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РЕФЕРАТ

Отчет 108 стр., 19 рис., 6 табл., 16 источн., 5 прил.
СТАНДАРТ, ТЕМПЕРАТУРА ТВЕРДЕНИЯ БЕТОНА, ВСТРАИВАЕМЫЙ ДАТЧИК, НЕРАЗРУШАЮЩИЙ КОНТРОЛЬ БЕТОНА, ТЕХНОЛОГИЧЕСКИЙ РЕГЛАМЕНТ
Целью грантового проекта AP08956209 «Исследование методов температурно-прочностного контроля бетона и оценка их применимости» является формирование унифицированного подхода к температурно-прочностному контролю бетона (ТПКБ).
В исследовании были определены лучшие практики мира, на основании которых был сформирован перечень приемов и задач методов температурно-прочностного контроля бетона, требования которых привели к эффективности результатов. Анализ мировой практики показал, что наиболее адаптированными являются методы, регламентированные стандартами ASTM C1074 (США); NEN 5970 (Нидерланды); СТ–НП СРО ССК–04–2013 (Россия), которые и были приняты для анализа. Выбранные приемы и задачи, используемые в лучших практиках, имеют научное обоснование и не случайны. Каждый процесс играет немаловажное значение для расчета зрелости бетона и имеет четкие требования и алгоритм действий. Научно обоснованные приемы и задачи были сортированы и классифицированы. Были выявлены существенные различия в определенных процессах, основными из которых являются: лабораторные, полевые и результирующие. Так, для голландского метода расчета зрелости бетона и метода Arrhenius требуются проведение дополнительных исследований для определения коэффициента взвешенности и энергии активации соответственно.
На основе анализа лучших практик мира приведено многокритериальное сравнение методов ТПКБ. Критериями оценки выбраны такие показатели как: достоверность метода и обеспеченность нормативной литературой; возможность применения к различным, конструкциям; трудоемкость; безопасность проведения испытаний; точность расчетов. Используя метод парного сравнения, были определены веса значимости каждого критерия. На основании полученных результатов был сформирован унифицированный подход к ТПКБ с учетом оценки его применимости. Данный подход позволит решить проблему ограничения применения большинства методов, которые в своей основе имеют лучшие приемы в решении задач этапов контроля. Унифицированный подход к ТПКБ позволит достигнуть высокого качества и долговечности бетонных и железобетонных конструкций.
РЕФЕРАТ

Есеп 108 бет, 19 сурет, 6 кесте, 16 көздер, 5 қосымша.
СТАНДАРТ, БЕТОННЫҢ ҚАТАЙТУ ТЕМПЕРАТУРАСЫ, ЕНДІРІЛГЕН СЕНСОР, БЕТОНДЫ БҰЗБАЙ БАҚЫЛАУ, ТЕХНОЛОГИЯЛЫҚ РЕГЛАМЕНТ

AP08956209 «Бетонның температура және беріктігін бақылау әдістерін зерттеу және олардың қолданылуын бағалау» гранттық жобасының мақсаты бетонның температуралық-беріктік бақылауына (БТББ) біріздендірілген тәсілдемені қалыптастыру болып табылады.

Зерттеу әлемнің озық тәжірибелерін анықтады, солардың негізінде бетонның температурасын және беріктігін бақылау әдістерінің тәсілдері мен міндеттерінің тізімі жасалды, олардың талаптары нәтижелердің тиімділігіне әкелді. Әлемдік тәжірибені талдау ASTM С1074 (АҚШ); NEN 5970 (Нидерланд); СТ–НП СРО ССК–04–2013 (Ресей) стандарттарымен регламенттелген әдістер неғұрлым бейімделген болып табылатынын көрсетті, олар талдау үшін қабылданды. Ең жақсы тәжірибелерде қолданылатын таңдалған тәсілдер мен міндеттер ғылыми негізге ие және кездейсоқ емес. Әрбір процесс бетонның жетілуін есептеу үшін маңызды және нақты талаптар мен әрекеттер алгоритмі бар. Ғылыми негізделген тәсілдер мен міндеттер сұрыпталып, жіктелді. Белгілі бір процестерде айтарлықтай айырмашылықтар анықталды, олардың негізгілері: зертханалық, далалық және нәтижелік. Сонымен, бетонның жетілуін есептеудің голландиялық әдісі және Arrhenius әдісі сәйкесінше салмақтық коэффициентін және активтендіру энергиясын анықтау үшін қосымша зерттеулер жүргізуді қажет етеді.
Әлемнің үздік тәжірибелерін талдау негізінде БТББ әдістерін көп өлшемді салыстыру келтірілген. Бағалау критерийлерімен мынадай көрсеткіштер таңдап алынды: әдістің дұрыстығы және нормативтік әдебиетпен қамтамасыз етілуі; әртүрлі конструкцияларға қолдану мүмкіндігі; еңбек сыйымдылығы; сынақтар жүргізу қауіпсіздігі; есептеулердің дәлдігі. Жұптық салыстыру әдісін қолдана отырып, әр критерийдің маңыздылығының салмағы анықталды. Алынған нәтижелер негізінде оның қолданылуын бағалауды ескере отырып, БТББ-ға біріздендірілген тәсіл қалыптастырылды. Бұл тәсіл бақылау кезеңдерінің есептерін шешуде ең жақсы әдістерге ие көптеген әдістерді қолдануды шектеу мәселесін шешеді. БТББ-ға біріздендірілген тәсілдеме бетон және темірбетон конструкцияларының жоғары сапасы мен ұзақ мерзімділігіне қол жеткізуге мүмкіндік береді.
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ВВЕДЕНИЕ.
Настоящий заключительный отчет о научно–исследовательской работе (НИР) за 2021 год содержит основные положения и результаты проекта AP08956209 «Исследование методов температурно-прочностного контроля бетона и оценка их применимости» по конкурсу на грантовое финансирование по научным и (или) научно-техническим проектам на 2020-2022 годы со сроком реализации 12 месяцев. Результаты за 2020 г. были отражены в промежуточном отчете о НИР (Инв. № 0220РК01663).

Проект нацелен на формирование унифицированного подхода к температурно-прочностному контролю бетона (ТПКБ). 
В результате реализации проекта были решены следующие задачи:

· Анализ текущего состояния нормативно-технической документации по методам температурно-прочностного контроля бетона (ТПКБ).

· Оценка применимости методов ТПКБ на основе лучших практик.

· Формирование унифицированного подхода к ТПКБ.

Реализация данного проекта способствует развитию строительного сектора Казахстана. Знание показателей прочности бетона позволит избежать многих нежелательных последствий для строительных сооружений. Например, использование бетона, имеющего недостаточный уровень прочности, может привести к снижению эксплуатационных качеств постройки, появлению трещин, преждевременному разрушению и досрочному выходу здания из строя. 
Сформированный унифицированный подход к ТПКБ включает приемы лучших практик. Данный подход послужит важным инструментом для контроля за температурой и набором прочности на всех этапах выдерживания бетона.
Результаты проекта были реализованы в следующих формах:

· 1 статья в рецензируемом научном издании, имеющем процентиль по CiteScore в базе Scopus 81;

· 2 статьи в рецензируемых отечественных изданиях с ненулевым импакт-фактором (рекомендованных КОКСОН);
· 2 статьи в рецензируемых отечественных изданиях с ненулевым импакт-фактором;

· 1 коллективная монография;

Результаты данного проекта также могут в последующем быть регламентированы. Так как актуализация нормативной документации является одной из первоочередных задач, согласно Концепции по реформированию нормативной базы строительной сферы РК, а именно обеспечения безопасности, повышении качества строительных объектов.
ОСНОВНАЯ ЧАСТЬ ОТЧЕТА О НИР
1 Оценка применимости методов ТПКБ на основе лучших практик 

1.1 Анализ лучших практик применения нормативной документации по ТПКБ
Фиксация температуры твердения бетона позволяет оперативно контролировать процесс набора его прочности, обеспечивает возможность его регулирования, а на этапе подготовки документации – прогнозировать. К тому же, как показали многочисленные исследования [1–4], температурный фактор является основополагающим в формировании требуемых свойств бетона конструкции.

В исследовании [5] была применена программа «Снежный барс», которая позволяет прогнозировать конечную прочность бетона и за время остывания, и в случае отрицательного прогноза (бетон не набирает требуемую прочность или скорость остывания превышает допустимое значение) выбрать режим тепловой обработки или необходимый утеплитель. Еще одним преимуществом программы является возможность автоматизированного процесса ввода данных, полученных c многоканальных регистраторов, что позволяет повысить качество, точность и производительность труда. Программа позволяет решить следующие задачи:
· Контроль средней температуры и максимальных скоростей нагрева и остывания бетона в контролируемых точках конструкции;
· Расчет прочности и зрелости бетона, контроль достижения критической прочности при замораживании;
· Статистическая обработка результатов;

· Прогнозирование времени остывания и достигаемой конечной прочности бетона;

· Построение графиков изменения температуры и роста прочности бетона для каждой контролируемой точки.
В работе были изготовлены два бетонных образца в виде призм. Первый образец изготовлен из бетонной смеси обычного состава, а другой из бетонной смеси с добавлением пластифицирующей добавки ПФМ-НЛК и противоморозной добавки ФНС (концентрация 0,4% и 2% от массы цемента соответственно). 
Добавка ПФМ-НЛК представляла собой смесь из пластифицирующих и воздухововлекающих компонентов, подобранных в строго определенном соотношении, что обеспечивает оптимальное воздухововлечение в бетонную смесь [5]. В структуре бетона создается резервный объем воздушных пор, не заполняемых при обычном водонасыщении, но доступных для проникания воды под давлением, возникающим при ее замерзании. Добавка ФНС представляла из себя формиат натрия с незначительной примесью пентаэритрита и его производных. Формиат натрия технический применяется в качестве противоморозной и пластифицирующей добавки. 
В каждый из этих образцов были установлены по четыре термопары: в верхнем углу, в нижнем углу, на поверхности боковой грани и в центральной точке. Далее образцы были помещены в климатическую камеру «Terchy T6800», где подверглись нагреву и выдерживанию при положительной температуре, а далее охлаждению и выдерживанию при отрицательной температуре [5]. Выбор такого температурного режима обусловлен производственными условиями: оптимальной температурой прогрева является температура от +40°С до +50˚С, а минимальной температурой, при которой выполняются бетонные работы, является температура от –25°С до –30°С [5]. 
Графики изменения температуры бетона в центральной точке для образца без добавок и с добавками, а также график изменения температуры внутри климатической камеры представлены на рисунке 1. 
[image: image1.emf]
Рисунок 1 – График изменения температуры бетона в центральной точке образца [5]
Анализ данных измерений показывает, что при данной концентрации добавок последние не оказывают практически никакого влияния на темп изменения температуры бетона. Зная коэффициент теплопередачи опалубки (металлическая форма) и температуру в камере, программой «Снежный барс» было спрогнозировано время, которое потребуется каждой точке образца для набора заданной температуры. Предсказанное значение достаточно близко к значению времени, замеренному опытным путем (погрешность составляет 5 %). 
Одним из примеров научно-технического сопровождения возведения сложных конструкций, являются монолитные железобетонные стены на объекте ЗАО «Челябинское шахтостроительное предприятие». 
На рисунке 2 показан фрагмент опалубки стены и способ размещения датчиков температуры (хромелькопелевые термопары), которые закрепляются на арматуре в характерных точках перед укладкой бетонной смеси [5]. 
[image: image2.emf]
Рисунок 2 – Фрагмент опалубки [5]
Регистрация температуры на предприятии осуществлялась при помощи прибора Терем 4.1. В ходе наблюдения за температурой бетона в контрольных точках составляется ведомость температурно-прочностного контроля, данные которой приведены в Таблице 1. С помощью программы «Снежный барс» были построены графики изменения температуры и набора прочности бетоном по каждой из контрольных точек. На основе графика, приведенного на рисунке 3, можно определить набранную бетоном прочность в любой момент времени.
Таблица 1 – Ведомость температурно-прочностного контроля [5]
	Относительное время, час
	Температура наружного воздуха, °С
	Температура бетона в контролируемых точках, °С
	Набранная прочность наименее благоприятной точки, % от R28

	
	
	1
	2
	3
	4
	5
	

	
	
	18
	18
	18
	18
	18
	0

	4
	-16
	18
	17
	16
	16
	17
	19,3

	8
	-14
	18
	19
	18
	16
	16
	20,4

	12
	-17
	21
	22
	20
	17
	18
	21,6

	16
	-20
	26
	28
	23
	18
	19
	22,7

	48
	-21
	50
	49
	42
	25
	27
	32,2
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Рисунок 3 – График изменения температуры бетона в контрольных точках [5]
Также при помощи программы «Снежный барс» была спрогнозирована конечная прочность бетона за время остывания в зависимости от температуры наружного воздуха. По полученным данным можно судить о возможности распалубки конструкции. Так, например, при температуре наружного воздуха –20°С бетон исследуемой конструкции достигает критической прочности, равной 40 % от марочной, а при температуре –25°С данная прочность не набирается. В этом случае программа предлагает подобрать необходимый утеплитель или применить дополнительную термообработку бетона. Результаты прогнозирования приведены на рисунках 4 и 5 [5].
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Рисунок 4 – Результаты прогноза конечной прочности бетона  при температуре наружного воздуха –20° С [5]
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Рисунок 5 – Результаты прогноза конечной прочности бетона при температуре наружного воздуха –25° С [5]
В исследованиии [6] для контроля за набором прочности бетона по температуре его выдерживания были изготовлены образцы кубы из мелкозернистого бетона класса В25 размером 100(100(100 мм на портландцементе марки М400. Образцы устанавливались в тело прогреваемого объема модели конструкции плиты перекрытия (рисунок 6). 
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Рисунок 6 – Модель экспериментальной установки: а) общий вид, б) расстановка бетонных образцов и термопар [6]
Средняя температура электрообогрева составляла +(40÷50) °С. После окончания электрообогрева и последующего остывания бетонные образцы кубы извлекались из объема экспериментальной установки и подвергались испытаниям для определения фактических физико-механических характеристик. Натурные эксперименты в условиях реальной строительной площадки г. Томска проводились на строительстве «ТЦ Стройпарк» [6]. Материал конструкции перекрытия – тяжелый бетон класса В25. Температура наружного воздуха составляла -(19÷26)°С. Начальная температура бетона после укладки в опалубку была в пределах +(12÷°С. Тепловая обработка бетона осуществлялась в течение 2,5÷3 суток при средней температуре +(40÷°С. Данные измерений температуры вводились в компьютере, находящемся на объекте, и обрабатывались с помощью программы, выполняющей полный анализ температурных параметров бетона с определением прочности бетона в контрольных точках [6]. 
В апреле 2019 года при строительстве крупного проекта арочного моста строительная компания, специализирующаяся на сложных проектах, начала эксперименты с датчиками Giatec SmartRockTM. Несмотря на локализацию в этом регионе, ремонт поврежденного наводнением моста часто осуществлялся с прямым воздействием на местную экономику в связи с перебоями в движении транспорта [7]. 

 Несмотря на локализацию в этом регионе, ремонт поврежденного наводнением моста часто осуществлялся с прямым воздействием на местную экономику в связи с перебоями в движении транспорта [7]. Одна из задач при строительстве этого моста заключалась в том, чтобы сохранить прежний мост открытым для движения транспорта. Решение состояло в том, чтобы начать строительство сбоку и держать старый мост открытым. Мост имеет обвязочную арочную конструкцию с одним пролетом длиной 113 м (рисунок 7). Был использован высокопрочный бетон прочностью 50 МПа. Арки имели расчетную прочность 50 МПа и очень высокое содержание цемента; к бетону были добавлены пластификаторы на основе установки на стройплощадке. После достижения расчетной прочности 50 МПа, опалубки можно было снять, а анкерные пластины уложить, чтобы удержать новые сегменты. Так как вся операция проводилась со всех углов моста, достижение проектной прочности было критически важным в соответствии с графиком производства работ. Чтобы принять решение о снятии арок, необходимо было получить результаты лабораторных испытаний образцов кубов [7]. 
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Рисунок 7 – Объект арочного моста [7]
Для изучения преимуществ использования технологии SmartRock команда провела тщательное тестирование, встроив датчики в ключевых точках моста (рисунок 8).
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Рисунок 8 – Устройство датчика [7]
Путем размещения датчиков в центре и на краю арки измерялся набор прочности в разных местах железобетонного элемента. Датчик, размещенный на краю, фиксировал более низкий температурный профиль и, следовательно, наименьший прирост прочности. В то время как датчики, расположенные по центру арок, измеряли точку наибольшего температурного и прочностного усиления. Путем мониторинга этих мест измерялась реальная прочность бетонного элемента в критической точке. Это возможно только с помощью датчиков, так как лабораторные образцы не могут воспроизвести реальные условия отверждения бетонного элемента. На рисунке 9 представлена разница в температурном профиле датчиков на двух различных заливках и температура в бетонных образцах кубах.
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Рисунок 9 – Анализ температуры [7]
Создав калибровку по зрелости, используя и интерпретируя данные датчиков SmartRock, был сделан вывод, что экономия может варьироваться от 1,5 до 2,5 дней на каждую отливку секции [7]. Один из примеров приведен на рисунке, где для достижения заданной прочности на сжатие кубам потребовалось 7 дней, в то время как реальный бетонный элемент достиг того же результата за 5,5 дней, что дало экономию в 1,5 дня (рисунок 10).
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Рисунок 10 – График достижения прочности [7]
CIBC Square (Онтарио, Канада) – это очень заметная пара инновационных офисных башен площадью 3 миллиона квадратных футов в центре города. При строительстве объекта были использованы датчики Exact Technology. Эти точные устройства обеспечивают на CIBC Square контроль зрелости бетона, позволяющий определить момент, когда прочность бетона приближается к порогу 16MПa [8], позволяющему перемещать самодвижущуюся опалубку, и показания давления опалубки при самоуплотняющихся нагрузках смеси. Реле, регистраторы и зонды находятся в центре датчика Exact для контроля зрелости и температуры. Применение датчиков дало положительный эффект при строительстве (рисунки 11 и 12).
 [image: image11.jpg]



Рисунок 11 – Строительный объект CIBC Square [8]
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Рисунок 12 – Показания датчика [8]
В исследовании [9] использовались пять RFID-сенсоров для контроля зрелости и температурных градиентов. Сенсоры были встроены в бетон на четырех различных глубинах и один датчик использовался для получения данных о температуре окружающей среды (рисунок 13) [9].  
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Рисунок 13 – Строительная площадка (Мичиганский университет, Анн-Арбор) [9]
Во время реконструкции автострад были встроены беспроводные измерители зрелости. Метки были размещены на глубинах 2, 4, 6 и 8 дюймов от основания плиты. Для температур была найдена соответствующая зрелость бетона. Колебания температуры бетона на месте и температурные градиенты на момент окончательного остывания бетона показаны на рисунке 14. На рисунке 15 показаны графики набора прочности в бетоне в лабораторных условиях и непосредственно на площадке.
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Рисунок 14 – Разница температур и градиента в перекрытии до конечного времени [9]
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Рисунок 15 – Сравнение наборов прочности для первых 168 часов [9]
На рисунке 15 также показана разница температур в верхней и нижней части плиты. Такие данные невозможно было бы получить, если бы на плите использовался только один датчик. Поэтому рекомендуется использовать три или более метки на каждый датчик, чтобы получить наиболее точную зрелость и прочность. Это приводит к заключению, что зрелость уложенного бетона будет зависеть от самой низкой температуры плиты, и не обязательно от температуры в середине перекрытия. 
В исследовании [10] рассматривались три бетонные смеси: первая смесь из чистого портландцемента, другие включали частичную замену цемента золой уноса и молотым гранулированным доменным шлаком на 30% соответственно. 
В данной работе базовая температура была выбрана равной 11°С, что является средним значением из тех, что рекомендованы [11]. Портландцемент, соответствующий требованиям и имеющий 28-дневную прочность на сжатие 57МПа, поставлялся в мешках компанией British Lime Industries. Бетонные образцы, находящиеся в одиночных кубических формах, были покрыты полиэтиленовой пленкой сразу после заливки и твердели при комнатной температуре (приблизительно 20°С) [12] в течение суток. После этого они были извлечены из формы и помещены в водяную баню, установленную на 20°С. Для твердения при 10°С образцы были завернуты в пленку, чтобы избежать вымывания, когда их переносили в водяные баки для твердения при 20, 30, 40 и 50°С. Они были извлечены из формы во время первого испытания на прочность при сжатии. По три куба были испытаны в шести-восьми возрастных периодах для каждой комбинации смеси/температуры. 
В каждом случае первый возраст испытания соответствовал прочности на сжатие приблизительно 4 МПа, достигнутой методом проб и ошибок, а последующие испытания проводились при возрасте, вдвое превышающем возраст предыдущего испытания. Для моделирования температурных режимов на месте использовался программируемый водяной бак с компьютерным управлением. Возраст испытаний образцов бетона стандартного твердения составлял 1, 2, 3, 5, 7, 14, 28, 42, 84, 156 и 365 дней, в то время как образцы бетона, твердевшие в соответствии с температурным режимом, были испытаны в 1, 2, 3, 3, 7, 14, и 28 суток.
 Голландский метод определения зрелости и метод определения по эквивалентному возрасту зависят от смеси и требуют опредления взвешенного коэффициента Cn и энергии активации. Эффект перекрещивания для портландцемента очевиден на рисунке 16, и близкая сходимость между данными по прочности при 20 и 50 °С не может быть получена.
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Рисунок 16 – Наилучшая линия регрессии для определения значения C для расчета «взвешенной зрелости» [10]
Согласно [13], для определения энергии активации бетонных смесей можно использовать «эквивалентные» растворные смеси. Как и ожидалось, прочность всех растворов зависела от температуры твердения. В раннем возрасте прочность была выше при более высоких температурах, так как скорость реакции была выше. В более позднем возрасте прочность была ниже при высоких температурах твердения. Процедура расчета кажущейся энергии активации, заключалась в построении графика натурального логарифма характерной константы времени. Результаты показали, что линейная зависимость функции Nurse-Saul (рисунок 17) не пригодна и не дифференцирует температурную чувствительность различных цементных систем, особенно для смесей на различной основе. Высокая температура в раннем возрасте, например, при адиабатических или изотермических испытаниях, отрицательно сказывается на оценках прочности и это, как полагают, связано с пагубным влиянием высоких температур твердения на прочность, начиная с самого раннего возраста. Однако, ни одна из функций зрелости не учитывает пагубное влияние высоких температур твердения на прочность в более позднем возрасте.
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Рисунок 17 – Определение прочности бетона [10]
Авторами [14] температура гидратации контролировалась непрерывно после заливки бетона и датчики температуры выдавали данные для оценки степени зрелости бетона по мере твердения. Температура начала отсчета была рассчитана как -2 °C согласно [16,17]. Данные истории температуры гидратации были применены к функции Nurse-Saul для прогнозирования индекса зрелости (рисунок 18). Результаты показали, что температура гидратации была повышена в первые часы и быстро увеличивалась; это повышение продолжалось до 28 ч после твердения, достигнув 20 °C.
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Рисунок 18 – Температура гидратации для образца 1 и 2 [14]
Были рассчитаны данные индекса зрелости, и результаты прочности представлены на рисунке 19.
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Рисунок 19 – Данные о зрелости бетона [14]
Проанализировав рассмотренные лучшие практики, можно выделить определенные приемы и задачи, использованных в них методов (т.е. методов температурно-прочностного контроля бетона), которые, и привели к эффективности результатов, полученных в тех или иных лучших практиках. Перечень данных приемов и задач интерпретирован и представлен в таблице 2.
Таблица 2 – Перечень приемов и задач методов ТПКБ по лучшим практикам
	Методы
	Приемы и задачи

	1
	2

	Лучшая практика 1 [5]

	СТ–НП СРО ССК–04–2013 [15]
	Использование программы «Снежный барс» позволило прогнозировать прочность бетона, время остывания и достигаемую конечную прочность бетона; провести статистическую обработку результатов.


