M XER WAVEFORM ANALYSI S FOR MONI TORI NG AND CONTRCOLLI NG CONCRETE | nvent ors:
Eri ¢ Koehler, Steve Verdi no, Robert Culley Field of the Invention The
present iwoentoamosel ates to nmanufacturing of concrete, pPamaSawnm28207
particularly to a nethod for nonitoring and obtaining information about the
gquantity and/or characteristics of cenentitious material in a m xing drum
by analyzing the energy waveform (e.g., hydraulic pressure), and, nore
preferably, conver MIRER WAVEFORIW ANAL V8IS FORMONITORMGr equency- domai n
spectrum whereby fUrther pANDPECONTROLIING RETEJ and assessed.
Background of the Inventi®on 1t 15 Known to nonttor and control the "slump,”
or Tluidity propegbkncs: GEAEKIhILR SIBPEVERIINGIROVEE Cildycks by using
sensors to nonitor the energy requirfed tor rotating the mxing drum (e.g.,
US 4,008,093) and/or the torque applied to the drum by hydraulic pressure

(e.g.,5US 5,713,633). The highagdb efgioner hydraulic pressure needed
to turn the drumat a given sp‘eeéLﬂm ' or less flow able (Iower
transpor t at i on'BF HeRer e LA RS, BREL R RGP GRRY dhenrog

al | ow ng f)Ql‘ticadjrlySthﬁﬁheﬂfodSfamohnoﬁirﬁ@mbt obtairing infoh atigelidboan teé wat er
or other liquids. A hydraulic sensor coupled to the hydraulic drive and/or

a rot at i oAHANtY W/ pRPACISiIFHES 18 Fanentiiouaraiara@) i@ WPEad fBHMBYi t ori ng
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catrons to be nade
dur i ng oppreiftrabiy, ceweeting thdltiGe-Gemaml wiloefol®/ BRSO thSOregbebty-ciatmaim No.

2007/ 01 856A1 ) . The ni tori of concrete slu i nvol ves calibrating the
outputs oRoGriBINSSEaY RN (ORI RO AR PbIANAICAR SRR SRTer ecrr | cal
sensor on a mxing truck, and correlating these with slunp val ues obtai ned

using a standard slunp conegi@adround éftheSinvefdion S! ump cone test, a

12-inch truncated cone
It is known to monitor and control the “slump,” or fluidity property, of

concrete in ready-mix delivery trucks by using sensors to monitor the energy

15  required for rotating the mixing drum (e.g., US 4,008,093) and/or the torque
applied to the drum by hydraulic pressure (e.g., US 5,713,633). The higher
the amperage or hydraulic pressure needed to turn the drum at a given
speed, the stiffer or less flow-able (lower slump) the concrete mixture.

Automated control systems enable transportation of concrete in mixer

20  trucks over longer distances by allowing for adjustment of slump in transit

through the addition of water or other liquids. A hydraulic sensor coupled to

the hydraulic drive and/or a rotational speed sensor connected to the drum

may be used for monitoring purposes. Such sensors can be wirelessly

connected to a computer processing unit and a wireless communication

25 system to permit modifications to be made during operation. See e.g., U.S.
Serial No. 10/599130 (Publication No. 2007/01856A1).

The monitoring of concrete slump involves calibrating the outputs or
values obtained from the hydraulic sensor and/or electrical sensor on a mixing
truck, and correlating these with slump values obtained using a standard

30 slump cone test. In the standard slump cone test, a 12-inch truncated cone
containing fresh concrete is removed to permit the concrete to drop, and the



containing fresh concrete is renoved to permt the concrete to drop, and
thevertical height drop of the concrete is neasured (ASTM C 143-05).

Concr et e Weworgtigdoss known sl unp property is then addedPCmtus2@ofoes2at abl e
drum m xer so that a hydraulic or electrical value, obtained as an out put

fromthe sensor, c be stored into a nenory | i suhsequent |y
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val ue 5 angemplrgstot&sFHRRItED@IRETRI IR eREBPING cohcrbletosgnsgiginénd
conput er processing unit (CPU) detect that the concrete is beginning to

stiffen, theecameiestifansivisieting agarreault of Aydialiancevanasation, aid iiepi ng
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avai | abl erdquiredefor &liringnt@smixingg dwm k athid ori-pobmhcomputerqebecessihganithe ease
and honogeneity with which the concrete can be m xed, placed, consolidated,

and fini sReTIParesinesiaiRpies, enaroy NalUe QRiaNSs| o da¢ SeERPITraRIisssS ak@ncr et e
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of a te that Is hinged on one end, such that the other end can be
i fted ancthamnanypeld the Sersorsdirgt aomputesf procesdieg coitd GRU Y deteckthattthe pl at e

is lifted and dropped. a.certai.n nupgber times and the harjzontal flow of
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In this test, concrete is placed in’a standard slunp cone,” the cone is
removed, disgersanthiom themaiicrelpriedastose e slumpniotthe desired valuedr op- i s

measured. The present inventors believe that a major problemof current
sl umpl¥oni t or i Aghémiethaalsi ane availablat fos oen uady inpeasuringrwenkdogityo (wlyich
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the drum hiiged fol8d@ lcBnsolidated, and finished). For example, in the flow table test
(EN 12350-5), concrete is filled into a cone that is placed on a moving table.
The table consists of a flat plate that is hinged on one end, such that the other
20 end can be lifted and dropped a fixed distance. After the cone is removed,
the plate is lifted and dropped a certain number of times and the horizontal
flow of the concrete is measured. For highly flowable concrete mixtures, such
as self-consolidating concrete, the slump flow test is used (ASTM C 1611-05).
In this test, concrete is placed in a standard slump cone, the cone is removed,

25 and the horizontal spread—rather than the vertical drop—is measured.

The present inventors believe that a major problem of current slump
monitoring information is that such equipment provides only information about
slump. Additional information about the quantity and properties of the
concrete in the drum, as well as the characteristics of the drum itself should

30 be known in order to monitor and control the properties of the concrete more
completely and effectively.

The present inventors also believe that a major problem of current

slump monitoring equipment is determining when mixing of components to



be known in order to nonitor and control the properties of the concrete
nore conpletely and effectively. The present inventors also believe that a
maj or prowbemofiizdrrent sl unp nonitoring equi pment i s @eTarsaImiozgronhen
m xi ng of conponents toproduce a uniformmx is conpleted. Wien ingredients
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revolutions is fixed to assure full mxing. I'f this nunbér is greater than
actual |y ceeinesd and dleen edecreases raximiinqumiegressas yareingy candreté ne are
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m xi ng. Hence, a novel nethod and system for nonitoring and adjusting
concrete ﬁﬁ@@b’@é’#'bHI'Xlﬁgo%’é‘?@fﬁ%a%emrﬁvrﬁj‘ddﬁmﬁsarﬁr\/éaﬂégdéﬁt.hSiJﬁﬁmbﬁrof t he

| nventi on.T. r i qvent. j : 4. - Qr nitoring
and cont 181 o FREGIoLAN RO REI R MERERE RiFhaR FEmBE PRy ",
cenmenti ti bedisetiergealfrdmithg druegrématairglpt at aldudd Mexdegirableno Havergas pri or
art nmethods analyzed a single hydraulic pressure -neasured instantaneously
or aver agBetheG rr@%@'ﬁﬂ@@éﬁ?s""ﬁv@?“?ﬁ REMiIRG-conput e sl unp or consi st ency,

t he present invention involves consideration and anal ysis of the variations
i n t h&0 neasur etleaper @ novey.methpdr aofi sygees $oir enonitpringdiendoadiustinge

aver age e i 1 nf: i e cenentitious

mat eri al , Bgﬁ%étéa@'eg%@ﬁ] p&#{ﬁ%ﬁ%& ﬁ%ﬂfl)ﬁéﬁ?}h@%ﬁ@@\%&%&gpeed, or amount of
material. In further exenplary enbodinments, this tinme-domain information is
converted into the frequency-domai n, such as by using Fast Fourier
Transform (FFT), Discrete Fourier Transform (DFT), or variations thereof.
By conparing waveform (ti me-domai n) or converted waveformdata (e.g., FFT)
obtained froma given cenentitious m x, and conparing to stored val ues, the
quantity and characteristics of the material nmay be obtained and



rheol ogy and ot her properties can be adjusted such as through addition of

| i qui ds or ot her conponents. Thus, an exenplary nethod of the present

i nvent i orwbapnioitxiong a cenentitious nmaterial, conprisesPCpusS2Idiorsroa
rotatable m xing drum having an inner drumwall and at | east one m xing

bl ade nounted on the inner drumwall, the m xing drum contai ni ng conponents
for meking a hydratable cementitious material; rotating said mxing drum at

constant speed SC 1 in the rasgﬁ“ﬁgryloefhé m@lm;drpns per mnute; providing
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can be di spl ayed itor or printed on pa SO so t it can
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of val ues, which can be plotted graphically in ternms of energy (e.g.,
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the data fan be Ana yzed in ter guency co ccor ngly, t he
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t hat gy’ or property
(e.g., FFT) obtained from a given cementitious mix, and comparing to stored
values, the quantity and characteristics of the material may be obtained and
rheology and other properties can be adjusted such as through addition of

liquids or other components.

