly concentrated in the United
States, the United Kingdom, the Netherlands, Switzerland and France. The cited journal node is
selected, and CiteSpace is used to analyze the journal co-citation, and the obtained data shown in
Figure 4 and Table 2
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Fig. 4 — Knowledge map of co-cited journals

1991-2020

Tab. 2 - The top 10 journals cited most frequently in digital photogrammetry research

Journals Article number Countrys
PHOTOGRAMMETRIC RECORD 353 UK
ISPRS JOURNAL OF PHOTOGRAMMETRY AND REMOTE SENSING | 337 UK
GEOMORPHOLOGY 294 NED
PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING 289 USA
EARTH SURFACE PROCESSES AND LANDFORMS 263 UK
INTERNATIONAL JOURNAL OF REMOTE SENSING 213 UK
INTERNATIONAL ARCHIVES OF PHOTOGRAMMETRY AND 205 GER
REMOTE SENSING

REMOTE SENS-BASEL 170 Sul
ENGINEERING GEOLOGY 150 Sul
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It can be seen that the journals with the largest number of citations are mainly concentrated
in the United Kingdom, the United States, Switzerland and the Netherlands. To sum up, journals with
certain international influence in the field of digital photogrammetry are mainly in the United States,
the United Kingdom, the Netherlands and Switzerland.

Main sending countries

To obtain the co-occurrence network by CiteSpace, Taiwan, people R China are merged into
China, Scotland, England, UK, North Ireland and Walls are merged into the UK, the result as shown
in Figure 5. Each node represents a country, the size of the node represents the frequency of
occurrence. The larger the node represents the higher the frequency of occurrence, that is, the more
published literature. The connection between nodes represents the co-occurrence strength, the
coarseness of the connection is the closer the cooperative relationship is, otherwise, the more distant
the connection is. The larger the diameter of the node is, the greater the influence of the node in this
field. It can be seen from Figure 4 that the USA, the UK, China, Italy, Germany and Switzerland have
a certain influence in the field of digital photogrammetry.
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Fig. 5 — National knowledge map of digital photogrammetry research
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Fig. 6 — Distribution of major countries in Digital Photogrammetry

As shown in Figure 6, scholars who published digital photogrammetry literature mainly
concentrated in the United States (153 articles), the United Kingdom (128 articles), Italy (102
articles), China (93 articles) and Canada (77 articles). The most central countries are the United
Kingdom (0.44), the United States (0.39), Spain (0.38), Italy (0.25) and Australia (0.21). It can be
seen that in the field of digital photogrammetry, scholars from the United States, the United Kingdom
and ltaly have published many papers, and the literature has a certain international influence.
Although Chinese and Canadian scholars have certain advantages in the number of publications in
the field of digital photogrammetry, the international influence of the literature is weak on the whole.
In contrast, Australian scholars have published in the field of digital photogrammetry Although the
literature is not dominant in quantity, it has a strong international influence on the whole.

Major co-authors

By using cited author analysis function in CiteSpace, the co-citation knowledge map of co-
cited authors is obtained, as shown in Figure 7. The top 10 co-cited authors ranking, as shown in
Table 3 The results showed that Lane S.N. (Institute of Earth Surface Dynamics, University of
Lausanne, Switzerland) and Chandler J.H. (Former Professor of Geomatics, Loughborough
University, UK) were the most frequently cited authors with 150 and 147 times respectively, which
were in the first echelon; Westby M.J. and Remondino F. were more than 80 co-cited, which were in
the second echelon; James M.R., Butler J.B., Brasington J., Sturzenegger M. and Kraus K. has been
cited more than 70 times, which is in the third echelon. These authors form the core author group of
digital photogrammetry research, and have made great contributions to the related research of digital
photogrammetry. Further study of the literature shows that the core authors' research mainly focuses
on Photogrammetry or remote sensing technology such as digital photogrammetry, lidar, high-
resolution satellite remote sensing [8]. In order to carry out geomorphic change research [9] and
Hydraulic Research [10,11] With the development of computer vision technology, some scholars
combine it with photogrammetry technology, carry out image matching through SFM [12] or MVS
(Multiview-stereo) and other algorithms [13,14], and establish three-dimensional models of
geomorphology and historical monuments [15] such as river channels [16]. Some scholars use digital
photogrammetry for slope monitoring, [17,18] and deformation monitoring of common structures
[19,20,21].
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Fig. 7 — Co-citation and co-visualization of digital photogrammetry

Tab. 3: Top 10 co-cited authors of digital photogrammetry

©

Co-citation times Authors

150 Lane S.N.
147 Chandler J.H.
96 \Westoby M.J.
83 Remondino F.
76 James M.R.
75 Butler J.B.

73 Brasington J.
73 Sturzenegger M.
71 Kraus K.

69 Fraser C.S.
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Keyword analysis

The keyword map is more conducive to scholars' analysis of research hotspots and the
evolution of hot spots [23]. The relevant research papers on digital photogrammetry from 1991 to
2020 were collected, and the keyword statistics of retrieved literatures were conducted by CiteSpace.
The top 20 high-frequency keywords of digital photogrammetry research were obtained as shown in
Table 4

Tab. 4: Top 20 high-frequency keywords of digital photogrammetry research

Rank Freq Keywords Rank Freq Keywords

1 327 digital photogrammetry 11 45 laser scanner
2 196 photogrammetry 12 45 point cloud

3 85 accuracy 13 41 topography

4 81 structure from motion 14 34 surface

5 78 lidar 15 31 landslide

6 68 unmanned aerial vehicle 16 26 remote sensing
7 63 model 17 25 documentation
te] 60 digital elevation model 18 24 low cost

9 50 system 19 22 morphology
10 48 erosion 20 22 reconstruction

In order to further understand the relationship and closeness of high-frequency keywords,
the co-occurrence analysis of keywords and the research frontier trend analysis were carried out.

Co-occurrence analysis of key words

Keyword co-occurrence analysis is to use mathematical algorithms and econometric
methods to conduct data statistics and cluster analysis on literature keywords and subject words, to
obtain hot topics and frontier trends in a certain field. Through the visualization function of CiteSpace,
the co-occurrence knowledge map of high-frequency keywords in digital photogrammetry is
generated (Figure 8). It can be seen that digital photogrammetry and SFM are the two centres of the
whole network and they occupy the core position. Around these two cores, there are two closely
related groups:

Digital photogrammetry and unmanned aerial vehicle (UAV) are formed the group of high-
frequency keywords, such as vehicle, erosion, digital elevation model and landslide, involves
geology, geomorphology and earth science. It reflects that digital photogrammetry has some
applications in the field of geological geomorphology. Topographic change detection is a powerful
tool in geomorphology, which can link the rates, patterns, processes and impacts of erosion and
deposition. It is often applied to the study of processes such as river dynamics [24]. Airborne and
land-based lidar is a standard tool for quantifying geomorphic changes. Although the data quality is
high, it has disadvantages of poor current situation, high cost and inconvenient scanning. With the
development of Unmanned Aerial System (UAS) technology, photogrammetry technology based on
UAS, with its superior convenience and economy, is increasingly used to generate high-resolution
topographic maps for the study of topographic changes [25].

The group is composed of SFM, photogrammetry, topography, low cost, terrestrial laser
scanning and other core high-frequency keywords, involving geomorphology, computer vision and
surveying and mapping. The SFM algorithm supports the generation of topographic maps from
randomly oriented and distributed photos from uncalibrated cameras [26]. With the rapid
development of computer vision, there is a method that can calculate the internal and external
azimuth angle elements of a camera by taking a group of photos. These data can be used to measure
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the same name image points in overlapping photos and generate 3D point clouds [16]. Lidar can
carry out high-precision and high-resolution measurement with high accuracy [27]. However,
although the data quality is reliable, there are obvious defects in the research of lidar change
detection: the land-based lidar instrument is expensive, in many cases, due to the limited field of
vision, it is necessary to scan from multiple locations to obtain sufficient coverage; airborne lidar
measurement is not economical, and frequent measurement is usually not feasible, which leads to
the poor reality, unable to respond quickly to sudden geomorphic events. The SFM algorithm based
on digital photogrammetry can quickly generate digital elevation model, and it is easy to operate and
has a high degree of automation. However, the accuracy of the SFM algorithm depends on image
resolution. It is also related to the image quality, image distortion, vegetation and surface
characteristics, as well as the number, distribution and accuracy of ground control points [28]. How
to improve the accuracy and stability of the SFM algorithm is still a hot issue.
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Fig. 8 — Visualization knowledge map of key words co-occurrence in Digital Photogrammetry
Research frontier and trend analysis

The research of digital photogrammetry is a process of gradual evolution. According to the
co-occurrence analysis of keywords, it is found that the research content of digital photogrammetry
is still expanding. In order to further study and determine the research hotspots of digital
photogrammetry, the mutation detection analysis method in CiteSpace is used to obtain the co-
occurrence network mutation words of key words in digital photogrammetry (Figure 9) From 1999 to
2010, the mutation intensity of DEM and accuracy are 6.3588 and 6.55 respectively, and "accuracy"
refers to the accuracy of DEM. It shows that the research in this period mainly focused on obtaining
the original data digital surface model for establishing digital elevation model through digital
photogrammetry, and the accuracy of the established digital elevation model was studied in depth.
As one of the "4D" products, digital elevation model, its most valuable data source is aerial
photogrammetry, which belongs to the category of digital photogrammetry. Through aerial
photogrammetry, a large area of original data of DEM can be obtained, to meet the requirements of
data current situation [29]. In this period, there were also three-dimensional digital photogrammetry,
anthropometry and reliability, which indicated that scholars had realized the advantages of non-
contact measurement of digital photogrammetry, and carried out application research on
anthropometry combined with three-dimensional digital photogrammetry technology. The mutation
time of "anthropometry" lasted from 2003 to 2012, indicating that digital photogrammetry technology
had a period of research boom in the field of anthropometry in the early 20th century, and the main
researchers were Seth M. Weinberg [30] and Thomas J.J. Maal [31].
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From 2011 to 2016, the research focused on rockfall, soil erosion and river accumulation. Kristen L.
cook used the images collected by UAV equipped with digital cameras to study the geomorphic
changes caused by the spring monsoon in the middle of the Da'an River Canyon in Western Taiwan
Province through the SFM algorithm. The experiments show that the accuracy of the SFM point
clouds largely depend on the surface characteristics of the measured objects [32]. Baptiste Marteau
et al. Applied the SFM algorithm to the field of river restoration, and the experiments show that the
digital elevation model generated by the SFM technology can easily determine the geomorphic
changes of the river channel over time, and evaluate the spatial changes of erosion and
concentration [8]. It can be seen that digital photogrammetry was widely used in geomorphology
during this period.