  Продолжение таблицы 2

	1
	2

	Лучшая практика 2 [6]

	СТ–НП СРО ССК–04–2013 [15]
	Использование программы дало возможность определения  вероятностных оценок прочности бетона, получить рекомендации по времени продолжения обогрева и выдерживания по всему объему выборки однородных конструкций при сложившихся условиях выдерживания.

	Лучшая практика 3 [7]

	ASTM C 1074 [13]
	Расположение датчиков осуществлялось в ключевых местах. Создав калибровку по зрелости, используя и интерпретируя данные датчиков SmartRock была определена прочность бетона. Несложная интерпретация температурных графиков и мониторинг за набором прочности бетона позволили сэкономить  время.

	Лучшая практика 4 [8] 

	ASTM C 1074 [13]
	Беспроводные датчики устанавливались в опалубку для бетона, закрепляясь на арматуре, перед заливкой. Данные о температуре собирались датчиком и не возникало трудностей в использовании. Расчет прочности бетона осуществлялся по температурно-временному фактору Nurse-Saul. 

	Лучшая практика 5 [9]

	ASTM C 1074 [13]
	Особое внимание было уделено расположению точек измерения температуры бетона, что позволило наиболее точно определить зрелость, и показало, что зрелость уложенного бетона будет зависеть от самой низкой температуры плиты, и не обязательно от температуры в середине перекрытия. 

	Лучшая практика 6 [10]

	ASTM C 1074 [13]
	Отмечается, что метод калибровки смеси очень прост, сделав минимум 17 цилиндров; 2 использовались для мониторинга температуры, а остальные образцы для определения прочности на сжатие. Выбрав минимум 5 временных интервалов, 1, 3, 7, 14 и 28 сутки, для каждых суток определена прочность на сжатие двух цилиндров, во время перерывов также получены данные с двух цилиндров, которые использовались для контроля температуры, и определено среднее значение этих величин. При введение этих значений в функцции Nurse-Saul или в метод Arrhenius получили значение зрелости. Для расчета по методу Arrhenius были проведены дополнительные исследования, для определения энергии активации, что было трудоемким процессом. Функция Nurse-Saul не дифференцирует температурную чувствительность различных цементных систем, особенно для смесей на различной основе (с добавками, ускорителями).
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	NEN 5970 [16]
	Метод «взвешенной зрелости» требует дополнительных исследований, определения взвешенного коэффициента Cn, однако в исследовании данные по прочности при 20 и 65 °C не совпали.

	Лучшая практика 7 [14]

	ASTM C 1074 [13]
	Полученные данные о прочности бетона по функции Nurse-Saul позволило получить точные и надежные результаты. Применение датчиков не вызвало трудностей в использовании.


1.2 Научное обоснование сформированного перечня приемов и задач
Согласно анализу лучших практик, предпочтение расчету посредством температурных графиков не наблюдается. Связано это с тем, что невозможно осуществить прогноз поведения бетона во времени, точность расчетов зависит от физического размера графика, для каждого состава должен быть использован свой график. Метод расчета зрелости по СТ–НП СРО ССК–04–2013 нашел отражение во многих исследованиях [5, 6], в основном применяемых на территории СНГ с использованием измерительного оборудования Терем 4.0, расчет не требует сложных и трудоемких вычислений. В исследовании [6] отмечается, что очень подробное описание требований к расположению точек измерения температуры бетона является немаловажным аспектом для получения результатов с максимальной надежностью. Данный метод требует дополнить определение зрелости бетона другими испытаниями, чтобы убедиться в том, что бетон в конструкции имеет потенциальную прочность. 

Расчет по аналитическим зависимостям позволяет прогнозировать поведение
бетона. В своем исследовании [5, 6] отмечают, что применение программы снежный барс, позволило спрогнозировать конечную прочность бетона и выбрать режим тепловой обработки. И программа позволила одновременно сделать вероятностные оценки прочности бетона и необходимые рекомендации по времени продолжения обогрева [6]. Однако данный метод требует наличия специализированного программного обеспечения.
Возникшие трудности при дополнительных исследованиях  отмечают авторы [10] при расчете голладским  методом и методом определения зрелости по уравнению Arrhenius.
2 Формирование унифицированного подхода к ТПКБ
2.1 Сортировка и классификация научно-обоснованных приемов и задач
На основе выполненного анализа лучших практик мира были сортированы и классифицированы научно-обоснованные приемы и задачи методов ТПКБ (таблица 3).  Определены три существенно важных типов процессов: лабораторные, полевые и результирующие. 
Результатом лабораторных испытаний является получение изотерм набора прочности для определенного вида смеси. Полевые – получение данных о температуре бетона, и результирующие расчет зрелости бетона. 
Так как анализ мировой практики показал, что нормативной документацией, регламентирующей требования к ТПКБ являются ASTM C1074 (США); NEN 5970 (Нидерланды); СТ–НП СРО ССК–04–2013 (Россия), которые преимущественно и нашли отражение в использовании, в связи с этим, данные стандарты были приняты для анализа.
Таблица 3 – Перечень сортированных и классифицированных научно-обоснованных приемов и задачи методов ТПКБ

	Тип процесса
	Процесс
	СТ–НП СРО ССК–04–2013
	ASTM C 1074
	NEN

	
	
	по температурным графикам
	по зрелости бетона
	по аналитическим зависимостям
	температурно-временной фактор Nurse-Saul
	Эквивалентный возраст (Arrhenius)
	«Взвешенная зрелость»

	
	
	A
	B
	C
	D
	E
	F

	1
	2
	3
	4
	5
	6
	7
	8

	Лабораторные
	1. Испытание образцов
	Кубические образцы- количество 105 шт. на 1, 3, 7, 14 и 28 сутки (5 подходов)

Все образцы должны быть формованы одновременно непосредственно на территории завода-изготовителя бетонных смесей. 

До начала испытаний образцы не менее 1-го часа должны быть выдержаны в испытательной лаборатории в специальных климатических камерах либо аналогичном устройстве при температурных режимах 10, 20, 40, 60 и 80 °С 
	То же
	''
	Цилиндрические образцы количество не менее 15 шт.: 15 шт. образцов- испытание методом сжатия на 1, 3, 7, 14 и 28 сутки по 3 образца на каждые сутки испытаний


	''
	''

	
	2. Погружение датчиков в образцы


	-
	-


	-
	В 2 цилиндра погружение датчиков на расстоянии не более 615 мм от центра для замера динамики внутренних характеристик бетона во время твердения в течение 28 суток. 


	То же
	-
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	3
	4
	5
	6
	7
	8

	Лабораторные
	3. Анализ результатов
	Получение изотерм при температурных режимах 10, 20, 40, 60 и 80 °С. 

Построение графика набора прочности

Не допускается выполнять расчет по графикам для бетона несоответствующего
состава/
	Построение графика набора прочности только для бетона нормального
хранения (температура выдерживания 20 (± 3) °С и относительная влажность 95 (±5)
%) по рекомендуемым моментам времени 1, 3, 7, 14 и 28 суток.
	Получение фактических данных

Построение график набора прочности
	Построение графика набора прочности
	То же
	-



	Полевые
	4. Встраивание датчиков 
	термопары и провода термодатчиков
прокладывают вдоль арматуры в наиболее безопасных, с точки зрения повреждения
местах; концы термопар и термодатчики
следует защитить от электромагнитных помех; крепление проводов к
арматуре осуществляют отрезками полипропиленового шпагата или мягкой вязальной проволоки диаметром не менее 1,2 мм с контролем отсутствия 
	То же
	''
	Установка датчиков в местах конструкции, которые являются критическими с точки зрения условий воздействия.
	То же
	''
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	2
	3
	4
	5
	6
	7
	8

	Полевые
	 
	повреждения изоляции
проводов. Крепление производится без сильного натяжения. Установку цифровых
термометров на опалубке осуществляют комплектными фиксаторами.

Количество точек измерений температуры:

-при укладке бетона на промороженное
основание или соприкосновении свежеуложенного бетона с ранее замороженным
Количество точек измерений температуры: при площади сечения до 1 м2 - не менее двух;
- при площади сечения более 1 м2 - не менее трех на каждые 10 м2;

- в колоннах и пилонах в трех сечениях
расположенных внизу, в середине и вверху конструкции. В каждом сечении не менее, чем в двух точках;

- в балках и ригелях в опорном сечении и
далее не менее чем в одном сечении на каждые 4 м 
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	6
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	Полевые
	 
	длины конструкции. в каждом сечении не менее, чем в двух точках.

- в стенах в трех сечениях, расположенных
внизу, в середине и вверху конструкции. В каждом не менее чем в двух точках на каждые 6 м длины стены.
- в плитах перекрытия и фундаментных плитах 
не менее, чем в трех точках на каждые 20 м2 конструкции. длины конструкции. в каждом сечении не менее, чем в двух точках.

- в стенах в трех сечениях, расположенных
внизу, в середине и вверху конструкции. В каждом не менее чем в двух точках на каждые 6 м длины стены.
- в плитах перекрытия и фундаментных плитах 
не менее, чем в трех точках на каждые 20 м2 конструкции. Если размер захватки меньше 20 м2, не менее, чем в трех точках на каждой
захватке. Точки располагают: при толщине плиты до 200 мм - внизу и вверху плиты.
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	Полевые
	5. Подключение датчиков 
	Передача данных может осуществляться проводным
или беспроводным способом. Каналы передачи данных и сам прибор должны иметь
достаточную помехозащищенность от электромагнитных излучений прогревочного
оборудования.
	То же
	''
	''
	''
	''

	
	6. Заливка бетона
	Заливка
	То же
	''
	''
	''
	''

	
	7. Настройка датчика
	Фиксация времени измерения
осуществляется с точностью до 10 минут
	То же
	Ввод данных по температуре и времени
выдерживания бетона
	Интервал времени записи должен составлять 1⁄2 ч или менее в течение первых 48 ч и 1 ч или менее после этого. Устройство регистрации температуры должно быть точным с точностью до ±1°C.
	То же
	-



	
	8. Контроль температурных напряжений в бетоне
	Допустимый уровень температурных напряжений определяется

[image: image20.png]



	То же
	систематически контролировать:
- отклонение фактических температурных режимов от принятых на стадии ППР;
- прогноз поведения бетона при сложившейся температурной 
	-


	-


	-
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	Полевые
	
	
	
	обстановке;
- температурные напряжения в бетоне на данный момент времени с учетом
армирования;
- максимальные скорости нагрева и остывания бетона;
- достижение нормируемых значений прочности и результаты их статистической
обработки.
	
	
	

	
	9. Анализ
	Значения текущей прочности бетона должны быть сопоставлены с нормируемыми значениями прочности,
указанными в технологических картах (проектах производства работ).
Нормируемые значения:
- промежуточная прочность;
- критическая прочность;
- распалубочная прочность;
- прочность при поэтапном 
	То же
	''
	Значения текущей прочности бетона должны быть сопоставлены с нормируемыми значениями прочности
	То же
	''
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	Полевые
	
	загружении;
- фактический класс по прочности на сжатие.
	
	
	
	
	

	
	10. Снятие опалубки
	-
	дополнить определение

зрелости бетона другими испытаниями, чтобы убедиться в том, что

бетон в конструкции имеет потенциальную прочность
	-
	дополнить определение

зрелости бетона другими испытаниями, чтобы убедиться в том, что

бетон в конструкции имеет потенциальную прочность
	То же
	-

	Результирующие
	11. Расчет
	- Первый этап подъем температуры

Откладывается на графике участок: продолжительность (час) и температура (t°)

- Второй этап изотермическая выдержка 

Откладывается участок

- Третий этап - остывание

Откладывается участок;

Конец последнего отложенного участка и укажет  на полученную бетоном прочность
	определение зрелости бетона:                                                        [image: image22.png]3Ps = X 6 Ty



                                                          

определение времени выдерживания бетона, эквивалентное его выдерживанию при 20°С:                                                             [image: image24.png]Toxe

Ps
20




по графику твердения бетона откладывается промежуток времени,
конец которого 
	Перед началом контроля выдерживания бетона заполнить все предусмотренные ПО справочники материалов в соответствии с фактическими свойствами используемых материалов.

прогноз, основанный на сопоставлении фактического режима 
	Вычисление температурно-временного коэффициента, 

                                                                                                 [image: image26.png]M (t) = Z5(T, — To)At
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 для типа цемента  I без примесей и температура твердения в промежутке 0-40°С.
	 Вычисление показателя зрелости бетона- эквивалентный возраст                                                        [image: image30.png]te=Yhe
e =Xhe ol )
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	Взвешенная зрелость:

[image: image31.png]M, = Z £T-C™
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	Результирующие
	
	
	укажет на полученную бетоном прочность.                         
	выдерживания
бетона с проектным;
- прогноз, основанный на предположении, что начиная с текущего момента
времени тепловое воздействие на бетон прекращается и он начинает остывать до 0 °С

- расчет приведенного
коэффициента теплопередачи ограждения,

- расчет гибких термоактивных покрытий и
греющей опалубки.

- определение параметров бетона для расчета раннего
нагружения в текущий период и на период прогноза допустимой
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	Результирующие
	
	
	
	интенсивности
нагружения и допустимых напряжений в бетоне от приложенной нагрузки.

- формирование листа контроля температурных

режимов
	
	
	

	
	12. Дополнительные испытания
	-
	-
	-
	- приготовить три комплекта 50-мм растворных кубов, по 18 кубиков на комплект.

сформовать кубики погрузить каждый набор в одну из температурных ванн. 

- снять формочки каждого набора и вернуть образцы в соответствующие ванны примерно за 1 ч до начала первой серии испытаний на сжатие.

Для каждого набора кубиков определяется прочность на сжатие трех кубиков

- построение графиков и определение константы скорости развития прочности
	Определение энергии активации:

- вычисление натуральных логарифмов значений K и определения абсолютных температур водяных ванн 

- построение графика зависимости натурального логарифма значений K от обратной абсолютной температуры 

-определение наиболее подходящей прямой линии через три точки. 


	Для определения коэффициента взвешенности залить 150 мм бетонные кубы или 40×40×160 мм призмы из раствора и минимум 5 из них при температуре 20 C ±2 C и еще 5 при температуре 65 C ±3 C. По результатам прочности затем строят график  логарифма взвешенной зрелости с предполагаемым значением C. Для определения значения C, необходимо провести проб и ошибок. C, чтобы данные по прочности при 20 и 65 C совпадали


2.2 Агрегирование научно-обоснованных приемов и задач в единый унифицированный подход

В таблице 4 на основе классифицированных научно-обоснованных приемов и задач методов ТПКБ (таблица 3) представлен многокритериальный анализ по результатам лучших практик, где критериями оценки процессов ТПКБ являются: К1 – достоверность метода и обеспеченность нормативной литературой; К2 – возможность применения к различным, конструкциям (по форме, армированию, ответственности); К3 – трудоемкость; К4 – безопасность проведения испытаний; К5 – точность расчетов. Показатели выражаются в баллах от 1 до 10 с градацией по 1. Балл 10 указывает на соответствие критериям качества.
Таблица 4 –  Многокритериальный анализ
	Нумерация процесса согласно таблице 2
	Показатель
	СТ–НП СРО ССК–04–2013
	ASTM
	NEN

	
	
	A
	B
	C
	D
	E
	F

	1
	K1
	10
	10
	10
	9
	9
	9

	
	К3
	10
	10
	10
	8
	8
	8

	
	К4
	9
	9
	9
	9
	9
	9

	
	К5
	10
	10
	10
	8
	8
	8

	2
	К3
	8
	9
	9
	10
	10
	10

	3
	К1
	6
	9
	10
	8
	8
	8

	
	К3
	5
	10
	8
	9
	6
	8

	
	К5
	8
	10
	9
	10
	9
	10

	4
	K1
	9
	10
	10
	8
	8
	8

	
	K2
	10
	10
	10
	10
	10
	10

	
	К3
	9
	10
	9
	9
	9
	9

	5
	К3
	9.5
	9.5
	9.5
	10
	10
	10

	6
	К3
	10
	10
	10
	10
	10
	10

	7
	К3
	9
	9
	9
	10
	10
	10

	8
	К1
	9
	10
	9
	8
	8
	7

	
	К5
	8
	10
	8
	6
	7
	7

	9
	К1
	9
	9
	10
	9
	9.5
	9

	10
	К3
	8
	8
	9
	9
	9
	9

	11
	К1
	5
	7
	6
	10
	8
	8

	12
	К3
	4
	7
	5
	10
	7
	7


Используя метод парного сравнения, проведен анализ критериев для методов ТПКБ, в котором для каждой пары критериев была назначена степень предпочтительности, и была построена матрица парных сравнений (таблица 5). Затем были найдены веса для каждого критерия (приложение A). На основе полученных весов для каждого процесса было проведено ранжирование данных, представленных в таблице 6. 

Таблица 5 – Парное сравнение критериев
	 
	К1
	К2
	К3
	К4
	К5

	К1
	1
	4
	0.33
	2
	4

	К2
	0.25
	1
	2
	4
	0.2

	К3
	3.03030303
	0.5
	1
	1
	0.25

	К4
	0.5
	0.25
	1
	1
	0.2

	К5
	0.25
	5
	4
	5
	1


Анализ таблицы 5 показывает, что значимыми процессами, которые приводят к эффективности ТПКБ являются процессы, регламентированные нормативами:
· Процесс 1 – СТ–НП СРО ССК–04–2013;

· Процесс 2 – ASTM С 1074;

· Процесс 3 – СТ–НП СРО ССК–04–2013 по зрелости бетона;
· Процесс 4 – СТ–НП СРО ССК–04–2013 по зрелости бетона;

· Процесс 5 – ASTM С 1074 температурно-временной фактор Nurse-Saul;
· Процесс-6 – СТ–НП СРО ССК–04–2013, ASTM С 1074;
· Процесс 7 – ASTM С 1074;

· Процесс 8 – СТ–НП СРО ССК–04–2013 по зрелости бетона;

· Процесс 9 – СТ–НП СРО ССК–04–2013 по аналитическим зависимостям;

· Процесс 10 – ASTM С 1074 температурно-временной фактор Nurse-Saul;

· Процесс 11 – ASTM C 1074 температурно-временной фактор Nurse-Saul;

· Процесс 12 – ASTM C 1074 температурно-временной фактор Nurse-Saul.

Таким образом, в унифицированный подход к ТПКБ включены в большинстве процессы, регламентированные американским стандартом. Однако в процессе 1 при агрегировании выделено использование кубических образцов для лабораторных исследований, и для ненарушения последовательности алгоритма стандарта ASTM, будет принято, что достаточно использование не менее 15 шт. образцов. Требования к процессу 3 и 4 достаточно четко описаны в стандарте СТ–НП СРО ССК–04–2013 и будут приняты в унифицированном подходе. Количество точек измерений температуры, как показали лучшие практики, играют важную роль. Важно, чтобы бетон набрал достаточную прочность в некоторых критических точках до того, как проект перейдет на следующий этап. Критические точки могут меняться в зависимости от типа контролируемого элемента конструкции. В односторонних или двухсторонних системах перекрытий конструктивно важные зоны расположены в отрицательных и положительных расчетных моментах. Как правило, максимальный положительный момент располагается в середине пролета, а максимальный отрицательный момент – на стыке перекрытия и колонны. Также скурпулезно подходит к контролю температурных напряжений в бетоне стандарт СТ–НП СРО ССК–04–2013, в котором подробно даны рекомендации и алгоритм действий. Изменение температурного состояния оказывает большое влияние на деформации и напряжения в бетоне. В строительный период в процессе развития и рассеяния тепла экзотермии возникают температурные напряжения, нередко сопровождающиеся трещинообразованием. Поэтому измерение температуры бетона обязательно при наблюдениях за напряжениями в бетоне. Особенно данный контроль актуален в зимний период, когда возможно необходимо применить дополнительную термообработку бетона.
Таблица 6 –  Расчет взвешенной суммы
	№ процессов
	Показатель
	A
	B
	C
	D
	E
	F

	1

 

 

 

 
	K1
	3.1218
	3.1218
	3.1218
	2.8096
	2.8096
	2.8096

	
	К3
	1.8821
	1.8821
	1.8821
	1.5056
	1.5056
	1.5056

	
	К4
	0.6393
	0.6393
	0.6393
	0.6393
	0.6393
	0.6393

	
	К5
	2.9868
	2.9868
	2.9868
	2.6881
	2.3895
	2.6881

	
	Σ
	8.6299
	8.6299
	8.6299
	7.6427
	7.3440
	7.6427

	2

 
	К3
	1.5056
	1.6939
	1.6939
	1.8821
	1.8821
	1.8821

	
	Σ
	1.5056
	1.6939
	1.6939
	1.8821
	1.8821
	1.8821

	3

 

 

 
	К1
	1.8731
	2.8096
	3.1218
	2.4974
	2.4974
	2.4974

	
	К3
	0.9410
	1.8821
	1.5056
	1.6939
	1.1292
	1.5056

	
	К5
	2.3895
	2.9868
	2.6881
	2.9868
	2.6881
	2.9868

	
	Σ
	5.2036
	7.6785
	7.3156
	7.1781
	6.3148
	6.9899

	4

 

 

 
	K1
	2.8096
	3.1218
	3.1218
	2.4974
	2.4974
	2.4974

	
	K2
	1.2990
	1.2990
	1.2990
	1.2990
	1.2990
	1.2990

	
	К3
	1.6939
	1.8821
	1.6939
	1.6939
	1.6939
	1.5056

	
	Σ
	5.8025
	6.3029
	6.1147
	5.4903
	5.4903
	5.3021

	5

 
	К3
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821

	
	Σ
	1.7880
	1.7880
	1.7880
	1.8821
	1.8821
	1.8821

	6

 
	К3
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821

	
	Σ
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821
	1.8821

	7

 
	К3
	1.6939
	1.6939
	1.6939
	1.8821
	1.8821
	1.8821

	
	Σ
	1.6939
	1.6939
	1.6939
	1.8821
	1.8821
	1.8821

	8

 