20 Thus, an exemplary method of the present invention for mixing a
cementitious material, comprises: providing a rotatable mixing drum having an
inner drum wall and at least one mixing blade mounted on the inner drum
wall, the mixing drum containing components for making a hydratable
cementitious material; rotating said mixing drum at constant speed S in the

25 range of 1-25 revolutions per minute; providing a sequence of values over
time corresponding to the energy required to rotate the mixing drum, said
sequence of values being monitored at a frequency of at least 10 times
constant speed S°'; comparing the provided sequence of values with a
sequence of values previously stored in data memory storage location; and

30 adjusting rheology or other property of the cementitious material contained in
said mixing drum by introducing a liquid or other cementitious material

component into the mixing drum.



cementitious material can be quickly adjusted by introducing liquid (e.g.,
wat er, chem cal adm xture, or both) into the m xing drum Thus, a preferred
nmet hod ofwohel/myvmati on conprises: rotating a m xing dr RETABSAQI0L8207 a
cerrentitious m'xture at a constant speed in the range of 1- 25 revol utions
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sequence glef kiffRs, dsHBRitie \stlouBAce r5f0vé|uegtt%t5|heaqmicﬂ M@ré’ﬁ%nocmﬁé' ng the
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| ocation, and can be displayed graphically as a periodic waveform The

sequence &PMeA6PHifoleaneRtitiUsISaMPIe. shoul d be based on a sanpling frequency
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concrete setting e mxin size an
conflgijrafrequemxﬁy dchmaimt suchl thatunthst rrheokmgg, oIncbtber) bropedyumfoftheoncr et e
in the drum Additi on anabgs f the t n% domai n _or fre uency-domai n
dat a can BgMmentitious ma er| can qwc y adjusted y mtroducmg iquid (e.g.,

water, chemical admixture, or both) into the mixing drum.

Thus, a preferred method of the invention comprises: rotating a mixing
drum containing a cementitious mixture at a constant speed in the range of 1-
20 25 revolutions per minute; providing a sequence of time-domain values
corresponding to the amount of energy required to rotate the mixing drum,
converting the sequence of time-domain values into frequency-domain values,
comparing the frequency-domain values to stored frequency-domain values;

and introducing a liquid into the mixing drum, based on the compared values.

25 Values or electrical outputs from a sensor corresponding to the amount
of electrical energy or more preferably corresponding to the amount of
hydraulic pressure required to turn the drum can be stored into computer-
accessible memory location, and can be displayed graphically as a periodic
waveform. The sequence of energy values over time should be based on a

30 sampling frequency of at least 10 times per revolution of the revolving mixing
drum, or even more if greater accuracy is desired. Preferably, the mixing
drum will have at least one or more internal mixing blades to enable the

plotting of a periodic waveform having two or more peaks per period in the



used in determning the progress of mxing. For exanple, a liquid (e.qg.,
wat er, chem cal adm xture, or both) can be introduced into the m xing drum
based on w0 2amaliy®its of the frequencydomai n data. Usi ngPaTiusansfes2nut i on

al gorithm such as FFT or discrete Fourier transform (DFT) is an efficient
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for recei ykp@iRdeReAMhS BLSIHGPesY oMAliRp over time corresponding to the
energy required to rotate the m xi ng drum contai ning a second hydrat abl e
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Fourier transform (DFT) is an efficient way of decomposing or otherwise

converting a sequence of hydraulic energy values into components of different
frequencies analyzed in the frequency-domain, such that one or more of the

20 physical parameters of the concrete, as mentioned above, can be monitored,
analyzed, and, if necessary, adjusted by introducing a liquid or other

cementitious component into the mixing drum.

The invention also provides a mixing system that comprises: a mixing

drum having an inner drum wall and at least one mixing blade mounted on

25  said inner drum wall, said mixing drum containing components for making a
hydratable cementitious material; a hydraulic pressure drive operative to
rotate said mixing drum at constant speed S in the range of 1-25 revolutions

per minute; a sensor operative to provide a sequence of values over time
corresponding to the energy required to rotate the mixing drum; a computer

30 processing unit for monitoring values provided by the hydraulic pressure
sensor corresponding to the amount of hydraulic pressure required by the
hydraulic drive; a data memory storage location for storing a first set of data

corresponding to first sequence of values over time corresponding to the



rheol ogy or other property of said second hydratable cenentitious materi al
by introducing a liquid or other cenentitious material conponent into said
m xi ng drwo2bsge20en sai d conparison. In preferred m xi RgTARSC10/088207 he

conput er processing unit is operative (a) to convert said first and second

sequence of val ues rresponding to.cor ondi to e |red to
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after conversion into the frequency-donain, an (c) to adjust the rheol ogy
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F r equency SbAIG Suthe “IRaaLTe for EeshE A Feodh seRienctngh Y PERS ot e al
(e.g.,5sl ume cdréegPohdiaY, t(b Oﬂtfé e , redjuire@ OKY Ertttate€tife ) mbang beruanal yzed
or rmdlfl ed such as by introducing Tiquid or other conmponent 1nto the
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delivery ruc m X1 ng dru anal ysi's

in i xer sS6t;heid bbmputtbwronessamg unﬁtbﬁ’n@mrme’ngip@raﬂnm‘ formonqmmg@an@l e shaft
m xers, and (?an m xers. Further advant ages and features of the invention

may be deSBFYeACHEEAK YRHEBMWIEY SBELEPS %%qlt?rpcm?fOft‘f‘%Uﬁ RGPS her
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conpr ehende eta| escription of preferred
enbodi mentrdradsicingka tiquid Qr(nthenceﬂnentimu&mtaltmlampmmmwmrr&wsagismmheg ein Fig.

1lis agr hi i | lustrat,on of ul i ssure (i,e. ner s shown by
wavef or s PP SAPRATETE e Dol Rt gy i s BeeipdRann: ¢
iIlustrat bebe@Embymlﬁlé' bﬁer@h@é?#}f B ESSNHIT 88idt @t Qhéts%céna‘%qﬂgnééw | oaded
with concrete; Fig. is a graphic illustration of a frequency donmain

spectrum waluga, @@ﬂmpwnohnggtmmme@pomlgg to enepgit geqdiresn trasetatodne er
r ansié)r mn‘bﬁrﬁ&drﬁ%aégrﬁ%%;ing cementitious material, into the frequency-domain; (b)
to compare said first and second sequence of values after conversion into the
frequency-domain, and (c) to adjust the rheology of cementitious material
contained in said mixing drum by addition of liquid based on said comparison.
Using either or both the time-domain or frequency-domain data, one or more
20 properties of the cementitious material (e.g., slump, slump flow, load weight,
air content, etc.) can be analyzed or modified such as by introducing liquid or

other component into the cementitious material.

The method and system of the invention may be employed in

stationary mixing drums, such as at a batching plant, or in delivery trucks

25  having mixing drums. The analysis method may also be used in mixers other
than drum mixers, such as single shaft mixers, double shaft mixers, and pan
mixers. Further advantages and features of the invention may be described

hereinafter.