From 2017 to 2020, the mutation intensity of forest inventory, motion recovery structure and
unmanned aerial vehicle (UAV) were 6.5264, 13.4714 and 14.071, respectively, which indicated that
the main research objects of digital photogrammetry in this stage were forest inventory, movement
recovery structure and UAV. Forest resources survey is an important field of applied statistics,
involving measurement, tree measurement, remote sensing, data processing and other technologies
and methods, and is the only technical means to obtain forest resource information needed for
decision-making at different forestry levels [33]. The emergence and rapid development of
photogrammetry provide an economical and effective technical means for forest resource inventory.
Compared with the traditional measurement methods, photogrammetry can be carried out
simultaneously in a large range, which is not limited by the ground visibility conditions, and the
measurement cost is relatively low. Especially in recent years, with the development of computer
vision theory and efficient automatic feature matching algorithm, SFM 3D reconstruction technology
is introduced into photogrammetry, which greatly improves the degree of automation of
photogrammetry. The SFM method can automatically solve the position and pose of the camera and
the three-dimensional spatial coordinates of the object by matching the same name features from
the multi-view photos, which greatly improves the automation of photogrammetry. In addition, with
the rapid development of low altitude remote sensing platforms such as small UAVs, they have been
widely used in photogrammetry. Compared with the traditional satellite remote sensing platform and
aviation platform, they have high data acquisition efficiency, flexible and fast operation mode and
low cost. At the same time, because of their flying distance, large-scale and high-precision images
can be obtained. The wide application of these low altitude platforms greatly improves the accuracy
and efficiency of photogrammetry and greatly reduces the operation cost. At present,
photogrammetry has been applied in many fields because of its advantages of low cost and high
precision. The mutation intensity of digital aerial photogrammetry, lidar and tree height was high in
this period, which reflected the main research means and research objectives in this period.
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Keywords Strength | Begin | End 1991 - 2020
digital elevation model 6.3588 1999 | 2003 N
morphology 5.2483 2003 | 2012
digital photogrammetry 7.5263 2004 | 2008 R
Anthropometry accuracy 3.8602 2009 | 2013 P
accuracy 6.55 2009 | 2011 —_—
laser scanner 4.3891 2009 | 2013 —_—
precision 4.2901 2010 | 2011 _—
reliability 5.522 2010 | 2012 —
digital 3 dimensional photogrammetry | 6.2951 2010 | 2013 —
Rockfall 3.9906 2011 | 2015 —_—
terrestrial digital photogrammetry 5.0144 2011 | 2015 —_—
soil erosion 6.3706 2013 | 2017 —_—
Close-range digital photogrammetry 4.2097 2014 | 2016 —_—
point cloud 8.8161 2016 | 2020 —_—
deposition 4.1243 2016 | 2018 —_—
forest inventory 6.5264 2017 | 2020 —
SfM 13.4714 | 2017 | 2020 —_—
unmanned aerial vehicle 14.071 2017 | 2020 —
Digital Aerial Photogrammetry 52911 2018 | 2020 —
Lidar 4.1258 2018 | 2020 —
Tree height 3.4451 2019 | 2020 —_—

Fig. 9 — 21 mutation words in the field of digital photogrammetry from 1991 to 2020

CONCLUSION

This paper takes 939 papers about digital photogrammetry in the core database of web of
science from 1991 to 2020 as the research object. With the help of the bibliometric method and
information visualization analysis software CiteSpace, this paper studies the current situation and
trend of digital photogrammetry research, and draws the following conclusions:

Since 2011, the number of research literatures published in the field of digital
photogrammetry has increased steadily, but in 2020, the number of published literatures dropped.

Lane S.N. and Chandler J.H. have been cited for the most times. Together with Westby M.J.,
Remondino F. and other scholars, Lane S.N. and Chandler J.H. are the core authors in the field of
digital photogrammetry and they have made certain contributions to the research of digital
photogrammetry.

The United Kingdom, the United States and Italy have a certain international influence in the
field of digital photogrammetry and are in an important position. At the same time, the academic
journals that collect high-quality documents in the field of digital photogrammetry are mainly
concentrated in the United States, the United Kingdom, the Netherlands, Switzerland and other
countries. In the field of digital photogrammetry, the number of papers published in China ranks first
in the world, with strong scientific research strength, however on the whole, the international
influence of literature is weak.

From the co-occurrence analysis of key words and the trend analysis of research frontier, it
can be seen that the application research of digital photogrammetry in the forestry field and the
combination with computer vision and lidar technology have attracted the attention of scholars.
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DISCUSSION

Knowledge map analysis visualizes and simplifies the development of digital
photogrammetry. Because all the results presented in this article are based on the results retrieved
on WoS at one point in time, this article has the following predictable shortcomings:

1. The papers retrieved by WoS are not invariable, and not all the papers retrieved by WoS are of
high research value. However, in the section of "Time Series Analysis of Literature Output”, we
assume that all retrieved literature is regarded as equally important.

2. Due to high publishing costs and possible corporate or institutional competition, some papers
need to be analyzed, but we cannot obtain them through WoS, so we have not analyzed them. In
order to improve the reliability of data and results, it is recommended to further increase data sources
and further filter the data.
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ABSTRACT

This paper deals with the specifics and working procedures for 3D digital reconstructions of
defunct and altered buildings of vernacular architecture. Primarily, the resulting 3D models are
intended to serve for general lay public in order to present and popularize vernacular architecture
and for educational activities. Secondly, they can be used by professional public for the same
purposes. The models are based on archival sources - archival 2D metric survey documentation
(drawings and photographs), written sources. Another requirement is the possibility of presentation
on the internet within a parallel developing web platform. SketchUp 2021 Pro software, extended by
plug-ins, is used for the 3D modelling process.

KEYWORDS

3D modelling, Cultural heritage, Ethnology, SketchUp, Vernacular architecture, Virtual Open-
air Museum

INTRODUCTION

Immovable cultural heritage monuments are important evidence of the development of
human society in history. Just like in the past, these monuments around the world are threatened by
devastation by human activity - war, terrorism, vandalism, changes in the social and cultural
environment; as well as the forces of nature - weather conditions, fires, etc. For many immovable
cultural monuments, it is too late, i.e. they were destroyed or defunct in the past. In some cases, it
is possible to virtually reconstruct and visualize the destroyed monument using digital technologies.
Various examples of destroyed cultural monuments and their subsequent 3D digital reconstruction
are described in the professional literature.

A monument has been destroyed completely (1), but archival sources are available, see e.g.
the Great Buddha of Bamiyan in Afghanistan[1] or the Great Bel Temple in the archaeological site
of Palmyra in Syria[2]. A monument has been destroyed completely (2), but archival sources are
available, and its immediate surroundings can be measurably documented, see e.g. the minaret of
the Umayyad Mosque in the ancient city of Aleppo[3] or the civic tower of Sant’ Alberto in Italy[4].
A monument has defuncted partially (3), while the existing torso can be measurably documented,
see e.g. the Siegesburg Castle in Bad Segeberg in Northern Germany[5] or the ruins of Zvifetice
Castle in Bakov nad Jizerou in the Czech Republic [6].

In addition to representative historical buildings of national importance, such as sacral
buildings (churches, synagogues, mosques), mansions (castles and chateaux) or town buildings
(town halls), the development of human society is also well captured in vernacular architecture.
Vernacular architecture usually served immediate local needs and was limited by materials available
in a particular area, thus reflecting local traditions and cultural practices. Traditional vernacular
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architecture was mostly self-built, i.e. without the contribution of formally educated architects.
Furthermore, it was usually based on the design skills and tradition of local builders[7]. In the
environment of the Czech Republic, vernacular architecture has been a classic subject of interest
for ethnology and other humanities, such as the history of art and architecture, for many decades[8—
16].

Research on vernacular architecture is often based on surveys of existing rural buildings that
are typical of a particular region. These surveys may be of different nature depending on their
purpose and the erudition of researchers[17-19]. If time and money are available, it may be
advantageous to use 3D laser scanning in combination with Close-range photogrammetry[20]. In the
case of area research of vernacular architecture, it may be advantageous to use Geographic
Information Systems (GIS)[16,21]. In the worst-case scenarios, this may be the last form of metric
survey documentation of a building before its demise. In better case scenarios, the acquisition of
metric survey documentation of the building is the first step towards its revitalization, e.g., in Open-
air Museums[22,23], which have a long tradition in the cultural environment of the Czech Republic
(since the end of the 19th century).

This paper deals with the specifics and working procedures for 3D digital reconstructions of
defunct and altered buildings of vernacular architecture. Primarily, the resulting 3D models are
intended to serve for general lay public in order to present and popularize vernacular architecture
and for educational activities. Secondly, they can be used by professional public for the same
purposes. Due to the fact that the application of modern computational methods to historical metric
survey documentation allows its critical evaluation and reinterpretation in the context of current
knowledge[24], it is possible to base the creation of 3D models on archival sources — archival 2D
metric survey documentation (drawings and photographs), written sources. Another requirement is
the possibility of presentation on the internet within a web platform developing in parallel.

VISKALIA - Virtual Open-air Museum of Vernacular Architecture

The project aims to (1) rescue the source of plans, drawings, and photographs of vernacular
architecture in the Czech Republic which contain original ethnological data about the form, function
and identity importance of vernacular architecture before its transformation into museum buildings,
and (2) enable innovative access to this source by the public within a single platform. The
implementation of the stated general objectives of the project will achieve the following[25,26]:

a) Creation of the Virtual Open-air Museum of Vernacular Architecture (VISKALIA) which
will cover basic thematic, typological and geographic variability of this architecture in the
Czech Republic. The VISKALIA will become a basic tool for studies and popularization of
vernacular architecture in the online environment and electronic media and will be
useable in education and training focused on issues related to cultural heritage.

b) Creation of a specialized public database and map outputs including plans and
photographs and other documentation of vernacular architecture at the level of the Czech
Republic, complemented by a maximum amount of ethnographic, historical and spatial
metadata.

c) Access to the information on vernacular architecture by the public through an exhibition
and publications.

d) Preservation and digitization of specific collection and archive sources of The Institute of
Ethnology of the CAS and National Museum.