 
	К1
	2.8096
	3.1218
	2.8096
	2.4974
	2.4974
	2.1853

	
	К5
	2.3895
	2.9868
	2.3895
	1.7921
	2.0908
	2.0908

	
	Σ
	5.1991
	6.1086
	5.1991
	4.2895
	4.5882
	4.2760

	9

 
	К1
	2.8096
	2.8096
	3.1218
	2.8096
	2.8096
	2.8096

	
	Σ
	2.8096
	2.8096
	3.1218
	2.8096
	2.8096
	2.8096

	10

 
	К3
	1.5056
	1.5056
	1.5998
	1.6939
	1.6939
	1.6939

	
	Σ
	1.5056
	1.5056
	1.5998
	1.6939
	1.6939
	1.6939

	11

 
	К1
	1.5609
	2.1853
	1.8731
	3.1218
	2.4974
	2.4974

	
	Σ
	1.5609
	2.1853
	1.8731
	3.1218
	2.4974
	2.4974

	12

 
	К3
	0.7528
	1.3174
	0.9410
	1.8821
	1.3174
	1.3174

	
	Σ
	0.7528
	1.3174
	0.9410
	1.8821
	1.3174
	1.3174


ЗАКЛЮЧЕНИЕ
Таким образом, намеченные календарным планом работы 2021 года по реализации грантового проекта AP08956209 «Исследование методов температурно–прочностного контроля бетона и оценка их применимости» выполнены в полном объеме (приложение Б):
1.  Выполнен анализ лучших практик применения нормативной документации по ТПКБ. Сформирован перечень приемов и задач методов ТПКБ, требования которых привели к эффективности результатов лучших практик. По анализу лучших практик выявлено, наиболее адаптированными являюся методы температурно-прочностного контроля бетона, регламентированные стандартами ASTM C1074 (США); NEN 5970 (Нидерланды); СТ–НП СРО ССК–04–2013 (Россия). Сформированный перечень приемов и задач методов ТПКБ составлен на основе эффективности результатов лучших практик.
2. Выполнено научное обоснование сформированного перечня приемов и задач. Приемы и задачи, используемые в каждом из методов ТПКБ, индивидуальны и имеют свои особенности. Научное обоснование выбранных приемов в каждом случае имеет свое обоснование. Были рассмотрены такие основные особенности как испытание образцов, расположение датчиков, контроль температурных напряжений в бетоне. 
3.  Сортированы и классифицированы научно-обоснованные приемы и задачи. Используя инструмент оценки и выбора решений, широко использующийся в экспертных оценках, были сортированы и классифицированы научно-обоснованные приемы и задачи путем расставления приоритетов для каждого процесса метода ТПКБ. Для этого изначально были выделены основные типы процессов (лабораторные, полевые и результирующие), каждый из которых имел ряд процессов. Выбранные конкретные критерии позволили скрупулёзно подойти к сортировке приемов и задач.
4. Выполнено агрегирование научно-обоснованных приемов и задач в единый унифицированный подход. Сформирован унифицированный подход к ТПКБ. Объединяя сортированные приемы и задачи в единое целое был получен унифицированный подход к ТПКБ. Выявлено, что преимущества применения при лабораторных испытания нашли кубические образцы; четкие требования к контролю прочности бетона и расположению датчиков находят отражение в стандарте СТ–НП СРО ССК–04–2013 (Россия); расчет зрелости бетона наиболее рационален, не трудоёмок и точен по требованиям ASTM C1074 (США).
5. Опубликованы следующие научные статьи (приложение В):
· «Homogeneous pore distribution in foam concrete by two-stage foaming», Magazine of Civil Engineering, 103(3), 2021, 10313, DOI: 10.34910/MCE.103.13 (процентиль 81% по CiteScore в базе Scopus);
· «Effect of the shape and structure of maturity sensor’s plastic housing on its physico-mechanical properties», Eurasian Physical Technical Journal, 3(37), 2021, 83-87, DOI: 10.31489/2021No3/83-87;
· «Prototyping of a concrete maturity sensor with a hermetically sealed housing made of two-component plastic», Bulletin of the Karaganda university, 3(103), 2021, 60-70, DOI: 10.31489/2021Ph3/60-70;

· «A unified approach for temperature and strength control of concrete», BULLETIN of L.N. Gumilyov Eurasian National University, 2 (135), 2021, 71-81;
· «Особенности нормативных требований мониторинга прочности бетона с использованием измерительных систем», Промышленный транспорт Казахстана, 2(71), 2021, 85-95.
5. Написана и опубликована коллективная монография «Унифицированный подход к температурно-прочностному контролю бетона», ISBN 978-601-06-7836-1, 2021 г., 97 с. (приложение Г).
6. Проведен научный семинар «Исследование методов температурно–прочностного контроля бетона и оценка их применимости», НАО «Торайгыров университет», 14 мая 2021 г., 15.00-16.00, платформа ZOOM, идентификатор 768 1028 2360, пароль: 0001, присутствовали: 24 человек. Исследование оценено положительно. Распространены результаты исследования среди потенциальных пользователей, сообществ ученых (приложение Д).
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ПРИЛОЖЕНИЕ А – Итерации для определения весов каждого критерия
Таблица А.1 – Возведение в квадрат №1
	 
	К1
	К2
	К3
	К4
	К5
	Сумма 
	Вес 
	Ранг 

	К1
	5
	28.665
	26.66
	40.33
	9.2825
	109.937500
	0.354931
	1

	К2
	8.610606061
	5
	8.8825
	11.5
	2.7
	36.693106
	0.118463
	4

	К3
	6.748106061
	14.62121212
	5
	11.31060606
	12.92121212
	50.601136
	0.163365
	3

	К4
	4.14280303
	4
	3.465
	5
	2.7
	19.307803
	0.062335
	5

	К5
	16.37121212
	14.25
	23.0825
	34.5
	5
	93.203712
	0.300906
	2

	
	
	
	
	
	Сумма:
	309.743258
	1.000000
	


Таблица А.2 – Возведение в квадрат №2
	 
	К1
	К2
	К3
	К4
	К5
	Сумма 
	Вес 
	Ранг 
	Разница №2-№1

	К1
	770.772553
	970.0471402
	875.2236188
	1354.734508
	623.5910152
	4594.368835
	0.299303
	2
	-0.055628

	К2
	237.8906203
	486.1709394
	420.5540076
	655.8822008
	252.7506174
	2053.248385
	0.133760
	4
	0.015297

	К3
	451.7720759
	569.0162784
	672.222553
	999.1829356
	261.8673248
	2954.061168
	0.192444
	3
	0.029079

	К4
	143.4549148
	247.8909489
	242.9498788
	370.4204962
	121.0275691
	1125.743808
	0.073337
	5
	0.011002

	К5
	585.1031203
	1087.274924
	913.3996402
	1430.203049
	606.8446553
	4622.825389
	0.301156
	1
	0.000250

	
	
	
	
	
	
	15350.247585
	1.000000
	
	


Таблица А.3 – Возведение в квадрат №3

	
	К1
	К2
	К3
	К4
	К5
	Сумма
	Вес
	Ранг
	Разница №3-№2

	К1
	1779465.408
	2731152.223
	2569621.004
	3948620.533
	1497402.419
	12526261.586167
	0.311380
	1
	0.012078

	К2
	730984.3242
	1143826.044
	1085583.339
	1665796.8
	614116.0011
	5240306.508355
	0.130265
	4
	-0.003495

	К3
	1083825.622
	1629795.146
	1568527.722
	2401553.459
	881414.813
	7565116.760975
	0.188055
	3
	-0.004389

	К4
	403252.2626
	621331.9705
	593663.2021
	909987.2999
	334008.4468
	2862243.181998
	0.071150
	5
	-0.002187

	К5
	1682518.741
	2630259.711
	2485121.082
	3816124.591
	1420218.411
	12034242.537471
	0.299150
	2
	-0.002007

	
	
	
	
	
	
	40228170.574966
	1.000000
	
	


 Таблица А.4 – Возведение в квадрат №4

	
	К1
	К2
	К3
	К4
	К5
	Сумма
	Вес
	Ранг
	Разница №4-№3

	К1
	1.20596E+13
	1.85639E+13
	1.76333E+13
	2.70545E+13
	1.00522E+13
	8.53636E+13
	0.312179
	1
	0.000798

	К2
	5.01846E+12
	7.72434E+12
	7.33791E+12
	1.12582E+13
	4.18244E+12
	3.55214E+13
	0.129903
	4
	-0.000361

	К3
	7.27142E+12
	1.11912E+13
	1.06307E+13
	1.63104E+13
	6.06027E+12
	5.1464E+13
	0.188206
	3
	0.000151

	К4
	2.74411E+12
	4.22352E+12
	4.01217E+12
	6.15571E+12
	2.28697E+12
	1.94225E+13
	0.071029
	5
	-0.000121

	К5
	1.15385E+13
	1.77606E+13
	1.68717E+13
	2.58856E+13
	9.61675E+12
	8.16732E+13
	0.298683
	2
	-0.000467

	
	
	
	
	
	
	2.73445E+14
	1.000000
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K HACTOALIEMY TOTOBOPY
NeZot « 4 »@mzo rona

KAJIEHJAPHBII TJIAH
1.ToBapuuiecTBo ¢ orpaHH4eHHoii oTBeTcTBeHHOCTHIO «CSI Research&Lab»

1.1 Tlo npuopuTety: «PannoHaIbHOE HCMOIB30BAHHE TIPHPOHBIX PECYPCOB, B TOM HHCIC
BOJIHBIX PECYPCOB, T€0JI0TUsl, TepepaboTKa, HOBbIE MaTePHAIIBI H TEXHOIIOIUs, Ge30TacHble U3 eI Hs
1 KOHCTPYKLIMHY .

1.2 Tlo moanpuopuTeTy: «ApXHTEKTYpa. CTPOMTE/IBHBIE TEXHOTOTMH, MaTepHATHl M
KOHCTPYKIIHH».

1.3 Io Teme npoexra: UPH AP08956209 «lccrie1oBanne MeTOIOB TeMIIepaTy pHo-
TPOYHOCTHOTO KOHTPOIIA OETOHA H OLEHKA HX IPHMEHHMOCTHY .

1.4 Obmas cymma npoekra 4 931 526.63 (UeThipe MUILTHOHA IEBSTHCOT TPUANATH OJHA

THICSYA MATHCOT ABAILATH IIECTh) TEHTe 63 THBIH, B TOM YHCIIE ¢ Pa3OMBKOIi 110 ToIam, Juist

BBINOJHEHHS PadOT COTIACHO IYHKTY 3:

- Ha 2020 rox - B cymme 2 956 932.83 (J[pa MMIIHOHA JEBSITHCOT MATHIECST IIECTh
TBICAY JEBATHCOT TPH/IUATH BA) TEHIe 83 THBIH;

- Ha 2021 rox - B cymme 1 974 593,80 (OuMH MHIIHOH IEBATHCOT CEMbIECAT YeThIpe
THICAY NATHCOT JIEBSHOCTO TPH) TeHre 80 THBIH.

2. XapaKTepuCTHKA HAYYHO-TEXHHYECKOIi IPOIYKIMH N0 KBATHGHKALHOHHBIM
NPH3HAKAM H YKOHOMHYECKHE MOKA3aTe H

2.1 Hanpasnenne paGote: MccrnenoBanne MeTOI0B —TeMIEepaTypHO-IPOUHOCTHOIO
KOHTPOIs1 6eTOHA M OIEHKA HX IIPAMEHHMOCTH.

2.2 O6nacts npumenerns: CTPOHTEILCTBO, IPOH3BOACTBO GETOHHBIX PaGoT.

2.3 KoHeuHBIH pe3yIbTar:

- 3a 2020 rox: Ha OCHOBe CPaBHHTEIBHOTO aHANM3a HOPMATHBHOI JOKYMEHTALMH, OyIeT
cpopMHpPOBaH MepeyeHb, peraMeHTHpYIOUHi TpeGoBaHms K TEMIIEPaTy pHO-IPOYHOCTHOMY
koutpomo Gerona (TIIKB). Tlpu aHamuse nuTEpaTypHBIX MCTOYHHKOB OyIyT BBISBICHBI
cymectsyiomue meroasl TIIKB, ux mnpeumymecTsa M HeZOCTaTKH. bByaeT MoarotoBieH
TIPOMEKYTOYHBIH OTHYET O HAYUHOIl M (MJIM) HAyYHO-TEXHHUYECKOH JesTeTbHOCTH;

- 3a 2021 rox: Byner copMMpoBaH paHKHPOBAHHBIH HepedeHb HAyYHO-OG0CHOBAHHBIX
npremoB u 3anad meronos TIIKB. Bymyr coprupoanbrl u  KkiaccHHUMPOBAHBI HaydHO-
0GocHOBaHHbIe NpueMBI 1 3amaun Metoz0 TIIKB, 3ateM GyneT npomsseneHo nx arperupoBaHue B
CIMHBIA  YHHHUMPOBAHHBI MOAXOA. ByzeT copMHpOBaH TOTOBBII K HCIOTB3OBAHHIO
yunduumpopanueii noxxox k TIKB. Byayt ony6aukosanst 1 cratbs win 0030p, onybIuKkoBaHHas
B PELEH3NPYCMOM HAYYHOM H3/1aHHMH 110 HAYYHOMY HalPaBICHHIO IIPOEKTA, BXOIsIeM B 1. 2 6o
3 kBaprunu B Gase Web of Science u (wn) nveromenm npouentuis no CiteScore B Gase Scopus He
Menee 50, ymGo Haxonsmefics B NevaTH B yKA3AHHBIX M3AHHSX; 2 CTAThH B PEIEH3HPYEMOM
3apy0e:KHOM M (MIM)  OTEYECTBEHHOM — W3JAHHH C  HEHyJeBBIM MMITaKT-(paKTopoM
(pexomennosannoM KOKCOH). Byzer nsnana 1 xomiexTiBHas MoHorpadus. Byzner noarorosnen
MTOTOBBII OTYET O HAYUHOM M (WITH) HAYIHO-TEXHHYECKOIT 1eATeTEHOCTH.

2.4 [NatenTocnocobHOCTb: Bricokas.

2.5 HayuHo-TexHWdYeckHii ypoBeHb (HOBM3HA): B mociemHme TOIBl  OTMEHaeTcs
3HAUHTETBHBIH POCT NPOM3BOACTBA M NMPHMEHEHHs CPEACTB HEPa3pyIIAIONIEro KOHTPos. K Hum
OTHOCATCA M METO/bl NPOTHO3HPOBAHUS MPOYHOCTH OETOHA, OCHOBAHHBIE HA COBPEMEHHBIX
TEXHOJIOTHAX, TAKUX KAK BCTPOCHHBIE 1aTYHKH H CEHCOPBL MAUIMHHOE 00yYeHHe U HCKYCCTBEHHBIIT





[image: image35.jpg]MHTEIUICKT. DTH MeTO/bl 0Co0eHHO dQdEKTUBHBI B Ciydac HElMHEHHOM B3aMMOCHS3H MeHILY
PasiMIHbIMU HAPAMETPaMH CHCTEMBL, KaK W B TOBE/ICHHH apaveTpoB Getona. OHako TpeGosaris
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(&P)GC'/KHH\' Clpat. lllK}l{C HI:IIHL‘]IC}X"HIC.ICIIHMU CYHICCTBY HOILHE crnocodnl Paspyiaonero u
HECpaspy alouier o KOHTPO.Ist MAQJIOHPUIOHBL B MCTOIMYCCKOM W ’d[lllllpuT)pHO\‘l niname Juis
OIIL‘p{erMHUI'O onpeaeicHus POYHOCTH ()L‘I\)H{l. Haxo/erocst B 0”6.'[)'6]\'& Ha PaHHCH CTajnu
BhUCpHBatIA. HanGouiee aantnposaniibiv /uis 910if el B HacTOsIee BPEMS SBISCTCA CHOCO0
1C\HICPGI)pH()—JIpO‘lHUCIH\)I O KOHTPOJIst. GLHH])_\ IOUICTOCH HA B3aUMOCBS3H 'I'CMI[Cp‘dl"\pM 6{‘1'()”& "
BPEMCHH €TI0 BLUICPKHBAHMS (TCMIICPATYPO-Hachl). AHAIN3 TeXHOIOMHYECKOH JIOKYMEHTAIH H1a
UﬁOrPCB H BBLICPKHBAHHC Gerona TMOKa3bIBaCT. 410 BOIIPOCHI TCIIOBOM UGle\’)()lK}I Gerona u
TEMITEPATYPHO-NPOYHOCTHOTO  KOHTPOIIS B PAHHEM BO3PACTC HEAOCTATOMHO MPOPAGOTAHbI 1
CBOJIATCA K CCRLIKAM HA HOPMATHBHbIC JI0KYMEHTBI. TakuM 00pasoM. CyLIecTBYIOLIHE TOAX0b! K
[EMIIEPATYPHO-IIPOYHOCTHOMY  KOHTPOIIO OCTOHA, KOTOphIe G YUMTBIBATH BCE MPEMMyIIECTBa
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OpraHn3atMsMi 1 3aBOIAMHU-H3IOTOBHTE ISIMH TOBAPHOIO Lﬂ)L‘]\Hl‘d‘

2.7 Bu uenonb3oBanms pesyibtara Hayunoii u (i) Hay4YHO-TeXHHUECKOH JICATELHOCTH:

BHeapenue B pon3soAcTBO KoHTPOIs npoutocti Getona.

3. Hanmenosanie pador, cpoku nx peaisaimm u pe3yabTaThl

s NGRS

| Hanvenosanune pabot 1o | Cpok Beimonners | OskuaeMplil pesy.ibrar
|

Jlorosopy 1 ocHOBHBIE - e
- HAYa@10 | OKOHYaHHUC
2’@]]}] CL BHHO:IIIL‘EM)I | |

2020 rox |
I8 Mua:mx TeKyLIero ] OkTs6pD Mleka(ipb byaer BBIIOJIHEH aHanus
| cocTosmms HopmartuBHO- | 2020 1. 2020 r. TEKYIIEero COCTOSIHUS
TEXHUYECKO# HOPMATHBHO-TEXHHYECKOI |
JIOKYMEHTallHK 1o | | JIOKYMEHTAIMH 110 MeTo/lam
i METO/1am 'K‘MIICPI\T) PHO- | ‘ remiepa \pHO-HpU‘{H\\C'I HOTO
HPOYHOCTHOTO  KOHTPO.Isi | KOHTpOIIs GeTona (THIKb). byrer ‘
Gerona (TTIKB) HOJIrOTOBIEH  MOOTAIHbI  1171aH |
- I " i | 9 - | Dol
1.1 | Ananus Tekyieit [ Okrapn | OkTsGpn byer BbINOJIHCH ananns |
| enTyainn 12020 1, 2020 r. |rtekyiueit  cutyanmn.  byjer |
| | [HOYUEHO  HOHHMANHE  YPORiis
| | PasBUTHS B QOIacTH
WL | o ] | B HCC/Ie/I0BAHHS. S
152 | CpasuuTenbHblif ananns ‘OKIXGPBW()KTSHSPB ' byner BBINOHCH |
1uopm|um—mﬁ 12020 . 12020 1. | CPaBHUTE ILHBIH aHam3
| IOKyMEHTAIMH | | HOPMATHBHOH  J1I0KyMEHTALMH.
| | | ‘byzle‘l cxbopvmuposaﬁ nepeuens |
| ‘ | HOPMATHBHOH  JIOKYMEHTAIlMH.
| 1pc1'mmeu1'up) touieit rpeGosarins
SULE ITRERIGI TN S B e
13 | AHa/M3 JMTEpaTy pHBIX HosiGpb | JlekaGps byner BBIIOJIHEH aHanns |
| HCTOYHHKOB 2020 r. 2020 r. | JIMTEPaTypPHBIX HCTOUHHKOB. !
| | Byayt BBISBIICHD |

| eyuteetsyomme metoant TIIKb, |
- - - | HX Hpcnu)‘l}xccusu H HCLOCTATKH
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HPUMECHEHHS 2021 r.
| HOPMaTHBHOI
Jokymentaunn no TIKB ‘
|

leKaOpb Byzer HayaTo HAYYHO-
2020r. OpraHu3alHOHHOE |
1 | conpoBozk/eHue. Byner wavaro |
HOIy4YeHue HaY4HbBINX
! p\."ﬁ),Lb raton IIP()CIS ra.
‘Jlu\aopb byaer mavaro  nanmcanne
} 2020 r. ‘ 11yOIMKALMS HAYUHBIX cTaTeit:
CTaThst Wiu 0030p. |
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| kBapTHiM B 6ase Web of Science
‘ 1 (M) MMEIONIEM [IPOUEHTHIIL
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1

2

(1o CiteScore B Gase Scopus m‘
Imenee 50, muGo naxomsueiics B

rnevaru B YKa3aHHbIX U3/ 1aHusX: 2
CTaTbH B penen SHPYCMOM |
3apyOeHOM " (uiam) |
| OTCYCCTBCHHOM H3JlAaHHH ¢ 1
|HEHYICBBIM  HMIAKT- (hakToponm |
cromensoBaniom KOKCOI 1.
[byser COBEPIICHO  yuacTHe

| Hay4Holt  kouepenimu,  Byser

| nostyyen JIOKYMEHT. |
‘ ino,uTBepmJamLuuﬁ yuacrue |

| HaYUHO# KOH(epeHIHU.
\b)aer HAIHCaH MPOMEIKY TOUHBIH
HAY4HO-TEXHHYCCKUI OTueT.
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l
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2020 1.
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2020r.

2021101
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copMEpOBaHHOrO 2021r. 2021r. oGocHOBaHME chopMEPOBAHHOrO
IEPEYHs MPHEMOB M 3a1ay TIePeYHs IPHEMOB U 3a1au.

i DPopmuposanne Mapr CentsOps | Byzer chopmupoBan
YHHOHIIPOBAHHOrO 2021r. 2021r. YHHQHUIHPOBAHHBI  moaxon K
noaxona k TTIIKB TIIKB.  Byner copmuposan

TOTOBBI K HCHIOIB30BaHMIO
YHHQUIMPOBAHHBI  MOXOT K
TIIKB.

3. Coptuposka u | Mapr Arnipenb bynyt COPTHPOBAHEI H
Kiraccnpukamis  nayumo- | 2021 r, 2021r. KJIaCCH(ULHMPOBAHEL Hay4HO-
0G0CHOBAHHEIX IpHEMOB OCOCHOBaHHBIE  mpueMbl 1
M 3a1ay 3anau.

32 Arperuposanne Hayuro- | Mait Centsibps | Byner BBITIOJIHEHO
0GOCHOBAHHEIX  1pHemoB | 2021 r. 2021 r. arperupoBaxne Hay4HO-
M 3ama4 B eIMHbIH 0GOCHOBAHHEIX IPHEMOB K 3aiau
YHHQHIHPOBAHHBII B CIMHBIH  yHUDHUMPOBAHHBIIT
MOJIX01 noaxox.  Byner  cdopmuposan

YHHQUUMPOBAHHBI MOIXOA K
TIIKB.

4. Hayuno- Susapy | CentaGps Byner HayaTo Hay4HO-
OPraHH3alHuOHHOE 2021 r. 2021r. OpraHU3alMOHHOE
COMPOBOXKIEHHE CONPOBOKIEHHE. Byzer

3aBEPUICHO NOJyYeHHe HayYHEIX
PE3YIIbTATOB MPOEKTa.

4.1 Hanucanne u [ SIHBaps | Cenrs6ps Byner ony6mukoana 1 crartps
nyGHKanus HayuHbIX | 2021 r. 2021 r. HIM 0030p, B peneHsupyemom
cTareii HAYYHOM HM3JAHHH 10 HAYYHOMY

HaIpaBICHHIO TpoekTa,
BXomamem B 1. 2 gmdo 3
KBaptuin B Gase Web of Science
Hu (WIH) HMelomemM TIPOLEHTHIIb
no CiteScore B Gaze Scopus ne
Meree 50, miGo maxomsmeiics B
€YaTH B yKA3aHHBIX H3/AHUSAX, H
2 crateu B peleHsHpyemMomM
3apyOeKkHOM " ()
OTEYECTBEHHOM  W3JaHHH ¢
HEHYJICBBIM  HMIAKT-(ak1opom
(PeKOMeHT0BaHHOM KOKCOH).

42 Hanncanue u | SuBapp | CentsGps byner Hanucana "
nyOmKanms 2021r. 2021r. omny6IHKoBaHa KOJIJIEKTHBHAs
KOJIIEKTHBHOI MOHOrpadus.

MOHorpaduu
4.4 Mposenenne  mayunoro | Mrons Hionp Byner  nposenen HAYYHBI{
CeMHHapa 2021r. 2021r. CeMHHap. Byayt
pacmpocTpaHeHb! PE3yIbTaThI
HCCTIeI0BaHus cpenu
TOTEHIHATLHBIX T0Ib30BaTeNeH,

| cOO0IECTB yueHkIX.
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Abstract. The article addresses the issues of investigating the homogeneity of foam concrete produced by
three methods: the classical method (CM), dry foam mineralization (DM), as well as the proposed method
of two-stage foaming (TSF). The study is necessary due to the impact of the manufacturing process on the
homogeneity degree of foam concrete. Therefore, the TSF method is aimed at improving the homogeneity
of the material structure by evenly distributing the pores through the sequential foam introduction. The
homogeneity of the materials produced by the three methods was evaluated by comparing the results of
discrete (point and localized) strength testing over the entire volume of the foam concrete blocks, as well
as the results of thermal conductivity measurements. The test results obtained gave an understanding of
the degree of materials homogeneity, and confirmed the impact of the foam concrete manufacturing
process on s quality. Thus, the most homogeneous material structure throughout the entire volum
observed in TSF specimens, as evidenced by the minimum deviations of particular values of strength and
thermal conductivty, ranging from 4.19 % (in the analysis of thermal conductivity) to 6.71 % (in the analysis
of strength), while the same indicators for CM specimens are 22.4 % and 48.35 %, and for DM specimens
are 11.05 % and 19.21 %, respectively.