Fig. 4 is a graphic illustration of a frequency domai n spectrum of the
m xi ng drum | oaded with concrete of Fig. 2 conputed from Fast Fourier

Transf or wOBB)y1182val ysis; Fig. 5 is a graphic illustratipom/ustomwhes2nydraul i c
pressure over tine (waveforn) during mxing of a concrete batch; Fig. 6 is
a graphic illustration of anplitude over frequency cal cul ated using FFT

analysis for partially-m xed concrete of Fig. 5; Fig. 7 is a graphic

illustration of anplitudeBA¥fDebEAPLBACS thel Drdwihgd usi ng FFT anal ysis on a
fully m xed concrete batch of Fi g 5; and Fig. 8 I's a graphic illustration
ga
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may further include fly ash, granulated bl ast’ furnace slag, |ime stone, or
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cenment or cenentitious m xture having a fine aggregate such as sand; while

“concig@te” reffig I 8 gepHicaliebiatich af RDfrelietidiatiola®P spesk@nnsf ancoar se
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. g )f the term
"cenment i t EBURY maixiegi drum mfyFige luse@puiadefreRahgebbryrian tThansiernd dFm)
“concretep. @gisconcrete is nost comonly provided by ready-m x trucks which
have r ot a?a% € Mmxing druns, but the term "concrete" as used herein does

not necessaril y. exclude the fac t th resent . inyvention c used for
del i vering mat Efq'a‘fés gﬁ%{%pﬁgnﬁ%tﬁétgﬁ 911 ggfﬁgqﬂenﬁy %déﬂ%'ﬁtéé%réjtﬁ%?& (e.qg.,
pozzol ansmighg "@un®réaded with concrete of Fig. 2 computed from Fast Fourier

15  Transform (FFT) analysis;

Fig. 5 is a graphic illustration of the hydraulic pressure over time

(waveform) during mixing of a concrete batch;

Fig. 6 is a graphic illustration of amplitude over frequency calculated

using FFT analysis for partially-mixed concrete of Fig. 5;

20 Fig. 7 is a graphic illustration of amplitude over frequency calculated

using FFT analysis on a fully mixed concrete batch of Fig. 5; and

Fig. 8 is a graphic illustration of the relationship between actual rotating
drum speed, measured using an encoder, and the drum speed calculated
using FFT analysis of hydraulic pressure waveform.
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Cenentitious materials deemed to be "hydratabl e" are those which harden by
chem cal interaction with water. Cenentitious materials may further contain
chem cal woroyui®g, such as water-reduci ng agents or hipgh/usangm28207

wat er -reduci ng agents, viscosity nodifying agents, corrosion-inhibitors,
shri nkage reduci ng ad . retarders, air
entrainers, air det s Ror plastic

shri nkage control or structural rei nforcenent and the | i ke. Concrete
del i very ni xi ngNer &S "RAVEAHIQUSINES cétd dlereipnreisrs g anpnateialy Bt
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computbr  BRUEGESS SnErned S REPt BVRD: B BINEY PBRdhe censors and
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i ndustry. For exshptemenrifiiayssmatgrialemayifughet é?ﬁéUdQMﬁ'Vc%SfbaWa@é' aie@d in

associ at i n S pat ent
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for Ml ¢ piddehiailfl LARSRAP referd % BbRIPSP cERmMIbERNiR0R haviRgbtingtion
Wi th sensors for ‘nonitoring various physical properties of concrete m x
i s taught aggrelgst@auefmtasesam whiles coficiedé T eadersTmose ace@rcaltelyige aapmertar

i ncor por a here| reference. In view of t omgteah s, the
oresent | LS Comeech Eorr Saramiserish So i1 SRS AL o Yt he

i nventi Onugébflﬂ‘r’e E&rﬁp’fde@w%htlﬂléuggn&@ﬂﬁle%éﬁbé'us@dtlﬁ@é%g&w RitR thé X
nonitori n? equi pnent . Using automated sl unp-nonitoring equi pnent avail abl e

under the QVERqun@rqtenaaﬁecquﬂieGsaB@St@wammn&x pEryidach By ceady-Txthiickg e,

Mass ai:? us ﬁfh gﬂ? r&%ﬁﬁl d a xﬂﬁf} dl'l*rﬁ’? Mﬁts {heqb?ﬁwt ecfdnc%}bo ’asf Hed )rﬂ’é‘rfg?th €, one

m ght | hr's
does not necessarily exclude the fact that the present invention can be used

for delivering materials that contain only cement or cement substitutes (e.g.,

pozzolans) or mortars.

Cementitious materials deemed to be “hydratable” are those which
20  harden by chemical interaction with water.

Cementitious materials may further contain chemical admixtures, such
as water-reducing agents or high range water-reducing agents, viscosity
modifying agents, corrosion-inhibitors, shrinkage reducing admixtures, set
accelerators, set retarders, air entrainers, air detrainers, pigments, colorants,

25  fibers for plastic shrinkage control or structural reinforcement, and the like.

Concrete delivery mixing trucks having slump control monitoring and
control equipment, such as hydraulic and/or electric sensors for measuring
the energy for turning the mixing drum, speed sensors for measuring the
speed of rotation, temperature sensors for monitoring the atmospheric

30 temperature as well as the mix temperature, and dispensing equipment, as
well as the computer processing units for monitoring signals from the sensors

and actuating the dispensing equipment are by now relatively well known in



commerci al | y-avai | abl e sl unp-nonitoring equi pnment, performthe follow ng
steps: introducing into a rotatable m xing drum having at | east one and
pr ef er ablwot2em/1an20nor e m xi ng bl ades nounted on the i nnecTdrsaomowad2b7 a
cementitious material; rotating the drumat constant speed SC 1 in the

range of 1-25 revolutions per mpute (r ;. providing.a sequence of val ues
cor f espontis BoLE n 5ok ARG, SLsh S pRicaaloL Sitesy PRI GFDS Leer | e

required h8se@hfdrewithSvilEIEs8 coRtLiMeIRNSRtGhsY aldigBclo8badh T phfed at a
frequency of at least 10 tinmes per drum revol ution at constant speed SC 1;

pr ef er abl §,&3663i1d)Sheatent, &l 1% BSfPeral NonPYBdb.aoék fagilichtioriaa menory

st orage | INQ0; ar | sequent nent s of ant speed
S 1 over 207700t RPARE i BeRRPHE Ot RE P BTRRGh Roon At SEALE s s
previ ousl BefbPrgs. i11/26WBB2r (RigRatBNOhY, SIGDSAUB148BEAL iany Séwhlatjoust i ng
rheol ogy or other property o§ the cenentitious material by introducing a
l'i qui d i nfl /831003 Eﬁ)%lcatlermn% 200946026 iuthes ipy@mdary. sysiemuior her
exenpl ary - - of t . |, OF Se - ues,
whi ch can Dbe ofte raphi ca in terns or ener e. g., raulic
nLB‘?w‘itgﬂHg ?rﬁfj é:ﬁ}ﬁgrhfeﬁﬁllngymﬁrjéfets% (\f&ﬂﬁpﬂﬁbatfogs @ 8%%8&%}5@% W

pressur e) sensorst forembnitdrivey tvanieud opisical | gropertiesr bedhé ndancrete mix is

t hef requency-domai n usi ng al gaorithms such_as Fast Fourier Transform (FFT),
Di screte E3@Nt US diient %6(18#@5, ObfOliee: JAERG dsaghBgRde iReRMROtGY t he

dat a n R ¥ hdp terns of frequency conponents and the properties of
t he cg@rrent ?E@g%g %r];e?%r(fréél can be nonitored and/or adjusted based on the

previously st ofochFdy R Bredlify REAASS, 1A SALAIR IRRLIGLSdBIL g use of

FFT or Discrete Fourier or “variations thereof can %e used

for transhamen®fsxenglaryf ¢mbotineerits raf tlermventiont may bé eractioed wkingi n
spectrum even t_houPh based on rotational data. For exa[rg_e, US Pat ent

6, 876, 1 680RVeNtignahaesnatad saNCHeHR: My BNiteFing oI ey Using 2¢lomaie® as a DC
not or, couj ) Aal. i 1 ' l-oyi r DFT to
Franst or e u g AMBLAG R IE 0o SRENE Bkef BF VEFIFIG TR ot Trdcs

char ati er Constactodn FnedXTs nbaorbridge, tMaesgaobssetts, caise RS dvadutons 4LCot at i onal

speed SenWerstC nes Sr,egﬁilo? grdeggmH]e? one might, with slight modification of this
commercially-available slump-monitoring equipment, perform the following
steps: introducing into a rotatable mixing drum, having at least one and
preferably two or more mixing blades mounted on the inner drum wall, a
20  cementitious material; rotating the drum at constant speed S in the range of
1-25 revolutions per minute (rpm); providing a sequence of values
corresponding to the energy (e.g., hydraulic pressure (“‘P™)) over time
required to rotate the drum, said sequence of values being monitored at a
frequency of at least 10 times per drum revolution at constant speed S°';
25 preferably storing these values in a first computer-accessible data memory
storage location; comparing sequential measurements of P" at constant
speed S°' over time with sequential measurements of P" at constant speed
S°" as previously stored in another data memory storage location; and
adjusting rheology or other property of the cementitious material by

30 introducing a liquid into the mixing drum in response to this comparison.