In the Viskalia project, 3D digital reconstructions of up to fifteen models of selected village
architecture buildings are planned. To achieve this, complete background data will be collected, i.e.
maps, plans, photographs, drawings, which are preserved in digitized collections, and which also
represent (regionally, functionally, architecturally) the basic regional house types from the territory
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of the Czech Republic. Models will be created with CAD tools, or BIM. In appropriate cases?, the
models will be supplemented with photographic surface textures. For the creation of 3D models, the
basic criterion of the Level of Detail was determined, i.e. the resulting model must have visibly
important and regionally specific structural elements of the building. The building models will be
placed on a local digital terrain model in their immediate vicinity, to get a better idea of their
relationship to neighbouring buildings, or to the given village settlement.

MATERIALS AND METHODS

In this section, the types of base materials are introduced. Their use is shown in 3D digital
reconstructions of several models of completely or partially defunct or altered buildings of vernacular
architecture. The used working procedures are also presented.

Archival sources

In our case, the archival sources consist mainly of metric survey documentation, which
originated in the first half of the 1940s during the Protectorate of Bohemia and Moravia within its
then borders. The so-called "Surveying event" was organized by the Czech Academy of Sciences
and Arts and was attended by architects (a group of the Association of Architects) and students of
closed universities, as well as students of the Vocational School of Applied Arts in Prague.
Fieldworks yielded more than 2,000 sheets of plans, sketches and drawings of vernacular
architecture, especially timbered buildings. Thanks to this event, research work in connection with
the scientific interest in vernacular architecture and its values for the national cultural heritage could
continue in the Protectorate period[8,27]. Another important source of information is the professional
literature, that deals with vernacular architecture and reflects the scientific background in this field
for the cultural environment of the Czech Republic[9-16,23].

The available archival metric survey documentation usually contains, considering the time of
its creation, a relatively complex set of drawings, but its quality and completeness is variable. In
general, complex 2D and 3D metric survey documentation should ideally operate on the principle of
connected vessels. It should be possible to create a 3D model from the complex 2D metric survey
documentation with the same Level of Detail as the underlying drawings. It should be possible to
create a set of drawings from the 3D model, i.e. complex 2D metric survey documentation, in the
same Level of Detail as the underlying 3D model. A comprehensive set of drawings should include
at least:

1 E.g. to improve the visual presentation of surface finishes of used building materials.
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(a)

Fig. 1 — Example of archival floor plan (a) and comparison of archival situational sketch (b) with
current cadastral map and aerial orthophoto (c), Kundratice, Semily District, Czech Republic
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Fig. 2 — Example of archival floor plan (a) and comparison of archival situational sketch (b) with
current cadastral map and aerial orthophoto (c), Petrovice, DomaZlice District, Czech Republic
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Fig. 3 — Examplé of archival floor plan (a) and comparisbn of rchial situational sketch (b) with
current cadastral map and aerial orthophoto (c), ZboZice, Havlick(v Brod District, Czech Republic

1. Floor plans — should depict each floor of the building, including the attic with a depiction
of the truss structure.

Vertical cuts — should depict the structure at least in a longitudinal and a transverse cut

Views — should depict views of individual facades, they can be effectively replaced by
photographs.

4. Additional documentation — may contain exterior and interior photographs, situation
plans, etc.

However, the archival metric survey documentation, which in this case serves as a starting
point for 3D modelling, was not created for the purpose of spatial reconstruction of surveyed
buildings. Logically, this leads to situations where the data lack spatial relationships, which is
important to know during the process of 3D modelling. Then, these imperfections of archival plans
must be supplemented from other information sources, usually based on analogies from other case
studies.

For the exact geographical location of reconstructed buildings, archive situation plans or
cadastral maps and current cadastral maps in combination with aerial orthophotos can be
successfully used. In the current cadastral maps, the original boundaries of the plots are often still
drawn, i.e. also perimeters of defunct buildings. These "echoes of the past" make it possible to locate
the reconstructed buildings and determine their orientation towards the cardinal directions. Examples
are shown in Figures 1-3.
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The first building in Kundratice? (Figure 1) exists and is a protected monument. However,
before the surveying in the 1940s, part of its construction disappeared, i.e. the so-called refrigerator
for the mill wheel. The second building in Petrovice® (Figure 2) also exists. The basic mass is
preserved, but it is assumed that there have probably been partial modifications to its construction.
The third building in Zbozice* (Figure 3) has been destroyed. It was an enclosed village homestead
with several buildings, see Figure 3, (b). l.e., a residential building in the north (Figure 3, (a)),
cowshed in the east, a separate cellar, and a barn in the south. Examples of 3D models of
reconstructed buildings are presented in Figures 6-8.

The process of 3D reconstruction

SketchUp 2021 Pro softwarel?® was chosen and used for the creation of 3D models. It can
be used in many fields, especially in construction, and allows intuitive work directly in 3D space,
where it allows quick creation of models and their presentation. Plug-ins available for this software
can be a useful aid in 3D modelling in SketchUp. Following our pilot study?®, we mostly use the
following plug-ins:

e CleanUp® — used to clean the model, e.g. from unnecessary edges or duplicate areas®’,
It contains a relatively wide range of elements that can be cleaned in the 3D model.

e RoundCorner — used to modify the edges of 3D objects, i.e. allows their bevelling or
rounding®Y. It can be used, for example, to round the corners of the wall or to model the
oval mass of the furnace, see Figure 4.

e TopoShaper — allows you to generate terrain from contours or from a point cloud. In our
work, the possibility of creating terrain from a point cloud was used®. The plug-in
generates terrain using Delaunay triangulation, with the network point density changing
with altitude. The algorithm smoothes triangulation until the terrain is smooth enough. The
smoothing angle can be set.

Historical constructions in the layers of the 3D model

For the 3D modelling process, a general system of 3D model layers based on the typology
of historical building structures*® was designed. The proposed system consists of twelve layers into
which the individual building structures are divided. The system was designed so that when the
visibility of individual layers is turned off and on, it is possible to comfortably view the entire model
(especially the interior). It was also necessary to consider the fact that vernacular architecture can
be very diverse in the number of used building structures. The structure of the proposed system can
therefore be easily extended, e.g. according to used building material, floor-levels, etc., or simplified,
e.g. for the purpose of presentation on the internet. The proposed system is described in detail
in Table 1.

2 Due to capacity reasons, the complete archive documentation could not be attached to the article,
which is available from: http://zamerovaciakce.eu.cas.cz/tlokalita_popis.php?jmeno=&kr=Libereck% C3%BD
&ok=Semily&lo=Kundratice&cp=60&trej=MIS

3 Due to capacity reasons, the complete archive documentation could not be attached to the article,
which is available from: http://zamerovaciakce.eu.cas.cz/tlokalita_popis.php?jmeno=&kr=Plze% C5%88sk
%C3%BD&ok=Doma%C5%BElice&lo=Petrovice&cp=14&trej=MIS

4 Due to capacity reasons, the complete archive documentation could not be attached to the article.
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Fig. 4 — Example of using RoundCorner plug-in — existing object (left) and its 3D model

(right)
Tab. 1: Comparison of historical structures and layer system for 3D model of a reconstructed
building
ID Historical construction Layer name Examples of layer naming
Walls - stone or brick . . .
Walls_perimetric_material_floor-level
Wooden walls - - -
1 Walls
Clay and Layered clay S .
= Wallls_interior_material_floor-level
Surface finishes - - -
2 Floors and tiles Floors Floors_material_floor-level
Ceilings . Ceilings_material_floor-level
3 - Ceilings — — =
Vaulting Ceilings_vaulting _material_floor-level
4 Staircases Staircases Staircases_material_floor-level
5 Railings and bars Railings Railings_material_floor-level
6 Roof trusses Roofs_trusses_material_floor-level
. Roofs - .
7 Roof covering Roofs_covering_material_floor-level
8 Doors and gates Doors Doors_material_floor-level
9 Windows Windows Windows_material floor-level
10 Terrain surface etc. Terrain Terrain_floor-level
11 : Chimneys Chimneys_material_floor-level
Heating -
12 Furnaces Furnaces_material_floor-level
————— Ventilation, water and waste regime
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Phases of 3D modelling

The creation of each 3D model consists of several phases. In all phases of 3D modelling
in the SketchUp environment, it is advantageous to pay attention to the correct orientation of
the surfaces®.

In the first phase, a 2D floorplan of the building is vectorized in the initial working plane of the
3D model. Then, the floorplan is pulled into the space according to the height dimensions. In this
way, the perimeter and interior walls are created. This is followed by the creation of floorings on the
ground-floor. When creating floorings, it is important to find out whether the individual rooms on the
ground-floor are height-shifted relative to each other. If so, it is necessary to take this into account
when modelling the walls and floors on the ground-floor. This work process is also repeated when
modelling other floor-levels of the building up to the attic-floor.

In the second phase, beams and a truss system are modelled. When modelling these parts,
it is worth using clustering of surfaces into groups or components. This allows elements to be easily
copied and prevents unwanted editing of already finished parts. The trusses are followed by the
modelling of the roof and gables. The roof is usually created by a simply pulled-out surface, which is
complemented by a texture according to the actual roofing of the building. Shields (squares) are
often made of individual planks. The individual planks can be modelled separately or, to maintain
the spatial impression, selected areas that represent the individual planks can be slightly pulled out
or recessed. Another way to give the impression of a shield formed by individual boards is to use
colours to create narrow spaces between imaginary boards and assign a different shade to them.
This approach can also be used for the creation of timbered walls.

In the third phase, some elements of interior equipment and other types of structures are
modelled, such as stairs, black kitchen equipment, furnaces, vaults, etc. These elements are usually
only indicated in the archival plans, and for their modelling it is necessary to use other sources, such
as existing period photographs of objects or professional literature dealing with vernacular
architecture.

Due to the fact that in our case modellers® are not at the same time erudite architects or
historians, the process of 3D modelling is based on cooperation of modellers with the staff of the
Institute of Ethnology CAS. In this phase, the appearance of the reconstructed building is
continuously revised and compared with analogous studies to capture the period appearance of the
building as best as possible. Thanks to the consultations, it is also possible to resolve ambiguities
arising from the imperfection of archival plans. This may be associated with additional modifications
to previously modelled constructions.

In the fourth phase, digital terrain in the immediate vicinity of the building is modelled. For
this purpose, Digital Terrain Model of the Czech Republic of the 5th generation (DMR 5G) is used.
ArcGIS Pro software® is used for editing and formatting DMR 5G data containing the given territory.
Data editing consists of (1) import into ArcGIS Pro, (2) cropping of data to the required area, i.e. the
nearest neighbouring building, and (3) export to DXF format. Then, data in DXF format are (4)
imported into SketchUp software, where the TopoShaper plug-in is used.