1. Introduction

‘The proposed method of production of non-autoclave foam concrete suggests two-stage foaming
(hereinafter — TSF): the primary addtion of a low-concentration mixture of foam s carried out at the stage
of preparation of sand-cement mortar, which is followed by the addition of a high-concentration mixture of
foam at the stage of production of a cellular concrete structure. TSF allows obtaining a product with a
greater degree of homogeneity, and the reduction of the water-cement ratio reduces setting time. Tt
provides an improvement in strength characteristics and is an additional factor for obtaining a
homogeneous structure of the material

‘The appearance of great interest in cellular concrete is due to s abilty to combine relatively high
strength with such physical-mechanical properties as thermal conductivity and frost resistance [1-6).
Important, in this context, can be technological ergonomics in the construction of building structures made
offoam concrete (for example, in comparison with brick), as well as low density of the material [7-9). Thus,
alot of compositions and technologies of cellular concrete production have appeared in the market, but the.
methods of foam concrete production using energy-saving non-autociave technologies are of special
interest [10-13]

Classically, aerated concrete s divided into aerated concrete and foam concrete [14, 15). The main
distinctive feature of these materials s their pore structure. Aerated concrete is produced by the introduction
of gas-forming components that in the process of chemical reaction with a cement binder forms a gas
emission, which enables the formation of interacting pores [16]. Foam concrete is produced by adding
ready-made foam in the cement-sand mixture, which allows obtaining a closed pore system [17]. One of
the most common issues of foam concrete manufacturers is the instabilty of the structure of the foam

Lukpanov, RE., Dyussembinov, D.S., Utepov, Ye.B., Bazarbayev, D.O., Tsygulyov, D.V., Yenkebayev, SB.,
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concrete mortar, shrinkage, uneven density of the material, and, as a consequence, unstable strength and
thermal conductivity of the product. The reason for this shortcoming can be many factors, the main of which
is a high water-cement ratio, which ultimately leads to heterogeneity of the material at its setting [1, 18].

To solve this problem, plasticizing additives are used. However, because plasticizing additives are
surface-active substances (SAS), after decreasing the water-cement ratio, manufacturers of foam concrete
faced another problem — shrinkage of the material due to the increasing time of setting under the influence
of aditives. This also leads to an uneven distribution of the pore structure of the material in the volume. To
solve the problem of the quality of foam concrete material, many attempts have been made by using
additives of curing accelerators in combination with plasticizers [19, 20]. But no significant result ensuring
quality foam concrete has been achieved [21, 22].

A breakthrough solution in eliminating the problem of heterogeneity of foam concrete was the
modernization of the technological process of its production. Instead of the classical method (hereinafter —
CM) of foam concrete production [7, 23-27], which represents the cement-sand mixture with water and
foam concentrate, the technology of foam concrete production by dry mineralization (hereinafter — DM) of
foam was proposed [28]. The method of DM is the preparation of foam concrete by mechanical mixing of
the dry cement-sand mixture with the foam. As a result of the application of the given technology several
questions, concerning the quality of pore structure and density, have been solved. However, the problem
of shrinkage of a material in the course of the setting remained unsolved. Despite this, the classical
production method is still actively used in combination with various additives [28].

The analysis of CM and DM revealed the advantages and disadvantages of the methods. The
disadvantage of CM is a high water-cement ratio, which leads to shrinkage of the material before setting
Besides, foam concrete obtained by CM has low strength and uneven density in the volume of the product
The decrease in strength is due to micro and macropores in the cement dough, which creates a weak
skeleton. The disadvantages of the DM method include shrinkage of the material in the process of setting
(as a result of partial destruction of the foam structure when combining the foam with dry components of
the material), which leads to changes in the final geometric dimensions of the product. Partal destruction
of the foam structure is accompanied by its stratification, which leads to the formation of a heterogeneous.
structure of the material 9, 18, 21, 22, 29]

‘The unsolved question of obtaining quality foam concrete has defined the goal of this study. Thus, it
consists of developing an available technology of foam concrete production by the method of two-stage
foaming. Achieving the goal should provide an improved pore structure of the material making the pore
distribution more uniform, as well as improved physical-mechanical properties of the material due to the
uniform distribution of the load-bearing skeleton structure.

‘The proposed method of TSF ensures maximum distribution of the foam concentrate over the entire
‘specimen volume: the initial adition of a low-concentration foam mixture takes place at the sand-cement
mortar preparation stage, thus improving its wettabilty and subsequent reduction of the water-cement ratio
(reducing the quenching of the foam with water). Afterward, with the secondary addition of a highly
concentrated mixture of foam at the stage of making the structure of cellular concrete, a decrease in the
water-cement ratio allows to save the primary ratio of foam concentrate, facilitates the formation of a uniform
structure of porous material

The following tasks were set to achieve the goal:

= Testing the strength of foam concrete specimens obtained by CM, DM, and TSF in the laboratory
according to [30].

= Measuring the thermal conductivity of foam concrete specimens obtained by CM, DM, and TSF
in the laboratory according to [31],

= Comparative analysis of the results of laboratory tests and measurements.

The article presents the results of comparative analysis of methods of foam concrete production,
namely the impact of the technological process of preparing the material on its quality, without assessing
the possible impact of ingredients (additives to improve the physical-mechanical properties of materials).

For comparison with the proposed TSF method, considered two main methods of foam concrete
production are widely used in practice such as CM and DM

2. Methods
The research methodology includes the following stages:

= Preparation of foam concrete by comparable CM and DM methods;
= Preparation of foam concrete by the proposed method of TSF;
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= Laboratory testing of foam concrete specimens;

- Analysis of results.

Preparation of foam concrete by comparable methods was carried out in laboratory conditions.
following the standard methods, specifications, and the requirements of the normative and technical
documentation [14, 32, 33). An important condition was to maintain the same composition of components
and ingredients (additives) of prototypes for each method, as well s their dimensionality. The foam
concrete compositions and the ratio of foam concentrate to aggregate are designed from the condition of
obtaining the material density of D600 (00 kg/m?) (Table 1). For each of the 3 methods (including the
proposed one), 5 blocks were prepared.

Table 1. Composition of foam concrete of comparable methods.

Method Cement kg Sand, kg Water, | Foam concentrate, |
TSF 310 270 124 12
oM 310 270 186 1.1
om 310 270 155 12

‘The technological process of specimen preparation by TSF is shown in Fig. 1

el 2 (|34
== 1T
A
oo |[B] [

Figure 1. The technology of foam concrete preparation by the method of TSF: 1 - water;
2-foam concentrate; 3 — cement; 4 — sand; 5 - finished product; A~ the container for the
low-concentrated mixture of the plasticizing additive of a foam concentrate in water 0.3:40 I,
B -~ the container for a mixture of the modified foam concentrate in water 1.2:40 1,

In— the cement-sand mixer, D — the foam generator, E — the mortar mixer

The technological process consists of three stages. During production, a strict sequence of
‘components must be followed (Fig. 1):

Stage 1: in a container (A) the foam concentrate (1) is thoroughly mixed with water (2), in ratio to
water —0.3:40 I; in parallel (independently) in a container (B) the foam concentrate (1) is thoroughly mixed
with water (2), in water ratio — 1.240 I; in parallel in a container (C) the cement (3) is mixed with sand (4),
in the ratio of cement to sand (1:3);

Stage 2: obtained in a container (A) mortar through the foam generator (C) is converted to foam and
‘combined with cement and sand mixture from the container (D), in a mortar mixer (E);

Stage 3: The mortar obtained in a container (B)
and introduced into the mortar mixer (E).

After careful

converted to foam through the foam generator (C)

ing in a mortar mixer, the resulting mortar (5) is poured into forms.

The main evaluation criterion of the quality of the material prepared by different methods is the
degree of its homogeneity, or in other words, the even pore distribution in the structure of foam concrete
over the entire volume. This indicator is directly related to the technology of foam concrete production. The
resulting factors of material homogeneity can be attributed to the homogeneity of physical-mechanical
properties of the material over the entire volume.

Evaluation of material homogeneity, through the evaluation of physical-mechanical properties, is.
reduced to the discrete measurement of physical-mechanical properties over the entire volume (mainly
height) of the material of standard size (factory block): 20 cm height, 30 cm width, and 60 cm length.
Cylindrical specimens with a height of 20 cm and a diameter of 6.4 mm, segmented by 2 cm in height, were.
used to assess the strength of the material (Fig. 2a). Also, for point assessment of the strength of factory
sized specimen, conducted the tests of small-sized cubic specimens with the dimensions of 2x2x2 cm
extracted continuously by height and selectively by the length and width of the factory specimen (Fig. 2b)
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To assess the thermal conductivity of the material used the specimens in the form of a rectangular
parallelepiped of standard size, selected in steps of 4 cm by the height of the specimen of factory size
(Fig. 20).

3

igure 2. Specimens for determining the physical-mechanical properties of foam concrete.

The difference between testing the cylindrical and small specimens is that segments of a cylindrical
specimen are tested simultaneously while small specimens are tested separately. In other words, testing
cylindrical specimens is necessary to identify the weakest segments of the specimen by height, while testing
small specimens will evaluate the distribution of strength characteristics over the entire volume of the
material. In both cases, the analyses of the results reveal weaker locations, areas with maximum density,
and generally assess the homogeneity of the material.

Assessment of the uniformity of foam concrete in height s due to the influence of gravitational forces
on the heavy ingredients of the composition during the setting process (including excess water during foam
delamination), leading to an uneven density of the material by volume.

Core cutting was carried out through a cylindrical crown with an electric drive, with an inner diameter
0f6.5 mm. To reduce the impact of mechanical action on the skeleton structure, core extraction was carried
out with maximum rotation and minimum movement of the crown. In total, 6 specimens were taken from
each comparable foam block. The cyiindrical and standard specimens were cut by string cutting at
maximum rotational speeds to reduce the risk of disturbance of the material structure. Before testing, each
element of the specimen was labeled

The laboratory testing and measurement of foam concrete specimens included the following:

« Determining the strength of segmented cylindrical specimens using the Unconfined compression
test (Fig. 3a);

« Determination of the strength of small cube-shaped specimens of material by Dynamic
Mechanical Analysis (Fig. 3b);

= Determination of the thermal conductivity of standard specimens of material using the ITP MG-4
instrument (Fig. 3c)
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Compressive strength tests on segmented cylindrical specimens were carried out on the “Press
Automatic Pilot” equipment with a total compressive load of 500 kN, designed to determine the compressive
strength of ightweight concrete and primer-cement specimens.

To evaluate the less robust part of the specimen within the height, segments of one specimen were
tested simultaneously. Since the specimens have been mechanically subjected to cutting, the specimen
surface has a roughness that can lead to a point transfer of normal stress at the contact edge of the
segments. Therefore, for better distribution of normal stress, flexible gaskets [30] of nonwoven geotextile
were used. The use of gaskets also simulates the tangential stresses at the contact edge of the segments,
‘which are inherent to a solid, monolithic specimen, when compressed.

Testing was performed before the specimen f
two control measurements:

d, and strength measurements were made using

A~ registration of the load value, at the destruction of at least one segment, to identify the weakest
section by the height of the specimen;

B  recording the peak value of the load, to measure the maximum strength of the specimen as a
product

The tests of small specimens of cubic shape for assessing the distribution of strength properties of
the material on the volume of specimens of comparable methods were conducted on specialized equipment
called *Dynamic Mechanical Analysis”. The device is designed to study the properties of materials under
the influence of periodic and constant loads of compression, bending, shearing, stretching of small
specimens (height up to 3 cm). In total, 2250 specimens were tested.

To estimate the thermal conductivity and thermal resistance of the materials of the compared
methods, specimens of standard sizes in the form of a rectangular prism were used. Measurements were
carried out on the device ITP MG~4 on the principle of generation of a stationary heat flow passing through
a flat specimen and directed perpendicular to the face edges of the specimen [31]. The heat flow is
monitored automatically by the device. In total, 5 specimens of each method were tested, selected at the
same distance within the block height (20 mm per step). The error of geometric dimensions of the
specimens did not exceed +0.1 mm. Before the test, to determine the density of the dry specimen, the
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prototypes were dried to a constant mass, 5o that the mass change did not exceed 0.1 % during 30 minutes
of observation.

‘The calculation of thermal conductivity 2 (effective thermal conductivity) was performed according
to Eq. (1), and thermal resistance R (in the stationary thermal mode) according to Eq. (2):

[0

2R, @

s effective heat transfer, W/m °C;

the thermal resistance of the test specimen, m2-*C/W;

R, is the thermal resistance between the face of the specimen and the work surface of the
instrument panel, m?-“C/W;

H s the measured specimen thickness, m

g is the density of a stationary heat flux passing through a measured specimen, Wim?;
T, is the temperature of the hot edge of the measured specimen, °C;

7, is the temperature of the cold edge of the measured specimen, °C.

3. Results and Discussion

3.1. Strength results of segmented cylindrical specimens
by Unconfined compression test

‘Comparisons of the values of measurement A (identification of the weakest area within the height of
the specimen) expressed by the relation of particular values of strength of TSF specimens with CM and DM
are presented in Fig. 4. The presented linear functions have a close relation to the variables as the
correlation coefficient in both cases is higher than 0.7. Proportionality coefficients show that the greatest
convergence of strength values with TSF is observed in DM specimens (0.82 is closer to 1.0 than 0.66).
According to the test results, the partial values of strength of the weakest segments of CM specimens vary
from 0.61 to 0.93 MPa, which corresponds to the upper limit of foam concrete mark of D300. This means
that allfive CM specimens have weaker segments within the height, the density of which does not exceed
300 kg/m?. Particular values of strength of the weakest segments of DM specimens vary from 1.52 to
1.73 MPa, which correspond to the average value of the strength of foam concrete mark of D400. The
strength of TSF segments varies from 1.84 to 2.05 MPa, which corresponds to the upper limit o the strength
of foam concrete mark of D400 and the average value of foam concrete mark of D500. The results of the
study [34, 35], which aimed to assess the degree of homogeneity of foam concrete by measuring its density,
showed that the density of the material depends on the setting time and methods of foam concrete
preparation and varies on average from 10 to 25 %. In general, the particular values of density [34, 35] lie
in a proportional range of obtained particular values of segmented specimens.

Comparing the standard deviations of the obtained results on the strength of three methods that are:
0.129 for CM, 0.093 for DM, and 0.087 for TSF, it can be concluded that the greatest variation of the
particular values of strength within the height is revealed for the DM specimens. The smallest standard
deviation is observed in the TSF specimens, which indicates the maximum concentration of particular
values of strength at the height around the arithmetic mean of the particular values.

In general, the results of the assessment showed that CM and DM specimens have a greater
variation in height than TSF specimens. The weakest sections of the CM specimen turned mainly the two
upper segments 9 and 10 (Fig. 5a), at an average load of 2 kN, which corresponds to a strength of
0.72 MPa. In the DM specimens the weakest sections are located in the upper part of the specimen, mainly
the three upper segments 8, 9, and 10 (Fig. 5b), at an average load value of 4.5 kN, which corresponds to
a strength of 1.62 MPa. No clear pattem of segment failure was found in the TSF specimens. Where the
‘weakest was the lowest segment 4 (Fig. 5c), at an average load of 5.3 kN, which corresponds to a strength
of 1.91 MPa.
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Figure 5. Weakest segments of specimens.

At the measurement B (maximum strength measurement) on the CM and partially DM specimens,
the tests were continued after the upper segments were removed, otherwise, the peak load value would be
limited by the failure of weak specimens due to their low strength value relative to other segments. In
general, the maximum strength values of the three methods are close to each other. The average value of
maximum strength of CM specimens was 3.2 MPa, which corresponds to the upper limit of the strength of
foam concrete mark of D500 or the lower limit of the mark of D600. The DM and TSF specimens showed
the strength of 2.5 MPa and 2.7 MPa respectively, which correspond to the average strength of the mark
of D500. The obtained results of the maximum strength of CM specimens are due to the removal of weak
segments, as well as changes in the ratio of the width of the specimen to its height, which led to data
tortion.

Although the selection of foam concrete composition and the ratio of foam concentrate to aggregate
is calculated from the condition of obtaining the material density of D600 (600 kg/m?), the obtained
specimens of comparable methods showed different results from the given values [36). The resulting factor
of distortion of the results is a non-standard dimensionaitty of specimens (due to the height of the standard
block and the diameter of the core extractor) in comparison with the required test specimens regulated by
the standards. Correction factors for the geometry of the specimens were also not taken into account, as.
the task of projecting the results of the specimen to the final construction product was not set n the analysis.

‘The fact that the tested segmented cylindrical specimen does not have an integral structure also played a
partial role, and since all specimens were tested under equal conditions, the results may vary from those
of real values quantitatively, but not qualitatively. And since the task was to compare the resuts relative to
each other, the quantitative factor has no principal importance, since the results are not expressed by
particular values but by their ratio.

‘The results obtained from the tests of segmented cylindrical specimens gave an
degree of homogeneity of materials of the three compared production methods.

3.2. Dynamic Mechanical Analysis results
for strength determination of small cube material specimens

The spread of the strength values by the height of the specimen of each compared method,
to the height of an individual cube (2 cm), is shown in Table 2 below.
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Table 2. Spreading of particular strength values by height.

Specimen Particular values of srength, kgflcm?
No. (full om om 5%
height) . .

Minimum _ Maximum __ Minimum __Maximum __ Minimum __ Maximum
10(0cm) 10235 15.984 38075 2432 26870 34935
9 (18.cm) 13.885 20253 38302 44583 28944 37384
8(16.cm) 20120 42430 40.456 46780 20118 42203
7(14.cm) 31786 44328 42350 48467 7881 44277
6 (120m) 35382 45827 42203 49334 38.420 46226
5(10.cm) 38340 48105 42580 49015 8318 47986
4@em) 30821 50368 43011 49312 30.020 48355
3(6em) 4230 54402 43516 50016 40267 50.417
2(cm) 54012 70439 44770 52145 43455 57.9%
1@em) 77228 91870 46342 54211 471 61930

According to the test results, particular values of strength of CM specimens vary

from 10235 kgflom® (<0.98MPa) to 9187 kgficm: (<9.60MPa), DM specimens vary
from 38.075 kgficm? (<3.72MPa) to 54.211 kgflcm? (<529 MPa), and TSF specimens vary from
26,87 kgflcm? (=2.65 MPa) to 61.939 kgflcm? (=6.10 MPa). According to the study of [37, the strength
characteristics of foam concrete specimens of similar composition, on average, amounted to 50 kgflcm?,
which does not contradict the results obtained and correspond to the average value of the range of CM,
the upper value of the strength range of DM and TSF.

For visual comparison, the point strength results are presented in the form of color distribution [38]
over 6 significant sections (from two opposite edges and the middle of the block in the transverse and
longitudinal direction). Fig. 6 shows the comparison of strength in the planes C1 (in axes 1~ A+O, Fig. 2b)
and L1 (in axes A~ 1+30, Fig. 2b). Fig. 7 shows the comparison of strength in the planes C2 (16 — A*O,
Fig. 2b) and L2 (H — 1+30, Fig. 2b). Fig. 8 shows the comparison of strength in the planes C3 (30 -~ A+O,
Fig. 2b) and L3 (1+30, Fig. 2b). For the best comparative evaluation of each fragment (separate plane), a
single-color scale of strength characteristics inherent in the most heterogeneous specimen (method) is
n. Thus, the contrast of the scale and the planes under consideration will contribute to a better visual
perception of the heterogeneity of the plane under consideration relative to the most heterogeneous
specimen (method)
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igure 6. Color diagram of strength distribution in the cross-sections of C1 and L1 unit.
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The difference of contrasts of color diagrams of strength distribution along transverse and
longitudinal sections clearly shows the difference in the homogeneity of distribution of particular values of
strength characteristics of compared methods of foam concrete production. The greatest contrast
observed at CM blocks (in al cross-sections), which testifies to the big dispersion of particular values of
strength, therefore, the lowest homogeneity of the material. The greatest homogeneity is observed at blocks

of TSF, which testifies to the smallest color contrast within the height of the section. The average degree
of homogeneity is observed at DM blocks.
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‘The average value of the minimum strength of CM specimens (all top specimens) is 13.25 kgficm?
(1.30 MPa), and the average value of the maximum strength (all bottom specimens) is 87.9 kgficm?
(8.62 MPa). The squared deviation of particular values of the upper specimens is 0.25, and of the lower
‘specimens is 2.09. The variation coefficient or the deviations of particular values do not exceed 1.86 % of
the average value for the upper specimens (an upper plane of the block) and 2.34 % ~ for the lower (lower
plane of the block), which indicates a close relationship of particular values of the strength of all specimens
within the plane of the considered height (orizontal plane). The statistical analysis of particular values of
strength and standard deviations of DM specimens also showed close relation of particular values of
strength within the limits of considered planes within the height. For the lower plane the deviation (vas
coefficient) limit is 1.45 %, and for the upper plane is 1.68 %. In the case of the TSF method, the deviation
limit for the lower plane is 0.59 %, and for the upper plane is 2.05 %.

‘This analysis allowed estimating the spread of these strength characteristics within two critcal planes
of the specimen (upper and lower planes of the foam concrete block) with minimum and maximurm particular
values of strength. The analysis showed a close relationship of the particular values within the plane of their
location, excluding the assumption of random errors (since the number of particular values within one plane
is 225 units), thus confirms the assumption of heterogeneity of the material i the transverse plane (n its
height) and relatively good homogeneity in the horizontal plane.

A quantitative assessment of the material heterogeneity in height can be made by statistical
processing of particular strength values in transverse planes perpendicular to the horizontal plane.

The average value of the transverse plane strength of CM specimens is 43.67 kgficm? (4.28 MPa),
and the average value of squared deviations (within height) is 21.11. Hence, the deviations (variation
coefficient) of particular values of strength from the arithmetic mean reach 48.35 %, which indicates a weak
bond of particular values of strength within the transverse planes (values on the height of the specimen),
as well as the heterogeneity of the material within height. The statistical analysis of particular values of
strength and standard deviations of DM specimens showed closer relation of particular values of strength
in transverse planes in comparison with CM. At the average value of strength equal to 44.54 kgficm?
(4.37 MPa), the standard deviation was 8.56, and the deviation (variation coefficient) of particular values of
strength within 19.21%. The closest correlation of particular values of strength was found in TSF
specimens, where the average value of strength was 43.42 kgflcm? (4.25 MPa). With a standard deviation
of 2.91, the deviations of the particular values of strength were within 6.71 %. Statistical analysis of the
particular values of strength in transverse planes confirms the obvious heterogeneity of CM specimens
concering DM and TSF.

The resuls of the tests (point strength distribution of the material) generally correspond to the results
of the strength testing of cylindrical specimens, confirming the general trend of strength distribution over
the height at each of the 3 methods. Moreover, in contrast, they provide more accurate numerical values.
of strength over the entire volume of the specimen.
3.3. Results of the determination
of the thermal conductivity of standard specimens

The results of measurements are presented in Fig. 9, and comparisons of particular values of

measurements of TSF with CM and DM specimens are presented in Fig. 10.

Thermal resistance (Ru)m"C/Wt Efficient thermal conductivity (1), Wtm -°C

Ra CM | DM | TSF
o014 [l

0.137| [l 010

0.16 0.132 0.137 0.139 0.12
0.19 0142 0140 0437 0.15
0.21 0.145 0.144 0.141 017
023 [l GHESEN o148 | o143| [l 019

Figure 9. Particular values of thermal conductivity and thermal resistance.
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Figure 10. Comparisons of particular values of measurements.

Studies of [39] on the assessment of the thermal conductivity of foam concrete showed values
comparable to those indicated in the article according to the density of specimens. The obtained resuts of
thermal conductivity of specimens of three methods do not contradict these results. Thus, the thermal
resistance values of CM specimens vary from 0.140 to 0.234 m2-°C/IW, of DM specimens from 0.139 to
0171 m?-“CAW, of TSF from 0.158 t0 0.174 m2-°C/W. Values of thermal conductivity of CM specimens vary
from 0.103 to 0.190 m°C/W, DM specimens from 0.110 to 0.148 m2°CW, TSF — from 0.137 to
0.143 m2-“CW.