In further exemplary methods and systems of the invention, the
sequence of values, which can be plotted graphically in terms of energy (e.g.,

hydraulic pressure) over time in the time-domain, is converted into the

10



m xing drumitself, so that it is not necessary to use FFT or DFT to
approxi mate rotational speed since this can be determ ned directly.

| nst ead, W9 28warmivieng hydraul i ¢ pressure wavef orm data POTIUS2010/028207
frequency-domain, the present inventors believe that conplex sets of

a1 onTEAHBOHEP TP, G570, SIIRHIERS et 8 Gt e cHenSI kil eq. O
SI unp- MNP ERIFSNEEre RSP EDFR), | & @drehtinés TR agH batshe el a

sanpl e concrete m x using standard slunp cone nethod (e.g., neasuring
vertical daopenanayizechin comsreftfecqdencyfaosporamntyiang tbemsoperdiealdf de ng

sanple to fall)..and correlating the slu val.ues w t er required to
orate  neoRanlid aralebRl Xesl e RoftorRe SRt allustf it Rl e r
gi ven yol praviddslyrstoré@FeMddta. This correlation can also be used for the
pur poses of the present invention, particularly where the hydraulic

pressure val uesnarseasdl 1z8stord bRevd IRAURELseIOMPET. or! Miskrte Fjurxenpl ary
enbodi ments of the invention, nonitoring of a sanple concrete mx can be

per f or ned Tiansieras (PFig arnarigtionp thewef afanabe arsedetos transferanpg esigraiel this is

done by mfasu&]i ng th horiz?nta# spread, of the cC?ncrete 3ﬁrrplebm'x after

renovi ng {'RE" %Eﬁ?ec QOS0GRS R Y HPTRARRTREAY Y 5V EA dN3WI, PEEPY ace.

Hence, sueh relatibRall 44y, \FRorus@niply, BSsPateat 6 @76¢168 BA ofiJbRes hgugitanhage

energy (e.g., hydraulic pressure) to rotate them xi n%gdr umat a gl ven speed
I

for a_Y(gi veResb e ralplinngleyiaeplsichont cebE folor. oRbld enpnalyeed tedbei s
t : - .
enodi rent S4TSR RIERF BbbYg s BrtF 1o Bansidntkihals, Uphafted el 1Y

sl unp- nonby er sagsEYIBhE Measareddgoame clhadrabteristids oy this D@ rdter.f llovhé abl e
test (EN 12350-5) whereby concrete is filled into a cone that is placed on
a novi ng PERSESt £88€t ReWe¥Rle 3 sOlREADIITPERS BAREOM FRN REr ePBIYEC QpriBRdd of the

concrete ﬁﬁ{qﬁ e Re1i1egs Whed. it 3 Gl revi ReslpET Ryt peTPagkgr ound.
The flow tab g egﬁﬁueigfeobt?neg clanétﬁ@fl l%ggcéz%r eF)atL%g vvithrbaqver agg9
hydr aud i capprexguate fodaticnalispead spesdtHiocaa b determoledn@iredtiym bstestder i al .
Thi s corrgl ation .carf1 %I sq. be used for the dotfrpo es_of .
y examining hydraulic pressure waveform data 'in the frequency-domain, the
present inventors believe that complex sets of concrete mix and mixer
characteristics, even against the dynamic effects of hydration and other

factors, can be monitored, analyzed, and adjusted.

20 Slump-monitoring systems can be calibrated by measuring the slump
of a sample concrete mix using standard slump cone method (e.g., measuring
vertical drop height of concrete mix after removing cone and allowing sample
to fall) and correlating the slump values with energy required to rotate the
same concrete sample mix in the drum at a given speed for a given volume of

25 mix material. This correlation can also be used for the purposes of the
present invention, particularly where the hydraulic pressure values are

analyzed in the frequency domain.

In further exemplary embodiments of the invention, monitoring of a

sample concrete mix can be performed by measuring the slump flow of a

30 concrete mix sample, and this is done by measuring the horizontal spread of
the concrete sample mix after removing the slump cone and allowing the
sample to spread on a surface. Hence, such slump flow values may also be

correlated with the average energy (e.g., hydraulic pressure) to rotate the
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the present invention, particularly where the hydraulic pressure values are
anal yzed in the frequency donmain. Hence, further exenplary m xing systens
and net hoae 20fo/t1a®4i nventi on conpri se providi ng a sequemCe/Uskovmabirzes
corresponding to average hydraulic pressure required to rotate the drum

cont ai ni ng_.a k(rslﬁwn vol une of a (r:]foncrete m'tﬁ at EQ% ven l.';?Eeed nd_vol une,
wi th val uEsXpg TRl 3 IV IRFEIOL A PUP YA SR J¥d8Et i on and
cor r espongthag|dAp Sb@dat & RIrhiflsterenan wborfancE&hitd ASTMICAB118B8L; See ASTM
C143 - 05), slunp flow values (horizontal spread’" See ASTM C 16 11 - 05),

and/or 10w t abi Qural sy CREMOEN 1B RO AR BRABA AuRPRREGKE M X

Fig. 1 shows at typica I n energy waveform pressure)
over ti meinveatorads)lieveghiat stbrhpmaonitaninggsysiemisptan atst bet ealiraiedgbygr um
These wavef or ear._.a f continuous sinusoidal curves. Wile
nydr aut | UPNBSRa oW St tash (N 2ROl MEETRBY SPRCTRLS i e dilo S ret o
delivery fHati BUplace@ksn eAMMBYingY B!l drfd PRESSIHEE i Qbrioveai 88 thie tHEum
references to hydraulic pressure should be understood to apply as well to

or i ncl udbostyal spedadenttiy qoactete samplencan \asl mepsured, pewiascrieedi ngs)
which is simlarl scillatory in_pature, havi anpli.tude varying with
tner b gPrayiaudn 385 cRafbugr 107 1607 0B Ve PRaba ool Encbiat | ng

m xi ng dr gotréledste it BlefgeORGERILEC Brebslre. fofhe ginéerdpdieds wrf acgiveh t he

m Xxi n? drum contained two m_xing bl ades attached to the interior surface of
t he dfum ¥eldme ebmgetnaterialpilhis cerelation canAlsel beruseddpatheopaiPogks ©fof t he

drum  Thefre BRtlork IHEINRLP, BELERU, Wihe! Bie MBS, elld fudarartn thi s

case, and aracteristi'cs o are'reflected e pair

of short andyted in reafkequerelytdainain. t he graph. The hydraulic pressure
wavef orm of a given concrete material having a relatively uniform

consi stency angeacknRirhes bXEMpRITy PhiXifg Jylstih$ anaimemodsiatine irenhyn st andard
sl unp cone) and known quantity may be stored in conputer-accessible nmenory

as a sequ@@@@riﬁﬁ prayidieg q fse@wrﬂcweowalp_as cerreapaRding upiayepaas Bydr@uiensor )
corr e??"”ﬂfé%%uFé’ rédqu?re?i%%{atgfth@WUrﬁlﬂ:lohPair%ﬁsaskﬂ'ﬁcﬁm volume of a concrete

mix at a given speed and volume, with values previously stored in a computer

accessible memory location and corresponding to standard slump cone

values (vertical drop test; See ASTM C143 - 05), slump flow values

(horizontal spread’ See ASTM C1611 — 05), and/or flow table values (See EN
20  12350- 5) obtained from a concrete mix.

Fig. 1 shows at typical time-domain energy waveform (hydraulic
pressure) over time (seconds) required for turning an empty concrete mixing
drum. These waveforms appear as a sequence of continuous sinusoidal
curves. While hydraulic pressure is primarily mentioned herein, since most

25 concrete delivery mixing trucks employ hydraulic pressure for turning the
drum, references to hydraulic pressure should be understood to apply as well
to or include electrical energy (e.g., current, voltage, or power readings) which

is similarly oscillatory in nature, having amplitude varying with time.

Fig. 2 shows a typical hydraulic pressure waveform for a rotating

30 mixing drum loaded with a concrete mixture. The interior surface of the mixing
drum contained two mixing blades attached to the interior surface of the drum

and arranged in spiral fashion around the rotational axis of the drum. The
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required during the turning of the m xing drum at successive instances
during rotation. After the mxing drumis enptied and the conponents of
anot her cwocrarEaiwat ch of the sane design (sane conponerC3/is2alopes20eEnt ages
thereof) are placed into the drum the system can be programred to

recogni ze _when the conponent cenment,, water, agqregate materi al have
beon adeqBHETY MHERIS SRISKS i 68 TEesT 1 HedEn HOch (B EsreArr B us
material  tRaRlcAIREcS ¥ InE Nam Py Udund e trBfiScte@ P thedpag dysiirebyditad
variations in hégtitraul Ic pressure required to rotate the m xing drum over

ti me. Henpeaksplottedyn e gregdd t o conput e average energy (which would
ot herwi se require a nunber of drumrotations to be averaged out) but would
presumabl y reqlihedyesdic pressureomsvaforndef ergivere coheeteimatenianhaeirgy st ency

has been reached in the given m inply b certai ning when the hydraulic
pressut 6 TRTRFY HWRIEHESHORE Areh BrkQMLSHDRI HaS UG TO¥N (T4 Sanpl e and
stored i ngeRIMME b?%‘%&ﬁéérja' §uW6Ne)' 85&1KnBWn hﬂaﬁtﬂ?'ﬁ]h?rbe B&IrESIR

recognition, as will be further discussed hereinafter, can be used to
det er m necomputer-agoessiblenmesnory sgso adzequence raf aiatuasa(frern $he Thispwiafed or m

could als @e L{ransferred to.the freqéjen domai n &r Rn(%he ti ne _daonain.
Fig. 3 i1 Dudevlc Bissaiiie SHnsd) sPEeshodBALT i Priolial RERYIrauS Pressis or