In the fifth phase, a presentation of the 3D model on the internet is performed, which is to be
implemented within a parallel-developed web platform. This process usually requires tailoring the
3D model to the used environment for the web presentation. In this case, it was a topological

5 In SketchUp itself, the opposite orientation of the surfaces does not cause problems, but oppositely
oriented surfaces can cause problems when exporting to other data formats, which are used for subsequent
presentations of models on the internet. In SketchUp, it is possible to assign textures to both sides of any
surface.

6 |.e. creators of specific 3D models.
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cleaning’ of elements in the 3D model, or their geometric generalization, and the selection of suitable
textures.

Kundratice ¢.p. 60

o
© 2021 Eva Frommeltova

Fig. 5 - Examplé of visualization of 3D model in DAE format in Three.js interface including panel for
displaying layers (in Czech language) — with all layers (top) and with selected layers activated
(bottom)

Various technologies have been tested for visualization and presentation of the 3D model°.
It is assumed that WebGL technology™® will be used for 3D presentation on the internet, using the
freely available JavaScript libraries Three.jsB! or Babylon.js®®, or using Coper Cube softwarel®?,
Using one of these tools, interactive scenes should be created that allow the user to view the digital
3D model directly in a web browser. To view the exterior and interior of the building, the scenes must

7 Within the 3D modelling process, the topology is understood in the same way as in the creation of
maps, i.e. as “defining the structure elements of geosystems based on their relationships connectivity
(interconnection) and continuity (relative positions); map elements create topological structures consisting of
nodes, edges, and walls”.[3%
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include a panel that allows individual layers of the 3D model to be turned on and off. An example of
this solution is shown in Figure 5.

Another software used for visualization and presentation could be Lumion software®, in
which panoramic images of the object can be created. From the created images, it is possible to
create a virtual tour complemented with text. The freely available Marzipano! JavaScript library can
be used to create a tour.

RESULTS AND CONCLUSION

As part of the Viskalia project, several defunct buildings of vernacular architecture have
already been reconstructed. Examples of three specific digital 3D models are shown in Figures 6 - 8
in the Appendices section. These figures present ongoing work results, their final form will be
adapted for web presentation. In particular, the colour and textures of 3D models are currently
illustrative, their final form is still under development.

The resulting 3D models digitally reconstruct the appearance of selected rural buildings
based on preserved archival sources. The Level of Graphic Detail of 3D models corresponds to the
Level of Detail of archive drawings. Details and finishes of building structures were usually modelled
on the basis of views-plans or period photographs. In situations where archival metric survey
documentation did not provide enough spatial information for 3D modelling, building structures and
elements were modelled on the basis of analogous studies and customs of vernacular architecture.
The resulting 3D models meet the specified criterion of level of detalil in the introduction, i.e., the
resulting model must have visibly important and regionally specific structural elements of the
building. The models also represent (regionally, functionally, architecturally) selected regional house
types from the territory of the Czech Republic.

This paper describes the specifics and working procedures for digital 3D reconstructions of
defunct and altered buildings of vernacular architecture, which were realized within the project
Viskalia. Primarily, the resulting 3D models are intended to serve for general lay public in order to
present and popularize vernacular architecture and for educational activities. Secondly, they can be
used by professional public for the same purposes. That is why they are based on archival sources
- archival 2D metric survey documentation (drawings and photographs), written sources. The
process of digital 3D reconstruction of each building is based on cooperation of modellers with the
staff of the Institute of Ethnology CAS. The appearance of the reconstructed building is continuously
revised and compared with analogous studies to capture the period appearance of the building as
best as possible. Thanks to the consultations, it is also possible to resolve ambiguities during 3D
modelling, which are the consequences of imperfections of archival plans. The resulting 3D models
are made so that they can be presented on the internet within a parallel-developed web platform.
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Fig. 6 - Comparison of the archival plan (above) with the corresponding view in the 3D model
(below), Kundratice, Semily District, Czech Republic
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Fig. 7 - Comparison of archive photography (above) with the corresponding view in the 3D model
(below), Petrovice, DomaZlice District, Czech Republic
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Fig. 8 - Comparison of archive photography (above) with the corresponding view in the 3D model
(below), Zbozice, Havli¢kav Brod District, Czech Republic
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ABSTRACT

The alluvial rivers of Bangladesh being unstable keep changing their main course, bank lines,
and so on. Groins are extensively used worldwide for shore protection from erosion, river navigation,
and beach reclamation among many others. Improving the performance of groins is a crucial issue
around the glove. Experimental investigations under clear water scour conditions have been carried
out in this research to compare the performance of different groins in order to find out the suitable
design for a groin. From the experimental runs, it is revealed that the groin models having different
configurations behave differently. In the case of a solid I-shaped groin, a huge scour near the groin
head and irregular bed pattern develops in the channel bed while L-head and hockey-shaped groins
improve the channel response a bit leading to decreased scour. Moreover, the hockey-shaped groin
attracts the flow, and thus requires a close groin installation. The scour hole for a combined groin is
relatively very small. As the scour endangers the stability of the groin structure, it turns out to be the
most suitable one.

KEYWORDS
Bank erosion, Combined groin, Deposition, Groin, Scour, Shore protection

INTRODUCTION

Most of the lowland rivers pass through alluvium plain which is highly susceptible to erosion
and deposition because of its very dynamic nature. Various river training structures are being
practiced in the rivers to stabilize the river channels, among which groins are extensively used all
over the world [1] to [3]. These are artificial flow deflecting structures that are employed directly or
indirectly in river engineering to protect the bank from erosion, to improve the navigability of
channels, and to serve many additional purposes like land reclamation, an increase of aquatic
habitats, and so on. These functions are provided by means of groins both in the river and coastal
engineering [4]. The groin mainly diverts the direction of flow so that the flow velocity is significantly
reduced in the groin area, and thereby bank erosion is minimized. Several parameters are needed
to be considered in the installation of groins including groin length, groin angle towards the
approaching flow, permeable or impermeable states, submerged or non-submerged states, spacing,
and number of groins, among others [5].

The construction of groin structures that impede flow causes significant changes in flow
patterns, sediment transport, and bed topography. Thus, it involves in the development of strong
vortices near the groin head leading to scouring around the groin. Numerous experimental and
numerical studies have been done so far to examine the flow patterns induced in the vicinity of
groins, morphological changes that result from the interaction among groins, and so on. Due to
inherent varieties associated with the configuration of groins, flow separation and recirculating length
would be greatly different posing challenges for the applications of numerical models [6]. From an
investigation on the effects of groins, it was found that the increase in discharge caused an increase
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in the dimension of the scouring hole around the groin and an increase in the extent and thickness
of sedimentation downstream of the groin [7]. Also, maximum scour depth shows an increasing
trend with increasing Froude number. Through an investigation of scour-deposition mechanism
around a series of spur dikes, it was concluded that the aspect ratio was a significant parameter that
affected bed topography and flow behavior close to the structures [8]. A study on the flow field and
bed topography being induced because of the interaction of groins of various alignments revealed
that the groin modified with downstream aligned part performed better in improving navigation depth
and bank protection as well [9]. From a comparison of the effect of a triangular groin with a
rectangular one, it was concluded that the maximum scour hole depth and volume were smaller in
the triangular spur dikes than in their rectangular counterparts [10]. An investigation on the effects
of flow around a pile-group groin demonstrated that the staggered type groin functioned better
compared to the in-line type in reducing flow towards the bank and turbulence around the structures
[11].

The I-shaped impermeable groins are usually practiced to protect the bank from erosion.
However, from this structure, the flow deviates highly from the river bank and a horizontal vortex in
the recirculation zone forms that results in the local scour [12]-[15]. Thus, they cannot sustain long
in many situations and cannot function properly. The L-head and hockey-shaped impermeable groins
could minimize flow separation and the strong vortices near the groin tip which are responsible for a
huge local scour. Although the permeable groins can allow flow through the structure which could
eliminate the strong return currents, fully permeable groins cannot properly deflect the flow. Also,
the flow near the bank occurs which could affect the bank if it is associated with the oblique flow. A
combined groin (a combination of both permeable and impermeable parts in a groin structure) with
an impermeable part near the bank could improve the flow field through a gradual deceleration of
flow velocity towards the bank and develops a stagnant flow region near the bank line and thereby
minimizes scour near groins [16]. In the present research, attempts are made to explore the effects
of groin shape and groin permeability through experimental investigations. Four different groin
models: I-shaped, L-head, hockey-shaped impermeable groins, and a combined groin are
considered in this study. Thus, a suitable design of groins could be established whose performance
would be better compared to others.

METHODS
Experimental setup

In this study, laboratory experiments are conducted in a straight concrete channel of dimension:
2250 m x 1.52 m x 1.15 m with a sand bed of 0.30 m (Figure 1). Four sets of different groin models
such as I-shaped (M-1), L-shape (M-2), hockey-shaped (M-3) impermeable, and a combined groin
(M-4) containing six numbers in each set to install the groins in series are considered for assessing
their performance. Solid groin models — I-shaped, L-shaped, and hockey-shaped groins are made
with wooden planks of 2.5 cm thickness; the other combined groin is made of wooden plank for the
impermeable part with 5.0 mm diameter steel sticks at different spacings of 7.0 cm@1.0 cm c/c and
11.0 cm @1.5 cm c/c for the permeable portion.
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Fig. 1 — Laboratory channel: (a) Plan view; (b) Cross-section

The L-shaped and hockey-shaped solid groins are expected to improve the flow pattern
compared to I-shape solid groin model. The part of a combined groin model near the main channel
is made permeable to allow the flow through the structure to minimize the strong vortices near the
groin head and to develop gradual deceleration of flow velocity towards the bank. The groin models
used in the study are shown below (Figure 2).
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R / i Fal
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/ —/\[O.SCm
Y Lo e
30.0c
22.5cm 18cm
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Fig. 2 — Groin models

The channel bed is prepared with fine sand with a thickness of about 30.0 cm. First, the sand
is washed to remove silt and clay from this, and then this is placed on the channel bed and is levelled
with a wooden scraper. A certain flow condition is considered in the study, and it was maintained the
same for all the cases. The experiments are conducted under clear-water scour conditions. This
scour occurs when the bed materials are not in motion before the control section. This condition is
initiated in the channel when the shear stress being induced by the water flow does not exceed the
critical shear stress of the bed material, and this is established after some trials. The depth of flow
in the channel with the groins is kept constant. It is kept around 10.0 cm in the channel. This depth
is controlled and adjusted by the tailgate set at the end of the channel. The discharge is measured
by the flowmeter (0.03 m3/s) and the depth of flow in the channel is maintained the same for all the
cases in the study.
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Four different sets of groin models with six models in each set are utilized in the study and
their effects on the channel being examined. The first model of each set is installed at a distance of
10.0 m from the upstream end, and the rest five models are placed at an interval of twice their length.
The channel bed is carefully levelled using a wooden scraper to ensure surface regularities along
the channel bed in order to consider this as the initial condition. The models are embedded in the
sand bed so that 30.0 cm of its height goes under the sand bed.