Statistical analysis o the data showed that the maximum deviation (variation coefficient) of particular
values of thermal resistance (thermal conductivity) from the average for CM specimens is 22.4 % (22.0 %),
‘and the lowest deviation for TSF specimens is 4.19 % (1.87 %). For DM specimens the deviation of thermal
resistance is 7.8 %, and of thermal conductivity is 11.05 %

Comparisons expressed by a linear function (Fig. 10) also_indirectly indicate the degree of
homogeneity in the structure of the specimens of compared methods. The most uniform distribution of the
structure of foam concrete is observed in the specimens of TSF, and the smallest in the specimens of CM.
The results of the assessment confimed a greater dispersion of data within the height of CM and DM
specimens, as compared with the specimens of TSF. The binding of the obtained thermal conductivity data.
t0 the mark of foam concrete showed the following: CM specimens are referred to the mark from the upper
limit of D300 or the lower limit of D400 (upper Specimens) to the average limit of D800 (lower specimens);
DM specimens — from the average limit of D400 (upper specimens) to the average limit D600 (lower
specimens); TSF specimens ~ from the upper limit of D500 (upper specimens) to the lower limit of D600
(lower specimens).

In general,the test results confirm the impact of the technological process on the homogeneity of the
material, and as a consequence, the uneven distribution of its physical-mechanical properties over its
volume. The results obtained have a similar trend (in terms of the distribution of physical-mechanical
properties in the production of foam concrete) with the works of [34, 35, 37, 39, 40]. Nevertheless, the
results obtained have creditable quantitative indicators and are more focused on a comparative evaluation
of the TSF method.

4. Conclusion

1. Amethod for the production of foam concrete is proposed, which implies two stages of foaming:
primary inclusion of  low-concentration foam mixture at the stage of preparation and secondary inclusion
of a high-concentration foam mixture at the stage of producing a cellular concrete structure. Two-stage
foaming provides a maximu distribution of the foam concentrate over the entire volume, as evidenced by
the comparison of the results of laboratory measurements.

2. Although the selection of foam concrete composition and the ratio of foam concentrate to
‘aggregate is designed from the condition of obtaining the material density of D600 (600 kg/m?), the obtained
specimens of comparable methods showed the results different from the given values: the density of CM
by the height of specimens varies on average from 365.5 kgflcm? to 840.1 kgficm?, DM specimens from
528.3 kgflom® to 714.2 kgficm?, and TSF specimens from 608.3 kgflcm® to 669.5 kgficm®.

3. Strength tests on small specimens showed that the greatest variety of particular strength values
is observed in the transverse plane along with the height of the specimen. The total spread of particular
strength values over the entire volume of the CM block amounted from 10 to 92 kgficmz, DM block — from
38 to 54 kgflcm?, TSF block — from 27 to 62 kgficm?. The strength values converted into a color chart
(Fig. 6-8), clearly shows the different degree of homogeneity of the three methods.
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4. Thermal conductivity tests on standard specimens confimed a greater variation in the height of
CM and DM specimens compared to TSF specimens, which is also an indirect assessment of material
homogeneity.

5. Furthermore, the study results confirmed the impact of the technological process of foam concrete
production on its quality. The proposed TSF production technology enables sufficiently even distribution of
physica-mechanical properties of the material (strength and thermal conductivity) over its volume, which
can be used as an indirect confirmation of the uniform distribution of the pore structure of the skeleton, and,
consequently, improves the quality of the material as a construction product.
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EFFECT OF THE SHAPE AND STRUCTURE OF MATURITY SENSOR’S
PLASTIC HOUSING ON ITS PHYSICO-MECHANICAL PROPERTIES
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This paper presents how the shape and physical structure of the connections affect the performance of the
housing of maturity sensor. A two parts rectangular and a keg-shaped cylindrical configurations of plastic
housings were sequentially tested for water, shock and load resistance. The tests revealed the weak ingress and
shock resistance of the rectangular housing, in comparison with cylindrical one, where no serious defects were
identified. Both types of housings performed well during the compression tests on all three sides, showing the
bearing capacities from 0.6 to 2.11 kPa, which are equivalent to 65.3 and 165.3 kg of human mass. Based on the
results, the study demonstrates an easy-to-handle workflow for generic testing and evaluation of maturity sensors
housing. The proposed workflow may be applicable for other tvpes of small-scaled electronic devices.

Keywords: non-destructive testing method, concrete sensor, housing, durability, maturity sensor.

Introduction

The indoor electronic devices used in daily routine are not subjected to adverse conditions, unlike those
used outdoor. The latter should comply with higher requirements, having a protected housing. The housing
of such devices must stand for various aggressive environment [1, 2]. Depending on the type of device, their
housing may be built of different materials as metal, aluminum, timber, plastic, etc. [3]. First three take much
efforts to treatment and finishing, especially when it comes to small devices. Moreover, their large-scale
production requires significant human and financial resources. Therefore, plastic housings have found broad
application in small-sized instrumentation [3]. Despite this, the requirements for them are not a little less.
This means the plastic housings should have certain physical and mechanical properties. And again,
depending on the type of device they are used for, the list of such properties may vary a lot [4]. The maturity
sensors [5-8], which will be discussed in this study, represent small electronic devices with the protected
housing. Due to they are embedded into the concrete body, they are subjected to moist, alkaline, and
pressurized environment [9].

Since a minor water penetration inside the housing through cracks or slots in the connectors may
destroy their inner electronic components. Moreover, while being strapped to a rebar, they are subjected to a
shock impact from the pouring concrete mixture [10].In addition, before the installation, the maturity sensors
may be accidentally stepped by workers. Therefore, to confront potential external impact, the housing of
maturity sensors must have specific physical and mechanical properties complying with the requirements of
[11, 12]. Some important aspects influencing the characteristics of the plastic housing are its shape and
structure [13]. If referring to the existing analogs of maturity sensors [1, 2], their housings mostly have
rectangular shape. They classically consist of two components joining together with screws and nuts with
rubber gasket in between. Few have monolithic housing [1], which makes them indestructible.

Despite the variety in shape and structure of the housings of existing maturity sensors, the majority of
them have not strayed far from conventional solutions. Since no previous works were found studying the
performance of the maturity sensors housing depending on its shape and structure. This suggests that the
mature sensor manufacturers relied only on logical assumptions when designing the housings. Perhaps, this
is due to insignificance of the production scale of maturity sensors in contrast with major industries of the
national economy, where every single detail counts. For example, the automotive and aviation industry pays
a lot of attention to the shape of the vehicles, structures of connections, and so on [14, 15]. Nevertheless, the
application of maturity sensors is becoming more and more popular in construction sites worldwide [16].
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The compression load was subjected by an electromechanical press-machine UNIFRAME 70-T1182
with a load range up to 50 kN and displacement speed ranging from 0.05 to 51 mm/min. The measurements
of the load resistance were taken each 2 seconds. The rectangular and cylindrical housing samples three each
were destroyed during the compression tests. The load was transmitted with a constant speed of 5 mm per
minute before cracking. This moment is characterized with the rapid drop of the resistance value. While
calculating the strength, different nozzle area of the press piston was taken into account.

2. Results and discussion

The water-resistance test revealed the weakness of rectangular housing that failed the test at 3 days of
submerging, which was confirmed by the blotting of the paper inside. Meanwhile, the cylindrical housing
remained in the tank of water for 1 month, turned out to be completely waterproof, since the paper inside
after the inspection still remained dry (Figure 3).

a) b)
Fig.3. Water-resistance test results: a) wet paper in the rectangular housing; b) dry paper in the cylindrical housing.

From the picture above is seen that the water mainly penetrated through the gaps in-between the rubber
gasket and the two parts of the rectangular housing tightened with screws and nuts. Perhaps, when
tightening, the plastic curved a bit and the gaps occurred. However, still this indicates unreliability of such
structure of the rectangular housing, especially its joints. The cylindrical housing in contrast has a smaller
number of joints. And therefore, has less chance to let the water run inside. Moreover, the clamping
mechanism of the cap worked well. The shock resistance test results are shown in the Figure 4 below.
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Fig.4. Results of shock resistance test of the housings as quality matrix

As is seen from the figure above, the tests did not cause notable damage on all the samples of both types
of housings; no destructions were identified. After the tests the quality of the housings stood rather good.
There were minor scratches on the surface of the samples, as well as a single crack in one of the samples of
rectangular housing that fall from a height of 2 m. The rectangular housing was cracked at the screw
connection part, which may be reasoned by the fact that the screw holes were located close to the edge of the
housing. The results of compression test of the housings are demonstrated below (Figure 5).
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Fig.5. Compression test results of the housings: a) A-sides; b) B-side; ¢) C-side; d) Comparison

The diagrams above show that the cylindrical housing generically may bear more loads than those of
rectangular one. It was ahead on the sides A and B of the housings, but lower in side C. The latter was
predictable due to the thinness of wall thickness in the threaded part. The maximum loads that the
rectangular and cylindrical housings could bear for sides A, B, and Care arranged in the following order:
091, 0.6, 2.11kPa and 1.65, 0.77, 1.44 kPa respectively. While the average load amounted 1.25 kP, only side
A and C of the cylindrical, and side C of rectangular housing could exceed this level. Thus, the sides of the
housings when ranked by bearing load may be given the following comparison: B < A < C for the
rectangular shape, B < C < A for the cylindrical shape.

To sum up, both housings demonstrated fairly acceptable performance. However, the cylindrical
housing turned out to be more reliable. Moreover, the keg-shaped cylindrical housing turned out to be 100%
waterproof according to the test results, less cost and labor-intensive due to the exclusion of screw
connections and rubber for waterproofing. It seen from the results of the study that the small changes of the
structure and shape of the housings may significantly affect their physical and mechanical properties. For
example, as it tumed out, when using plastic materials to develop the housing, the hydro insulation with
rubber and the screw tightening may be omitted. This eases the structural schema of the housing and saves
the resources. In this regard, the proposed keg-shaped cylindrical housing with the screw cap may have some
advantages with those of the housing of its existing analogues [1, 2]. The workflow formed for versatile
testing and used to custom designs of the maturity sensors housings may be applicable for some other small-
scaled electronic devices that are exposed to submergence and various loads, including homemade and (or)
professional ones. Further work will be focused on testing the developed housings for melt in acid and
alkaline environment, as well as for the various temperature conditions, including flame ignition.

Conclusion

To reveal the effect of the shape and structure of the housing of maturity sensors on its physical and
mechanical properties, two configuration of housings were manufactured: the two-part rectangular and keg-
shaped cylindrical. Both types of housing were tested for water, shock, and compression load from three
sides. Of course, besides the mentioned properties, the housings may be additionally tested for, such
parameters as transparency, quality to the touch, tearing, floatability, flammability, flame color, smell when
burning, and solubility in liquids and scratching. However, these parameters were not important the concrete
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maturity sensors housing. But may be important for the housings of other types of devices. Based on the
results of the tests performed the following statements may be concluded:

- the shape and structure of the housing may significantly influence on its physical characteristics, such
as its mass, free space inside, resources used for joints.

- small modifications of the structure of the joints may remarkably improve the water resistance of the
housing;

- the monolithic design of the container part and the small number of parts in general in the assembly
provides more structural robustness to the housing;

- the keg-shaped cylindrical housing appeared to be more reliable than those of rectangular one in
several aspects, and could preserve its physical and mechanical properties in an acceptable level.

The workflow provided in the study and aimed on prompt verification of physical and mechanical
properties of the housings, may be applied for various small and multi-scale electronic products.

Acknowledgments
This research was funded by the Science Committee of the Ministry of Education and Science of the Republic of
Kazakhstan (Grant Ne AP08956209).

REFERENCES

1 Giatec. Wireless SmartRockTM Concrete Sensors Keep Construction Workers Safe During Pandemic.
Available at: https://wvww.prnewswire.com/news-releases/wireless-smartrock-concrete-sensor (13.09.2021).

2 Olson C. iButton  Link  Sensors  Complete  Space  Mission  2021.  Available at:
https://cdn.shopify.com/s/files/1/0164/3524/files/iButtonLink-Rhodium-NASA_NG-14_FINAL (13.09.2021).

3 Weichel C. Enclosed: a component-centric interface for designing prototype enclosures. Proceedings of the 7th
Intern. Conf. on Tangible, Embedded and Embodied Interaction - TEI 132013. pp. 215-218.

4 Roger B. Requirements for physical testing of rubbers and plastics. Polymer Testing. 1984, Vol. 4, No. 24, pp.
91-100. doi: 10.1016/0142-9418(84)90003-5

5 Utepov Ye.B., Tulebekova A.S., Zharassov Sh.Zh., Bazarbayev D. Development of a case for a wireless sensor
for monitoring of reinforced concrete structures. Bulletin of Kazakh Leading Academy of Architecture and
Construction. 2021, Vol. 80, No. 2, pp. 264-274. doi: https://doi.org/10.51488/1680-080X/2021.2-06

6 Utepov Ye.B., et al. Development of an IT architecture for a wireless sensor for monitoring the strength of
reinforced concrete structures. Herald of the Kazakh - British technical university. 2021, Vol. 18, No. 1, pp. 168-175.

7 Utepov Ye.B., Khudaibergenov O.A., Kabdush Ye.B., Kazkeev A.B. Prototyping an embedded wireless sensor
for monitoring reinforced concrete structures. Computers and Concrete. 2019, Vol. 24, No. 2, pp. 95-102.

8 Utepov Ye.B., Aniskin A., Ibrashov A.P., Tulebekova A.S. Maturity sensors placement based on the
temperature transitional boundaries. Magazine of Civil Engineering. Vol. 90, No. 6, pp. 93-103.

9 Colozza N., Tazzioli S., Sassolini A., Agosta L., Monte M.G., Hermansson K., Arduini F. Multiparametric
analysis by paper-assisted potentiometric sensors for diagnostic and monitoring of reinforced concrete structures.
Sensors and Actuators B: Chemical. 2021, Vol. 345, pp. 130352. DOI: 10.1016/j.snb.2021.130352

10 Zhang H. Building Materials in Civil Engineering: Woodhead Publishing, 2010, 441 p.

11 GOST 14254-96 Degrees of protection provided by enclosures (IP Code), 1996, 32 p.

12 GOST 16962.2-90 Electrical articles. Test methods as to environment mechanical factors stability, 1990, 48 p.

13 BUD. Enclosure Design Tips Handbook: Bud Industries, Inc., 2005, 28 p.

14 Bouchard C., Aoussat A. Modellisation of the car design process. International Journal of Vehicle Design.
2003, Vol. 31, No. 1, pp. 1. doi: 10.1504/IJVD.2003.002043

15 Ivchenko A.V., Sharonov N., Ziatdinov R. New conceptual design of the adaptive compliant aircraft wing
frame. Engineering Science and Technology, an International Journal. 2019, Vol. 22, No. 5, pp. 1149-1154.

16 Utepov Ye.B., Tulebekova A.S., Zharassov Sh.Zh., Abdulina S.A. Best practice in concrete strength
measurement systems. Bulletin of D. Serikbayev East Kazakhstan technical university. 2021, Vol. 91, No.1, pp. 91-97.

17 Kimteks-KimyaTekstilUriinleri Tic.A.$. Available at: https://www kimteks.com.tr/en/ (13.09.2021).

18 Ye H. (2021) Silicone Rubber for Rapid Prototyping Available at: http://www.szrl.net
/a/Products/Molding_Silicone_Rubber/Silicone_for Prototyping/2021/0419/1742.html (accessed date: 13.09.2021).

19 GOST 15150-69 Machines, instruments and other industrial products. Modifications for different climatic
regions. Categories, operating, storage and transportation conditions as to environment climatic aspects influence,
2010, 58 p.

20 Martinez S.S., Vazquez C.O., Garcia J.G., Ortega J.G. Quality inspection of machined metal parts using an
image fusion technique. Measurements. 2017, Vol. 111, pp. 374-383. DOI: 10.1016/j.measurement.2017.08.002

Article accepted for publication 17.09.2021





[image: image60.jpg]DOI 10.31489/2021Ph3/60-70
UDC 624

Ye. Utepov'?, A. Tulebekova'**, S. Akhazhanov’, Sh. Zharassov’, D. Bazarbayev’

1CSI Research & Lab (LLP), Nur-Sultan, Kazakhstan;
°L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan;
3Karagandy University of the name of academician E.A. Buketov, Kazakhstan
(*E-mail:krasavkas@mail.nu)

Prototyping of a concrete maturity sensor with a hermetically
sealed housing made of two-component plastic

The construction industry, traditionally considered quite conservative, is now going through a marked
change. With competition intensifying, companies have begun to gradually adopt various digital technologies
to reduce construction costs, such as the wireless concrete monitoring sensors, which implement a tempera-
ture-strength monitoring method for concrete. Each device has its technological features, which are taken into
account in the development of the concepts. Enclosure design is the most important stage of product devel-
opment. An enclosure made in-house has many advantages and disadvantages. The most important part of the
design of an electronic device enclosure is the preliminary rescarch stage. This article presents features of
wireless monitoring sensor enclosure design. A data acquisition station (DAS), also referred to in the network
topology as a “gateway”, will be used to collect data from the wireless monitoring sensor over the selected
protocol. The server application was created based on HTML, PHP, CSS, JavaScript. Testing of the wireless
‘monitoring sensor, SDS, and the server application working together showed full functionality. A study is al-
so given on the determination of concrete strength using the developed sensor according to the ASTM meth-
od and using the IPS MG 4.0 by GOST.

Keywords: enclosure design, strength, sensor, software, concrete curing temperature, requirement,
non-destructive testing of concrete, monitoring.

Introduction

The concrete strength is the main characteristic that establishes the ability of concrete or reinforced
concrete structure to bear the design loads. Standards specify that there are four steps in the use of the meth-
od of calculating the current strength of concrete by its maturity: establishing the maturity-strength relation-
ship in the laboratory; embedding maturity sensors inside the formwork at the construction site; sensor read-
ing of concrete maturity at the construction site; data analysis [1-3]. The first phase involves the develop-
ment of a housing for a wireless concrete strength monitoring sensor.

All electronic devices are quite different in their functionality and set of tasks. Despite this, there is a
common set of rules that can be applied to the design of a product enclosure. Enclosure development consists
of several stages [4]:

— Creation of the product concept. At this stage the idea goes through a commercial success analysis.
Competing products are identified and a technical level map is drawn up. The technical level map is a com-
parative table that identifies the unique combination of product functionality and business model to ensure
the commercial success of the device being created. Specialists and experts in the required industry prepare a
technical and commercial proposal and a product concept design describing the functional features and bene-
fits. In parallel, business analysts create a business plan based on the selected business model and expert as-
sessments. As arule, the result of this stage is a finished product [4];

— Technical development of the product. At this stage, a conceptual design (PD) is created, terms of ref-
erence (TOR) are developed, specifications are created, and product use cases are analyzed. A device feasi-
bility study is carried out, often culminating in the assembly and testing of a product prototype. The selected
software, and hardware solutions are evaluated, and the problem areas from the point of view of further tech-
nical implementation, platform performance, and other important characteristics are studied. The result of the
technical study of the product is a decision on the correctness of the chosen platform and the justification of
technical solutions;

— Development of an electronic device, including the specification of the list of components to be used,
the design of the circuit diagram, and the creation of a list of components. The interface is designed, the
function tree is built and the control concept is created. Simultaneously with the development of the schemat-
ic diagram, the design of the device enclosure is completed. Based on the sketch, a model and design of the
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device are developed. The software architecture developed in the previous stage is implemented and the
software is adapted and finalized. All kinds of tests are developed to check the correctness of both software
and hardware;

— At this stage prototypes are created to test their performance and to eliminate possible errors made in
the previous design stages. Prototypes have the advantage of solving marketing problems. At this stage,
components are procured, and production is placed on the manufacture and assembly of printed circuit
boards. After the assembly of the sample PCBs, the operating system and bootloader are ported, drivers, low-
level procedures, and application software are finalized. All product components are assembled and integra-
tion testing is performed. The result of this stage is the production of working prototypes and changes to the
design documentation based on the results of integration testing;

— At this stage, the device class and the need for testing are determined. Based on the preliminary re-
sults of the certification, the protocols with the results of the measurements are generated and, if necessary,
changes are made to the design documentation;

— Preparation for production and release of a pilot batch. A pilot batch is the starting point for serial
production and a check on the manufacturability of the device in real production. At this stage, product de-
fects that were not detected on a small number of prototypes are identified and minor adjustments are made
to the circuit, enclosure design, and printed circuit board;

— Full support by the developer for an industrial product that is ready for implementation.

The next step is to verify that the software works and to determine the “strength-maturity™ relationship
obtained in advance by laboratory testing of the concrete composition chosen, according to the ASTM
C1074 maturity method.

Features of hull design

One important feature is the design of the enclosure after the stuffing has been completed [5]. In gen-
eral, plastic parts are produced on special machines — injection moulding machines (IMMs), on which
moulds corresponding to the parts are installed [6]. Molten plastic is injected under pressure into the mould
cavity of the mould, after which it is cooled and opened to remove the part [7].

The faster and cheaper production of moulds has led to maximum standardization of the elements. As a
result, mould making is essentially reduced to the creation of mould inserts. A high proportion of the cost of
the moulds is made up of high-grade steel, which accounts for around 80 % of the cost of the moulds. The
quality of the steel used in the molds determines the lifetime of the mold [8]. The leading mold maker is
China. The price of moulds in China varies greatly from manufacturer to manufacturer, although it is several
times cheaper than in Europe. On the mould production time, Europe is inferior to China. The main problems
when dealing with Chinese manufacturers are the difficulty of controlling delivery times and quality [9].

The main material used for enclosures in the electrical industry is plastic. It is widely used because of
its good appearance, shiny surface, sufficient plasticity, and ability to retain its properties over a wide tem-
perature range. It should be noted that parts with special properties require more careful selection of material.
In addition to ABS plastic, materials such as polystyrene, polycarbonate, glass-filled polyamide are often
used [10]. The aforementioned materials are colored by adding a pigment of a certain color. This way any
color can be obtained, but the coloring technology requires the use of specialized equipment. To avoid such
problems, super concentrates (plastic granules dyed with excessive amounts of pigment) are used [11]. Plas-
tic injection moulding may seem a simple enough process, and with the emergence of inexpensive Chinese
and Taiwanese machines it has become even more affordable. However, the efficiency and reliability of such
production will be very low, no better than casting the body in a polyurethane or silicone mould of your own
making [8]. Polyurethane and silicone moulds are often used in the production of various products. Not only
plastic but also plaster and even concrete can be poured into them. A silicone mould can also be made by
hand. The base ingredient for the mould is a silicone ingredient. It is a set of liquid silicone and catalyst, i.e.
hardener. The working principle is simple: the 2 components are mixed in certain proportions and the result-
ing mixture is poured over the object to be removed from the mould.

Development of the Reinforced Concrete PM enclosure

The development of the enclosure was carried out for a wireless sensor for monitoring reinforced con-
crete structures. Computer-aided design (CAD) software was used for visualization. There are many analogs
of such programs on the market, the classification is presented in Table 1 [9].
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Table 1
Classification of CAD programs
Ne Program 'l;::kct(:)r%ilz}:rté;iemde User level Not recommended for use
1 |Google SketchUp |Simple enclosures Newcomer Projects for series production
2 |Blender All enclosures Beginner and above | Projects with complex geometry or surfaces
3 |COMPAS-3D All enclosures Beginner and upper | Projects with complex geometry
4 | SolidWorks All enclosures Beginner and upper | Projects with a complex surface or design
5 |Inventor All enclosures Specialist -
6 |NX All enclosures Specialist -
7 |CATIA All enclosures Beginner and upper |-

After selecting the computer visualization software, the board and the main components of the device
are modeled in 3D. Around the resulting 3D model the enclosure is built. An important role at the stage of
construction of the 3D model is played by dimensions of parts, which should be envisaged in 2D. Accuracy
of measurement excludes possible alterations [12]. To check the dimensional accuracy at an early stage of
the 2D sketch a ream is made on heavyweight paper (Fig. 1).