Tr ansf or mdduirbd gy siestudiing e RSP iXingrdHihPaESFddessvaviestantes borieg her
wor ds, the sequence of energy readings is converted fromthe tine-domain

into ihe fotatieRnbfeudiminmixingetiein inyaineiiad @ngr iesap@peaeNiseoyPRpIEEal | y
pl ot ed asoRuHNGAN v SOHENGLSRAC EhADIRIMABNG! A gerpisisgHce 2 2
unction o requency can bé " nonitored ' over | as m X1 nNng progreEss,

concrete #dréb®nare @lacert anfoaltise sdreim,athevadysternr camelpe cariogeginimeaduites ar e
added into the drum Hence, the anplitude or height of the frequency
peaksor c[RGPEEIZE)NEE AL CAMRONMBIUS dGEMENprWalerr adgreralolirierialel haygar e

e, Or Babh Rl 8P IRBd Pard! BEhI 180 et FALIREY A of icasifioagP! i t ude

peak neans ft hat ydraulic pressure required to rotate the enpty
dr um o€ cuneatertialps ipreaneid! iptorinehdnung aner thisheam o danegoyeanglybiagduarationst his i s
consistent wth the observation, that th% hydraul i,c rF])ress re r?_geui red to
rot at e an'rbﬁ%‘ta@uh? [Ryessure required to rotate the ‘mixing drum over time. nce,

one may not need to compute average energy (which would otherwise require

a number of drum rotations to be averaged out) but would presumably require

fewer rotations to determine when uniform consistency has been reached in

20 the given mix simply by ascertaining when the hydraulic pressure waveform

matches or sufficiently approximates a control sample and stored in

computer-accessible memory location. In addition, pattern recognition, as will

be further discussed hereinafter, can be used to determine when a waveform

corresponds to certain targets. The waveform could also be transferred to the

25  frequency domain from the time domain.

Fig. 3 illustrates hydraulic pressure energy in terms of Fast Fourier

Transform (FFT) analysis of the empty drum pressure waveform. In other
words, the sequence of energy readings is converted from the time-domain

into the frequency-domain wherein hydraulic pressure can be graphically

30 plotted as a function of frequency and changes in hydraulic pressure as a
function of frequency can be monitored over time as mixing progress,
concrete stiffens, or materials such as water or chemical admixtures are

added into the drum. Hence, the amplitude or height of the frequency peaks

13



Is fairly represented by a single sinusoidal curve, representing the | owest
frequency, as suggested in Fig. 1. In preferred enbodi nents of the

i nvent i orwwotzhe/hyxraul i ¢ pressure wavef orm data (sequen®eTafS2maloes2s7
corresponding to hydraulic pressure required to rotate the drum and

corent LS BT Bbats GRINGEASE Gl T AR AR SRR e eBh s
can be angbygefbdied s %‘uritdrf]'igﬁlefth@fue%?.”'PlHé‘rs}thﬂMhBﬁt%élp??afaktr'ﬂ@aﬁéesent

i nventi on, eight o eaks can” be asséssed, as we as the width at

t he base tfattmestpfdke,hysnauligl presbursl agiuirgdtthgotaie dhe @mpty sirumhecgesaks, as
desired. Fiqg.. 4 |I ndi.ﬁat es what ha fJJ_ens when c(fn.cmettg. is | oaded ti nt,[o t he
mi xi ng. dr BEr RN MRS derd ReroBhPedverdcy Boaiolhy: Giey 3 At b ) tast
Fouries Ternsbservalidrhatithé hyidReulicr gredsineyred@irat toWbeitgiah émpauaney
conponents are plotted as a function of frequency. Wile the waveform for

t he enpt yisdfaifty érArasentech byeaksiagigl sinyaeidat CUre, freetRrENENI clhier WaSidi ng to

t he drum rrgggé%g}jm%%S;@tggstetdqﬁer_l%_d{ aul i c energy waveform of the

concrete- rum nstrates peak anplitudes at higher

frequenci es. Thi s appearance pf hjgher, frequepcies is believed to be
generat ed by t b EEEG BIRRSmgRsy Shthss MHETHE A T TRERY I Bresali® sur t ace
of the m wabefgil@ats (E¥QU&e 10f Ugdudd X®rredpBAtingC ko dRirawe pessdurdel i cal

or spiral blades nmounted opposite of each other on the inside of the drum

The mhsuFRaNITREVST A6V IEST anyl SETeRNP e 3alh s aRmariashinsp tae
f vt siiening el |
fr equenc, SeagdoRiaialt Gheh B b e o DI Lo Meh i Uepd e e

bl ades. Abskaviodobipekdrappesiteng cn e hhglyeed furttgrency (to the right side of
the first peak) represents a doubling of the frequency of the drum

rotation. This|mhepRIRIX@MISyDEMbEYRSLHS dPehs FWESshtbivérRIbNNehd WRight

evenl y-spaced- apart m xi ng bl'ades, which are nounted on the inner wall of
t he rot at PhipedpeaksFean bs agsensed s wellesuhevigkhegbtheebags, ef hrenpegksat ched

oon £ € b3 mAER Mg b ol Brdd BPOAEANR, BbBesicb® veverorm is seen to

change” graaual

Fig. 4 indicates what happens when concrete is loaded into the mixing

drum, and the resultant hydraulic waveform is converted by Fast Fourier
Transform (FFT) into the frequency-domain wherein frequency components

are plotted as a function of frequency. While the waveform for the empty

20 drum exhibits a peak amplitude at the frequency corresponding to the drum
revolution rate, the hydraulic energy waveform of the concrete-loaded mixing
drum demonstrates peak amplitudes at higher frequencies. This appearance

of higher frequencies is believed to be generated by the mixing blades or
paddles mounted on the inner wall surface of the mixing drum. A typical truck

25  mixer drum includes two equal helical or spiral blades mounted opposite of
each other on the inside of the drum. The measured waveform provided by

FFT analysis is a summation of a frequency associated with the rotation of the
drum itself and other frequencies associated with concrete being displaced or
sheared by the blades. A second peak appearing at a higher frequency (to

30 the right side of the first peak) represents a doubling of the frequency of the
drum rotation. This phenomenon is believed to be caused by having two
evenly-spaced-apart mixing blades, which are mounted on the inner wall of

the rotating drum.
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over time during the m xing operation. Specifically, the tinme domain
wavef orm changes froma predom nantly sinusoidal curve with a single
repeat i ngwpealo/tinzoa curve with two peaks per rotation amdTaiSzérooas207 peak a
different hei ght. The latter portion of the waveformis shaped as a "M or

"W sh I t hod d t f t t I

the anal yei o oF G S GRUR Y APV PS8 WeVoKEas POhEd sORaITIg fo

" peaks” anqxed/awltﬁm&h.squéiaemd% pRit, th\é/wé\lié\‘eﬁﬁ |é!\’§<¥@rﬂ%6ﬁar?%e gf@mlanyally
illustrated in Fig. 5. eappearanceo he "M or " aped waveformis

associ at eavei imeautcisgttae migiesgraperationyi Spagflcalhf fRltimegomainevavafortn i on i n
variation t he. non-averaged hvdr.aul i.c_pressur. €. neasured by

st andar o G0VSRS B0 Y SRBR Y FtSRtaRiEYS 1 R dSoRanib8E
eventual & abjdri/é%’dhoﬂi)vd)beélk/@bélgﬂﬂafwrdléau'wlm RRER PR RUAferbBOhSIROC at ed
with a certain degree of mxing. Therefore, these characteristics of the

hydr aul i ¢ TPedatierr RO & dhenvayeiaran isahapactias i’ Ms@'&l 'Wo sBapeudiencene ni xi ng
progress %ggrgﬁo%?\zrrﬁethgag FANS LRS! & t Iﬁ@llwe o)ﬁeﬁ# ﬂgeféﬁm%.% %r?tth% iy

confirmt rties o concrete af ore’l

m xed. | nm@ddfdrfrmpr,opeytldsn@wmegiatdmeomeepomdmg tm r&eaig; and ‘vallggsSifihe to
estimate the final sEnﬁpertles of the fu %Q‘é m xed concrete. The present
i nvent or s MelGQreve t $RAPSHIVaYEIRTANR i8S Pratticaly dwsiaigd & Frigy 15. -m XP®g can be

used 101 8BpESIRLLIS oI oiIoVer sFBE ANBIGH (PEORRIALAIEN ol Boain

cenentitio material contained 1nt Ing drum suc oad
wei ght, (degrre@adf mofingre,In (additoon ¢he redutdiosi mwar(attipnccdrtbeetoaa averragem\t ent,

f te sl fl te flow tabl |
(hy concr BraaDlEasereieh. o5 rirar R dub Sndeld R fEiaf Buss Aefgin (1)
segregati ﬂmeoihté?r%!%ﬁhﬁthé@@éﬁﬁ@%ha e\/dniuaﬁ%'Bé’dlﬁéaﬁloﬁ%ftd\)wagéd%}/dr%hb nation

of the mxing drum (1) size and configuration of the internal drum
struct ur epressdre @yre IS0 cpsspcieted arithy at eentaint degréeudh Mexiod. phpeiaiare,