Working procedure

In the beginning, the flow of water is run at a very low speed and allowed to enter the main
channel slowly only to wet the sand bed, and after draining, the bed level is measured with a point
gauge to find the initial bed level. Next, the flow is allowed to enter the channel gradually and the
flow is increased by a check valve mounted in the discharge pipe to adjust the required flow. For
each experiment, the flow runs up to 2.0 hours, till the depth of the scour hole near the first model
does not increase, i.e., the equilibrium state is reached. Then, the flow is stopped and the channel
bed is drained out before measuring the elevations of the final bed.

The effects of four different sets of groin models on the channel bed are evaluated based on
scour-deposition patterns. In order to know the scour and deposition in the channel bed, the bed
levels are measured before and after each experimental run with a point gauge. The bed level before
each of the experimental runs, i.e., the initial bed level is measured at 10.0 cm grid points along both
transverse and longitudinal directions in the groin area. However, after the experiments, this is
measured at 5.0 cm intervals in the longitudinal direction and 2.5 cm intervals in the transverse
direction to get the uneven condition of the surface well. In almost all the cases, the scour occurs at
the end of the groin head in the impermeable groin cases, and at the end of the impermeable part in
the case of a combined groin, where the magnitude of scouring varies with the different models. The
maximum deposition is, however, observed immediately in the downstream of the scour hole in these
experiments under clear water-scour conditions. Besides, erosion occurs in the main channel in
different ways due to the diverted flow from the models. The channel showing the bed with four
different groin sets before and after the experimental runs is shown in Figure 3.

(a) M-1

Fig. 3 — Initial bed (left) and final bed (right) with four different groin
models
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(c) M-3

(d) M-4

Fig. 3 — Initial bed (left) and final bed (right) with four different groin models: (a) M-1, (b) M-2, (3) M-
3, (4) M4

DATA ANALYSIS

The bed level data of both the initial bed and final bed for each set of groin models are taken before
and after the experimental runs. The change in bed level (Az) is calculated to determine the effect of
groins on channel bed, and bed profiles along transverse and longitudinal directions are determined.
These analyses have been explained in the following sections.

Changes in bed topography

From the measured data of initial and final bed elevations, variation in the bed level due to the groins
is calculated by taking their difference. The depth of scour near the groin head, and average
deposition in the groin field are obtained from the bed level variation. Also, the changes in bed level
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due to the groins are recognized in the channel after the groin field which vary from one model to
another. The bed topographies due to the various groins are shown in the following figures (Figures
4-7).

Az {cm)

= S R R S

100 150 200 250

Transeverse distance, y (cm)

Longitudinal distance, x (cm)
Fig. 4 — Model M-1 induced bed topography

The area of scour hole near the first groin model is more pronounced in the case of Model
M-1 (Figure 4), and this is followed by siltation in the immediate downstream area. The sediments
from the first scour hole have mainly accumulated here and cannot be transported downstream
under the present flow conditions. However, the local scour is not visible in the next four groins
downstream. But the scour near the groin is observed in the last groin as the flow is back on the
same side where the groins are installed. This solid groin gives obstruction to flow fully causing a
huge deviation of the flow that leads to flow separation and formation of strong eddies. Because the
size and depth of scour hole near the first groin head are much higher. Also, the effect of the flow
across the channel is wider and it is not even. The flow being obstructed by the solid groin does not
follow a certain direction, and erosion in the channel bed is observed irregularly.
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Fig. 5 — Model M-2 induced bed topography

The area of the scour hole in the L-head groin (Figure 5) is not as large as that is found in
the solid straight groin. However, in this case, also more scours occur near the first groin compared
to the downstream ones. Silt has accumulated in the downstream area of the scour hole in proportion
to the first scour hole. The eroded area in the channel bed is influenced by the groins regular.
Although the effect of this groin has gone quite far to the other side, it is still reqular. As the water
returns to the groin side, a little scour can be found near the groin of the downstream end which may
be due to the reflected flow from the other bank.
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Fig. 6 — Model M-3 induced bed topography
In the case of Model M-3 (Figure 6), the hole in the first object covers a little more space than
in the second. Due to its shape in the head, this groin does not deflect the flow too far. As a result,
there are holes near every groin models. In this case, the main flow path passes close to the groin
area. These groins do not make irregular paths, and the effect of the flow on the other side of the
channel is not found at all.
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Fig. 7 — Model M-4 induced bed topography

In the case of the combined groin M-4 (Figure 7), since water can pass through the structure
on the flow side, the flow is not obstructed much. As a result, the flow separation or the eddies is
reduced, and scour in both area and depth is very few. When it flows through the first groin, its speed
decreases and goes downstream with a low speed resulting in decreased ability to form scour in the
downstream groins. So there are no scour holes near the downstream groins. There is no effect of
these groins on the other side of the channel and no significant change is observed in the bed in
other areas. In this case, the effect of the flow is greatly reduced.

Erosion-deposition pattern

To identify the changes in bed level, the bed profiles are taken along various sections in both
longitudinal and transverse directions. Finally, the profiles found from different groin models have
been compared to evaluate the effects of groin models having different shapes and configurations.
The changes in bed level across the channel width at the location of the first groin are presented in
the following figure (Figure 8). From the profile, bed level changes (Figure 8) are evident across the
channel width for the first groin and the variation of the profiles due to the various groin models can
be recognized. The highest effect can be noticed for the solid straight groin (M-1), where the local
scour depth is observed that be maximum and then a relatively lesser effect can be observed in the
case of the L-head groin (M-2). The scouring effect for the other two groin models (M-2 and M-3)
has decreased significantly. Alignment and permeability could be attributed to the improved
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response in these cases. For model M-1, the scour-prone zone can be recognized from 30.0 cm
(groin tip) to 70.0 cm along the transverse direction, and 10.0 cm upstream of the groin section to
35.0 cm downstream (Figure 4). For model M-2, the scour-prone zone is found from 30.0 cm (groin
tip) to 47.5 cm in the transverse direction, and 7.5 cm upstream to 12.5 cm downstream from the
groin location (Figure 5). However, for model M-3, this area can be seen between 30.0 cm to 40.0
cm in the transverse direction and 10.0 cm upstream to 17.5 cm downstream as affected in the
inclined part (Figure 6), and for model M-4, this area is between 22.5 cm to 37.5 cm from the channel
side, and 5.0 cm upstream to 10.0 cm downstream from the groin position (Figure 8).
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Fig. 8 — Bed level changes along the cross-section at the first groin

The maximum depth of scouring formed near the first groin-head due to various groin models
is shown in the following figure (Figure 9).

=M-1 =M-2 =M-3 =M-4

Fig. 9 — Maximum depth of scour due to various groin models

From the figure shown above, it can be found that the maximum value of scouring occurs for
model M-1 and the minimum for model M-4. These values are 7.2 cm and 3.6 cm, respectively, i.e.,
the scour depth for the combined groin is reduced by 50%. The depth of the scour hole for M-2 is
very close to that of M-1. But in the case of M-3, it is a bit more than M-4. The maximum scour depth
for groin M-2 is 6.5 cm, and it is 3.9 cm for groin M-3. Also, the average depth of scour in the scour
area is calculated for all the groin models. These values are 1.35 cm, 0.70 cm, 0.41cm, and 0.40 cm
for the groin models of M-1, M-2, M-3, and M-4, respectively.

An average deposition in the groin field developed by various groin models is presented in
the following figure (Figure 10).
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Fig. 10 — Average deposition in the groin field due to various groins

From the Figure shown above (Figure 10), the average deposition that occurs the groin field
for different groin models can be observed differently. This is found maximum for the groin model M-
2 and minimum is in case of M-4, and it is almost 10 times more than that of model M-4. Deposition
from models M-1, M-2, M-3 and M-4 is found 0.07 cm, 0.29 cm, 0.13 cm and 0.03 cm, respectively.
It is worth mentioning here that the experiments are conducted under clear water scour conditions,
and even in the control area, the presence of suspended sediments is not significant. As a result,
the deposition in the groin field does not truly reflect the natural flow environment as prevalent in the
lowland river where the siltation of fine suspended sediment particles occurs in the slow flow zone
of the groin field.

Discussions

From the figures presented above, the effect of the groin models on the channel bed is quite
evident. Among these, the effect of the conventionally used groins, the solid straight one (M-1) is
quite irregular. For large and irregular effects, there is an effect on a distant and some important
installation, and no good channels are generated in a certain direction which could not be a good
arrangement for navigation either. The scour near the other bank occurs, which might not be
expected in many cases. The returned and oblique flow on the bank can be more dangerous as
observed in the Jamuna River [17]. Also, for larger holes nearby, its stability can be assumed to be
lower. Compared to Model M-1, the effect of the flow in the M-2 has been much more regular or
even. Its stability is expected to be higher with a comparatively less scour depth. By conducting the
flow through the space close to the groin area, a suitable channel for navigation can be found with
Model M-3. However, since the flow returns quickly with a short distance, the distance from one of
the continuously placed groins to the other does not show much. As a result, the return flow can
come back resulting in an attack on the bank of the river or channel for which the groins have been
provided.

In the combined groin (M-4), the flow does not come back towards the bank or side where
the groins are placed leading to less scour in the vicinity. However, the concentration of flow in a
certain direction may not be so good. Pointing to the permeable end of the groin towards downstream
may point the flow somewhat in a certain direction, although this has not been observed under the
low flow conditions in the present experiments. However, this arrangement can reduce the problem
of debris flow to minimize the force from the debris and also can allow debris to flow along the
downstream direction. In this case, there is lesser tendency to damage any important object placed
on the far or other bank, and there is less chance for returning the flow that can affect the bank where
the groins are installed. So, in this case, groins can be placed far away. Having a very few scour in
the vicinity of the groin head, a combined groin could increase its stability and longevity. As a result,
the costs of groin implementation for the protection of the river bank from erosion can be less.

Although a deeper channel cannot be recognized rightly under the present experimental conditions,
its evolution can be marked relatively uniform along the definite direction in the case of downstream
aligned groins (M-3 and M-4). The deeper portion of the main channel developed for M-1 is not found
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uniform; while M-2 modifies the channel far better than M-1. Deposition in the groin field is not found
significant in the experimental runs as the suspended sediment particles in the flow are very few,
and the experiments are conducted under clear water scour conditions. The silt from the scour hole
has accumulated in the downstream area as it cannot be transported under the prevailing flow
conditions and available channel bed materials.