Figure 1. The reamer from the 2D drawings

Blender [13] is used to visualize the future model of the sensor housing in 3D. In Blender, the construc-
tion of the enclosure starts around the board from the largest dimensions and gradually progresses to smaller

ones (Fig. 2) [12].

7

Figure 2. The 3D model of building a square enclosure around the board

According to the initial sketch, the activation mechanism and cable entry hole are provided on the top
of the enclosure, with a rib through which a clamp will be passed to hold the transducer in a stationary posi-
tion. Rubber gaskets (Fig. 3, a) and a gland for the hole through which the cable enters the sensor housing are
used to seal the housing. The gland consists of the body, gasket, gasket nut, gasket, and fixation nut
(Fig. 3, b). The gasket and gasket are made of neoprene. The body, packing nut, and retaining nut are made
of nylon. The gland is installed using a pipe wrench (gas wrench).
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@ (®)
Figure 3. Elements for sealing the enclosure: a) rubber gasket; b) gland for PG7 cable.

The 3D model in STL format is transferred to the 3D printer software. The software allows the model to
be automatically or manually positioned in the virtual workspace [14]. All auxiliary elements are then gener-
ated and the amount of consumables, as well as the printing time, is calculated (Fig. 4).
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Figure 4. 3D printer software for calculating the number of consumables and time to print

Print auxiliaries are considered to be materials to support the parts as they are positioned over the print-
ing area. Before the printing process begins, the model is automatically divided into horizontal layers and
the paths of the printhead are calculated. The 3D printing process then starts: a heating head with spinnerets
(extruder) melts thin plastic filament (fishing line) and layers it according to the data in the mathematical 3D
model (Fig. 5) [15].
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Figure 5. The process of printing on a 3D printer

Once the product has been printed, auxiliary structures are removed by hand or dissolved using a spe-
cial solution. As a result of the printed model, it is possible to see flaws in the construction and design of the
enclosure. When attempting to assemble the enclosure, insufficient rigidity of the enclosure walls was de-
tected. Therefore, the next solution is to return to the previous stage and make corrections to the model. You
can modify the finished model by using improvised materials, for example, using liquid plastic, plasticine, or
cardboard to increase the thickness of the part or add a new element. The more prototypes produced, the
more flaws will be identified and the final product will be as well thought out as possible (Fig. 6, a, b).

@ (®)

Figure 6. Refinement of the printed model: a — refilling the plastic on the edges
of the upper body, b — increasing the height of the bottom body rim with paper

‘When pouring the silicone, the moulds must be able to fit together smoothly. The first part of the mould
must have holes and the second part must have protrusions.

The curing time of the plastic after printing is about 20 minutes. During the design and casting process
the hull underwent no small amount of modification. At the time of the virtual model the edges of the hull
were enlarged so that the joint between the top and the bottom was tight, and after 3D printing rigidity ribs
were added (Fig. 7).
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Figure 7. Prefabricated sensor housing

Once the enclosure is ready, testing should be carried out to check the performance.
User interaction with wireless sensor

User interaction with the wireless sensor measurement suite begins with the software (Fig. 8). The user
accesses the software via the browser on a mobile device or personal computer. The user selects an existing
project or creates a new one, where they specify its name, location, and, if necessary, additional information.
Once the project has been fully created and the project data verified, the required number of temperature
gauges is added. The concrete composition to be monitored on-site is then selected. It is to be noted that a
concrete composition has a concrete strength-maturity curve obtained by performing concrete tests based on
the ASTM C1074 maturity method. This dependency is entered into the database by the administrator of the
wireless sensor's owner.

Add New Project Form

Praject Name*

XK X

Geolocation™

x51.1361, y:71 4306

Prject details

ancel

Figure 8. New project creation page

Experimental studies of the selected concrete composition

A series of tests was carried out to check the operation of the wireless sensor: two 50x50x50 cm cubes
were prepared by ASTM C 1074, in which the sensors were immersed and the hardening temperature of the
concrete was measured for 28 days at 0.5-hour intervals (Fig. 9).
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Figure 9. Experimental studies

The strength tests of the specimens by the nondestructive control method were performed using a shock-
pulse device IPS MG4 [16-17] (Fig. 10).

Figure 10.The strength tests by IPS MG4

The strength values were then calculated according to the standards [1, 16, 17].
Results and Discussion

The maturity function by ASTM C 1074 is a mathematical expression that uses the measured tempera-
ture history of the cement mix during the curing period to calculate an index indicating maturity at the end of
that period. Using the calculated maturity index and the strength to maturity ratio, the strength of the con-
crete is estimated. So the results of concrete strength by ASTM are presented in Figure 11 a, b and by GOST
in Figure 12.
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Figure 11. Results of determination of concrete strength by ASTM: a) box 1; b) box 2
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Figure 12. Concrete strength by GOST

To verify the operation of the wireless monitoring sensor two boxes with the sensor were tested by
ASTM C 1074; the determination of strength using the IPS MG 4.0 by GOST [16-17] was performed as
well. The results showed that the convergence of the values obtained in the tests with the wireless monitoring
sensor and by IPS MG 4.0 was satisfactory.
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The following conclusions can be made based on the results of the studies: the received data of strength
by the sensor has a high degree of reliability, as evidenced by results that were received by the national
standard. A slight difference is observed at the initial stage of concrete curing, on the second day the
temperature regimes specimens are aligned.

Also based on the results of the work it has been revealed that the shape of the enclosure plays an im-
portant role in the design of an electronic device. The specifications and operational requirements of the de-
vice have a direct impact on the cost of the product, with the design, testing, and serial production of the en-
closure accounting for a significant part of the cost. Each stage in the development of an enclosure is a criti-
cal moment, and one of these is the construction of the 3D model, where several basic rules must be ob-
served: there must be no collisions and overlapping parts; all parts must assemble and fully match each other;
use uniform dimensions for enclosure walls and repeating parts; and use symmetry and mirror placement of
parts. Once the enclosure is ready, testing must be carried out to check the performance with software.

Conclusions

The development of new materials, equipment, and quality control techniques makes it possible to ob-
tain products with high strength, durability, and resistance to wear and tear. In addition to high product quali-
ty in the form of building structures, construction companies are also aiming to make a profit. For example,
by optimizing the removal cycles of the formwork, time can be saved and overhead costs and labor can be
reduced. Timely detection of the point of maturity of a reinforced concrete structure and the decision to load
it can generate additional profits by reducing the construction time. There are altemative methods of calcu-
lating and predicting the strength of concrete based on modem technology, such as embedded sensors and
sensors. The presented embedded wireless sensor for monitoring reinforced concrete structures has no ana-
logs in Kazakhstan. To further verify the performance of the solution, laboratory tests of concrete samples
were conducted, the results of which will be used as an initial matrix to be loaded into the server application.

Acknowledgments

This research was funded by the Science Committee of the Ministry of Education and Science of the
Republic of Kazakhstan (Grant Ne AP08956209).

References

1 ASTM C1074. Standard Practice for Estimating Concrete Strength by the Maturity Method. — P.: ASTM Interational,
2019.

2 NEN 5970. Determination of strength of fresh concrete with the method of weighted maturity. — D.: Netherlands Standardi-
zation Institute, 2001.

3 ST-NP SRO SSK—04-2013. Temperature and strength control of concrete during the construction of monolithic structures in
winter. — Ch.: UCC, 2013. —P. 25.

4 Utepov YeMaturity sensors placement based on the temperature transitional boundaries / Ye. Utepov, A. Aniskin,
A. Torashov, A Tulebekova // Magazine of Civil Engineering. — 2019. — No. 90 (6). — P. 93-103.

5 Boothroyd G.Product design for manufacture and assembly / G.Boothroyd // Computer-Aided Design. — 1994. —
No. 26(7). — P. 505-520.

6 Heckele M. Review on micto molding of thermoplastic polymers / M. Heckele, W.K. Schomburg // Journal of Micromechan-
ics and Microengineering. — 2003. — No. 14(3). —P. RI-R14.

7 Taheri S. A review on five key sensors for monitoring of concrete structures / S. Taheri // Constr. Build. Mater. — 2019. —
No. 204. — P.492-509.

8 Thiriez A. An environmental analysis of injection molding / A. Thiriez, T. Gutowski // Proceedings of the 2006 IEEE Inter-
national Symposium on Electronics and the Environment. — 2006, — P. 195-200.

9 Hannan M. A review on sensors and systems in structural health monitoring / M. Hannan, K. Hassan, K. Jern // Smart Struct.
Syst. — 2018. — No. 22 (5). —P. 509-525.

10 Sun J. Shape optimization using evolutionary techniques in product design / J. Sun, J.H. Frazer, T. Mingxi // Computers &
Industrial Engineering. — 2007. — No. 53(2). — P. 200-205.

11 Rodrigues E. An approach to urban quarter design using building generative design and thermal performance optimization /
E. Rodrigues, AR. Amaral, AR. Gaspar // Energy Procedia. — 2015. — No. 78. — P. 2899-2004.

12 Alcaide-Marzal J. A 3D shape generative method for aesthetic product design / J. Alcaide-Marzal, J.A. Diego-Mas,
G.A. Acosta-Zazueta // Design Studies. — 2020. — No. 66. — P. 144-176.

13 Tovey M. Sketching, concept development and automotive design / M. Tovey, S. Porter, R. Newman // Design Studies. —
2003. — No. 24(2). — P. 135-153.

68 BecTHuk KaparaHgnHckoro yHuBepcuteTa




[image: image69.jpg]Prototyping of a concrete maturity...

14 Szilv

Nagy M. Analysis of STL files / M. Szil

No. 38(7-9). — P. 945-960.

15 Utepov Y. Prototyping an embedded wireless sensor for monitoring reinforced concrete structures / Y. Utepov,
0. Khudaibergenov, Y. Kabdush, A. Kazkeev // Computers and Concrete. — 2019. — No. 24. — P. 95-102.

16 TOCT 22690. Onpezee e MPOTHOCTH MeXAHHIECKHMH MeTOTaMH Hepa3pyIIALOIIEro KOHTPOTL. — M.: CTARIapTHEGOPM,

2015.

17 TOCT 10180. MeTobI OTpe e KA IPOTHOCTH IO KOHTDOTBHENM 06paziiaM. — M.: CTARIapTHEGOPM, 2012.

1

E. Y1enos, A. Tyne6exoBa, C. AxaxaHos, III. JKapacos, [I. ba3ap6aes

EKiKoMIOHEHTTi IIACTHKTEH KACAIFAH IePMeTHKATBIK KOPILY ChI
6ap GeTOHHBIH KeTLTy CeHCOPBIHBIH MPOTOTHILH :Kacay

JlacTypri Typae KOHCEPBAaTHBTI JIell CAHATATBIH KYPEUTBIC HETYCTPHACH Ka3ip aHTap/bIKTalf e3repicTepien
oTyme. BoceKelecTiKTiH Kymleioi KaFaHBIHIA KOMIAHHSAIAD KYPBUIBICKA JKYMCATATHH MIBFBIHIAPIB
TOMEHJeTY YINH opTypTi IHQPIBK TEXHONOTHATAPIE GIpTiHTeN KongaHa GacTaiel, Gy GETOHHEIH
TeMIIepaTypaTbIk-GepiKTiK GaKELTAy OMCH icKe ACHATHIH TeMipOeTOH KOHCTPYKUHATAPHIHBIH (TBK)
MOHHTOPHHITIK CBIMCEB JATYHTi GOMBIT TAGBUTAZSL Op KYPSUFBIHEIH 63(HAK TEXHOTOTHSIEK
epeKIleTiKTepi Gap, 01ap TYKBIPEIMIAMATAPIBI 3ipIey KesiHie eckepinesi. KOPIYCTBIH AH3aMHE — eHiMIL
JAMBITYTBIH MaHBI3IbI Ke3eHi. ©3 OHPIiCiHiH KOPITYCHI KeNTereH apTHIKIIBUTBIKTAPFa T, KeMITTKTepre Je
He. DJEKTPOHIBIK KYPBUIFEI KODIYCHIH JaMBITYZBIH MAHBIAB Geliri — alislH-aza 3epITey KeseHi.
Maxanaza TBK KOPIYCEIH JTaMBITY/IBIH €peKIIeTiKTepi Gepinren.

TanzantraH XaTTavMa Boffemma TBK-1aH AepeKTepi KHHAY YIIH KeliTik TONONOTHAZA (WLTO3» et
aTATATHIE JepeKTepHi HHAy cTaEmEAcH (JUKC) KomaHUFaH. CepBeplik Kocenma HTML, PHP, CSS
ome JavaScript Herisimze kypsuumsl. TBK, JUKC &oHe CepBepTIK KOCEIMINAHBIH GIpIecKeH KYMBICHH
TeTiley TOMBIK (YHKIHOHATIBLTBIKTE KepceTTi. Conpaii-ak, ASTM C1074 cTaHIapThHA CAHKeC TaHTATFAH
KOCTIaHBIH «GepikTik KeTiTy» Toye/TiiriH aHBIKTay GOHBIHIIA 3epTTeyTep KeNTIpLIreH, OHbI MaHIaTAHY Bl
CEHCOP/IBIH GaFIapIaMaThIK KaCaKTaMACKIHA €HTi3e.

Kimn ce3dep: KOPUYCTBIH IH3aiHsl, GepikTiri, CeHCOPEL GAFAAPIAMATEIK KacaKTAMACEL, TaTamTapsl
60 TORHBIH KATA10 TeMIICPATYPaCE], OCTORTs! Oy30ait GAKELTAY, MORHTODHET.

E. Y1enos, A. Tyne6exoBa, C. AxaxaHos, III. Kapacos, [I. ba3ap6aes

Paxpaﬁo’rl«a NpOTOTHINA JAaTYHKA 3PeJTOCTH 0eToHa ¢ repMeTH1eCKHM
KOpIyCoM H3 IBYXKOMIIOHEHTHOI'0 IJIaCTHKa

CTpOHTeNBHAs HETYCTPHS, TPATHITHOHHO CYHTAIOMAACK TOCTATOMHO KOHCEPBATHBHOH, cefiTac MPOXOIHT e~
Pe3 3aMeTHEIE H3MCHEHHS. B yCIOBHAX YCHJICHHS KOHKYDEHIHH KOMIIAHHH HAYATH [OCTENeHHO IPHMEHATS
PaxIHYHEIE MH(POBHIE TEXHONOTHH UL CHHUKEHHS 3aTPAaT Ha CTPOHTENbCTBO. TAKHM H SBISeTCS GecpoBOa-
HOH JATYHK MOHHTODHHTA JKele300STORHEIX KOHCTPYKIH (BI[M), PeaTH3yiOmHii MeTOJl TeMIepaTypHO-
MPOTHOCTHOTO KOHTPOIA 6eTOHA. V K&JIOr0 YCTPOHCTBa CBOH TEXHOTOIHIECKHE OCOBCHHOCTH, 1T0 YIHTHI-
BaeTCH IpH pa3paGoTKe KOHIEITOB. [[H3aiii KOpIyca — BaKHeHIIHH 5Tam paspaSoTk Hazemis. Kopmyc
COBCTBEHHOr0 H3TOTOBICHES OGTATACT KAK MHOTHMH TIPEHMYIIECTBAMH, TAK H HeJOCTATKAMH. BaxueHmas
acTs pa3paGoTKH KOPITyca HEKTPOHHOTO YCTPOHCTBA — 3TAll IPeBAPHTETHBIX HCCICNOBAHIH. B CTaThe
peICTaBIeHs! 0COGEHHOCTH Pa3paBoTKH Kopryca BIM. JIs c60pa TaHHEX ¢ BJIM [0 BEIOPAHHOMY TIPOTO-
Koy GyZeT Hemomb30BaThes CTaHIMA c6opa MaHHEIX (CCJI), HMeHyeMas B TOTIOMOTHH CETH KaK «IILTIO3».
CepBepHOE TPHIOKEHHE CO3IABATOCH Ha ocHoBe HTML, PHP, CSS H JavaScript. TecTHPOBAHHE COBMeCT-
HO# paGoTsl BJIM, CCJI H CepBEpHOro IPHIOKEHHS OKA3aTo TOMHYIO (YHKITHOHATSHOCTh. KpoMe Toro,
TIPHBEJICHBI HCCIIETOBAHHA 1O OMPEJIeIeHHIO 3aBHCHMOCTH (TIPOYHOCTh — 3PETOCTE» BEIGPAHHOTO COCTaBA
CcMecH cormacHo crammapry ASTM C1074, KOTOPEe 3aTeM MOMB30BATENb 3AHOCHT B IPOTPAMMEOS
oecredeH e 1aTIHKA.

Krtouegbie €106a; KOHCTPYKITHA KOPITYCa, IPOYHOCTB, JATIHK, MPOTPAMMHOE OGECTIeYeHHE, TeMIepaTypa
TBep/IeHHA GeTOHA, TPeGOBAHHE, Hepa3PyIIAIONIH KOHTPOTS GeTOHA, MOHHTODHE.
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A unified approach for temperature and strength control of concrete

Abstract. The development of theoretical and experimental research in the field of quality
control has led to the development of many methods for assessing the strength of
concrete. The temperature-strength control (ISCC) method, which is based on the
relationship between concrete temperature and curing time, is the most adapted method
for quicKly determining the strength of the concrete in the formwork during the early
phase of curing. The concrete strength tests must be carried out in accordance with the
requirements of the standards. The most adapted standards are ASTM C1074 (USA);
NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia). However, there are no
existing approaches to TSCC that consider all the advantages of each method. Using the
method of paired comparisorn, the authors determined the weights of the significance of
each criterion of methods and tasks for TSCC. Based on of the obtained results a unified
approach to temperature-strength control of concrete has been formed considering the
assessment of its applicability. This approach will solve the problem of limitation of the
application of most methods, which in its basis have the best methods in solving tasks of
control stages. The unified approach to temperature-strength control of concrete will
allow to achieving high quality and durability of concrete and reinforced concrete
structures.

Keywords: standard; concrete curing temperature; non-destructive testing of concrete;
embedded sensor.

DOI: doi.org/10.32523/2616-7263-2021-135-2-71-81

Introduction

The fixing of the concrete hardening temperature enables timely monitoring of the concrete
hardening process, its regulation and forecasting during documentation. In addition, as numerous
studies have shown [1-4], the temperature factor is fundamental in determining the required concrete
properties. When concrete strength is controlled using various measuring systems, the current
temperature values are sent to the measuring instrument. The temperatures and measuring times are
used to calculate the current strength of the concrete. The standards specify methods of determination
of concrete hardness. Each of the existing methods has a specific scope of application and has
advantages and disadvantages. However, the possibility of using alternative methods of temperature-
strength control of concrete (TSCC) in practice is limited due to the lack of relevant normative and
technical documents, regulations, and standards. In this regard, the development of a unified approach
to TSCC will serve as an important tool for controlling temperature and strength gain during all stages
of concrete curing. The approach should incorporate best practice techniques from around the world, as
global experience is an important factor in the choice of techniques and objectives for TSCC.

Analysis of best practices from around the world to TSCC

The software "Snow Leopard" was applied in the study [5], which allows to predict the final
strength of concrete and the time of cooling, and in case of negative predictions to choose the heat
treatment mode or the required thermal insulation. Another advantage of the program is the possibility
to automate the data entry process, obtained from multi-channel recorders, which increases quality,
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accuracy, and productivity. Registration of temperature at the enterprise was carried out using device
Terem-4.1.When observing the temperature of the concrete at reference points, a temperature-strength
control list is drawn up. With the help of "Snow Leopard" program schedules of temperature changes
and concrete strength gain were built for each of the control points.

In a study [6] to control the temperature of concrete curing, cube specimens were made of fine-
grained concrete of class B25, size 100*100*100 mm using Portland cement of grade M400. The samples
were placed in the body of the heated volume of the floor slab structure model. Temperature
measurement data were entered in the on-site computer and processed using a program that performs a
complete analysis of temperature parameters of concrete with the determination of concrete strength at
control points [6].

In April 2019, a construction company specializing in complex projects began experimenting
with Giatec SmartRockTM sensors during the construction of a major arch bridge project [7]. To
investigate the benefits of using SmartRock technology, the team conducted extensive testing by
embedding the sensors at key points on the bridge. By placing the sensors in the center and at the edge
of the arch, the strength gain was measured at different locations in the reinforced concrete element. The
sensor placed at the edge recorded a lower temperature profile and therefore the lowest strength gain.
Whereas sensors placed in the center of the arches measured the point of greatest temperature and
strength gain. By monitoring these locations, the actual strength of the concrete element at the critical
point was measured. This is only possible with the sensors, as the laboratory samples cannot reproduce
the actual curing conditions of the concrete element.

CIBC Square (Ontario, Canada) is a highly visible pair of innovative 3 million square foot office
towers in the city center. Exact Technology sensors were used in the construction of the facility. These
precision devices provide concrete maturity monitoring at CIBC Square to determine when concrete
strength is approaching the 16 MPa threshold [8] that allows self-compacting formwork to be moved,
and formwork pressure readings for self-compacting mix loads. Relays, recorders, and probes are in the
center of the Exact sensor for maturity and temperature control. The use of the sensors has had a
positive effect on construction.

The study [9] recommends the use of three or more marks per gauge to obtain the most accurate
maturity and strength. This leads to the conclusion that the maturity of the poured concrete will depend
on the lowest slab temperature and not necessarily on the temperature in the middle of the slab.

In the study [10] three concrete mixtures were considered: the first mixture of pure Portland
cement, the others included a partial replacement of cement with fly ash and ground granulated blast
furnace slag at 30 % respectively. In this work the reference temperature was chosen to be 11°C, which
is an average value among those recommended [11]. The concrete specimens in the single cube moulds
were covered with polyethylene foil immediately after pouring and cured at room temperature (approx.
20 °C) [12] for one day. They were then removed from the moulds and placed in a water bath set at 20
°C. A computer-controlled programmable water bath was used to simulate the temperature conditions
in situ. The test ages of the standard curing concrete specimens were 1, 2, 3, 5, 7, 14, 28, 42, 84, 156, and
365 days, while the temperature cured concrete specimens were tested at 1, 2, 3, 3, 7, 14, and 28 days.
According to [13], "equivalent” mortar mixtures can be used to determine the activation energy of
concrete mixtures. The Dutch method for determination of maturity and the method for determining
the equivalent age depends on the mix and require the determination of a weighted Cn factor and
activation energy. A close convergence between the strength data at 20°C and 50°C was not obtained.
Thus, the authors note the difficulties encountered in additional investigations with the Dutch method
and the Arrhenius equation method for determining maturity.

The authors [14] monitored the hydration temperature continuously after the concrete was
poured and temperature sensors provided data to assess the degree of maturity of the concrete as it
hardened. The hydration temperature history data was applied to the Nurse-Saul function to predict the
maturity index.
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Research methods

By analyzing the best practices reviewed, it is possible to identify certain techniques and tasks of
the methods used in them (i.e. methods of temperature and strength control of concrete), which have
led to the effectiveness of the results obtained in the particular best practices. The list of these techniques
and tasks is interpreted and presented in Table 1.

Table 1
List of techniques and tasks of best practice TSCC methods
Methods Techniques and objectives

Best practice 1 [5]
ST-NP SRO SSK-04- The use of the "Snow Leopard" software made it possible to predict the
2013 [15] concrete strength, cooling time and achievable final strength of the

concrete; statistical processing of the results was carried out.

Best practice 2 [6]
ST-NP SRO SSK-04- The use of the program made it possible to determine probabilistic
2013 [15] estimates of concrete strength and to advise on continuing heating and

curing times for the entire sample of homogeneous structures under the
prevailing curing conditions.