A TR T R R L R
paper. Fous&xadelgluatettd fhixifg pb&iress an8lshsusé tﬁ@c%@iﬂféﬁetet@%lmﬁﬂnﬁd ons
It is important to confirm the properties of concrete after rather than before it is
fully mixed. In addition, by knowing the extent of mixing, it is possible to
estimate the final properties of the fully mixed concrete. The present
20 inventors believe that the hydraulic pressure data after full mixing can be used
for correlating with one or more physical properties of the cementitious
material contained in the mixing drum, such as (a) load weight, (b) load
volume, (c) concrete density, (d) concrete air content, (e) concrete slump, (f)
concrete slump flow, (g) concrete flow table value, (h) concrete rheology (e.g.,
25  vyield stress, viscosity, thixotropy), (i) segregation of concrete components, (j)
concrete setting, (k) inclination of the mixing drum, () size and configuration of
the internal drum structure; and (m) build-up of concrete in the drum. Such
physical properties or information on the mixing drum itself could be stored in
a data memory location, displayed graphically on a monitor, or printed on
30 paper.

For example, in Fig. 5, between 900-930 seconds, the variations
between the topmost peak and bottommost valley (or bottom of the wave) are

much larger than those appearing between, for example, 1020-1080 seconds,

15



bet ween the topnost peak and bottomost valley (or bottom of the wave) are
much | arger than those appearing between, for exanple, 1020-1 080
seconds, swogesriimy4t hat t he concrete has not yet obtai nedTasedioneszpy at 900
seconds. Thus, once the variation between peaks decreases, such as

ted by th t 1020-1 080 d he, " M. "W sh f th
vaver or m PedaRstennat fisconeis, Brage Houraiaiad prirdiver WL s88rRrea, 't he
m xi ng dr ¥ALSYSH@Mneafiriafigh GelhRetMpbakd Yebasas COBM & §u§d@st§@6yt’!ﬁe
programmed to cal cul ate concrete %ntlty or properties, decreasSe

rot ati onagraphe@d @20 608@rsasonder ‘M’ o “WY's shapgyeofothef wavefornx sl

concrete, or ke rther additions of cenentitjous erials to adjust

o oper ¢ | eS70PE 1. it ASEEtY RvhiAe HrpSS e lrobieBlRat Y ofikhr St

i nvent$ ongydtBirs caRf PURte QRaC afixipg & adipfait! andlicpl Bgegdrogrammanitbor, so
that it is possible for the operator to start up the m xing of conponents
at a cert gflgulaiterecoiareiee PRAMINNPr( RIoReTHesieldegegdsesiro@tionghdregd JRavef or ns
can be co t r - the o) V} I
ascert ai n%eﬁgtem%ezé% ? @0 W?ﬁ@r%nﬁglgaﬁ{&&hgﬁﬁgg&n (grt ai felew%lr y

Al t er nat i gddiions bé cemeatitious taterizts &nadjyzepropertist gfithie wentiete st at us  of
mxing (e.qg. partially mx, fully mxed, or estimated tinme to fully m xed

concrete) and Idﬁie&eﬁlfpﬁérrsmé%dbeargj 3PSt by tisk shleritiof, s anfodibtion so t hat

t he og&rat or can visually ascertain when uniformty of the concrete m x has

been obt araRde Eﬁép@ﬁélﬁérﬂismwﬂ’()‘r@ Bynitev.e S higat vlh\b%fgﬂsﬁibfb’%tfﬂ'éﬁh% in the
sequence gholNer B I RSB GBS0 Sl bliPEBoRfngor €

cenentitious material parane veri er visuta nitor

or by progatatme ngel@aenpngital) erangr deeswavefoemsospar be stompdretatte widréd dat a
obtai ned during the concrete delivery and/or pouring process, Far exanple,
a known | B@Hefﬁémﬁo Fﬁ%ﬁ the apsrater seRo/ismally 38CRHAIN W ?Hrurbf@é%'th&fdm at a

gi ven tinmg,addiesShy ﬁﬁsibgeﬁoéiﬁ%é‘d.‘Aﬁéﬁ%ﬁbgg,etrfée\ﬁ&\rxé(fohﬂ%%i anélgﬁédthat for
subsequent concrete [ oads having the same conponents, formnulatron, and
rotati®dn spdetrmirrestheostdtweeofhtixingrielge pautiaiyernix; dillyy mibeics oir exbtiasated f unct i on
of peak am%lel tto uﬁy m'Ai‘xé)de Ec%(I)<nc(:)rfetet)haendS t%rirsestatus can be graphically displayed on a

monitor so that the operator can visually ascertain when uniformity of the

concrete mix has been obtained.

The present inventors believe that waveform patterns in the sequence

20  of hydraulic pressure data can be correlated with one or more cementitious

material parameters, and verified either visually on monitor or by

programming a computer processor to compare stored data with data
obtained during the concrete delivery and/or pouring process.

For example, a known load weight may be correlated with a particular
25 peak height at a given time and stored in computer-accessible memory
location, such that for subsequent concrete loads having the same
components, formulation, and rotation speed, the load weight can be
automatically detected as a function of peak amplitude. A peak of the same
height as previously recorded would mean the concrete load had the same
30 weight (when registered by the pressure sensor at the same time and drum
rotation speed); while a peak that was half the height could signify that the

load was of certain lesser weight.
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hei ght as previously recorded woul d nmean the concrete | oad had the sane
wei ght (when regi stered by the pressure sensor at the sanme tine and drum
rotati on wpeed)i1120hi | e a peak that was half the hei ght eocwus2&ioges2dy t hat
the | oad was of certain | esser wei ght Simlarly, the present inventors

bel t hat h t f th h | tt f th
e e e KR Sl RS AR B S BRI o
physi cal ghapeacs et palioRfs ShRCCRERSIbihisPBETRIRS iflo, Bl a8eghem and

slunp flow For exanple, a concrete having a | ow sl unp woul d be expected to
requi re nenalyzeeotyer fparametefsn@rtWm&m%ach@eaﬂ@)be t%@emmtepusm eto

Lo . OfBichRsh BT LIS e A BRURL A gholE RS

one 1 o4 at jgwnalungy Gosidobe & Tﬁeﬁbd't@@e@ﬁlwwede\lﬁ/ R @R retdioyh and ot  of
activity Is is clearly seen en conparing the shape of

Kk
tf}gl \/vgvel?g/%#@/pﬁ lese SH&G@@'W t@@@“@lﬂ)0§@bmﬂj§nwm¢“ﬂtﬁ@ VS'HH@gth drefie
el o1l 58, N95ad HOFR o BOBeSERRT Bl DAY SRR ool L

degree of peablahblaa lawer \mllegamtmng)rtehmﬂatﬁmw cyoerafttbefrnidimrdhes svaul@r the
rotating m Xi 8 bl ades; whereas the snoother transition between ﬁeak

anpl i t ude bg $CcOHINasRd 9%@@}959@ St NRE0Y: 8RR eTRiB dSvstearlyI SaeNVMNEN or e
easi | yy Ovﬁémbﬁ g%é‘%hﬁﬁe B XhE YR eRHRR |'n”th§ éreﬁ%o@fge;'@é ?&nOQB\QltﬁeCO”dS-

On the ot when t he sequence of rau I C energ ues are
conver t edthenshapehef mee\qamfopmslmwﬁmmranger@‘ F50- 1@801eecmma,|aalsllklusitra‘ted mat i on

begi t Fi hi | ot the, f ft
the. hydr aarRcty gy 6ok ubs The BBHeBRRsG Sablni! be TARGE  He TUb4aRncy
dorai n \maémorr»strbe é'lérgb R ¥ bbcil s S0eYendikt & bnaetd Aowegond peak

with frequency of bot h aéopear tine as m xi ng progresses,
Fig. 7 intessaives theneotatig Mixitg otd QShe/Hareas thee@mw@@r eaeettloarmtwaen

s bl PRl g B At Vs, BGTERF Brat R BRI o BRI B o co”

may be usedsityoovBrihé ebtating mixing blades in the range of 1050-1080 seconds.