CONCLUSIONS

As the groin models with different configurations behave differently, the extent and
distribution of erosion and deposition in the channel bed are different. From the changes in bed
levels, i.e., erosion-deposition reflects from the channel bed due to the groins as discussed earlier
and the following conclusions can be drawn.

In the case of solid I-shaped groin, as the flow is deviated, a huge, deep and large scour
holes have formed near the groin structure. Also, the flow being deviated from the groin returns to
the same bank get obstructed from the other bank, as recognized from the erosion and the channel
that has been created is found irregular. The flow for L-head and hockey-shaped groins has
improved compared to the first one as changes in bed level are found defined and regular, whereas
the depth and size of scour holes near the groin have decreased. However, for the hockey-shaped
groin, the flow is attracted towards the groin area, and thus groins are required to be placed closely
in series. The flow has deviated slightly in the case of the combined groin as it allows flow through
the structure, and flow separation is minimized resulting in a very few scour hole. As the scour
endangers the stability of the groin structure, the stability of the groin can be expected to be higher
in this case.

A major deposition of sediment occurs immediately in the downstream of the scour zone near
the groin head. The formation of this scour hole can be attributed to the sediment deposition. The
deposition measured in the groin field is found maximum for model M-2, and minimum for M-4. The
deeper channel which provides navigation facilities does not show clearly in these present
experiments; however, a defined path of flow towards the downstream direction is quite apparent for
the downstream aligned groins (M-3 and M-4).

As the suspended sediment particles are not significantly present in the channel environment
and the experiments are carried out under clear-water scour conditions, the deposition in the groin
field does not properly show up. Therefore, when it comes to the question of stability, the combined
groin shows better performance than others in terms of minimum scour near the groin tip.
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ABSTRACT

To address the reduced durability of concrete structures under salt freeze-thaw erosion in
Northwest China, basalt fiber reinforced concrete and common concrete with different mixing
amounts were selected to predict their service life in three freeze-thaw conditions. Results showed
that the damage on concrete under fresh water freeze-thaw condition is lower than that caused by
salt freeze-thaw erosion, the addition of basalt fiber can effectively slow down the degradation of
mechanical properties of concrete under salt freeze-thaw erosion, and the lowest degradation rate
is reached when the content of basalt fiber is 0.15%. Fiber hinders the expansion of cracks and
reduces the pores, and in turn improves the frost resistance durability of concrete. The service life
prediction results obtained with Gray Model and Weibull Model are roughly similar, among which,
Gray Model needs less sample volume, while Weibull Model presents more accurate prediction
results.

KEYWORDS

Basalt fiber reinforced concrete, Mechanical property, Weibull Model, Gray Model, Service
life prediction

INTRODUCTION

Aging is a common phenomenon of concrete materials with passage of time, and
freeze-thaw damage is one of its main reasons. Affected by environmental temperature change,
free water in concrete materials produces expansion pressure and permeability pressure. The
combination of the two causes denudation, internal and external crack expansion, and internal
structural looseness of concrete materials, reducing their fracture performance and flexural
toughness. In Northwest China, because of large amount of salt ions and acid group anions in the
soil, most concrete structures’ surface layers peel off or crack before expiry due to salt freeze-thaw
erosion, impacting its normal functions. Therefore, it is of great practical significance to research the
mechanical property attenuation rules and damage mechanisms of concrete materials in simulated
environment.

Basalt fiber (BF) is a kind of natural green fiber with superior performance. Scholars at home
and abroad have done a lot of research on its properties and applications recently. Li Weimin[1] et al.
studied the impact compression properties of basalt fiber reinforced concrete (BFRC), and drew a
conclusion that BF can improve the mechanical properties of concrete and the degree of
improvement is concerned with the mixing amounts. Feng Zhongju [2] et al. predicted the service
life of concrete with different mix proportions on the basis of local temperature and Gray Theory. Xie
Liyun [3] et al. established a linear and polynomial damage degradation model based on relative
dynamic elastic modulus and strength as damage variables, which can accurately predict the
degree of freeze-thaw damage and degradation of fiber recycled concrete. Ahmet B.Kizilkanat [4] et
al. compared the mechanics and fracture properties of BFRC with glass fiber reinforced concrete,
and came to a conclusion that the extensibility, bending resistance and crack resistance of BFRC
are superior to those of glass fiber reinforced concrete. Boxin Wang et al. [5] re-searched the
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durability of concrete under the erosion and freeze-thaw action of carbonate and sulfate ions, and
established new logical function models on concrete freeze-thaw damage. R. Ralegaonkar et al.[6]
proposed the mix proportions of short-cut BF that strengthens the mortar performance and
evaluated its advantages and disadvantages in application. Audrius Vaitkus [7] et al. densified the
concrete mixture and found that its design performance can be significantly improved by adding
silicon powder, steel or polypropylene crude fiber. At present, most research focus on the
performance improvement of fiber concrete at early stage, but mechanical attenuation rules and
damage mechanisms of BFRC in actual service have not been elaborated.

There is few research on the damage mechanisms of BFRC after salt freeze-thaw erosion
so far, thus the present paper studies the mechanical properties of BFRC under the action of
freeze-thaw cycles with basalt fiber mixing amount and freeze-thaw media as variables, and
compares the analysis results with common concrete (PC). On this basis, Weibull Model and Gray
Model are used to predict the frost resistance durability of BFRC with four mixing amounts under the
environment of Gansu Province. The variation rules of parameters as the freeze-thaw cycles and
fiber contents change are analyzed to lay the theoretical and experimental foundation for fracture
mechanics research of concrete.

EXPERIMENT OVERVIEW
Materials and mix proportions

Tab. 1 - Basalt fiber performance index

, , . Fracture Elastic Tensile Moisture
3
F:b?,;%g th Dlameﬁer ¢ Densn‘); (kg/m ductility rate Modulus ¢ | strength (MPa | content (
Hm (%) GPa) ) %)
18 7-20 2 650 3.2 90~110 3 000~3 500 <0.1

Tab. 2 - Concrete mix design

Species Cement Water aggIJ:rIg;a te agC;rZ;S;‘e Fly ash Sand rate | Fly ash
0, 0,
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 /% /%
PC 265 180 640 1200 115 35 30
BFRC 265 180 640 1200 115 35 30

Po42.5 cement was adopted in the experiment. Fine aggregate was natural river sand,
with fineness modulus of 2.9, water-binder ratio of 0.45 and mud content of 1.8%. Continuous
grading coarse aggregate with particle size of 5mm-20mm was adopted, and no needle flake
particles were allowed. The 19.45g/m3 JDU-1 high performance concrete air-entraining agent was
used as additive, accounting for 0.005% of the specimen. This study applied fresh water and 18mm
short-cut BF, whose main performance indexes were shown in Table 1. In addition, BFRC with fiber
contents of 0%, 0.05%, 0.1%, 0.15% and 0.2% was selected, with mix proportions shown in Table
2.
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Indoor rapid freeze-thaw experiment

Temperature Sensor

c Erosion medium
sample fanﬁfreae Temperature test pi pecimen box

SEul il

|- -

Freeze-thaw box

Fig. 1 - Concrete freeze-thaw test design

The specimens were made and maintained in accordance with the Standard for Testing
Methods of Concrete Physical and Mechanical Properties [8]. The experiment selected three
freeze-thaw solutions, respectively fresh water, 3% NaCl, and 5% Na>SOs, and four fiber mixing
amounts, and took PC as a control group. In each freeze-thaw environment, 21 cubic specimens
and 24 prism specimens were designed. Before specimen production, the inner wall of the test mold
was coated with release agent, the dosage of experimental materials was accurate to +0.5% and
the dosage of aggregate was accurate to £1%. In order to avoid caking effect caused by uneven
distribution of fibers during mixing with water, coarse aggregate and fibers were dry mixed for 2min
before concrete mixing to ensure the uniform distribution of fibers. Then the mixing and molding of
concrete was completed within 15min. The molded specimens were covered with impermeable film
and stored at 20+5°C for 1-2 days and nights. Then the film was removed and the specimens were
numbered. The specimens were maintained for 28d, and then the freeze-thaw test was carried out,
with 25 freeze-thaw cycles as a period.

HDK-9 rapid freeze-thaw testing machine was used for indoor rapid freeze-thaw test, with
test layout shown in Figure 1. The experimental process is as follows:

(1) The specimens were molded, numbered and maintained for 24d, then taken out and
immersed in three different freeze-thaw erosion solutions for 4d, with liquid level 30mm higher than
the specimens. The freeze-thaw test began after 28d.

(2) After 28d, take the specimens into test molds containing different freeze-thaw media with
liquid level always 5mm higher than the specimens and number them. Put the specimens into the
freeze-thaw machine and make sure that the freeze-thaw liquid level was higher than test molds’
liquid level.

(3) Each freeze-thaw cycle was completed within 2-4h, with thawing time not less than 1/4 of
the whole process.

4) The center temperature of the specimens was -20°C-7°C, better from -18°C+2°C to 5+2°C..
The cooling time from 16°C to 3°C and heating time from 3°C to 16°C were not less than 1/2 of each
cycle.

(5) Specimens in the freeze-thaw machine were always kept at full load to ensure the same
freeze-thaw effect.
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RESULTS ANALYSIS
Mass loss analysis
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Fig. 2 Change curve of concrete mass loss rate

Figure 2 demonstrates the variation curves of mass loss rate of PC and BFRC in three types
of freeze-thaw media. The mass loss varies due to different erosion mechanisms of different media.
According to Figure 2, with the increase of loads on the specimens, small cracks appear inside the
specimens due to freeze-thaw action. The mass loss of specimens tends to increase as the
freeze-thaw cycles continue, and such mass loss gradually extends to the surface layer, causing the
mortar and aggregate to fall off. As control group, PC shows many small vertical cracks on the
surface, while fewer vertical cracks are found on the concrete specimens mixed with BF, indicating
that BF prevents the formation of vertical cracks. Finally, PC is seriously damaged, with peeling on
the edges, while concrete specimens mixed with BF shows better integrity and less peeling. The
tensile strength generated inside the concrete effectively slows down its failure speed. Less BF
shows no significant influence, but excessive BF causes more holes and tiny cracks, reducing the
tensile strength. When the fiber content is 0.15%, the specimens show the best integrity, with less
peeling.