Best practice 3[7]

ASTM C 1074 [13] Sensor placement was carried out at key locations. By creating a maturity

calibration, using and interpreting the SmartRock sensor data, the strength

of the concrete was determined. A simple interpretation of the temperature

graphs and monitoring of the concrete's strength development saved time.
Best practice 4 [8]

ASTM C 1074 [13] Wireless sensors were installed in the concrete formwork, fixed to the

reinforcement, before pouring. Temperature data was collected by the

sensor and there was no difficulty in using it. The concrete strength was
calculated using the Nurse-Saul temperature-time factor.

Best practice 5 [9]
ASTM C 1074 [13] Particular attention was paid to the location of the concrete temperature

measuring points, which allowed the most accurate determination of
maturity, and showed that the maturity of the poured concrete would

depend on the lowest slab temperature, and not necessarily on the

temperature in the middle of the slab.
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Best practice 6[10]
ASTM C 1074 [13] It is noted that the mixture calibration method is very simple, having made

a minimum of 17 cylinders; 2 were used for temperature monitoring and
the remaining samples for determining the compressive strength. By
selecting minimum 5 time intervals, 1, 3, 7, 14 and 28 days, for each day the
compressive strength of two cylinders was determined, during the
intervals data was also obtained from two cylinders which were used for
temperature monitoring and the average value of these values was
determined. Entering these values into the Nurse-Saul function or the
Arrhenius method gave a maturity value. To calculate the Arrhenius
method, additional investigations were carried out to determine the
activation energy, which was a time consuming process. The Nurse-Saul
function does not differentiate the temperature sensitivity of different
cement systems, especially for mixtures with different bases (with
additives, accelerators).

NEN 5970 [16] The “"weighted maturity” method requires additional research, the
determination of a weighted Cn coefficient, but in the study the strength
data at 20 and 65 °C did not match.

Best practice 7[14]

ASTM C 1074 [13] The resulting Nurse-Saul concrete strength data provided accurate and
reliable results. The application of the sensors did not cause any difficulty

in use.

The main normative documents governing the requirements for TSCC are ASTM C1074 (USA);
NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia), which are predominantly reflected in use,
therefore, these standards were adopted for the analysis (Figure 1).

Standards for temperature a
strength control of concrete

1
[ T 1

NEN 5970
D ke
Weighted
Maturity
B
by the maturity of E
the concrete

Arrhenius

C

by analytically
dependencies

Figure 1. Standards for temperature and strength control of concrete
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Three essential types of processes have also been defined: laboratory, field and resultant.
Laboratory tests result in the acquisition of strength isotherms for a given type of mixture. Field tests are
used to obtain data on concrete temperature, and the resulting calculation of concrete maturity. The
sorted and classified science-based techniques and tasks of the TSCC methods are presented in Figure 2.

Laboratory Field Resulting

1. Sample testing

11 Calculation

6. Concrete pouring

7. Sensor setting

2. Dipping the sensors into the
samples

12. Additional tests

3. Analysis of results

Figure 2. List of sorted and categorized evidence-based techniques and objectives of TSCC method

Based on the classified science-based techniques and tasks of TSCC methods (Figure 2), Table 2
presents a multi-criteria analysis based on the results of best practices, where the evaluation criteria for
TSCC processes are: K1 - reliability of the method and availability of normative literature; K2 -
possibility of application to various structures (by form, reinforcement, responsibility); K3 - labor input;
K4 —the safety of testing; K5 - accuracy of calculations. The indexes are expressed in points from 1 to 10
with a scale of 1. A score of 10 indicates compliance with the quality criteria.

Table 2
Multi-criteria analysis
Process Indicator ST-NP SRO SSK-04-2013 ASTM C 1074 NEN 5970
numbering as
per Figure 2 A B C D E F
1 K1 10 10 10 9 9 9
K3 10 10 10 8 8 8
K4 9 9 9 9 9 9
K5 10 10 10 8 8 8
K3 8 9 10 10 10
K1 6 10 8 8 8
K3 5 10 8 9 6 8
K5 8 10 9 10 9 10
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4 K1 9 10 10 8 8 8

K2 10 10 10 10 10 10

K3 9 10 9 9 9 9
5 K3 9.5 9.5 9.5 10 10 10
6 K3 10 10 10 10 10 10
7 K3 9 9 10 10 10
8 K1 9 10 8 8 7

K5 8 10 7
9 K1 9 9 10 9.5 9
10 K3 8 8 9 9
11 K1 5 7 10 8
12 K3 4 7 5 10 7 7

*A,B,C,D,E F — Methods regarding figure 1

Using the paired comparison method, a criterion analysis was carried out for the TSCC methods,
assigning a degree of preference to each pair of criteria, and constructing a matrix of paired
comparisons (Table 3). Iterations were defined to determine the weights for each criterion. And the final
weights were then found for each criterion: for K1- 0.312179; K2 - 0.129903; K3-0.188206; K4-0.071029;
K5-0.298683. Based on the weights obtained for each process, a ranking of the data presented in Table 4

was carried out.

Table 3
Pairwise comparison of criteria
K1 K2 K3 K4 K5
K1 1 4 0.33 2 4
K2 0.25 1 2 4 0.2
K3 3.03030303 0.5 1 1 0.25
K4 0.5 0.25 1 1 0.2
K5 0.25 5 4 5 1
Table 4
Calculation of the weighted sum
Name of processes Indicator A B C D E} Ig
1 K1 | 31218 | 31218 | 31218 | 2.809 | 2809 2.8096
K3 1.8821 1.8821 1.8821 1.5056 | 1.5056 1.5056
K4 0.6393 0.6393 0.6393 0.6393 | 0.6393 0.6393
K5 29868 | 29868 | 29868 | 2.6881 | 2.3895 26881
7.6427

2 1.5056 1.6939 1.6939
oz 1.5056 1.6939 1.6939
3 K1 1.8731 2.8096 3.1218 2.4974 2.4974 24974
K3 0.9410 1.8821 1.5056 1.6939 1.1292 1.5056
K5 2.3895 29868 2.6881 2.9868 2.6881 29868
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4 K1 28096 | 31218 | 31218 | 24974 | 24974 | 24974
K2 12990 | 12990 | 12990 | 12990 | 12990 | 12990
K3 16939 | 1.8821 | 16939 | 1.6939 | 1.6939 | 15056
54903 | 54903 | 53021
5 K3 18821 | 1.8821 | 18821
z 17880 | 17880 | 17880
‘ |
7 K3 16939 | 16939 | 1.6939
z 1.6939 | 16939 | 16939
8 K1 28096 | 31218 | 2809 | 24974 | 24974 | 21853
K5 23895 | 29868 | 23895 | 17921 | 2.0908 | 2.0908
z 51991 51991 | 42895 | 45882 | 42760
9 K1 28096 | 28096 28096 | 2.8096 | 2.8096
b3 28096 | 2809 28096 | 2.8096 | 2.8096
10 K3 15056 | 15056 | 15998
b3 15056 | 15056 | 15998
11 K1 15609 | 21853 | 18731
z 15609 | 21853 | 18731
12 K3 07528 | 13174 | 09410
z 07528 | 13174 | 09410

Results and discussion

The analysis shows that the significant processes that lead to the effectiveness of TSCC are those regulated by
regulations:
—  The process 1 - ST-NP SRO SSK-04-2013;
—  The process 2 - ASTM C 1074;
—  The process 3 — ST-NP SRO SSK-04-2013by the maturity of the concrete;
—  The process 4 — ST-NP SRO SSK-04-2013by the maturity of the concrete;
—  The process 5 — ASTM C 1074 Nurse-Saul;
— The process 6 — ST-NP SRO SSK-04-2013, ASTM C 1074;
—  The process 7 — ASTM C 1074;
—  The process 8 -ST-NP SRO SSK-04-2013by the maturity of the concrete;
— The process 9 — ST-NP SRO SSK-04-2013by analytically dependencies;
—  The process 10 — ASTM C 1074 Nurse-Saul;
—  The process 11 — ASTM C 1074 Nurse-Saul;
— The process 12— ASTM C 1074 Nurse-Saul.

Concrete plays an important role in ensuring the safety, serviceability and durability of concrete
and reinforced concrete structures, the quality of which is primarily determined by a combination of
formulation and technological factors, and therefore the importance of concrete strength control systems
cannot be overestimated.
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Conclusion

Based on the research, the processes regulated by the American standard are mostly included in
the unified approach to TSCC. In process 1, however, the use of cubic specimens for laboratory tests is
singled out for aggregation, and in order not to disturb the consistency of the ASTM C 1074 algorithm, it
will be accepted that the use of at least 15 specimens is sufficient. The requirements for processes 3 and
4 are quite clearly described in the ST-NP SRO SSK-04-2013 standard and will be adopted in a uniform
approach. The number of temperatures measuring points has been shown to play an important role as
best practice. The concrete must gain sufficient strength at some critical points before the project
proceeds to the next stage. Critical points may vary depending on the type of structural element being
monitored. In single-sided or double-sided slab systems, structurally important zones are in negative
and positive design moments. As a rule, the maximum positive moment is in the middle of the span and
the maximum negative moment is located at the slab-column junction. The standard ST-NP SRO SSK-
04-2013, which gives detailed recommendations and an algorithm of actions, also deals with the control
of temperature stresses in concrete in a scrupulous manner. Changing temperature conditions have a
great influence on deformations and stresses in concrete. During the construction period, temperature
stresses arise during the development and dissipation of exothermic heat, often accompanied by
cracking. Measurement of the concrete temperature is therefore mandatory when monitoring concrete
stresses. This monitoring is especially important in winter when additional concrete heat treatment may
be necessary.

The results of this study are important for builders as they will eliminate existing gaps in the
current approaches used in temperature-strength control of the concrete.
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BeTOHHBIH TeMIIepaTypacsl MeH GepiKTirin GakblaayAarsl Oi pEIEFait Tacia

Angarma. Cananbl 6aKpAay calachblHAAFbI TEOPUAABIK JKoHE SKCIIEPUMEHTTIK 3epTTeyAepAin
AaMybl OeTOHHBIH GepiKTiriH GaraaayAblH KeITereH oJicTepiHiH maiiaa GoaybiHa okeaai. Kaawmrarsr
GeTOHHBIH GepiKTiTiH XeAea aHbIKTay YIIIiH epTe ycTay CaTBICBIHAA GeTOHHBIH TeMITepaTypachl MeH OHb
YCTay yaKbITBIHBIH ©3apa GaifAaHBICEIHA HeTisaeATeH TeMIlepaTypaablk—-0epikTik 6aksaay (BTBB) Taciai
HerypAwIM OeftiMaearen Goabimm  TaOplaaabl. DBeTOHHEIH OepikTiriH 3sepTTey CTaHAapTTapABIH
TaJanTaphiHa CajiKec XKyprisiayi kepek. HopmaTusTik Ky’kKaTTama BofibHIIa HefypabIM GeitiMmaeareH
cranaaptrap ASTM C1074 (AKTII) 6oaem Ttaberaaasr); NEN 5970 (Huaepaanasr); CT-HIT CPO CCK-
04-2013 (Pecett). Aaattaa, BTBB ap6ip a4icTiH 6apabIK apTHIKIIbIABIKTapsIH eckepred BTBDB -fa KarbicTst
Kasipri Tociagepi XOK. ABTOpAap >KYNTBHIK CaAbICTHIPY 9AiCiH Koa4aHa oteiphir, BTBB aaictepi men
MiHAETTepiHiH op KpUTepusiti MaHBI3ABIABIFEIHBIH CaAMAarblH aHBIKTaAbl. AABIHFAH HOTIIKeJep HerisiHae
GeTOHHBIH KOAAAHBIAYEIH Garaaayasl eckepe OTBIPHIN, OHBIH TeMIlepaTypaAbK-GepikTiK GaKblaaybiHa
GipbiHFait Tacia Kypsraast. bya Tacia 6akplaay KeseHAepiHiH ecenTepiH IIeryAe eH KakKcsl a4icTepre e
KOIITereH 9icTepAi KOAJaHyABl IIeKTey MaceJeciH Imemmeli. DeTOHHBIH TeMIlepaTypaablK-OepikTik
GakpLaayeHa GipisaeHaipiareH Tocia GeTOH koHe TeMipGeTOH KOHCTPYKIMAAaphHEH JKoraps! caracet
MeH y3aK Mep3imMJiairiHe K0a JKeTKizyre MyMKiHAIK Gepeai.

Tyitin cesaep: CTaHAApT, OETOHHBIH KaTalo TeMIlepaTypachl, OeToHAbl Oy3bait chHay,
eHAipiareH ceHcop.
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YauduumposaHHbI1 10AX0A K TeMIIepaTypHO-IIPOYHOCTHOMY KOHTpPOAIo 6eToHa

AnHoTarms. PassuTie TEOPETHYecKMX U SKCIepPUMEHTaAbHBIX MCCAeAOBAaHUI B 00AacTi
KOHTPOAs KadecTBa MPUBEAO K MOABACHUIO 3HAYNTEABHOTO KOAMYeCTBa METOAOB ONEHKM MPOYHOCTH
GeToHa. /A OTIEPaTUBHOTO OTpeAeAeHIsT IPOYHOCTI GeTOHa, HAaXOAAIIeToCs B OraAyOKe, Ha paHHelt
CTaauu BBIAEp KMBAHMA HanboJee ajanTUPOBAHHBIM ABAJETCA CIIOCOD TeMIlepaTypHO—TIPOYHOCTHOTO
xontpoas (TTIKB), Gasupyromerocs Ha B3aMMOCBA3M TeMIlepaTyphl OeToHa M BpeMeHU ero
BBIA@PIKMBAHMA.

ViccaeAOBaHMs TPOYHOCTH GETOHA AOAKHBI BBITIOAHATECA IO TpeGOBaHMAM CTaHAAPTOB.
Hanboaee aaanTupoBaHHBIMU IO HOPMATUBHON AOKYMEHTAlMM ABATIOTCA cTaHAapTer ASTM C1074
(CIITA); NEN 5970 (Huaepaanasr); CT-HIT CPO CCK-04-2013 (Poccms). OaHako CyImecTByrolmie
noaxoast Kk TIIKB, xoTopble yauThIBaAM Obl BCe MpeMMyIIecTsa KakKA0TO M3 MeTOAOB, OTCYTCTBYIOT.
ABTOpBI, UCTIOAB3ysl METOA MapHOTO CPaBHEHNs, ONMPeAeAMAM BeC 3HAIMMOCTU KaXAOTro KpUTepus
MeToa0B u 3azady K TIIKB. Ha OCHOBaHMM IIOAYYEHHBIX pe3yAbTaToB Obla  cpopMupoBaH
YHUDUITMPOBAHHBII [I0AX0A K TeMIIepaTy PHO-IIPOYHOCTHOMY KOHTPOAIO GETOHa C y4eTOM OIeHKM ero
TpUMeHUMOCTH. /laHHBI TOAXOA TO3BOAMT PeNmMTh MPobAeMy OrpaHMYeHMA MPUMEeHeHIsT
GOABIIIMHCTBA METOAOB, KOTOPhIe B CBOElf OCHOBE MMeEIOT AydIliie TIPHeMbl B PelIeHny 3a1ad 3Tarlos
KOHTPOAs. YHUBUIINMPOBAHHEII TTOAX0A K TeMIlepaTypHO-TIPOYHOCTHOMY KOHTPOAIO GeToHa MO3BOAUT
AOCTHTHYTb BHICOKOTO Ka4eCTBa 1 J0ATOBEIHOCTI GETOHHEIX 1 ’KeAe300€TOHHBIX KOHCT PYKITHIL.

Katouesble caoBa: CTaHAApT, TeMIlepaTypa TBepAeHUA GeTOHa, Hepa3pyIIaloNIitii KOHTPOAb
GeToHa, BCTpanBaeMblit AQTIHK.
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OCOBEHHOCTH HOPMATHBHBIX TPEBOBAHUI MOHUTOPHHTA
MPOYHOCTH BETOHA C HCITOJIb30BAHHEM U3MEPHTEJIbHBIX CHCTEM

Annomayus

Cez00ms, pwinok npedcmasnen pasmuunbin UG USMEPUMETbHELX  CUCTIEM 015
mexnepamypio-npounocmiuozo konmpoxs Gemona. Kaxeowe us komoperx, wmeiom  ceou
mexnueckue xapakmepucmuku u ocotennocmu pagomsi. Ipunenenue damuuxos nossoisiem
Gecmu onepamunsiii Konmpos. Co21aCi0 MpeGOGANISLM HOPMAMIUGOS, PACUems! nPowHOCI
Gemona Mozym exinoansmbCa no HeckotbKIM Memodar. B cmamve npuseden cpasnumensibiii
ananus dannbix semodos. Buisiaensi npewsyujecmea u nedocmanmi Kaxcdozo s HiLx.

Kutouessie cnosa: scmpausaensiii damuuk, Gemon, meynepamypa meepdenus Gemona,
cmandapm, sperocm.

Boexenie. PabiTiie TCOPETHHECKIX H KCIEPHMEHTATHEIX HCCTEAOBAMI B 0GMACTI
KOHTPOJIS KAWeCTBA NPHBENIO K NOSBICHHIO 3HAHTENBHOTO KOMMMECTBA METOAOB OLCHKH
npounocTi Getora [1-4]. Kaslii 113 CYIIECTRYIONIIX METOAOB HMEET ONPECIICHITYIO 0GIACTS
IpHMEHEHIS, CBOH J0CTOMHCTBA i HexocTaTi. KORTPOI npounocTi GeToma Mo pesymbraras
HenbTaRmii Ha CAaTe OGPA3OB KyOOB HE MOKET MOIHOCTBIO YAOBICTBOPATH PAGOTHHKOR
1aGOpaTOpIiii, MPOCKTHPOBILIIKOB I CTPOHTEIICH, TIOTOMY HTO PE3yIbTATH HCMBITAHII OGPA3LOB
He BCET/Ia OTPAKAIOT ACHCTBHTENbHYIO NPOUHOCTE GETOHA B H3ASTMSX H KOHCTPyKIsX [2]. B
PAie CI1yHaeB KORTPOITh MPOSHOCTH GETOHA MyTeM HCMBITANHS CTARAPTHBIX OGPA3LOR CO3AACT
onpexenernsie TpyaoCTH. HanpuMep, MacTO BOHHKAET HEOGXOAMMOCTH AOMOTHHTENBHO
ONPEACIHTE MPOUHOCTS GeTota B Gollee MO3AMHE CPOKH, UeM MPEATIONArAIOCh PAHEe; OAHAKO
OTCYTCTBHE KOHTPOTbHBIX OGPA3IOB HE MO3BOISET IO CACHATE. He PEACTABISETCS BOIMOAHbIM
OUEHHTS NPOUHOCTS GETOHA Paiice BO3BEACHHBIX AEIC300CTORHBIX KOHCTPYKIUMii I COOpYKEHHii.

JUisi ONEPATHBHOTO ONPEAC/ICHIS MPOYHOCTH GETOHA, HAXOLAINETOCS B ONATyOKe, Ha
paiiieii CTazi BELCPAWBAHI HAMGOIIEE AANTHPOBAHKBIM ABISETCS CUIOCOD TEMIIEPATYpHO-
IPOMHOCTHOIO KOHTPOS, Ga3HPYIOUIEr0Cs! Ha B3ANMOCB3H TEMIEPATYPhI GCTOHA i BPEMEHH €r0
BhiepkiBans. VcCIEI0BANIA NPOHOCTH GETOHA JONKHEI BHITOHSTECS MO TPEGOBAHMSM
CTAHZAPTOB, TAK METOBI TEMIEPATYPHO-POMHOCTHOTO KOHTPOIs GETOHA HALLTH OTPAKEHIE B
~HOPMATHBHOI AOKYMEHTLH MHOFTIX CTPa.

Mceaeropanus.

KOHTPOJIb  TeMIEpaTypl  OCYINCCTBISCTCS — MyTeM  HCMOMB3OBAHHS  AATINKOB,
TeMIICPATYDHBIX CAMOMNCUEB H H3MEpHTENeHi 3penocTi Getoma. JATHHKH MMEIOT CXOWiit
(pyHKIUHOHA 1 NPHHLIAI PAGOTHI: AQTIHK MOHTHPYETCS B 3AIHBACMOI KOHCTPYKIUH HA ApMATYPE
© TIOMOMIBIO XOMYTA HETIOCDE/ICTBEHHO Mepen Hawatom samuski. Tlocre TOr0. yeTpoiicTso
HAYHHACT H3MEPEHHE TEMICPATYP B Tele OCTOHA C 3AIAHHBIM MHTEPBAIOM W MEPEAACT
Pe3yIBTaTE Ha CMApTOH € MOMOLIBIO MPOTOKOA GecTpoBOHOI mepexaui tanbix Bluetooth.
Criemmanbho paspadoTaiHoe MOGHIBHOE MPIIOKEHHE /Ui CMAPT(QOHA AHATH3NPYET AQHHBIC 1
BRAGET OTHET 0 (AKTHIECKOH MPOMHOCTH GerToma. TIPIIOACHHE HCOMB3YeT AGHHBIC,
Xpansiiecs B 0GMAKe, /UIS QHATH3A XapAKTEPHCTHK GeTOHA. BILB JATINKOB 1 METOMMKH HX
PaBOTHI, PErIaMEHTHPOBARHbIE HOPMATHBAMH, PEICTARTCHb! B TabmHLE 1.
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Poccuiickuii cranzapr [5] CoepkHT TpeGOBARNL MO KOHTPOMIO C HCMIOMB3OBAHHEM
TepMOMIAp, TEPMOMETPOB, MHPOMETPOB WIH TEPMOATHHKOB ¢ Nepexateii midopmawm o
Tekyuieli Tewneparype GeToHa B M3MepHTCNbHBi mpuOOp. ITlepeiaua JAHHBIX MOKET
OCYINECTRINTECA NPOBOMHBIM MM  GecnpoOZHBIM  crocoGom. IlonydenHsie sHaueHis
TeMIIepaTyp GCTOHA M BPEMEHH MX 3aMEPOB HCOMB3YIOT JUS PACHETA TEKYIeil MPOMHOCTH
Gerona.

TaGnuua 1 — Buasl natunkos

Bua arunka Crannapr
1 2
Giatec SmartRock2 ASTM C1074-17 7]

Concrete Sensors (CLIA)
8]
COMMAND Center
Wireless (CLLIA) [9]
Con-Cure NEX (CIIA)
: i
Exact Technology
(Kanaza) [11] ?

HOBO box thermocouple
data loggers (CLLIA) [12)

( 4
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Converge Signal
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HardTrack Cloud Sensor
(CILIA) [14]
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Logger (CIIA) [15]

Sensohive Maturix sensor

(Mlanus) [16]
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Humboldt (CIIIA) [17]
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PacieThI MOIYT BEITOMHATHCS 10 HECKOBKIM MeTozaM [S]:

— 110 TeMIEpATYPHBIM rpadiKas.

PacuéT MPOMHOCTH M0 TEMIEPATYPHBIM IpAUKaM MOKET GhITh PEKOMEHIOBAH IS
KOHTPOA Tekyuweii NPOUHOCTH GETOHA HA CTPOTEAbHbIX MIow@KAX. [ocTpoenue rpadika
Ha6Opa MPOUHOCTH JOIKHO GBITh BHIOHEHO CTPOHTENBHOI 1aGOPATOPHEHi B MPONAPONHBIX
Kamepax. Tpi MOCTPOCHITH rpadika HEOGXOANMO IKCIIEPHMEHTANEHO MOYHHTh H3OTEPMBI UIS
5, 20, 40, 60 u 80'C BhtepiiBanns Geroma [5]. Tekymas MPOMHOCTE PACCUNTHIBACTCH
OTKIAABIBAHIEM HA TEMIICPATYPHOM IpadiKe YHACTKOR MPOOTKHTEBHOCTH KA ITAMa 110
I30TEpMaM CpeAieii TeMnepaTypsi kakaoro srana. TIpexo ¢ OAHON HIOTEPMBI Ha APYTYIO
npotcxomT no ropusonTami. He fomyckaetes BhinoMHerie pacueta no rpadikam uis GeToma
HECOOTBETCTBYIOIIETO COCTABA, JWKE €CTH IPAQHK B3ST U3 KAKOTO-THOO HOPMATHBHOIO
JOKYMEHTA 1 OTHOCHTCS K KIaccy GCTOHa, AHATOMIHOTO MPHMEHAEMOMY Ha CTPOHTEbHOM
momanke. Tlocne nonyuenns msotepy ans 10, 20, 40, 60 1 80 °C BuizepiiBanus Geroma
crpostrest rpadpin [S]. Tpivep Tenmepatyproro rpagiia npeacTapnen na picynke 1 [22].