On the other hand, when the sequence of hydraulic energy values are
converted into the frequency-domain using FFT, other valuable information

begins to appear.

20 Fig. 6 is a graphic plot in the frequency-domain after the hydraulic
energy values are converted using FFT into the frequency domain wherein
the first peak with frequency of 0.156 Hz and a second peak with frequency of
0.430 Hz both appear. Over time as mixing progresses, Fig. 7 indicates the
amplitude of the first peak decreases and the amplitude of the second peak

25 increases. The present inventors believe that this amplitude and phase
change of different harmonics and sub-harmonics may be used to monitor the
effect of different physical properties of the cementitious mix in the rotating
drum. In this case, the partially mixed concrete is a stiff, granular material that
does not flow over the blades inside the mixer. As mixing progresses and the

30 batched ingredients in the mixer homogenize and transition from a granular
bulk material to a fluid bulk material, the concrete starts to flow over the
blades inside the mixer. The action of the fluid concrete flowing over the

blades is believed by the inventors to be associated with the appearance of
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effect of different physical properties of the cenentitious mx in the
rotating drum In this case, the partially m xed concrete is a stiff,
granul ar wateroah2oshat does not flow over the bl ades ingcuasthe/ops2aer. As
m xi ng progresses and the batched ingredients in the m xer honobgeni ze and

transitiop froma granul ar bul terial to a flujd. bulk terial., the
concr et o e PEak; BTPTBevar HTacoh) Jeaenisrad reiecie FREUSREESN of ¢ he
fluid congsed@atbliowit 9e &t e peaRCHEEGHIE Shartndifitd @ €Sl MalrhGnibEV@RAOlsS to be
associated wth the appearance ofthe peak anplitudes at different

f requenci esch imaguoditipieodf, anciber.r dgaeafoice sheeppentance and htabilizatipeat becone

Ther of or o1 RECAN BaPRrtcd ATF CrLipaTast lmadiolbt i B PRELESS 0",

di f f erent nfixiaguency is associated with the progress of mxing. Fig. 8
indicates the rel ationship between the actual drum speed, neasured with an

encoder, and ! pfy dp UiiafpRed! thal FAbARMIPATANCER el RN Yt Upddif

hydraulic pressure waveform The frequency associated wth the fi r st

anpl i t udeMms@skreteméthnbnezhdodem an@ tFgTrumhepeed wadnulatadfbagad-Hent - T

revol utions_per m.nute s equal to the dr speed. The freguenc)

associ at ol AWER THECdBEsAT P YR YR a N E A ereY BapRdtEronth um
speed. Thehd firkgERMILARSSESH abRAmMddromethseondvigebhvstedram Hs toW ce the
drum speed because it is believed to be associated with concrete acting on

t he bl&desevolutions @eunMinmie, wasseqeel 4o theo dsvadseeed. t Hihedfigaueasyl ts in a

frequency i.at i.t.h i - rLym spe The dat a
obvi ates f %ée&ﬁée:tlgg @gpvﬁhﬁeséwéjgﬁaﬁée@rpggg \A—%grf&gjral#raa%@? grtﬁ]%i gﬁjh

al gori t hnspéed. Pheficgtienoypesadiated with tHeesédonar &hplithidepeak id twiceftoe m  whi ch
converts tinme domain data jnto fre uenc% domain data. In fact, there are
mul ti pl e BRM A0 RefAvSEVRIY BslievedHiorde asspeiatrb WithCqnepeiet a¢tinggency,

anpl i tude - ec 4 it eal and
magi nar y e ages 17 MG aRC Pl Bro iR Ao BIBGES T Ty BT rbs Ol 0 ee ot
oper at3 onfrefuehey psssmaiedi wiNte tvvo dimémsathee Daen speedr | bee use ofhleFT atatégoi ng

specifi Cagb\c/)igtes-ljtﬂ% need for the encoder.

The Fast Fourier Transform is an algorithm that permits computation of
the Discrete Fourier Transform, which converts time domain data into
frequency domain data. In fact, there are multiple FFT algorithms available.

20  FFT can be used to report frequency, amplitude, phase, power spectrum, and

power spectrum density or real and imaginary components.

The principles, preferred embodiments, and modes of operation of the
present invention have been described in the foregoing specification. The
invention which is intended to be protected herein, however, is not to be

25 construed as limited to the particular forms disclosed, since these are to be
regarded as illustrative rather than restrictive. Skilled artisans can make
variations and changes without departing from the spirit of the invention.

18



invention which is intended to be protected herein, however, is not to be
construed as limted to the particular forns disclosed, since these are to
be regar o0 2avvitliloast rati ve rather than restrictive. SkiPCrag2@owesgans can
make vari ations and changes w thout departing fromthe spirit of the
invention.It is clainmed: 1. A nethod for mxing a cenentitious material,
conprising: providing a m xing drum having an inner drumwall and at | east
one m xi ng bl ade mpunted on said inner drumwall, said mxing drum

cont ai ni n&'éd’r‘ﬂﬂ?@‘ﬁt s for making a hydratable cenentitious nmaterial;
rotating said m xing drumat constant speed SC 1 in the range of 1-25
revol utions per mnute; providing a sequence of val ues over tine
correspondi ng flo t h& reathoglyfor suxing @dcaroentiicasematesiahicomyisinaim  sai d
sequence of values being nonitored at a frequency of at |east 10 tines
const aht speedpfViding comizingngdruhhéapingy adlednereduencealbbng adtueastwohd a

sequence of valuyes previously stored in datg nenpry storage |ocation; and
adjust | ngXiBgIRade FOUNER PhsaIRARDST BFUT il Siaieh PG UHKCRRRAING ont ai ned
in said nmrxi j i IO H ¢ 6 .cenentitious materi al
corrponen?b?'lr? gntgﬁﬂeér@npmdrlfg\t%gﬁ%e*d%gt.)lé'ldr?'g%Hrré?Iﬁgg nﬁteﬁéléi m 1 wherein said

rotatabl e i xi g Gt AsAha| GARY of WndLA] Qedd a0ES, ARURLEQ, QF @951 nner
4

drumwall. 3 . alm 1 wherein sai equence
cor r esponesvditidmgdseruhinategyr essur e. The method of claim 1 wherein said
sequence of values are stored in a conputer-accessible data nenory storage

locati®n. 5 . phsvidieg Rose@ierteadimaluahevel imeaidiraxpapaimgniosthbasnetgy d
hydrat abl e cenentitious material are mxed in said mxing drumuntil a

uni form Cfﬁwi@_@etﬁc@t@t@ tbgtraixmddr%n,. Saif Seftenerl Oiﬁﬂ/a?ﬂeéibﬁ"lg Whetiered in said
step of COMRAIANLNG: B RULARTARALEASBRERYRL S, wi th a sequence of val ues

previously sto
comparing the provided sequence of values with a sequence of values
previously stored in data memory storage location; and

15 adjusting rheology or other property of the cementitious material
contained in said mixing drum by introducing a liquid or other cementitious

material component into the mixing drum.

2. The method of claim 1 wherein said rotatable mixing drum has

at least two mixing blades mounted on an inner drum wall.

20 3. The method of claim 1 wherein said sequence of values
corresponds to hydraulic pressure.

4. The method of claim 1 wherein said sequence of values are
stored in a computer-accessible data memory storage location.

5. The method of claim 1 wherein said components for said
25 hydratable cementitious material are mixed in said mixing drum until a uniform

consistency is obtained.