In Figure 2 (a), in the fresh water freeze-thaw test, the mass loss of specimens increases
slowly during the first 75 freeze-thaw cycles and begin to accelerate after 75 cycles. Under water
pressure effect, only water can enter the surface layer through subtle channels, and no major
erosion is generated, thus mass loss of the whole group is relatively small. In Figure 2 (b), in the 3%
NaCl freeze-thaw test, the mass loss rates of fiber concrete and PC under the condition of 50
freeze-thaw cycles showed the same trend, and were both less than 2%. After 50 freeze-thaw
cycles, the mass loss rate of concrete showed an increasing trend. The increasing trend of BF0.05%
was close to that of PC. After 100 freeze-thaw cycles, the 0.05% mass loss of PC and BF has
exceeded 5% and met the conditions for stopping the test, the mass loss of specimens increases
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rapidly, as NaCl can absorb water, which increases the water retention time of specimens and
exacerbates the damage. Furthermore, the existence of permeability pressure aggravates the
peeling of aggregate and mud on the surface layer. In Figure 2 (c), in the 5% Na>SO, solution. After
150 freeze-thaw cycles, the mass loss of PC is close to 5%, the curve of BF0.05% mass loss rate is
same with that of PC, and the lowest mass loss rate of fiber concrete can reach 3.33%. The mass
loss of concrete increases gradually for the first 75 cycles due to SO4* crystals sticking to the
specimens. With the in-crease of freeze-thaw cycles, cracks on the specimens expand and the
parts of specimens begin to fall off, demonstrating a sharp increase of mass loss.

Flexural strength analysis
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Fig. 3 - Curve of concrete flexural strength change

Figure 3 shows the variation curves of flexural strength of PC and BFRC in three types of
freeze-thaw media. The toughness of BF mainly relies on the bridging effect of fibers across the two
edges of cracks. Such toughening effect effectively restrains the deformation of concrete matrix,
hinders the formation of micro crack zone, and increases the cohesive force of fracture process
zone, so as to prevent the expansion of macro cracks and improve the fracture toughness of
concrete. The bridging effect of BF can also consume some energy for concrete matrix in the
loading process, increasing the energy consuming capacity of concrete in the fracture process and
improving its fracture energy. However, according to Figure 3, the flexural strength of BFRC
specimens decreases with the increase of BF content when it exceeds 0.15%, as the addition of BF
increases the weak transition layers, pores and defects between fiber and concrete matrix while
increasing the energy consuming capacity in the fracture process. Too many fibers cause more
internal defects of concrete, reducing its fracture toughness and fracture energy. In brief, the flexural
strength of all BFRC specimens is higher than that of concrete without BF, so it can be concluded
that BF can effectively improve the fracture properties of specimens.

Based on Figure 3(a), Under the action of freezing and thawing of clear water, the curve of
BF0.15% and BF0.2% does not decrease significantly after 50 freeze-thaw cycles, and the flexural
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strength of BF0.15% and BF0.2% decreases slightly after 75 freeze-thaw cycles. After thawing, the
strength began to drop sharply, and the slope of the BF0.2% flexural strength decline curve was the
largest, indicating that the BF0.2% concrete specimens were damaged more severely than BF0.15%
after 100 freeze-thaw cycles. A certain amount of BF added into the concrete can not only increase
the initial flexural strength of concrete, but also effectively slow down the decrease of its flexural
strength in the fresh water freeze-thaw condition. Before complete breakage, the flexural strength of
specimens mixed with BF is significantly higher than that of PC after the same numbers of
freeze-thaw cycles. In Figure 3(b), After 50 freeze-thaw cycles, both the flexural strength of fiber
concrete and PC show a downward trend, but the degrees and rates of decline are different. The
flexural strength of fiber concrete decreases before 75 freeze-thaw cycles, but the highest flexural
strength still meets the relevant requirements of C30 concrete, after 75 cycles, the flexural strength
decreases significantly. For common concrete or concrete mixed with fewer fibers, the flexural
strength decreases steadily after 25 freeze-thaw cycles, and the decrease rate gradually increases,
indicating that BF enhances the frost resistance and salt erosion resistance of concrete to a certain
extent. In Figure 3(c), The BF0.05% flexural strength curve of the concrete specimen is close to that
of PC after 50 freeze-thaw cycles. The flexural strength of concrete mixed with fiber before 75
freeze-thaw cycles does not change significantly, and it fails after 100 freeze-thaw cycles. The
concrete specimens are damaged after 100 freeze-thaw cycles. This is because micro cracks
appear inside the concrete as the freeze-thaw cycles continues. The sulfate solution infiltrated into
the concrete specimens undergoes physical and chemical reactions, producing physical crystals or
chemically expansive products. The addition of fibers inhibits the expansion of micro cracks, but it
restrains the crystallization of dilatant generated in hydration reaction, which expands the internal
damage. The flexural strength of the specimens suddenly drops when re-straining ability of fiber
network structure in the specimens reaches the peak. After 100 freeze-thaw cycles, the flexural
strength of fiber concrete is still greater than that of PC, indicating that a certain amount of fiber can
effectively inhibit the production of dilatant in the reaction of sulfate and hydration products in the
concrete, so as to slow down cracking and peeling and improve the frost resistance of concrete.

Compressive strength analysis
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Fig. 4 - Change curve of concrete compressive strength

Figure 4 shows the variation curves of compressive strength of PC and BFRC in three
types of freeze-thaw media. Essentially, internal damage resulting from freeze-thaw cycles is
responsible for the compressive strength decrease. All the four mixing amounts of BF enhance the
compressive strength of concrete after 28d, and such enhancement effect first increases and then
decreases with the increase of fiber content. BF forms a network structure inside the concrete, and
most fibers are in an oblique and slightly lateral position. Single fiber bonded to the cement matrix
enhances the bonding strength and inhibits the lateral expansion of concrete. The fiber network
structure strengthens the integrity of concrete, facilitating the integration of aggregate and cement
and effectively improving the compressive strength of specimens.

According to Figure 4, the descent speeds of compressive strength of BFRC in the three
types of media are lower than those of PC. One reason is that, due to disorderly distribution of BF in
the specimens reduces the stress concentration, which changes the trends and ex-tension paths of
cracks, and increases the fracture energy. In addition, the three-dimensional frameworks formed by
BF inside the matrix support the aggregate settlement and relieve the shrinkage and deformation of
concrete, improving the compressive strength of concrete. With the increase of basalt fiber content,
the fiber in concrete matrix tends to cake, resulting in other defects. As the freeze-thaw cycles
continue, the relevant products increase and expand, after the service capacity of the fibers reaches
the maxi-mum value, the compressive strength of concrete gradually decreases.

Based on Figure 4(a), the addition of BF before freeze-thaw test can increase the
compressive strength of concrete, and it reaches the optimal value when the content of BF is 0.15%.
In Figure 4(b), After 75 freeze-thaw cycles, the compressive strength has shown a significant
downward trend and it decreased to 90% of the initial strength. After 100 freeze-thaw cycles, the
compressive strength has dropped to 83.3% of the initial strength. However, the strength of BF0.1%,
BF0.15%, and BF0.2% did not decrease significantly before 75 freeze-thaw cycles, and the strength
decreased after 75 freeze-thaw cycles, but the decline was not significant. The compressive
strength of BFRC drops significantly after 100 freeze-thaw cycles in fresh water, and the whole
decline curve is relatively gentle. In Figure 4(c), After 25 freeze-thaw cycles, the strength of the
specimen has decreased significantly, and with the increase in the number of freeze-thaw cycles,
the rate of decline has continued to increase. After 100 freeze-thaw cycles, the strength has
dropped to 23 MPa, which is only 62.3% of the initial strength. However, the strength of BF0.15%
and BF0.2% began to decrease significantly after 75 freeze-thaw cycles, and the decline rate of
BF0.2% became larger. After 100 freeze-thaw cycles, the strength of BF0.2% was less than
BFO0.1%. After 100 freeze-thaw cycles, the decline rate of BF0.2% slowed down, and the decline
rate of BF0.1% increased. The decline rate of BF0.15% decreased significantly after 50 freeze-thaw
cycles. After 75 freeze-thaw cycles, it increased, and the rate of decline rate slowed down after 100
freeze-thaw cycles. After 150 freeze-thaw cycles damage has occurred. In Fig. 4(d), Fiber concrete
and ordinary concrete have little change in strength under the first 75 freeze-thaw cycles. PC and
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BF0.05% will produce less strength loss after 75 freeze-thaw cycles. After 75 freeze-thaw cycles,
the strength loss rate will increase and the strength will decrease. Fast-er, after 150 freeze-thaw
cycles, the compressive strength has dropped to 19MPa, which is only 50% of the initial strength.
However, the compressive strength of BF0.1%, BF0.15%, and BF0.2% did not change significantly
after 75 freeze-thaw cycles, and the slope of the curve was small. More than 75 freeze-thaw cycles
increased the slope of the curves of BF0.1%, BF0.15%, BF0.2% and decreased the compressive
strength significantly. The strength decrease rate of BF0.1% and BF0.15% is greater than that of
BF0.2%. After 100 freeze-thaw cycles, strength decline of BF0.1% and BF0.15% has slowed down,
but the BF0.2% strength still declines at a relatively large rate. In salt solution, the internal gaps of
specimens are filled with a series of products generated in physical and chemical reactions of salt
ions penetrated into the specimens, so the compressive strength in the early and medium stage
changes slightly. As the freeze-thaw cycles continue, cracks in the concrete expand and new cracks
appear due to chlorine salt erosion and ice-crystal pressure effect, aggravating internal defects and
reducing the compressive strength.

FREEZE-THAW CYCLE ACTION MODEL AND SERVICE LIFE PREDICTION

Based on analysis of mechanical properties of PC and BFRC after freeze-thaw action in the
last chapter, it is concluded that a certain amount of fiber can enhance the frost resistance of
concrete. Therefore, three comparatively optimal mixing amounts of BFRC, respectively 0.1%, 0.15%
and 0.2%, were selected for service life prediction, and Weibull Model and Gray Model were used
for analysis.