— 110 3peztocTh Getona.

PactieT NPOMHOCTH MO 3PENOCTH GETOHA SABISETCS HAMMEHEE TONHBIM 3 BCEX METOJOB.
Oiaxo W3-3a CBOEHi NPOCTOTS MOKET GBIT MPHMEHEH Ha CTPOHTENBHOI IIOIAKE, HO TOTBKO
B KAYECTBE OICHOMHOTO METOAA pacuera. TT0MyHCHHbIE STHM METOZOM PE3yIBTATE NPOUHOCTH
GETONA HCTIOIE30BATS i OCBICTEHCTROBANIH H IPHEMKE KOHCTPYKILHH 110 POMHOCTH GeTota
He fomyckaeTes.

NEN 5970 [21]

s0°c
% T
= 60°C
1 |
)
| L w0
©
ES == 20c
= R —— e
) = sc

48 1216 20 24 28 32 36 40 4 43 52 56 60 64 65 72 76 80
Bpess, uac

Pucynox | — Ipinvep Temmeparyproro rpadika [3]
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PacuieT MpouHOCTH GTOHA OCYINECTRISETCS MyTeM:
a) onpezeneri 3penocti Getona [S:

3P =XR ti Ty (1)

) ONpeserCHIs BPEMEHH BELICPANBAINS GETOHA, IKBUBCHTHOTO €0 BLICPAKHBANIIO
npi 20°C [5]:

g
Tan = 32 ®

To rpaduky TBepicHis GETOHA OTKIATIBACTCS AQHHBI MPOMEIKYTOK BPEMEHI, KOHEIl
KOTOPOFO YKMKET HaM Ha MIOTYNIEHHYO GETOHOM MPOMHOCTS.

— 10 AHATHTHHECKIM 3ABHCHMOCTAM.

PacuT NPOMHOCTH M0  AHATHTHYECKHM  3ABHCHMOCTAM  OOMQZAcT  WIMPOKIMI
BO3MOAKHOCTAMI, B TOM SHCIE [10 POIHO3HPOBANHIO MOBEACHHA GeToMa. OAHAKO, AAHHBI METOX
CII0eH B BBIMHCIICHHSX 1 TPEGYET CIIEUHATBHOTO NPOTPAMMHOT0 00CCTICHEHIIs.

3apyGeAHEIMI AHATOTaMH, PETTAMEHTHDYIOUINMH METO/TEI TEMIIEPATYPHO-TTPOUHOCTHOrO
KOHTPOAS GeToma mpecTapnenbl cranaprami ASTM C1074, SHRP C 376 [7), [23]. Merox
OUEHKH NPOHOCTH 10 3PENI0CTH GETOHA OCHOBBIBACTCS! HA MOHSITHH (HACKC 3penocTiy. Hiere
3PENOCTH — MPOOMANTEIBHOCTS, KOTOPAS PACCUNTHIBACTCH MO XPOHOMOTHH H3MEHCHHS
TeMIICATYPBI BHACPAHBAHIS GCTORA ¢ HCMIOMB30BARMEM (yHiWH 3penoct [7].

MHeKC 3pENOCTH PACCHTHBACTCA 110 OAHOMY 13 ABYX MOKA3ATENEH: 10 TEMIEPATYpHO-
Bpeveniomy nokasaremo (TTF) WIM OKBHBATCHTHOMY BO3pacTy mpi 20-rpaiycHOM
BBUACPAHBAHMIL.

Tenneparypro-BpemeiHoii mokasaTexs paccunTsiBaetcs no dopmyne Hapea-Cona [7]:

M () = Z5(T, - TpAt 3)

r2ie M(t) — TeMIepaTypHo-BpeMeHHOii oKa3aTe:h mp Bo3pacte t, °C-cyrki iwiit °C-uachi;
Ta — CPe/UHSs TEMNEPATYPA B TEHEHHE BPEMEHHOTO HATEpBaTa At, °C;

T, — Gasosas (datum) Temmepatypa, °C;

At — BpeMeRHOIi HHTEpBA, JHH IWIH HaCHI.

BajoBas TeMIepaTypa MpeCTABIAET oGOl TEMIEPATYPY, HIKE KOTOPOIi HE MPOHCXOHT
PeaKILs IHAPATALIH LEMEHTA, OT HEro CHIBHO 3aBHCHT HaGop mpowrocti. Ha srauenite Ga3osoii
TeMIICPATYPBI BIMSIOT: THII HCTIOTB3YEMOTO LEMEHTA, THII H KOTHIECTBO A00ABOK, TEMIIEPATypa
GeTORa BO BpEMS TREPICHIIS.

ASTM C 1074 pexomenyer siaseiiiie 6a3080ii TeMIepaTyphi canTath pasiiv 0°C, ectit
ncnomssyercs nesent Tin 1 ASTM Ge3 npinvecei.

Tpadiik 3aBHCHMOCTH NPOSHOCTH OT TEMIICPATYPHO-BPEMEHHOIO TIOKA3ATES MPECTABICH
na pucynke 2 [7).
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Pucyrok 2 — [padiik 3aBHCHMOCTH NPOIHOCTH OT TEMIIEPATYPHO-BPEMEHHOTO MOKA3ATENS

B ASTM npiBezeit i Apyroii NOKasaTe:h 3pe0CTH GTOHA, HMEHYEMBlii IKBHBATCHTHBL
BOIPACT, KONHYECTRO MHeii WM YACOB NMPH 3AZAHHON TEMIEPATYPE, HEOOXOMMMBIX IS
JOCTIKeHMs 3penocTi. OCHOBBIBACTCS A ypABHEHWH APpEHHYCA JUis ONHCAHHS CKOPOCTH
XiMitecKoii PEaKLLItH i ¢ 3aBHCHMOCTH OT TeMmepaTypsi [7):

(O]

I t, — SKBUBAICHTHELI BO3PACT NPH STA/IOHHON TEMNEPATYPE;

E — SHeprits aKTHBALIH, ONPEACIAETCA B CTPOHTEbHOM aGopaTopii, Jii/Mos;

R — yHHBepcabias rasoBas nocrosinas, pasias 8,314 l/mons-K;

T — cpeuiisis aBCOOTHAS TEMIIEPATYPa GETORHOI CMeCH Ha BPEMEHHOM HATEpBaTE At,
T, — aGcooTHas STATOHKAs TEMIEpATyPa,
At — BpeMeHHBIIi HHTEPBA, JHH IWIH HACHL.

Toctpoensiii rpadik o zantoii popwmyxe [24] (picyrok 3):
0
R
a5
30

25

20

25 30
20C,2em.

Pucyroxk 3 — [padiik 3aBHCHMOCTI NPOMHOCTH OT SKBHBATIEHTHONO BO3pACTa
B 1979 rony Jle Bpu u Terenaap [25] MpeIoAMmIN METOX PENOCTH MO HASBAHHEM
«B3BelICHHAs 3PENOCTEY, KOTOPbIii GA3HPOBAICS Ha HCCIEAOBANKE, NpoBeenHoe [Tanaakicoy

1 Bpeccorom [26]:
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Corzaciio NEN 5970 [21] ocymlecTBIsIoOTCs ClIeAYIOIiE BBIHCICHIS:
M, = ZtTC ®)

rzie My, — B3semermas spenocts, °Ch wm °Comm;

t— Bo3pacT/ Bpems Juisi GETOHA, YaChl HIH JHH;

T — ez TemmepaTypa 6eToNa 32 TPOMEKYTOK Bpement, At (°C);

N — TeMIepaTypO3aBHCHME TapaMeTp;

C ~ KOHCTAHT, /UIS KOTOpOIi KPHBBIE NPOMHOCTH JUIS MCHBITAHMIi HA H3OTEPMHUECKYIO
npouocTs mpu 20 1 65 C copnanaior, C — yICTLHOE 3HAUCHHE CMEHTA.

Omuaxo, mapaverp «C» CHCHM(UUCH /A UCMCHTA  MOXCT HCTIOTLIOBATECA B
32BHCHMOCTH OT NPOYHOCTH IEMEHTA, OHAKO TAKAKE MO3BOIOUT HCTONB30BATE A0GABKIL.
TeMNepaTyPO3ABHCHMBIIi NAPAMETP «» JOMYCKACT HEMMHEHHOE BIMSHHE TEMICPATYPh HA
PasBHTHE NPOUHOCTH. DTO JABUCHT OT TEMICPATYPBI 1 MOAET GITh BENMHCICH H3 CIEAYIOUIEr0
ypaseris [27

n=01-T-1245 ©

3uauenis «C» 1 «», oBbeHenRbIE Kak C, COCTABIMIOT «B3BEUICHHbII KoL),
KOTOpBili 4151 3HAUCH «C, PEBBINIAIONIX CAMHIILY, YBEHHHBACTCS OUTH HKCIIOHCHIHATBHO
¢ Temneparypamn shime 12,45 C. Hexotopeie snaucris ans «C» ObUln PEAOCTABICHS B
cranapre [21], nanpumep, C = 1,25 s 11 32.5R, 52.5, 52.5R u I I/B-V 32.5R. 3nauenns
MOFYT GHITh TAKIKE ONPE/IETEHb MYTeM SATHBKH JCCATH 1 50-MILLTHMETPOBbIX GeTOHHBIX itk 40-
MILTHMETPOBSIX KyGOB U1 pacTBopa (IpH COOTHOWICHIH BObI 1 ueMenTa 0,5) i Onpeaensioiee
i1x mposHocTs mpi 20 C it 65 °C. 3aseriiie C ONPEACTAETCS METOAOM MPOG i OUIHGOK TakiM
0BPA3OM, HITO CRHMAIONIE MPOSHOCTH, PACCUHTAHHBIE 110 OTHOUICHHIO K B3BEUICHHOM 3PEN0CTH,
IIePEKPHIBAIOT APYT APYTA.

B Kopee TpeGoBarisi k METOJaM TEMIEPATYPHO-TPOMHOCTHOTO KOHTPOZs GETOHA HAuLTit
otpaeriie B crenatsioM «PykoBoACTEE 10 GeToRy. CranaapThas TpakTikay.

aktiouenie. VCXOM 3 BHIICTCPEUHCICHHEX METOJIOB, KOTOPHIC HCIONB3YIOTCS B
PaBoTe JATHHKOB, LIHPOKOE PACTPOCTPAHEHIE HALe MeTOA 3penocTi (ASTM), Tak Kak smrseTes
YAOGHbIM NOAXOAOM AUIS MPOFHO3MPOBAHIS POCTA MPOSHOCTH GCTOHA B PAHHEM BO3PACTE,
HCMOMB3YS NPUALN, COTJIACHO KOTOPOMY MPOSHOCTH GCTOHA HANPAMYIO CBS3AHA C
TeMIIepATYPOIi IMAPATALITH LEMEHTHPYIOLEH TACThI.

DTOT METOA MOTEHUHATHHO MOKET PEUINTS MHOIHE HEOTIOKHBIC 3ALAWH, TAKHE Kak
IPOTHO3HPOBAHIHE MOAXOAILETO BPEMEHH AU CHATHS OMATYOKIH  I0CIE HATSEHIS, 0COGEHHO
i HIBKIX TEMIIEPATYPAX, KOTAQ PAsBHTHE NMPOMHOCTH GETOHA 3ATPYAHEHO; ONTHMH3ALIS
KOHCTpYKIH GETOHHOI CMecH M yenoBHii 3aTBepAEBAIS GeTONA (HANPUMED, NOZOTpes GeTora
IIpH HI3KIX TEMIIEPATYPAX ILIH JALLMTA IOBEPXHOCTH B YCIOBISX KaPKOii CYXOii NOrosI).

Miopmanist 0 GuHAHCHPOBAHMH.

Jlanioe nccnenoBanue (unancipopano KomuTerom iaykin MHHCTEpCTBa 00pasoBais i
mayki PecryGmiki Kasaxcran (rpat Ne AP08956209).
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Byeinzi manda napsima Gemonnsiy mexnepamypacein dicone Gepixmizin Gaxsiiayea
apnanzan onuey sicyiienepinin apmypai mypaepi ycoinsiiean. O1apdvi apKaiicwceinbi 03indi
cunammanazaps: sten sicgyvic epexuienixmepi Gap. Jamwuxmepdi naiidanany siceden Gaxsinayos
acyseze aceipyea aymiindix Gepedi. Hopyamusmix Kyvcammapowiy mazanmapeina caiikec
Gemonnwiy Gepixmizin ecenmey Gipnewe 2dicmepyen ocypaizivvi mynxin. Maarada ocer
0icmepdiy  careicmwpuarer  madaysi  xeamipinzen.  Oaapdeiy  apKaiichiCeibil
apmeiKIBLBIMapy! Men Keywinikmepi anbikmadel.

Tyiindi cosdep: endipincen cencop, Gemon, Gemounsiy Kamaio meynepamypace,
cmandapm, xceminy.
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FEATURES OF THE REGULATORY REQUIREMENTS FOR MONITORING THE
STRENGTH OF CONCRETE USING MEASURING SYSTEMS

Abstract

Today, the market is represented by various types of measuring systems for temperature-
strength control of concrete. Each of them has its own technical characteristics and peculiarities
of work. The use of sensors allows for operational control. According to the requirements of
regulations, calculations of the strength of concrete can be carried out by several methods. The
article presents a comparative analysis of these methods. The advantages and disadvantages of
each of them are revealed.

Key words: embedded sensor, concrete, concrete curing temperature, standard, maturity.
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JAPAEB AM. — ki, ouent (. Anmarei, Kasaxckuii ymusepcuter myreii
cooGuenns)

JIOMPAYEB B.H. — marmcrp (. Aamarei, Kasaxckuii ynupepcurer mnyreii
cooGuenns)

MO/IEJIb CHCTEMbI TIPUHEMA-TIEPEJIAYH JIAHHBIX HA OCHOBE
CBEPXIIHPOKOIIOJIOCHBIX CHTHAJIOB, PEAJTH30BAHHAS B ITAKETE
«MATLAB»

Annomanus

Lewio uccredosanus sersiemes Modes cucmens npuema-nepedauu Oanusix na ocuose
CBEPXUIUPOKONONOCHBIX CUZHAT06, peanusoeannas & nakeme «Matlaby.

B ocnosnoil wacmu  npusedensi pesyTomamsl MOOCUUPOSGHUS, MOMEXOYCMOUMUGOE
Kkanazsnoe Koduposanue, ucnomwsosanue OFDM. B nmpedcmasiennoii modemu  pacuemoi
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Pa3BHTHE TEOPETHYECKUX H IKCTIEPHMEHTATBHBIX HCCTEAOBAUIT B
06AQCTH KOHTPOJIA KatecTsa MPHBETO K MOABACHNIO SHANNTETHHOTO
KOMECTBA METOZ0B OUeHKH mpounocTi Gerowa. [pn  KoHTpose
NPOUHOCTH  GETOHA  PAITHMHEIMH  HIMEPHTEILHBIMH  CHCTEMaMit
Nepenaua  WNGOpMAMM O  Tekywme  Tewneparype mier B
HaMepHTenLHI TPHGOP. lonyHEHHbIE THaNeHIA TeMICPATYp GeTONa
BPCMCHI X 3aMEPOB HCMOMB3YIOT AT pactieTa Tekyueil mpounocTs
6¢TOHa. PacteThi MOTYT GhiTh BbITIONHEHE! CACAYIOLLMI METOAAMI: 10
TeMNCPATYpHbIM  TPAQMKAM; MO IPENOCTH; MO  AHAIHTHYECKHM
aamncHMOCTAM.  Kaxapll W3 CyulecTByIOUWIX  MeTonoB  mweer
OnpesieeHHyio 061ACT NPHMEHEHINS, CROM SOCTONHCTBA H HEAOCTATKH
HccetoBanin  MPOUNOCTH  GETOMA  JOMAHB  BHINOAHATHCA 110
TPEBOBAHIAN CTAHIADTOB, Tak METOIbI TEMIIEPATYPHO-MPOUHOCTIOD.
KouTpon 6eTona (TTTKE) Hawin oTpakenie Bo MHOMUX 3apyGekHbIX
HOPMaTHBAX. OZHAKO, BOIMOKHOCTH MPHMCHCHNA QTbTEPHATHBHbIX
wetozos TIKE Wa npakTike oOrpammtewo Ws-3a  orcyTcTBUS
COOTBETCTBYIOUIIX  HOPMATHBHO-TEXHINCCKIX  AOKYMEHTOB,
PernavenToB i CTaHAApTOS.

Cywectsyiomme noaxomsi k TITKB, koTopsic 6 yunThibamm aee
TIPHMYIIIECTBA KAKJIONO H3 METOAOB, OTCYTCTRYIOT.

B MOHOTpagMH MpeACTaBieH  yinHLHPOBANHBI MOAXOA K
TIIKB, e nmeiouuii ananoros. Jlanksiii 0AXOX MOIBONT AOCTHHYTH
BHICOKOTO. KaYecTsa i /IOATOBESHOCTI GETOMNbIX I KeTe305ETORHBIX
KOHCTpyKu.

Taike HCTOM3OBAMNE  YHHGHLHPOBAKHOTO MIOTXOTA  olcaskeT
GaaronpusHuili  SKoWOMMdeCKill  opekT, moBOANT  CHUHT
TPy AOIATPATHI Ka HCTbITaNHe.

1 ANAAH3 TeKYWIero COCTOSNHS HOPMATHBHO-TeXHMUECKOil
AOKYMEHTAIMH 1O METOXAM  TeMNEpATYPHO-NPOMHOCTHOTO
KouTpoas Gerona (TIKE)

1.1 Anaws exymeii curyaunn

BeTon  HAGMPAeT HEOOXOAMMYIO NPOMHOCTh MOCTENCHHO B
npoecee TREPICHHS. 3HaKHE U NOHHMAHME BHELINHX W BHYTPEHHIX
XBDAKTEPHCTHK  TBEpICHHA OCTOH, TAKWX KAk OTHOCHTETbHAA
BITKHOCTS  TEMNEPATYpa, 103BONAET ONPEACTNTH NOMHYIO KAPTHHY O
sabope mpounocTH Getowa. [103ToMy oueHb BaxHO OmpeacnsTh c
BHICOKOMl TOUHOCTBIO 3HAYeHHe MPOYHOCTH STOFO MaTepHata mepen
HEN0Ab30BaHMEM H3ZEAMH WIH KOHCTPYKWITE B CTPOHTEbCTBE.

Onpeztereithe (aKTiuecKoll IPOUHOCTIH GETONA HEMOCPEACTBEHHO
5 CTPONTETBHBIX KOHCTPYKINAX SBASETCH CAOKHON TexHiucekolf
sazaseli. DTy 3a7ady MOKHO PELIMTb TONBKO MyTEM HCTONb30BAHHS
KOCBEHHbIX BETHUIH, CBA3ANMBIX C IPOHOCTHO [1].

PassiTIe TeOPETHYECKHX 1 HKCMEPHMEHTATHbIX HCCTEAOBAHMI B
GEIACTH KONTPONA KA4ECTBA NPHBENO K NOABIHIO HAUNTEILHOO
SOTMHCCTBA METONIOB OUeHKH mpouHocTH Getona (TTpuaokeHie A).
Kaasiil 13 CYUIECTBYIOWMX METO0B HMEET ONpeAencHHYIO 05/acTS
SPUMEHEHI, CBON JOCTOMHCTBA H HefocTaTk. KOHTpOAb npourocT
Grona N0 pesyILTATAM HCTBTAHHI HA CAATHE OOPAOB KyGOB He
WORST  NOTHOCTHO  YJOBNETBOPSTH  PAGOTHHKOB iaGopatopiii,
SPOSKTUPOBUUIKOB H CTPONTEAEH, NOTOMY HTO pesy.IsTaThi HembiTanwii
652305 He BCET/la OTPAKAIOT ACHiCTRHTENBHYIO MPOUNOCTL GeTOHa B
R THAX i KOHCTPYKLHAX [2].

B pate clydaes KOHTPOb MPOSHOCTH GETOHA MyTeM HCMbITAHHA
7SS S2DTHAX OGPASIOB CO3MAET OMpeeneibie TPy uocTH. Hanpiviep,
STO BOJMHKAST  HEOGXOUMOCTH JOMOTHHTENBHO  ONpEACTHTS
SoessocTs GeToHa B Gofee MOSAMME CPOKH, YeM MPEATIONArAnOCH
S OIHAKO OTCYTCTRHE KOHTPONBHLIX 00PA3LOR He MOIBOTAET HTO
“acsre He MPeiCTABIAETCA BOSMOKHBIM OLUEHHTS IPOMHOCTS GCTOHA
s B0IBCACHHBIX KEE306ETOHNBIX KOHCTPYKINHH 1 coopyennii. B
TSN CIYHAAX NPONHOCTH GETOMA KOWCTPYKIUMM MPOBEPAIOT MyTeM
SWCSCOTNBANNA W3 Hee WATHHIPOB (KCPHOB) C MOCACAYIOWIMM
messTaEien HX WA cKatHe. OGHINHO B MAGOPATOPHIO AOCTABASIOT
ST © HENPABHTBHBIMH OCHOBAWNAMH, IOSTOMY Mepe HCMbITAHNAMH
5 CHETHE X HEOGXOMMMO BHPOBHATE, ATHTH LEMCHTHbIM PACTBOPOM
* sozuaGosaTh. TIOArOTOBNCHbE UNIHHAPH HCIBITHBAIOT HA

5





[image: image100.png]Tpuaowenie A
Laboratory testing of foam concrete specimens

VHHGUUNPOBAHRLI MOZXO K TEMIEPATY PHO-TPOHOCTIHOMY
KowTpoTI0 GeToma
(Mororpapis)

vaeSexosa & E.B. Yrenos





ПРИЛОЖЕНИЕ Д – Протокол научного семинара
[image: image101.jpg]IIporokon nayunoro cemunapa
HAO «Topaiirsipos YHHBEPCHTET»
Daxynbrer Mikenepun

r. [TaBnonap, PK 14 mas 2021 r., 15.00-16.00
Zoom Wnentudukarop: 763 1028 2360, Tiapons: 0001.

Ipucymemeosanu: 24 uen,

Hoxnaouux: Tynebexosa A.C,, Ph.D., nou., crapmmii Hay4HbIi COTpynnuK otaena HUOKP
TOO «CSI Research&Laby, nouent Kadenper «IIpoexTupoBanue 3nammii COOPYXEHHI»
Espasniickoro ramtonamoro ynuseponrera wm. JLH. I'yagnesa.

Tosecmxa ons: Hayusiii CeMuHap no npoexty AP08956209 «HMccnenosanme metonos
TEMIEPATyPHO - MPOYHOCTHOTO KOHTPONS GETOHA M OLEHKA HX TPHMEHHMOCTHY TIO' FPAHTOBOMY
(unancuposanmio Komurera Hayku MOH PK na 2020-2021 rr.

Cryuwanu: TITIC (akymnsreTa.

IMocmanosunu: Oueruts uccienosanme Tynebexosoii A.C. noroxurensno

T
oI wescanciia e [glwmw

HayuHsit cemnap
Mccneaosanme metogos TEMNEPATYPHO-NPOUHOCTHOTD KOMTPOR
Geroma u ouewxa W npuMeHMMOCTH

(npoercr AP0S955209)

10 TpaHTOBOMY BhHaHEApOBaNIIO MOH PK va 2020-2021

C0P20-E0P0OREEDOBOE -

H.o. lexana

®akyabTera meenepmi‘ ] P.B. Mykanos





11        октября








2