6. The method of claim 1 wherein, in said step of comparing the
provided sequence of values with a sequence of values previously stored in
data memory storage location, said sequence of values is correlated with at

30 least one of the cementitious material mixing parameters selected from (a)
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data nenory storage | ocation, said sequence of values is correlated wth at
| east one of the cenentitious material m xing paraneters selected from
(a)l oad weOghto/11{2% | oad vol une, (c) concrete density, @dx/usenones2e7 air
content, (e) concrete slunp, (f) concrete slunp flow, (g) concrete flow

t abl | ue,, (h te rheol .q.,, vyiel t ' ity,

thi ot r oplPpd e dBF et nimer o sabpits cebRbriehpaorElg Sk SBRmdedet ti ng,
(k) inclipghéte %Turﬁ@,e(fmcbheﬂat@rémmp(fldw,s(g)ecé‘ﬁ@efé)'%wgwﬁ’é '\/%Thé?f(ht) he
internal drumstructure; and (m bulld-up of concrete in the drum "7 . The
met hod of cencreig ehegeg\ei@ Jds ayieldssitrasn vés oo ity.athikgsropydr @dsegregation wénor y

storage lqcation corresponds with,slu or, sl u flow .8 . .The { hod of
ol o ove WRaRER camRoRRRS o sobbhig sel g Rt IRatarl ui mphfS AT Car
on a vj sug) siesgh@\oRfigemdbh dfstha ineiraalodm S$trucltire; &RE el Wiildchgion 6
wherein said provided sequence of values is analyzed as a waveform pattern

and sai d GONEEE Mthe dfeirel ated to at | east one of said paraneters (a)
through (m, and said sequence of values analyzed as a waveform pattern is
stored in a coWput efhadoehodidfeclawmdryhemwiasashseqlienseagfedloes starei t or
printed on @gtger or conbi nation thereof. 10.. The rretmod ﬂf claim1l
wher ei n s} FFTHEMETY 31ARI% I0Calen cROEPPANAS WiHR 1P ORISR IPY: or mixture
thereof. 11. The nethod of claim 1 wherejn said provided sequence of val ues
o Conver ted 1 Aro T NES: FBIRth &) GBI o WHOT A ToUCE R SaME o 15

The 1mp§ hogapbs G4 éismaﬁéﬁq‘@éﬁbﬁibﬁll} 88 SOASYA R AAYy bP &€ 881 WaledriSi ng an

algorithmselected fro ast Fourier Transformand Discrete Fourier

Transform -andgvari hbOpRhPTdiOliaint % - BRI Drlidebablhderf@m | i ng:
rotating a mxihg drumcontalning a cenenfitious m xture af 'a const ant
speed i n vhleesangaalyked-ad5a meawelfar patemeandrsaid waveioawiidicogetateg@doence of

ti me-domai n val ues correspondi.n he nt of ener required to rotate
Sai d m x| AbS@RLANS SRR BRI TR or ApARE I SRATS AP UL UPRE o
frequencyxHQiBed 243 YRsiefGrPRakERD isS dlofed M weEdRBuler-2REESGHIedABRIdN val ues

to stored
15 location, displayed on a monitor, printed on paper, or combination thereof.

10.  The method of claim 1 wherein said liquid is water, at least one

chemical admixture, or mixture thereof.

11.  The method of claim 1 wherein said provided sequence of

values is converted into the frequency-domain to obtain a second data set.

20 12.  The method of claim 11 wherein the conversion is accomplished
using an algorithm selected from Fast Fourier Transform and Discrete Fourier

Transform, and variations thereof.

13. The method of claim 1 comprising: rotating a mixing drum

containing a cementitious mixture at a constant speed in the range of 1-25

25 revolutions per minute; providing a sequence of time-domain values
corresponding to the amount of energy required to rotate said mixing drum;
converting said sequence of time-domain values into frequency-domain
values; comparing said converted frequency-domain values to stored
frequency-domain values; and introducing a liquid into said mixing drum in

30 response to said comparison.
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frequency-domai n val ues; and introducing a liquid into said m xing drumin
response to said conparison.14. The nethod of claim 13 wherein, in
converti nyoaiodiiswguence of tinme-domain val ues into freguqeEnsgeidorsn

val ues, the nethod further conprising correlating said frequency-domain

alues with at | east, one of the ce titious. material mxin araneters
sel boted Trom {4 1 588 MEPGHC G Tosthersy ooty e AR R S BBRE Yy . (<)
concrete fine-§GRbRANtvald RERNCHE§GerdyUddmain’ vA@aCr ehée Rlaunay ffupiter (9)
concrete flow table value, (h) concréte rheology (e.g., yield stress,

vi scosi t ycomprigiogr eptelating sasleljequrnayetorogincices vdthcatniessktans of the

concrete setti K) .inclination of the m xin ru [) ,size an

cont 1 gur abF B Bous atkle: Wiha R eidls, &R Aot Vb VB G Bloncr ot o
in thesdryad 3/5Iumé|:h(t)”§érﬁt§rdte)fde¢1bﬁ1§/,ﬂ¥c1) tontrees MiomRhtaHtNGe) @eherfei@ni ng,

storing, and reporting the progress of mxing based on a conparison of said
provi ded SkfiRnNdk cOnCeie $EaMpi flaw.s ) degiicsglieoliowytabteo valyes dfhsrperede val ues,

sai d conmpgtd iy oy ol V, S £ i 0 fe" M- "W
haped 11 SO (Y Br s, yRREB IR 0L S baEofor cbhoRie ([,
st abi | i zatowmponéniy €)) agedrdtgdsettihg c(k)riesiiation off the aoxibg rdxtimen()t sige eof when
hydraul ic pressure data .is graphically depicted in as a function of tinme or
fr equencya@f® qoﬁf'ﬁ't‘@t'f’ﬁeo‘cﬁhﬁi“??&”?ﬁ'W%ﬂf%?[wi%g?n@h@”h?ﬂlda?@lﬂfé’OBErr?é‘?lt itious
mat er | @l . inlfe grinfn Xi Ng system conprising: a m xing drum having an inner
drum wal | g at [east one m xing bl ade mounted on said i nner drum wal |,

an
said m xing dr Y co%girﬂgfﬁ%dc gfﬁ?qtﬁrtfh%hcg@rﬁjr{%%gﬁoc{%%n%ﬁl I %Frc]ﬁﬁ.{éﬁnti tious

material; a hydraulic préssure drive opera e sard XPhg drum

at const aahdspeertin§@né progrels of amgimgabaskd2on hesuphpdrisonsofisdid provited a
sensor operative to provide a sequence of values over tinpe corresponding to

the ener g§eARMNe &4 W%Mﬁ%seiﬁgpmww Feed aequpRaR &F EURSes¥itg uni t
for moni t gping ¥Gh YesoIRE L RRIcHYedd¥hding to features of “M” or “W” shaped
15 time-domain waveform, variation in non-averaged hydraulic pressure,
stabilization of averaged hydraulic pressure, or a combination thereof when
hydraulic pressure data is graphically depicted in as a function of time or
frequency to rotate the mixing drum containing the hydratable cementitious

material.
20 16. A mixing system comprising:

a mixing drum having an inner drum wall and at least one mixing blade
mounted on said inner drum wall, said mixing drum containing components for

making a hydratable cementitious material;

a hydraulic pressure drive operative to rotate said mixing drum at

25  constant speed S°' in the range of 1-25 revolutions per minute;

a sensor operative to provide a sequence of values over time

corresponding to the energy required to rotate the mixing drum,;

a computer processing unit for monitoring values provided by the
hydraulic pressure sensor corresponding to the amount of hydraulic pressure
30 required by the hydraulic drive;

a data memory storage location for storing a first set of data
corresponding to first sequence of values over time corresponding to the
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hydraul i c pressure sensor corresponding to the amount of hydraulic pressure
required by the hydraulic drive; a data nenory storage |ocation for storing
a first swO20fo/datoa corresponding to first sequence of wal(Es30100e8201 i ne

corresponding to theenergy required to rotate the m xi ng drum containing a

first hydratable cenenptitious material aid first. sequencge, of | ues bei ng

moni tor 60®E0Y FeRYREheY EHAE: T JBpd) FPELoBALREne Tpehvasetabe g g

conput er pEREAREGID nidtkeFialbeddid first 588lerfiRebRVANFed Bl Hfdrtionéd atsgcond

sequence of val ues over tinme correspondi ng tSfQ”the energy required to rotate
€ c

t he m xi nfeduencycointdeastnld tmee constany apegc ementitious material, said
second sequence of values being nonitored at a frequency of at |east 10

ti mes const ant ssigeesmBet grosessing amiubeing fudbes spacativei for veceiginguat her
operatjve for conparing said second sequence of values with said first
sequente SPOQ SRALCNGIPTAGNRS Y TTHBSPO5yPORT DY HRING PBREM FOBreddP d second
hydr at abl gotg@IMBRL ibliy 8rdMicdntdthingYa sBEGRHHGHRGatie |detitflitiBls Ph&eFial,
cementitious material” conponent into said nixing drum based on said

conpar i sogaidisecontiseqnerce @f ¥glsieshentg olonitaretbaivh deguaneyptiatleapul @r
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17. The mixing system of claim 16 wherein said computer

15  processing unit is operative (a) to convert said first and second sequence of
values, corresponding to energy required to rotate the mixing drum containing
cementitious material, into the frequency-domain; (b) to compare said first and
second sequence of values after conversion into the frequency-domain, and

(c) to adjust the rheology of cementitious material contained in said mixing

20  drum by addition of liquid based on said comparison.
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