Service life prediction based on Weibull Model

At present, there are three common probability distribution models used for service life
prediction of concrete, respectively Normal Model, Lognormal Model and Weibull Model. Normal
Model and Lognormal Model show less applicability and flexibility in reliability analysis, thus failure
states of concrete cannot be actually simulated [9]. The Weibull Model is relatively simple and
flexible, applicable to various situations. It presents fewer requirements on sample size compared
with the Normal Model and Lognormal Model. Capable to provide relatively accurate prediction
results with a small amount of data, it is widely used in mechanical property analysis of concrete
materials [10].
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Tab. 3 - Weibull Distribution of Concrete with Different Fiber Contents in NaCl Solution

Experimental Number of Survival rate
o freeze-thaw cycles X=In(n) Y=In(In(1/Rn))
conditions (n) R(n)

25 0.991 3.2189 -4.7060

50 0.9741 3.9120 -3.6404

BFO0.1% 75 0.8843 4.3175 -2.0959
NaCl 100 0.7411 4.6052 -1.2052
125 0.6547 4.8283 -0.8590

150 0.4826 5.0106 -0.3167

25 0.992 3.2189 -4.8243

50 0.9752 3.9120 -3.6844

BF0.15% 75 0.9031 4.3175 -2.2835
NaCl 100 0.7928 4.6052 -1.4602
125 0.721 4.8283 -1.1174

150 0.5649 5.0106 -0.5602

25 0.9918 3.2189 -4.7995

50 0.975 3.9120 -3.6762

BF0.2% 75 0.892 4.3175 -2.1690
NaCl 100 0.7533 4.6052 -1.2613
125 0.6872 4.8283 -0.9805

150 0.5132 5.0106 -0.4048

Tab. 4 - Weibull Distribution of Concrete with Different Fiber Contents in Na>SO,4 Solution
Number of

E)C('g 23;332?’ freeze-tf;s)w cycles SUN/?V(% rate X=In(n) Y=In(In(1/Rn))
25 0.997 3.2189 -5.8076
50 0.9894 3.9120 -4.5416
BF0.1% 75 0.9362 4.3175 -2.7192
Na>S04 100 0.7988 4.6052 -1.4932
125 0.7122 4.8283 -1.0806
150 0.5636 5.0106 -0.5562
25 0.9972 3.2189 -5.8767
50 0.9926 3.9120 -4.9026
BF0.15% 75 0.9423 4.3175 -2.8229
Na>S04 100 0.8276 4.6052 -1.6648
125 0.7846 4.8283 -1.4164
150 0.603 5.0106 -0.6815
25 0.9971 3.2189 -5.8416
50 0.9924 3.9120 -4.8758
BF0.2% 75 0.9317 4.3175 -2.6487
Na>S04 100 0.8082 4.6052 -1.5467
125 0.7312 4.8283 -1.1613
150 0.571 5.0106 -0.5792
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Fig. 5 - Linear regression diagram of durability ~ Figure 6 - Linear regression of durability life in

life in NaCl Na>SO;
Tab. 5 - Weibull linear regression results of durability life in NaCl
Basalt content Durable life b c R2
0.1% N1 2.5574 -13.1733 0.9729
0.15% N2 2.4532 -12.9084 0.9810
0.2% N3 2.5469 -13.2061 0.9754

Tab 6 - Weibull linear regression results of durability life in Na;SO4

Basalt content Durable life b C R2
0.1% N4 3.1070 -16.1076 0.9694
0.15% N5 3.0669 -16.1293 0.9492
0.2% N6 3.1522 -16.3787 0.9477

Substituting the obtained parameters into function Y=bx + C, the Weibull distribution life
prediction models of specimens with three mixing amounts under the freeze-thaw action of NaxSO4
and NaCl can be obtained respectively. Taking various parameters of Weibull distribution model into
consideration, this paper uses two parameters to predict the durability of BFRC. Taking D(n) as the
damage degree of concrete after n freeze-thaw cycles, the reliability function R(n) = 1 - D(n) is
obtained based on the calculation formulas of concrete related variables, and linear regression
analysis is performed by the least square method. The analysis results of BFRC in two kinds of
freeze-thaw media are summarized as follows, where Tables 3 and 4 are Weibull distribution values,
Tables 5 and 6 are linear regression results, and Figures 5 and 6 are regression curves:

According to relevant specifications, the specimens are considered expired when their
relative elastic modulus reaches 60% of the initial value. Substituting R(n) = 0.6 into the above
formula, conclusion is drawn as follows: N1 = 132 times, N2 = 146 times, N3 = 137 times, N4 = 143
times, N5 = 154 times, and N6 = 145 times. It can be concluded that the optimum durability is
achieved when the content of basalt fiber reaches 0.15%, and damage caused by NaCl to concrete
is higher than that of Na.SO4 under the action salt freezing.

Gray Model

Belonging to fuzzy prediction, Gray Model can be used to derive unknown elements in the
system, and finally obtain the complete information with ambiguity [11]. Substitute the obtained data
into formulas (1) and (2) for verification.

S
C=S—1 (1)
2
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Where, S1 is the residual variance, S2 is the original data variance, and C is the posterior
error ratio. When C is less than 0.35, the accuracy of prediction results is high, and when C is less
than 0.50, the accuracy is qualified. The minimum error probability P is:

P=P(&" (i)~ 2[<0.67455,) @)

Where, € is the residual mean, and &' (i) is the predicting residual at different times.
When P is larger than 0.95, the accuracy of prediction results is high, and when P is larger than 0.80,
the accuracy is qualified. The relative dynamic elastic modulus prediction models and accuracy test
results of concrete under different working conditions are summarized in Table 7, among which, all
the models meet the test requirements and show high accuracy.

Tab. 7 - Relative dynamic elastic modulus prediction model and accuracy test

Friifli;éZaw Fiber content di ﬁer'.;(;)sctgrrlgtrio /C P robab//ﬁ)ty error Predictive model
0.1 0.27 1.00 -8.9105e-0.1262t+9.9105
3%NaCl 0.15 0.27 1.00 -10.9392e-0.1004t+11.9392
0.2 0.27 1.00 -9.60345e-0.1160t+10.6034
0.1 0.3 1.00 -10.8542e-0.1029t+11.8542
5%Na>S04 0.15 0.34 1.00 -12.7191e-0.0865t+13.7191
0.2 0.31 1.00 -11.4173e-0.0973t+12.4173

Tab. 8 - The relative dynamic elastic modulus of basalt fiber concrete based on gray. prediction

Number of freeze-thaw cycles BFO.1% BFO.15% BF0.2%
3%NaCl | 5%Na:S04 | 3%NaCl | 5%Na2S04 | 3%NaCl | 5%Na2S0q
0 1.000 1.000 1.000 1.000 1.000 1.000
25 1.056 1.061 1.045 1.054 1.062 1.059
50 0.931 0.958 0.945 0.967 0.937 0.960
75 0.821 0.564 0.855 0.887 0.834 0.871
100 0.723 0.779 0.773 0.813 0.743 0.791
125 0.638 0.703 0.699 0.746 0.661 0.717
150 0.562 0.634 0.633 0.684 0.589 0.651
175 0.572 0.572 0.627 0.590
200 0.575

Where, t stands for the number of freeze-thaw cycles. At the 25th freeze-thaw cycle, t = 1;
at the 50th freeze-thaw cycle, t = 2; and so on. The calculation results refer to cumulative value of
dynamic elastic modulus, which is 1 when t = 0; the dynamic elastic modulus att = 1 is the value at t
= 1 minus the value at t = 0; the dynamic elastic modulus at t = 2 is the value at t = 2 minus the value
att =1, and so on. The prediction results of relative dynamic elastic modulus are shown in Table 8.

According to the specification, the specimens are considered expired when their relative
elastic modulus reaches 60% of the initial value, conclusion is drawn as follows: N1 = 125 times, N2
= 150 times, N3 = 150 times, N4 = 175 times, N5 = 125 times, and N6 = 150 times. It can be
concluded that the optimum durability is achieved when the content of basalt fiber reaches 0.15%,
and damage caused by NaCl to concrete is higher than that of Na;SO4 under the action salt
freezing.

Service life prediction and analysis of BF

Li Jinyu [12] et al. concluded that the average number of freeze-thaw cycles in different
regions around China is as follows: 120 times in Northeast China, 84 times in North China, and 118
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times in Northwest China. He also pointed out that one outdoor freeze-thaw cycle is equivalent to 12
indoor freeze-thaw cycles.
Tab. 9 - Life prediction of basalt concrete

3%NaCl 5%Na>S0q4

WEIBULL BF0.1% BF0.15% BF0.2% BF0.1% BFO0.15% BF0.2%

Northwest 13.4 14.8 13.9 14.5 15.6 14.7
North China 18.8 20.8 19.5 20.4 22 20.7

Northeast 13.2 14.6 13.7 14.3 15.4 14.5

Tab. 10 - Life prediction of basalt concrete
GRAY 3%NaCl 5%Na>2S04
MODEL BF0.1% BF0.15% BF0.2% BF0.1% BF0.15% BF0.2%

Northwest 12.7 15.2 12.7 15.2 17.7 15.2
North China 17.8 21.4 17.8 21.4 25 21.4

Northeast 12.5 15 12.5 15 17.5 15

Based on the environment in Gansu Province, this study takes the annual freeze-thaw
cycles in Northeast China, North China, and Northwest China to calculate the frost-resistant
durability of BFRC in Gansu Province with two prediction models, as summarized in Tables 9 and
10.

Comparing Weibull Model with Gray Model, it is concluded that the salt-freezing resistance
of concrete is optimal when the fiber content is 0.15%, and the damage of 5% Na>SO4 on concrete
structures is slightly less than 3% NaCl. In service life prediction, the Weibull Model can use relative
dynamic elastic modulus damage as a variable to derive more accurate number of freeze-thaw
cycles. The Gray Model can only be used for fuzzy inference based on the present data, and final
data refers to data obtained before the relative dynamic modulus of elasticity reaches 60%, thus
such results obtained are relatively general.

CONCLUSIONS

(1) This study uses Weibull Model and Gray Model to conduct service life prediction of BFRC
under the environment of Gansu Province with three mixing amounts. The prediction results
obtained with these two models are similar. With different emphases, the results obtained by
Weibull Model are more accurate than Gray Model, and optimum durability is achieved when the
content of BFRC is 0.15%. In salt invasion, the damage caused by SO.* is less than that caused by
Cl.

(2) With the increasing number of freeze-thaw cycles, the compressive strength and flexural
strength of BFRC in three kinds of media reduce to varying degrees, and the mass loss rate-
increases. The influence degree of these three kinds of freeze-thaw media on the mechanical
properties of BFRC is: 3% NaCl > 5% Na;SO, > water.

(3) Inthe same freeze-thaw environment, the frost resistance capability of concrete first in-creases
and then decreases with the increase of BF content. The reason is that BF slows down the
expansion of micro cracks in the specimens in the stress process, showing a toughing and
anti-cracking effect and slowing down the decline of frost resistance. However, excessive BF
causes weaker transition layer between itself and concrete matrix, causing more internal defects
and weakening the frost resistance of concrete. As a consequence, optimal frost resistance is
obtained when the fiber content is 0.15%.
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